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Preface

Valency is a core tenet of chemical structure and bonding. In essence, valency can be thought of as a
“bond-forming capability” parameter that permits understanding of the chemical formula and properties of
known compounds, the prediction of the existence of new ones, and the rationalization of the non-existence
(or instability) of species with incompletely satisfied valencies. This last point provides a rationale for why
radicals – with an unpaired electron and, as such, quintessential examples of subvalent compounds – are
typically described as short-lived, highly reactive species. To be sure, the vast majority of radicals based
on s- and p-block elements are indeed thermodynamically and kinetically unstable. Thus, it should not be
surprising that, since Gomberg’s paradigm-shifting discovery of the triphenylmethyl radical in 1900, the
very existence of radicals stable enough to be observed or isolated has always been met with wonder (and
at times skepticism) by the general chemistry community. The ongoing spate of publications highlighting
the discovery of a new molecule that can be isolated but has an unpaired electron serves as evidence that
stable radicals are generally regarded as exotic and esoteric compounds.

In fact, several kinds of stable molecules containing one (or more) unpaired electrons have been known
for decades, and several more general classes of stable radicals have been developed in recent times.
Moreover, applications which explicitly make use of stable radicals abound, spanning synthesis, materials
science, and medicine. Many review articles and books have dealt with particular kinds or uses of stable
radicals. However, the only attempt to provide unified coverage of the stable radical literature was a book
by Forrester, Hay, and Thomson (Organic Chemistry of Stable Free Radicals, Academic Press) published
in 1968. The present book is, in essence, an update on the huge developments in (and diversification
of) the field of stable radicals over the four decades since the book by Forrester et al . My ambitions
for this book were to bring together the diverse range of topics and interests whose common theme is
stable neutral radicals (the omission of radical ions was a deliberate decision, made largely due to space
limitations). Thus, Chapters 1–10 introduce readers to the many different kinds (organic, inorganic, old,
new) of existing stable radicals, and Chapters 11–17 provide accounts of various applications of stable
radicals, ranging from synthesis (oxidation catalysts, living radical polymerization) to materials science
(magnetochemistry, battery components) to chemical biology/medicine (spin labeling, EPR imaging, redox
biochemistry). I offer my sincere thanks to all of the contributors to each chapter who have contributed to
what I hope will be viewed as an informative, interesting, and illuminating text.

Robin G. Hicks
Victoria, Canada
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1
Triarylmethyl and Related Radicals

Thomas T. Tidwell

Department of Chemistry, University of Toronto, Ontario, Canada

1.1 Introduction

1.1.1 Discovery of the triphenylmethyl radical

During the Nineteenth Century the understanding of the structure of organic compounds was beginning to
evolve. The theory of free radicals had risen to prominence, and then fallen into disrepute. This changed
abruptly with the bold announcement in 1900 by Moses Gomberg of the formation of the stable and
persistent free radical triphenylmethyl 1, with its radical character shown by its facile reaction with oxygen
forming the peroxide 2 (Equation 1.1).1 This had an immediate impact, and was a major landmark that
set the stage for the rapid development of free radical chemistry in the Twentieth Century. Gomberg’s
work attracted the attention of the world chemical community, and led to careful scrutiny and the ultimate
acceptance of this controversial discovery.2

2

O OC•Cl
Ag

−AgCl

1

O2

(1.1)

Gomberg treated triphenylmethyl chloride with silver or zinc metal and obtained a colored solution,
which upon reaction with oxygen yielded peroxide 2. The species in solution was confidently identified by
Gomberg as the triphenylmethyl radical 1, and he published his discovery in both German and English.1

Over the next decade there was much dispute as to the identification of 1, but Wilhelm Schlenk and
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c© 2010 John Wiley & Sons, Ltd



2 Stable Radicals: Fundamentals and Applied Aspects of Odd-Electron Compounds

coworkers in 1910 obtained tris(4-biphenylyl)methyl 3 as a deeply colored solid that was almost completely
dissociated in solution, which confirmed the existence of 1.2i

C•

3

Ph

Ph

Ph

Upon removal of the solvent for the isolation of 1, a solid dimer was obtained, for which the symmetrical
head-to-head structure 4 as well as the unsymmetrical structure 5 (head-to-tail, Jacobson structure)3a

and 6 (tail-to-tail, Heintschel structure)3b,c were given serious consideration. However, as recounted by
McBride,3d the wrong structure for the dimer, namely the head-to-head structure 4, became accepted for
more than half a century, before this was corrected to the unsymmetrical structure 5 based on spectroscopic
data.3e In retrospect, not only was the original evidence for the misidentified structure rather flimsy, but
techniques, such as NMR, IR, and UV, were also widely available that would have permitted correction
of this structure well before 1968. This provides a cautionary tale that skepticism and a critical look at the
evidence available for supposed chemical truths is warranted even in the face of conventional wisdom.

4

H

5

H

H

6

The preparation and identification of the stable triphenylmethyl radical was one of the great chemical
discoveries of the Twentieth Century, but surprisingly this was not honored by the award of the Nobel
Prize. As revealed by the investigation by Lennart Eberson in the Nobel archives, Gomberg was repeatedly
nominated for the award but, due to a series of unfortunate circumstances, the nominations were not
accepted.3f Despite Gomberg’s confident assertion in his first paper that he had proof of the existence of
the radical there was later some equivocation, and some contrary opinions, which were enough for the
Nobel Committee not to approve the award. With the later preparation of the tris(4-biphenylyl)methyl
radical 3 as a stable solid the uncertainty vanished,2i but then subsequent nominations were turned down
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either because both Gomberg and Schlenk were not nominated in the same year, or because too much
time had elapsed since the initial discovery. Even in 1940 Gomberg was still being nominated, but without
success. Gomberg’s discovery was a clearly momentous discovery by a single individual, and although
well recognized he did not receive the ultimate accolade he deserved. Paradoxically, Gerhard Herzberg
was awarded the 1971 prize in chemistry “for his contributions to the knowledge of electronic structure
and geometry of molecules, particularly free radicals”, studies which had occupied him for 30 years.

By 1968 the study of stable free radicals had advanced to the stage that the book Organic Chemistry
of Stable Free Radicals appeared,4 but in Chapter 2 entitled “Triarylmethyls and Other Carbon Radicals”
the introductory paragraph describing the discovery of triphenylmethyl in 1900 ended with the dispiriting
words “The behaviour of such radicals was elucidated during the following twenty years, mainly by
the work of Gomberg, Schlenk and Wieland, since then little new chemistry has come to light although
numerous triarylmethyls have been prepared and more physical data are available.” However six pages
later, under “Dimerisation” there was the alarming statement “Much of what has been said in this section
may require revision in light of the recent communication by Lankamp, Nauta and MacLean”, which
described the surprising but in retrospect completely predictable finding3d,e that the triphenylmethyl dimer
had the head-to-tail structure 5. The rapid development in triarylmethyl radical chemistry since 1968
also belies the tacit assumption of the authors noted above that such studies had become an intellectual
backwater. Much of the rather extensive chemistry of triarylmethyl radicals described in this earlier review
is not repeated here. The period from 1968 has been a new golden age for free radical chemistry, and this
was given great impetus by the widespread use of electron paramagnetic resonance (EPR) spectroscopy,
which led to a rapid development of free radical chemistry, and includes many advances in the study of
triarylmethyl radicals.

1.1.2 Bis(triphenylmethyl) peroxide

The reaction of the triphenylmethyl radical with oxygen to form the peroxide discovered by Gomberg in
1900 (Equation 1.1) was a strong piece of evidence for the radical structure 1.5,6 The affinity of carbon-
centered radicals for oxygen remains one of their defining characteristics, and was a striking chemical
property that provided strong evidence for the proposed free radical character. The addition of oxygen to
1 had been shown to discharge the color,5a and this formation of an initial peroxy radical was later shown
to be reversible.5b

Just as for the triphenylmethyl radical dimer, there were three conceivable structures for the peroxide
corresponding to the dimer structural models, namely head-to-head (2), head-to-tail (7), and tail-to-tail (8).
The head-to-head structure 2 proved to be correct, but substituted derivatives of 7 and 8 were later found.6

H

7

O
O H

H

8

O
O

The tris(2,6-dimethoxyphenyl)methyl radical 9 was crystallized and found to have a structure with two
of the aryl rings twisted out the plane of the central carbon by 61◦, while the third was almost coplanar
with an 11◦ twist angle.6 Reaction of 9, and of the bis(2,6-dimethoxyphenyl)phenylmethyl radical 10,
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in solution in the presence of air resulted in crystallization of the substituted Heintschel and Jacobson
peroxides 11 and 12, respectively, with the structures proven by NMR, and by X-ray, respectively.6

•C

O

O

O
O

Me

Me

Me

Me

9

O

O

Me

Me

•C

O

O

O

O

Me

Me

Me

Me

10

O

O

O
O

Me

Me

Me

Me

O

O

O
O

Me

Me

Me

Me

H

O O

11

H

O

O

O

O

Me

Me

Me

Me

O

O

O

O

Me

Me

Me

Me

H

O O
O

OMe

O

Me

12

Me

MeO

1.2 Free radical rearrangements

Substrates containing the triphenylmethyl group have been important in the discovery and elucidation of
the first free radical rearrangements.7 Wieland observed in 1911 that the Gomberg peroxide 2 rearranged
upon heating to the pinacol ether 15 and attributed this to initial dissociation forming an intermediate oxyl
radical 13, and this rearranged forming the radical 14 which dimerized to give 15 (Equation 1.2).7a Recent
experimental and computational studies indicate this reaction occurs via a phenyl-bridged intermediate.7g

13

O•2 •C O
∆

14

PhO

Ph

Ph

Ph

Ph

OPh

15

(1.2)

There was a long delay from this observation by Wieland of a radical rearrangement of Gomberg’s
peroxide until the generality of radical rearrangements was recognized. A key discovery by Urry and
Kharasch in 1944 of the neophyl rearrangement (Equation 1.3)7d included the proposal for the neophyl
radical intermediate 16 and radical 17 forming 18 and other products after work-up (Equation 1.3).7c
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The McBay rearrangement of acyl radical 19 forming 20 leading to the benzyl radical by decarbonylation
is a more recent example (Equation 1.4).7e,f

CH3

16

CH3

CH2•

CH3

•C

CH3

17

CH3

CH3

CH2Cl

CH3

CH3

18

H
PhMgBr

CoCl (1.3)

CH2C =OPh CH2• 

O
−CO

CH2•

19 20

•
(1.4)

Thermolysis of bis(triphenylmethyl) peroxide 2 in the presence of triphenylmethyl radical resulted in
the observation of luminescence from both benzophenone and triphenylmethyl radical.8 The reaction was
interpreted as involving chemiluminescent activation of the triphenylmethyl radical by triplet benzophe-
none, and was claimed to be the first observed chemical activation of an organic free radical. A mechanism
was proposed involving disproportionation of the triphenylmethyloxyl radical 13 (Equation 1.5), but further
substantiation of this mechanism appears warranted.

Ph3COOCPh3 2Ph3CO• Ph3COPh +Ph2C=O*
Ph3C•(s)

Ph3C•(T)
−Ph2C=O

2 13

(1.5)

1.3 Other routes to triphenylmethyl radicals

Gomberg had already used phenylazotriphenylmethane 21 in the classic preparation of tetraphenylmethane
22 in 1897 (Equation 1.6).9a,b Wieland, et al , in 1922,9c showed that Ph3C• 1 was formed in this reaction,
and proposed that phenyl radicals were also formed (Equation 1.6). Triphenylmethyl radicals were generated
thermally from the perester 23 even at 25 ◦C (Equation 1.7)10a and at much higher temperature from the
significantly less reactive N -triphenylacetoxy 2,2,6,6-tetramethylpiperidine 25 (Equation 1.8).10b Reactivity
studies demonstrated that both 23 and 25 reacted thermally via concerted two-bond cleavage (24 and 26,
respectively) forming triphenylmethyl radicals 1 and carbon dioxide.

21

N

N

C•

1

∆

−N2

• C

22

(1.6)
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23 24

25 °CO

O OBu-t
C•

O

O OBu-t

−t-BuO•

−CO2

1

(1.7)

25 26

O

O
C•

O

O N
−CO2

1

N

•N
_

146 °C

C6H6
(1.8)

Many other dissociations of triarylmethyl substituted compounds can form triarylmethyl radicals,10c

including, for example, formation of the radical 4-Me2NC6H4(Ph)2C• by photodissociation of
4-Me2NC6H4(Ph)2CSiMe3.10d Pulse radiolysis of trityl derivatives Ph3CR (R = 2-naphthS, PhO,
PhNH, PhNMe, and PhCH2) in n-BuCl led to observation of Ph3C• by generation of the radical cation
n-BuCl(+•

) by electron removal followed by free electron transfer (FET) forming Ph3CR(+•
), which

dissociated to Ph3C• and to Ph3C+ by separate reaction channels.10e These were proposed to form
from two different conformations of Ph3CR(+•

), both from a planar radical cation, which follows the
thermodynamically favored pathway generating R• and Ph3C+, and from a twisted radical cation, which
produces the thermodynamically unfavorable product pair R+ and Ph3C•.10e Triphenylmethanol at high
temperature and pressure in subcritical water gave Ph3C•, as detected by EPR spectroscopy, and 1 was
also formed in supercrtitical water, as shown by capture with hydrogen donors giving Ph3CH.10f A
number of triphenylmethyl derivatives have been found to have potent anticancer properties,10g although
there is no suggestion that this is due to triphenylmethyl radicals.

A novel route for generation of triarylmethyl radicals was by reaction of 1-(haloalkenyl)-2-
allenylbenzenes 27 in tetrahydrofuran (THF) at room temperature in the presence of mercury, resulting
in cyclization to 2-naphthyldiphenylmethyl radical 28, as detected by EPR (Equation 1.9).11a The radical
formed a head-to-tail dimer involving the phenyl group, and was captured by oxygen to give the peroxide
(Equation 1.9).11a Several related ene–yne cyclizations have been examined, including a route to a
di(radical) 29, which forms 30 (Equation 1.10).11b–d

27

Hg

THF
rt

C

28

Ph

Ph

C

H

Hal

Ph

Ph
O2

C
Ph

Ph
O

O

Ph

Ph

•

(1.9)
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Bu-t

C Bu-t 76 °C Bu-t

Bu-t

•

•

Bu-t

Bu-t

3029

(1.10)

1.4 The persistent radical effect

The persistent radical effect12 is an important phenomenon in radical chemistry that was first discovered
through studies of triphenylmethyl radicals. One manifestation of this effect is seen in the reaction of
carbon tetrachloride with phenyl radicals and triphenylmethyl radicals generated from phenylazotriphenyl-
methane 21, which gives excellent yields of chlorobenzene and of 1,1,1-trichloro-2,2,2-triphenylethane
31 (Equation 1.11).12

1

∆

−N2

21

+Ph•
CCl4

PhCl   +CCl3•
1

Ph3CCCl3

31

Ph3C•Ph3CN=NPh
(1.11)

The azo compound 21 decomposes into phenyl and trityl radicals, together with a molecule of nitrogen.
The more reactive phenyl radical then abstracts chlorine from carbon tetrachloride and radical coupling
of the trichloromethyl radicals with the persistent trityl radicals 1 produces 31. It is striking that only
unsymmetrical coupling takes place, and no appreciable amount of hexachloroethane is formed. The
explanation is that formation of even trace amounts of hexachloroethane would also lead to formation of
the dimer 5 of triphenylmethyl in equilibrium with the monomeric radical. Therefore, the concentration
of triphenylmethyl will greatly exceed that of the transient trichloromethyl radical, and since the rates
of reactions of trichloromethyl with itself and with triphenylmethyl are both close to the diffusion limit,
unsymmetrical coupling will predominate. However, the concentration of triphenylmethyl will remain
essentially constant, since for every trichloromethyl formed another triphenylmethyl is also produced.
Experimental confirmation is provided by EPR examination of the reacting solution, which shows a high
concentration of the triphenylmethyl radical.

This phenomenon was correctly analyzed in 1936 by Gomberg’s student Bachmann, who studied the
role of triphenylmethyl in the reaction of pentaphenylethane 32 solution at 100 ◦C (Equation 1.12).12f This
ethane dissociates rapidly and reversibly into triphenylmethyl and diphenylmethyl, but dimerization of the
diphenylmethyl radical 33 to form detectable quantities of tetraphenylethane (which is stable under the
reaction conditions) seldom occurs.

•

132

•

33

100 °C
+

(1.12)
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The decomposition of Ph3CN=NPh 21 in benzene has also been subjected to kinetic analysis12g and the
effect of less persistent radicals, such as t-alkylperoxyls, which do decay irreversibly but only by relatively
slow processes, was analyzed.12a A recent review on this subject is available.12h

1.5 Properties of triphenylmethyl radicals

The theoretical basis for the understanding of free radicals was first provided by G. N. Lewis in 1916.13a,b

His clear recognition of the electron pair bond and the possibility of odd electron systems was heavily
influenced by the work of pioneers such as Gomberg, Schlenk, and Wieland, who had shown remarkable
prescience in formulating free radical structures without using the principles of electron pair bonding. The
theoretical study of the triphenylmethyl radical was later provided by Erich Hückel at the 1933 Faraday
conference on free radicals, which brought together many, but not all, of the pioneers in this field.13c

The electron-nuclear double resonance (ENDOR) and EPR spectra of triphenylmethyl 1, (4-
biphenylyl)diphenyl-methyl 34), bis(4-biphenylyl)phenylmethyl 35, and tris(4-biphenylyl)methyl 4
radicals were measured in 1968 by Maki et al .13d and the signals for specific protons were assigned based
on the observed and calculated spectra. Computations of the spin density distributions were compared
to the experimental values. Other spectroscopic measurements of triarylmethyl radicals include the laser
induced fluorescence and emission spectra.13e

34

Ph •

35

Ph

Ph

•

Studies of reactions of triarylmethyl radicals include kinetic measurements of hydrogen atom abstrac-
tion from thiols,14a electrochemical generation by oxidation of triaryl anions and the subsequent further
oxidation to the carbocations,14b and reduction of carbocations to the radicals using cyclic voltammetry.14c

The oxidation/reduction potentials of triphenyl- or tributyl-substituted silicon-, germanium-, or tin-
centered radicals 36 were measured in acetonitrile, tetrahydrofuran, or dimethylsulfoxide by photomodu-
lated voltammetry and through oxidation of the corresponding anions using linear sweep voltammetry for
comparison to those of the carbon analogues (Equation 1.13).15 The order of reduction potentials follows
Sn > Ge > C > Si, and is C > Si for the two oxidation potentials. Computational methods gave qualitative
interpretation of the experimental results by considering a combination of effects, such as charge capacity,
resonance stabilization, and solvation effects.

36 (M = C, Si, Sn, Ge)

M• M +M _
−e−−e−

(1.13)
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1.6 Steric effects and persistent radicals

In his first paper Gomberg1a recognized that steric factors make a contribution to the stability of the
triphenylmethyl radical, and Conant and Bigelow16a reported in 1928 the reversible dissociation at 50 ◦C
of 1,2-(di-tert-butyl)tetraphenylethane 37 to the yellow radical 38 (Equation 1.14),16a which reacts rapidly
with oxygen. The radical 38 generated in the presence of Ph3C• forms the mixed dimer 39 (Equation
1.14).16b The di-tert-butylbenzyl radical 40 was stable for several days in solution at room temperature,
and the EPR spectrum indicated the phenyl group was twisted into coplanarity with the singly occupied
p orbital, preventing spin delocalization.16c,d Other work showed that purely aliphatic radicals without β

hydrogens, such as di-tert-methyl 41,17a and tri-tert-butylmethyl 42,17a and even triisopropylmethyl 4317b

were sufficiently long lived in solution for direct observation by EPR. These radicals also did not dimerize
but decayed by other undetermined routes. Such radicals with kinetic stability have been classified as
persistent radicals.17c

C•t-Bu Bu-t

37

CH3

CH3

CH3

38

2
Ph3C• CH3

H

39

Ph

Ph

Ph CH3 CH3

(1.14)

CH•

CH3

CH3

CH3

CH3

CH3

CH3

C•
CH3

CH3

CH3

CH3CH3

CH3

CH3

CH3

41 42

CH3

C•
H

43

CH3
CH3

H

H

CH3

CH3

CH3
CH3

Bu-t

Bu-t•

40

The importance of resonance stabilization of triarylmethyl radicals was emphasized by Pauling and
Wheland in 1933.17d It had already been shown by Marvel and Munro that alkynyl groups with minimal
steric barriers were also effective at promoting dissociation of the ethane 44 by stabilization of diarylmethyl
radicals 45 (Equation 1.15).17e

C•

44 45

Ph Ph Ph2

(1.15)

1.7 Substituted triphenylmethyl radicals and dimers

The effect of substituents in stabilizing triarylmethyl radicals has been measured by determining the
equilibrium constants for dissociation of the dimers of a large number of such radicals by EPR spectroscopy
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Table 1.1 Equilibrium constants for the dimerization of triarylmethyl radical derivatives 46 and correlation
with substituent constants

R, R1 σ σ • σ • +0.01σ logK R, R1 σ σ • σ • +0.01σ logK

H,H 0.00 0.0000 0.0000 −3.48 H,NO2 0.78 0.0630 0.0710 −2.55
H,t-Bu −0.20 0.0080 0.0055 −3.10 t-Bu,t-Bu −0.20 0.0080 0.0055 −2.39
H,CF3 0.54 −0.0086 −0.0019 −3.15 CF3,CF3 0.54 −0.0086 0.0019 −2.82
H,CN 0.70 0.040 0.0400 −2.66 CN,CN 0.70 0.0488 0.0488 −2.03
H,PhCO 0.42 0.0554 0.0554 −2.49 PhCO,PhCO 0.42 0.0554 0.0607 −2.05
H,Ac 0.50 0.0597 0.0597 −2.70 MeO,MeO −0.28 0.0185 0.0150 −2.63
H,MeO −0.28 0.0185 0.0185 −2.82 Ph,Ph −0.01 0.0615 0.0614 −1.57
H,Ph −0.01 0.0615 0.0614 −2.56 PhO,PhO −0.32 0.0185 0.0145 −2.78
H,PhO −0.32 0.0185 0.0145 −3.21 MeS,MeS 0.00 0.0630 0.0630 −1.72
H,MeS 0.00 0.0630 0.630 −2.78

(Equation 1.16).18a A Hammett-like equation was found correlating logK with σ
• +0.01σ , which relates the

monomer/dimer equilibrium constants with the radical stabilizing parameter σ
• with a minute contribution

from the polar substituent constant σ (Table 1.1). Captodative effects were not found in this study,18a but
an ENDOR study showed that radicals 46 (R = PhO; R1 = CF3, CN, phenyl) are stabilized with respect
to dimerization to 47 by 0.6, 1.2, and <0.2 kcal/mol over the amounts expected on the basis of substituent
additivity, suggesting some influence of captodative effects.18b

C•

46

H

47

R1

R

R1

R

R

Keq
R1 (1.16)

Triarylmethyl radicals 9 and 48 fully substituted with 2,6-oxygen substituents on all three rings were
prepared and characterized by EPR.19a The radical 9 had a twisted geometry as shown by EPR, and did
not dimerize. As noted above, 9 was obtained in crystalline form and its X-ray structure determined; this
was consistent with the interpretation of the EPR spectrum.6a The radical 49 with only two oxygen bridges
was quite sensitive to oxygen and was extensively dissociated in the solid state, and the 2,6-hydrogens
cause twisting out of the plane,19b while the dimer of 48 is undissociated in the solid, with a central C–C
bond length of 1.63 Å measured by X-ray.19a,c,d

O

C

OO

•

48

O

C

O

•

49

H H
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Other hexaphenylethane molecules with structures determined by X-ray include 50, which is restricted
from forming a head-to-tail dimer by the bulky substituents, with a central C–C bond length of 1.67(3) Å.19e

A different type of hexaphenylethane derivative is typified by 51, which had already been already prepared
in 1933 for R = hydrogen,19f and has the central bond constrained by its intramolecular character. The
central C–C bond of 51 (R = MeO) was measured as 1.670(3) Å,19g and related examples with similar
intramolecular constriction have bond lengths that are even longer.19h,i

50

t-Bu Bu-t

Bu-tt-Bu

t-Bu

t-Bu Bu-t

Bu-t

Bu-t

Bu-tt-Bu

t-Bu

51

R

R

R

R

A variety of triarylmethyl radicals 52 with electron donating substituents were prepared by reduction
of the corresponding carbocations using cyclic voltametry (Table 1.2), including the ferrocenyl substituted
radical 53 (Equation 1.17).20a These showed strong downward shifts in the reduction potentials due to
the strongly electron donating substituents, and reversible redox behavior was even observed in aqueous
solution.

Fe

53

C•
Ar1

Ph

Fe

C

Ar1

Ph
+

52

C•
Ar1

Ar2

Ar

(1.17)

The bis(diphenylpentafulvene) iron complex 54 was also prepared, for which the structure was considered
as either the bis(radical) 54a or the bis(fulvene) 54b.20b The fact that the X-ray and calculated structure
(Figure 1.1) showed the exocyclic groups on the same side of the molecule was taken as favoring the

Table 1.2 Triarylmethyl radicals 52 studied by cyclic voltammetry

Ar Ar1‘ Ar2

2,4,6-(MeO)3C6H2 2,4,6-(MeO)3C6H2 2,4,6-(MeO)3C6H2

2,4,6-(MeO)3C6H2 2,6-(MeO)2C6H3 2,6-(MeO)2C6H3
2,6-(MeO)2C6H3 2,6-(MeO)2C6H3 2,6-(MeO)2C6H3

4-MeOC6H4 2,6-(MeO)2C6H3 2,6-(MeO)2C6H3

2-MeOC6H4 2,6-(MeO)2C6H3 2,6-(MeO)2C6H3
Ph 2,6-(MeO)2C6H3 2,6-(MeO)2C6H3
Ferrocenyl Ph 2,6-(MeO)2C6H3
Ferrocenyl 2,6-(MeO)2C6H3 H



12 Stable Radicals: Fundamentals and Applied Aspects of Odd-Electron Compounds

Figure 1.1 Calculated structure of 54a. (Reproduced by permission of Professor Mathias Tacke.)

diradical structure, with some attraction between the two radical sites.20b Later computational studies
agreed with this conclusion, and also found that the diradical was a ground state singlet.20c

Fe

54a

C•
Ph

Ph

Fe

54b

C
Ph

Ph

C•
Ph

Ph

C
Ph

Ph

1.8 Tris(heteroaryl)methyl and related triarylmethyl radicals

Tris(2-thienyl)methyl and tris(3-thienyl)methyl radicals generated by zinc reduction of the corresponding
carbocations were directly observed by EPR and characterized by their distinctive spectra.21a Tris(2-
thienyl)methyl radical 55 generated by reduction of the corresponding cation with zinc dimerizes to a
mixture of the tail to tail dimer 56 and head to tail dimer 57 (Equation 1.18).21b

S
S

S

56

S

S

S

H

H

C
S

S

S

C•
S

S

S

Zn+

55

DME
65 °C

C
S

S

S

57

S

S

S

H

+

(1.18)
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The 3- and 4-pyridyldiphenylmethyl radicals 58 were generated by treatment of the corresponding
triarylmethyl chlorides with silver in benzene at room temperature (Equation 1.19), while the corresponding
conversion of the 2-pyridyl isomer required silver in tetrahydofuran with ultrasound activation.22 All three
radicals were observed by EPR and characterized by their distinctive spectra, and all formed dimers by
head-to-tail coupling involving addition to a pyridyl ring. Dimers 59 and 60 from the 2- and 3-pyridyl
radicals, respectively, resulted from hydrogen migration in the initial coupling products. The 4-pyridyl
radical gave the N -trityl bonded dimer 61 that, upon heating at 70 ◦C, rearranged to 62, proposed to form
by dissociation to the radical followed by dimerization involving a phenyl ring and irreversible formation
of the product by hydrogen migration. In the range −27 to −15 ◦C reversible formation of the initial
dimers was observed. Bond dissociation energies were determined that were about 42 kJ/mol larger than
for the corresponding dimer of triphenylmethyl radical, and the greater stability of the pyridyl dimers was
attributed to reduced steric repulsions in the pyridyl dimers due to the absence of two hydrogen atoms.
Other factors, such as lower stability of the pyridyl radicals or attractive interactions between the nitrogen
atoms and the other groups in the dimers, may also be involved.

C•

58

(N)(N) Cl
Ag

(1.19)

N

59

N

N

60

N

N

61

N

N
62

N

2-Triazolyldiarylmethanes 63 upon reaction with n-BuLi followed by iodine evidently gave unobserved
free radicals 64, based on the isolation of dimers 65 (Equation 1.20).23 1-Triazolyldiarylmethanes 66 upon
reaction with n-BuLi followed by iodine gave the radicals 67, which were the first triarylmethyl radicals
reported with a directly attached heteroatom at the radical center. The radicals formed the dimers 68 as
well as phenanthridines 69 (Equation 1.21).24 The latter were proposed to form from loss of N2 from
67 with cyclization (Equation 1.22). Radicals 71 generated from the corresponding triarylmethanes were
detected by EPR, and gave dimers 72, while 73 formed by loss of N2 with cyclization (Equation 1.23).24
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N

N

N
1) n-BuLi

2) I2
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Ar

N

N

N
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•
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N

N
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Ar

Ph Ar

N N

N
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(1.20)

N
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2) I2
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N
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X

(1.21)
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N
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N
N

•
−N2
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N

•

N
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N
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•
N N

N

N

N
N

72 73

+
N (1.23)

1.9 Delocalized persistent radicals: analogues of triarylmethyl radicals

The discovery by Gomberg of the triphenylmethyl radical opened the way for the discovery of a variety
of related persistent radicals. Some of these are covered in greater detail elsewhere in this book. Schlenk
and Mark reported the preparation of the equilibrating pentaphenylethyl radical 74,25a which exists as a
long lived species (Equation 1.24). Karl Ziegler and coworkers prepared the tetraphenylallyl radical 7525b

and the pentaphenylcyclopentadienyl radical 76.25c
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74

C• •C

(1.24)

•

75

•

76

The long-lived radical 77 was first reported by Löwenbein and Folberth: it reversibly forms a dimer, and
reacts only slowly with oxygen to give a peroxide.25d,e Radical 77 and its analogues have found extensive
recent application as chain breaking antioxidants.25f,g These function by trapping peroxyl radicals and can
completely suppress autoxidation. Diarylacetate radicals 78 have long been known and undergo reversible
dimer formation25h,i and react with oxygen to form peroxides.25j,k Addition of the tetramethylpiperidiny-
loxyl radical (TO•) to diphenylketene gave the radical 79, which reacted with oxygen forming the peroxide
80, with the structure determined by X-ray crystallography (Equation 1.25).25l

Ar

Ar
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O

OR
O

O
•

77 78

Ph

Ph

C O
TO• Ph

Ph

•C

O

OT

79

O2 O
O

CO2T
TO2C

Ph Ph

PhPh

80

N
Me

MeMe

Me

O•

TO•

(1.25)

The Koelsch radical 81 was prepared in 1931 but, somewhat surprisingly, even at this date, the idea
of stable radicals met some resistance. Koelsch prepared and submitted for publication a report of the
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long lived radical, but the lack of reactivity of the radical towards oxygen seemed improbable, and the
manuscript was rejected. In 1957, EPR spectroscopy of the same sample confirmed the identification, and
the original manuscript was resubmitted and published.26a Nitrogen analogues 82 were reported in 2000.26b

More recently, the Koelsch-type diradicals 83 and 84 have been reported and found to have singlet and
triplet ground states, respectively.26c,d

•

81

N

N•

R

R

R1

R1

82

•

•

83

•

84

•

1.10 Tetrathiatriarylmethyl (TAM) and related triarylmethyl radicals

Specialized triarylmethyl radicals are finding extensive and increasing use in imaging applications using
EPR spectroscopy because of their extraordinary stability in cells and tissues, narrow line widths resulting
in high analytical resolution at concentrations in the µM range, and enhanced sensitivity to oxygen.27

Derivatives which vary in their state of ionization as a function of pH show a corresponding dependence
upon of their EPR spectra with pH and are being examined for a variety of biomedical applications.

Tetrathiatriarylmethyl (TAM) trityl radicals 86 and various structural variations were originally developed
in industry for use as contrast agents in Overhauser magnetic resonance imaging (OMRI),27–29 and were
first reported in the patent literature.27c– f Their properties are discussed in detail in Chapter 16. Important
characteristics of these materials are the narrow signals promoted by the absence of inhomogeneous
hyperfine couplings. An earlier preparation of these compounds29c has been improved by a convenient
large scale synthesis of the sodium salt of 86 (known as Finland trityl).28 The oxygen substituted analogue
87 and the methyl deuterated derivative have also been studied, and together with 86 are soluble in water
with single sharp lines in the EPR spectra.27a The radical 86 was formed in one step in quantitative yield by
treatment of the tri(tert-butyl ester) 85 in neat trifluoroacetic acid at room temperature (Equation 1.26).28

Other trityl alcohols formed radicals in a similar fashion.28
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(1.26)
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O
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O

O

CO2Me

CO2Me
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The presence of ionizable carboxyl groups on the TAM radicals leading to pH sensitivity of the EPR
parameters has been examined, as has the presence of limited numbers of aryl ring protons leading to
doublet or triplet EPR signals.29a These serve as dual function pH and oxygen probes. Dendritic TAM
molecules were prepared in which encapsulation of the radical by the dendrimer enhances their stability
and solubility in water over a wide pH range, and the copper(II) complex of 88 is a highly effective pH
probe.29f

Amino substituted TAMs 90 and related derivatives were prepared by selective reduction of one or more
carboxyl groups of 85 to hydroxylmethyl substituents, and these were converted to mesylates that were
displaced by amino groups forming 89. Conversion to radicals 90 was accomplished using trifluoroacetic
acid (Equation 1.27), and provides derivatives useable in other pH ranges.29b

Collisions of these probe molecules reduce relaxation times of the probes and provide a measure of
local oxygen concentration; to investigate the viscosity and frequency dependence on the EPR spectra,
measurements of TAM radicals in glycerol/water ranging from 10 to 90 % concentration were carried
out, including the use of deuterated solvents.30a The conformations of the TAM radicals in solution were
investigated using 1H, 2H, and 13C measurements,30b with hyperfine coupling tensors determined using
X-band pulsed electron-nuclear double resonance (ENDOR) spectroscopy for two triarylmethyl (trityl)
radicals used in EPR imaging and oximetry.30b Calculated geometries were used to predict the experimental
hyperfine tensors, and these gave satisfactory agreement.30b

Rapid-scan EPR spectra of a 0.2 mM aqueous solution of deuterated 86 (trityl-CD3) radical at 9.8 GHz
using a rectangular resonator were obtained.31a Larger effects of magnetic field inhomogeneities were
found for the extended structure of 86 than in smaller lithium phthalocyanine crystals.
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(1.27)

Continuous wave spectra at W-band of four triarylmethyl (trityl) radicals at 100 K in 1 : 1 water/glycerol
exhibit rhombic EPR spectra.31b The results are consistent with assignment of the Raman process and a
local mode as the dominant relaxation processes.

Low frequency (300 MHz) pulsed EPR with pulsed FID detection of triarylmethyl radicals injected
in mice was used to obtain three-dimensional oxymetric images.32a,b Single-point imaging, a technique
developed for solid state NMR, applied to pulsed EPR imaging yielded artifact-free spatial images.32a

Continuous wave EPR imaging was used to obtain slice-selective images of free radicals without measuring
three-dimensional (3D) projection data.32c
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Notable among these widely studied radicals is 91, which has been extensively derivatized for optimum
properties.27b,29a This reacts with superoxide (O2

•−) radicals with an apparent second order rate constant
of 3.1 × 103 M−1 s−1, and this was used for analysis of the superoxide.33a,b Assay of superoxide by
monitoring the newly formed product absorption peak at 546 nm33a or by EPR33b gave good agreement
with the widely used cytochrome c method of superoxide detection.33a The identity of the species giving
rise to the observed absorption at 546 nm, which was stable for 12 hours, was not identified. Hydroperoxide
was detected by ferrous oxidation-xylenol orange (FOX) assay,33b but mass spectrometric analysis did not
detect a covalent adduct, and formation of an ion pair 92 of hydroperoxide anion and the trityl cation was
proposed (Equation 1.28).33a
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_
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(1.28)

Dynamic nuclear polarization of the substrate by microwave irradiation of 91 permitted the measurement
of the kinetics of trypsin catalyzed hydrolysis of Nα-benzoyl-l-arginine ethyl ester by 13C NMR using
stopped flow.33c Extension of this method to the study of other enzyme catalyzed reactions is anticipated.
The dynamic nuclear polarization (DNP) of the triphenylmethyl radical in water has been compared to
that of the 4-hydroxyTEMPO radical 93 and the latter showed considerably larger DNP enhancements up
to 100 (9 GHz) and −20 (94 GHz) using continuous microwave irradiation.33d

N O•HO

93

The degradation of tetrathiatriarylmethyl radicals 86 used as oximetry probes for EPR imaging applica-
tions due to reaction with oxygen was investigated experimentally and by using computational methods.33e

Tricarboxylate salts bearing CO2Na groups were the most stable, and it was proposed that degradation by
oxygen attack on the TAMs preferentially occurred at unsubstitued 4-positions of the aryl rings leading to
hydroperoxide intermediates. Radical pathways with addition of O2 or HO2

• to 86 forming 94 or 95 were
considered (Equation 1.29), as well as ionic routes, such as the addition of the anion HO2

− to the cation
of 74 forming 80.33e
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1.11 Perchlorinated triarylmethyl radicals

Perchlorination of aromatic compounds using a reagent composed of sulfur monochloride and aluminum
chloride in sulfuryl chloride (SCM reagent) was introduced in 1960,34a and has proved very effective.
In 1971 this method was applied to the formation of perchlorodiphenylmethyl 97 and perchlorotri-
phenylmethyl 99 radicals, both of which have lifetimes in air of decades and are characterized as inert
carbon free radicals.34b,c Conversion of the chlorocarbon 96 to 97 could be effected by reduction with
sodium iodide (Equation 1.30). More generally, radical 99 and its derivatives are prepared by deproto-
nation of the corresponding tris(pentachlorophenyl)methane 98 followed by oxidation of the anion with
iodine (Equation 1.31).34b,c The ortho-chorines on the aryl rings effectively shield the central radical site,
preventing reactions of the chlorinated radicals (Figure 1.2). This family is reviewed in detail in Chapter 2.
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Figure 1.2 Model of the tris(pentachlorophenyl)methyl radical 99. (Reprinted with permission from [34c].
Copyright 1985 American Chemical Society.)

Some of the properties of these chlorinated radicals include the formation of clathrate hosts for
benzene35a and the use of partially chlorinated amino-substituted derivatives in magnetic materials.35b

Their EPR properties have been determined,36a and monofunctionalized derivatives have been prepared and
characterized.36c These studies have been extended to perchlorinated diradical 10034b and to corresponding
radical cations and radical anions, which have single electron transfer equilibria,34e,f and to other highly
but not completely perchlorinated radicals, including the monoradical 10135b and the diradical 102.36d
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There is essentially no delocalization of the free electron into the twisted perchlorophenyl rings of
these perchloroaryl radicals, but because of the steric shielding normal atom transfer reactions or rad-
ical combination reactions are strongly inhibited. While these radicals are remarkably inert to almost
all reagents, they are susceptible to electron transfer, either reduction to carbanions or oxidation to
carbocations.34e,f

Perchorinated triarylmethyl radical 103 combining perchorotriphenylmethyl and bis(4-methoxyphenyl)
amine moieties was used to study electron transfer and charge transfer properties. The absorption spectrum
of this highly soluble compound was studied in 13 solvents. The electronic coupling and the dipole moments
of the ground and excited states were also determined.37a



22 Stable Radicals: Fundamentals and Applied Aspects of Odd-Electron Compounds

•C

Cl

Cl
Cl

Cl

Cl

Cl

Cl

Cl Cl

Cl

102

Cl Cl

Cl Cl

C•

Cl

Cl
Cl

Cl

Cl

Cl

Cl

ClCl

Cl
ClCl

ClCl

•C

ClCl

ClCl
Cl

Cl
Cl

Cl

Cl

Cl

Cl

Cl Cl

Cl

N

OMe

OMe

103

The dependence of the UV spectra of the transition from radical 104 to the zwitterion 105 was examined
as the solvent composition was varied and the process changed from the normal to the inverted Marcus
region (Equation 1.32).37b The redox properties of the two species were also examined.
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Perfluorinated triphenylmethyl radical 106 was generated by reduction of the corresponding carbocation
and gave an EPR spectrum measured in benzene (Equation 1.33).38a The product was recrystallized from
benzene giving material with a melting point of 158 ◦C containing an undetermined amount of free radicals
as detected by EPR. Tris(4-nitro-2,3,5,6-tetrafluorophenyl)methyl radical 107 was formed by oxidation
of the corresponding carbanion with potassium permanganate and characterized by its EPR spectrum
(Equation 1.34).38b
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1.12 Other triarylmethyl radicals

Earlier studies of less substituted tris(4-halophenyl)methyl radicals indicated these underwent dehalogena-
tion upon formation of unsymmetrical dimers. For example, reaction of 4-bromophenyl(diphenyl)methyl
chloride with silver evidently proceeds with formation of radical 108, and after dimerization to 109 there is
loss of the allylic bromine forming 110, which was captured as the peroxide (Equation 1.35).39a Previously it
had been found that treatment of 4-bromophenyl(diphenyl)methyl chloride with silver resulted in loss of all
the chlorine and half the bromine, in agreement with this process. Similarly 4-fluorophenyl(diphenyl)methyl
chloride lost fluorine on treatment with silver.39b,c
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Galvinoxyl-based radical 111 is a stable free radical inert to oxygen that is used as a spin trap for reactive
free radicals; it is obtained by oxidation of the galvinol 112 (Equation 1.36).40a,b Reduction of 112 yields
the triarylmethyl radical 113, which has quite different properties from 111.40c A variety of analogues of
113 have been prepared.40c

Cyclophane derived triarylmethyl bromides 114 (n = 6,7,8,9) reacted with the reducing agent obtained
from titanium tetrachloride and lithium aluminum hydride (LiAlH4) to form dimers 116 evidently derived
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from triarylmethyl radicals 115 (Equations 1.37 and 1.38).41 The dimers either were accompanied by or
converted to the fully aromatized isomers.
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1.13 Diradicals and polyradicals related to triphenylmethyl

As noted in Section 1.7 a number of hexaarylethanes, such as 51, which are potential diradicals but are
constrained to close intramolecular geometries, have been prepared but do not have diradical character.19e–i

However, 54 is proposed as a singlet diradical.20b–d Stable chlorinated diradicals, such as 102, have also
been prepared.34b

Tetraphenyl-para-xylylene 117 (Thiel radical) was prepared by Thiel and Balhorn in 1904 as an isolable
species42a and has been characterized by X-ray.42b This species, however, has some diradical character
(117b) and continues to attract attention after more than 100 years.
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The first stable diradical 118, which is analogous to triphenylmethyl, was reported by Schlenk in 1915
(Schlenk diradical)43a and promoted the expansion into the field of molecules containing multiple radi-
cal sites. The analogous 1,3,5-trisradical 119 (Leo triradical) was reported in 1937.43b This marked the
beginning of the study of “high spin” molecules, which are gaining increasing attention because of the
potential application of these materials as molecular magnets.43c The chemistry of triarylmethyl di- and
polyradicals and related species in the design of magnetic clusters and organic magnets has been frequently
reviewed.44
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Many diradicals which share the topology of the Schlenk radical have been prepared, including 120 and
121.45a,b Triradicals 122 have also been prepared and characterized by EPR.45c
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The tetraradical 123 was prepared by oxidation of the corresponding tetra-anion with molecular iodine,
and identified by the characteristic quintet EPR spectrum. The zero field parameter [D /hc] is less than
that of the triplet radical 118 and the small value of [E /hc] was interpreted as showing threefold sym-
metry for 123.45d Analogous heptaradical 124 and decaradicals were also prepared.45e This work has
been reviewed.46
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The Chichibabin hydrocarbon 12547a is a further example of an extended linear polyaromatic with
diradical character (125a) and is related to the Thiel radical 117. It is unusual for a neutral, even-electron
molecule with a closed shell electronic structure such as 125 to display magnetic activity and this species
has remained of interest. In recent studies, extended viologens 126 have been compared to 125.47b,c These
yield ambiguous results for their electronic structure (126b) using EPR techniques, but 126 was recently
found to have singlet character as determined using Raman spectroscopy.47b,c Earlier X-ray studies also
favored a singlet structure for 125.42b Other related diradicals include 127,47d 128,47e and the Muller
hydrocarbon 129.47f
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Poly(sulfonylphthalide) 130 was reduced with lithium to give poly(triarylmethyl) radical 131, charac-
terized by EPR and UV-Visible spectra as a diradical ground state singlet of the Chichibabin hydrocarbon
type (Equation 1.39).48 Poly(radical) 132 had similar character, while 133, for which the formation of
quinonoid structures is energetically unfavorable, led to polyradicals of the triarylmethyl type.48
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Polymer-based triarylmethyl radicals 135 in which the individual triarylmethyl groups are separated
from one another by saturated hydrocarbon chains were generated by zinc or potassium treatment of the
corresponding polymer with attached triphenylmethyl chlorides 134, and were characterized by their UV
and EPR spectra (Equation 1.40).49a–e Radical sites were found to be present on between 25 and 33 %
of the triarylmethyl moieties.49 These species behave as isolated radicals, with no direct spin interaction
between the triarylmethyl groups.
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A number of further related diradicals of the type 136 and 137 with insulating groups between the
radical sites were obtained from reactions of the triarylmethyl chlorides with silver.49h
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C•O•C

136

C•(CH2)n•C
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1.14 Outlook

Originally the discovery of stable triarylmethyl radicals was mainly of theoretical interest and helped lay the
foundation for the electronic theory of organic chemistry. The realization of the existence of free radicals
with variable levels of stability then led to many advances in chemical theory and practical application,
as a variety of free radical reactions, such as polymerizations and substitutions, are of great industrial
importance. Similarly, free radicals have been found to play a vital role in biological processes. Now, with
the application of triaryl radicals in biology, these species are themselves of great utility, highlighting the
inextricable connection between fundamental knowledge and useful application.
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Chem. Soc., 130, 3254–3255 (2008). (e) S. Xia, F. A. Villamena, C. M. Hadad, et al ., J. Org Chem., 71,
7268–7279 (2006).
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2.1 Introduction

Polychlorotriphenylmethyl (PTM) radicals are open shell organic molecules with a net magnetic moment
which are characterized by extremely high persistence and stability. They are composed of three totally or
partially chlorinated phenyl rings connected to a central carbon atom with a sp2 hybridization (Figure 2.1).1

The steric strain that exist in a hypothetical planar conformation of this molecule, mainly originated by
the bulky chlorine atoms, is released by the rotation of the aromatic rings around the bonds linking the
central to the ipso-carbons, giving the molecule a propeller-like conformation. As a consequence, from the
stereochemical point of view, such radicals exist in two different enantiomeric forms that can interconvert
at high temperatures with an energy barrier of about 23 kcal/mol.2 Following the Cahn–Ingold–Prelog
nomenclature,3 the two atropoisomeric forms are called Plus (P ), when the rings present a clockwise
torsion, and Minus (M ) when the torsion is the opposite one.
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Figure 2.1 CPK representation of perchlorotriphenylmethyl radical (1•) showing the high steric shielding of the
central carbon atom (in red) surrounded by the six bulky chlorine atoms at the ortho positions. A full-colour
version of this figure appears in the Colour Plate section of this book.

Besides the generation of a molecular propeller-like conformation, the existence of the bulky chlorine
atoms at the ortho positions also provides the main source of steric protection for the methyl carbon atom,
which is the atom with the major spin density. A molecular model of the perchlorotriphenylmethyl radical
(1•

) is illustrated in Figure 2.1, showing that the central carbon atom is protected by three ortho-chlorine
atoms at each side of the molecule. Indeed, the protection of the methyl carbon is translated into a large
persistence and a very high chemical and thermal stability for this family of radicals.4–8 Thus, unlike in the
case of the non-chlorinated analogue, which is very reactive to oxygen and cannot be isolated as radical,
in solution PTM radicals remain perfectly inert to oxygen and to many aggressive reagents, decomposing
only in the presence of light. Consequently, such radicals behave as classical organic compounds and can
be used as intermediates in many reactions and treated with usual separation or purification techniques,
such as chromatography, crystallization, sublimation, and so on. These radicals, in solid state, decompose
with high melting points,9 usually near 300 ◦C, and are stable to light and air practically indefinitely.10

Such astonishing thermal and chemical stabilities are the reason why the term of “inert free radicals” was
coined for this family of radicals.

The synthesis of PTM radicals is usually achieved from the corresponding polychlorotriphenylmethanes
through the formation of their carbanions with a base, like OH−, followed by the oxidation of the latter
with a weak oxidant, such as p-chloranil, I2 or Ag+, as exemplified in Scheme 2.1 for radical 1•. The
synthesis of the radical precursors generally consists in a sequence of Friedel–Crafts condensations at high
temperature with an excess of the chlorinated benzene derivatives; such as is depicted in Scheme 2.1 for
the hydrocarbon 1H .6

The high persistence of PTM radicals has allowed them to be functionalized at the ortho and para
positions of the aromatic rings. Thanks to the efforts of Ballester and coworkers during the 1970s and
1980s, these radicals were functionalized using a great variety of reactions.11 Although sometimes there
is the need for extreme conditions, PTM functionalization has allowed the use of such radicals as building
blocks of molecular materials with specific properties. One of the first applications of these radicals was the
spin labeling of amino acids and peptides.12 Since then, PTM radicals have been used as constitutive units
of mixed valence systems that present intramolecular electron transfer phenomena,13 bistable molecular
switches,14,15 and new valence tautomeric systems,16 as well as of push–pull compounds with nonlinear
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Scheme 2.1 Synthesis of radical 1• from its hydrocarbon precursor 1H, through the carbanionic derivative 1−

optical (NLO) properties.17 The particular structural and electronic characteristics of PTM radicals have
permitted, not only organic open shell dendrimers with high-spin ground states and low-spin excited
states, inaccessible even at room temperature, to be obtained18,19 but also the ability to functionalize them
with one or more carboxylic groups. These radicals have been used as molecular synthons to build up
open shell supramolecular structures, either with a purely organic or a metal–organic nature, which show
relevant porous and magnetic properties.20 More recently, in the search for new molecular spintronic
systems, PTM radicals have also been grafted onto surfaces, exhibiting interesting electronic transport
properties.21

PTM radicals are also interesting because they are electroactive species from which it is possible to
generate the corresponding carbanionic and carbocationic species. Indeed, as shown in Figure 2.2, the cyclic
voltammetry of radical 1• exhibits two reversible waves that correspond to the oxidation and reduction of
this radical, giving rise to the corresponding carbanion 1− and carbocation 1+, which are also quite stable
species both in solution and in the solid state. The reduction of PTM radicals turns out to be more feasible
than the corresponding oxidation, a fact that makes this type of radical an excellent electron acceptor
units in push–pull systems with NLO properties and/or to achieve intramolecular electron transfer in
molecular nanowires. Electroactivity of PTM radicals can be used for making switchable multifunctional
molecular materials, since the magnetic, optic and electronic properties of these open shell molecules can
be switched on and off with an external electrochemical stimuli. This chapter describes the chemical and
physical properties of PTM radicals, mainly from the molecular material point of view. The main focus is
on multifunctionality, giving different insights to the magnetic, electronic and optical properties of PTM
based materials.

2.2 Functional molecular materials based on PTM radicals

In the last few years there has been much interest in the field of functional molecular materials.22,23 This
interest arises from their expected use in future emerging technologies as well as their use to improve
already existing technologies. Functional molecular materials comprise purely organic or metal–organic
building blocks that show interesting physical properties, for example conducting,24 optical25 or magnetic
ones (Figure 2.3).26
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Figure 2.2 Cyclic volammogram of radical 1• in CH2Cl2, with 0.1 M n-Bu4NPF6 (vs Ag/AgCl) showing the
reversible formation of two different ionic species that correspond to the oxidation and reduction of this radical.
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Figure 2.3 Interplay between the different properties shown by functional molecular materials.

Tunability and versatility of molecular chemistry offers a unique opportunity to design multifunctional
molecular materials or devices – that is, molecule-based systems showing two or more functions
simultaneously.27 These new type of materials or devices may exhibit different combinations of properties,
such as magnetism/conductivity, magnetism/optical or conductivity/NLO properties.28 The presence of
two properties in the same crystal lattice, or even better in the same molecule, might result, if there
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is a synergism between them, in new physical phenomena and novel applications that are difficult
to achieve in conventional inorganic solids. The design of such multifunctional molecular systems
that are able to change their functions by an external stimuli – like temperature, light and electric
field – results in more appealing systems because of their potential applications as molecular-scale
switches in nanotechnology.29 A molecular-scale switch is a fundamental component of any true molecular
magnetic/electronic/photonic device. To achieve a real switching effect, the molecule must be stable in two
(or more) states exhibiting very different properties which may be interconverted reversibly in response
to an external stimuli, such as redox, temperature, pressure or irradiation. To date, several molecular
switches exhibiting changes in one property, such as color,30 luminescence,31 optical nonlinearity,32 or
magnetic properties,33 have been reported. However, only very recently the number of useful properties
being simultaneously modulated on a bistable molecule-based system has been extended to three
properties (electrical, optical and magnetic), although in this case the changes in the properties have an
intermolecular origin.34

PTM radicals are nice examples of molecular building blocks for obtaining such multifunctional molec-
ular materials, since they permit to combine the intrinsic magnetic characteristics of these molecules with
optical, conducting and electrochemical properties.

2.2.1 Materials with magnetic properties

The design of molecular materials, especially of those of a purely organic nature, with relevant mag-
netic properties has been one of the major challenges of the last decades. Due to the light nature of
elements composing organic compounds, only the magnetic exchange interactions determine the magnetic
behavior at temperatures well above 0.1 K. Other kinds of magnetic interactions (such as hyperfine or
spin-orbit interactions) as well as sources of magnetic anisotropies can be considered as negligible above
this temperature in most open shell organic materials. Consequently, magnetic organic systems may be
described at zero applied magnetic fields by the effective spin Hamiltonian approach, which takes the form
of Equation 2.1:

H = −2�Jij Si · Sj (2.1)

where Jij represents the effective exchange interaction parameter for the magnetic centres i and j – the
spin-containing building blocks – which have total quantum spin numbers Si and Sj , respectively, and
the summation runs over all the adjacent pairs of centers. According to the formalism of Equation 2.1,
when Jij is positive the two spins tend to be parallel to each other in the ground state and the magnetic
interaction (or coupling) is ferromagnetic (FM). On the contrary, if Jij is negative the two spins align in
an antiparallel fashion in the ground state and the interaction is antiferromagnetic (AFM).

Most organic magnetic materials exhibit paramagnetic behaviors at high temperatures where the spins of
the material behave independently of each other. However, as the temperature is decreased, the exchange
interactions become comparable with the thermal energy of the system and the neighboring spins tend
to align in accordance with the signs of their Jij parameters, appearing either in a short or a long range
ordering of the spins. Alignments of spins can be propagated along one, two or three dimensions of
the solid, but only if the alignment occurs in three dimensions can a real long range magnetic ordering
appear. In this case the solid exhibits a cooperative magnetic property below its critical temperature
(TC), behaving as a bulk magnet. Keeping in mind the characteristics previously described, the design
of organic molecular materials showing bulk magnetic properties involves three main aspects or steps
that must be taken in consideration carefully: (i) the stability of the spin-containing building blocks;
(ii) the coupling routes or magnetic interaction mechanisms between the neighboring spin-containing
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building blocks; and (iii) the propagation of the magnetic interactions along the three dimensions of
the material.

Substituted PTM radicals are stable species and, accordingly, they can be used as the constituent
building blocks of molecular magnetic materials. Regarding the coupling routes, a ferromagnetic inter-
action may result only if an orthogonal arrangement (zero overall overlap integral) between the two
singly-occupied molecular orbitals (SOMOs) of the two interacting subunits is produced. On the other
hand, if such an integral is non-zero, the resulting magnetic interaction would be antiferromagnetic for
non-degenerate orbitals. Magnetic interactions can take place either between neighboring molecules or,
in the case that there are two (or more) spin-containing units in the same molecule, intramolecularly.
Intermolecular interactions among organic radicals are mainly determined by the isotropic exchange inter-
actions between the unpaired electrons located on the SOMOs of the nearest neighbouring molecules.
The construction of magnetic materials requires that the structural subunits exhibit non-covalent interac-
tions suitable to be controlled in a predictable manner which are able to promote right isotropic exchange
interactions between the nearest neighboring open shell molecules. Up to now, the different types of
non-covalent intermolecular interactions that have been used for the assembly of such molecular subunits
are hydrogen bonding, transition metal ligation, stack-type alignment and bridging of ion radicals by their
counterions. In the case that the assembly of spin-containing molecules produces the proper magnetic inter-
actions and they are propagated along the three dimensions, the material will exhibit a bulk cooperative
magnetic property.

Intramolecular magnetic interactions play a major role in high-spin organic molecules.35 Thus, when
a molecule has two high-lying orthogonal orbitals, close or equal in energy, with two less electrons
than necessary for a closed shell structure, its ground state becomes a triplet, as dictated by Hund’s
rule. However, the actual nature of the interaction (ferromagnetic or antiferromagnetic) depends upon
the symmetry and topology of the degenerate or nearly degenerate SOMOs’ orbitals. One of the general
approaches to obtain high-spin organic compounds is based on conjugated polyradicals with topologically
polarized α spins. These compounds are designed using appropriate ferromagnetic coupling units able to
align in parallel the spins of a pair (or more) of radical centers connected through such a unit. m-Phenylene
has become the most widely used ferromagnetic organic coupler because it is highly dependable.

In this section attention is focused on the developments and studies of magnetic materials derived from
PTM radicals. The magnetic properties of high-spin PTM radicals is described in detail as well as those of
extended systems based on PTM radicals. The possibility to functionalize surfaces with PTM molecules
as spin-containing units towards their use in molecular spintronics is also described.

2.2.1.1 High-spin PTM radicals

m-Phenylene Units as Intramolecular Ferromagnetic Couplers With this aim, m-phenylene was used
as a ferromagnetic organic coupler of PTM radical centers in line with the efforts to increase the number
of persistent and stable high-spin radicals. Indeed, since the Schlenk hydrocarbon, first prepared in 1915,
high-spin alignments in ground states have been successfully demonstrated for several 1,3-phenylene
connected carbenes36 and radicals based on triarylmethyl,37 nitrogen-centred38 and aminoxyl units.39 The
work done in this direction included the synthesis, characterization and study of physicochemical properties
of molecules with two, three, or more triarylmethyl subunits, that are called bis-, tris-, or poly-triarylic
systems or, more generically, extended triarylmethyl systems. The first PTM polyradicals reported were
the diradical 2 and triradical 3; both have a high-spin ground states with low-spin excited states, which
are inaccessible even at room temperature.18b The synthesis of larger polyradicals like 4 and 5 with
hyperbranched dendritic nature was also attempted. However, the numerous experimental problems found
during the synthesis and purification of pentadecaradical 5, due to the presence of abundant magnetic defects
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and numerous atropisomeric forms, suggested that the tetraradical 4 is the limit generation for this dendritic
radical series.
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Biradical 2 and triradical 3 present the highest spin multiplicities – the triplet and quartet,
respectively – in their ground states.18a Also worthy of remark is the fact that triradical 3 exists in two
stereoisomeric forms with D3 and C2 symmetries. Such stereoisomeric forms exist in two enantiomeric
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isomers and are isolable as stable solids that show outstanding stabilities since they do not show any sign
of decomposition up to 250 ◦C, even in air.40
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A linear solvation free-energy study was performed with quartet 3 to study the influence of the molecular
characteristics of the two diastereoisomers on their physicochemical properties. It was found that the
different surface areas and fractal dimensionalities of the two diastereomeric forms of this rigid molecule
are among the most important molecular parameters controlling some of their physicochemical properties.
Their ability to interact with the surrounding media is a result mainly of cavitational effects.37 Moreover,
the two isolated solids have been characterized by single crystal X-ray diffraction. In this respect, the two
solid state structures, each corresponding to the two different diastereomers, constituted the first reported
examples of crystal structures of carbon-based high-spin polyradicals.37

Cyclic voltammetry of quartet 3 shows three reversible reduction waves at −0.19, −0.49 and −0.75 V
versus SCE (Figure 2.4), corresponding to its reduction to the mono-, di- and trianionic species respectively,
while diradical 2 revealed only two reversible waves at −0.22 and −0.54 V, corresponding to the reduction
to the mono- and dianionic species respectively.

X-band Electron Paramagnetic Resonance (EPR) spectra of high-spin radicals 2 and 3 in dilute toluene
solutions at room temperature show symmetrical signals centered at giso = 2.0026. In frozen media the EPR
spectrum of triradical 3 showed a fine structure characteristic of two quartet species with distinct popula-
tions: a major quartet (3a, 83 %) with |D |/hc = 0.0036 cm−1, |E |/hc = 0.0001 cm−1, gxx = gyy = 2.0029
and gzz = 2.0012, and a minor quartet (3b, 17 %) with |D |/hc = 0.0050 cm−1, |E |/hc = 0 cm−1, and
gxx = gyy = gzz = 2.0024. The observed rigid media EPR spectra of pure 3a and 3b quartets, as well
as those spectra obtained by a simulation procedure, are shown in Figure 2.5. EPR data permit the
assignment of the 3a quartet to the enantiomeric pair with C2 symmetry, that is to (M,M,P )-3 +
(P,P,M )-3, and the 3b quartet to that with D3 symmetry, that is to (M,M,M)-3 + (P,P,P)-3. Rigid
media EPR spectra of quartets C2 -3 and D3 -3 also showed weak signals corresponding to forbidden
�ms = ±2 transitions (Figure 2.5, top). Variable temperature EPR experiments with pure C2 -3
and D3 -3 quartets were performed in the temperature range 130–200 K. Total intensities of their
�ms = ±1 signals increase linearly with 1/T, indicating that quartets are the ground states of both
stereoisomers and that the low-spin excited states of both isomers are thermally inaccessible in this
temperature range.
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Figure 2.4 Cyclic voltammogram of triradical 3 (3·10−4M) in CH2Cl2 using 0,1 M Bu4N+PF6
− as electrolyte

(vs SCE). (Reprinted with permission from [18b]. Copyright 1993 American Chemical Society.)
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Figure 2.5 Top: Experimental EPR first derivative spectra at 143 K in glassy toluene of pure samples of (left) C2-3
(3a quartet) and (right) D3-3 (3b quartet). Bottom: Simulated spectra for randomly oriented species. Insets show
the observed and simulated signals corresponding to �Ms = ±2 forbidden transitions of quartets. (Reprinted
with permission from [18b]. Copyright 1993 American Chemical Society.)
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Solid lines are the calculated molar magnetization curves. Dashed lines are theoretical molar magnetization
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Magnetization measurements of radicals 3•••, H-3•• and H-3• at 4.2 K in the magnetic field range 0–5 T
are depicted in Figure 2.6 as a function of the magnetic field H . The data can be compared with the
theoretical magnetization curves of ideal paramagnets with S = 3/2, l and 1/2, respectively. Calculated
magnetization curves indicate that the ground states of radicals 3•••, H-3•• and H-3• are the quartet
(S = 3/2), triplet (S = 1) and doublet (S = 1/2), respectively, in excellent agreement with EPR and
susceptibility results.

Metallocene Units as Intramolecular Ferromagnetic Couplers One of the basic tools to realize high-spin
molecules is the finding of bridges that may act as robust ferromagnetic couplers when they are connected
to two (or more) open shell subunits. Metallocenes have been used very successfully as building blocks
of molecular solids promoting intermolecular magnetic interactions.41 Based on their electronic structures
and rich chemistry, metallocenes appear to be promising candidates as ferromagnetic couplers. With this
objective, diradical 6, consisting of two PTM radical subunits connected by a 1,1′-metalloceneylene bridge,
was constructed. The particular structure and topology of 6 were expected to lead to a non-negligible spin
density on the metallocene moiety, making the magnetic coupling between the two organic radical subunits
feasible. In addition, the location of both radical units far away from each other avoided any possibility of
having intramolecular through-space contacts and, consequently, a significant direct through-space magnetic
interaction.
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The EPR spectrum of diradical 6 in a frozen toluene/dichloromethane (1 : 1) mixture shows the char-
acteristic fine structure of a triplet species in which the forbidden �ms = ±2 transition, characteristic of
triplet species, is also observed at the half-field region of the spectrum. The intensity of such a signal
(Ipp ) was measured in the 4–100 K temperature region, and its temperature dependence indicated that the
triplet is in the ground state with a thermally accessible excited singlet state. A singlet–triplet separa-
tion of +10 K (7 cm−1) was obtained from the fitting of the Ipp ·T versus T plot to the Bleaney–Bowers
equation (Figure 2.7). In conclusion, the metallocene unit in 6 was shown to effectively transmit a fer-
romagnetic interaction between two PTM radicals.42 This result was justified by ZINDO/1 semiempirical
calculations43 where it was observed that the SOMO orbitals are almost degenerate and coextensive,
justifying the high-spin ground state experimentally observed.

Transmission of Magnetic Interactions Through Hydrogen Bonds Investigation of the transmission
of magnetic interactions through hydrogen bonds has also been carried out with a PTM radical with
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Figure 2.7 Temperature dependence of Ipp·T of diradical 6. The solid points represent the experimental data
and the continuous lines the fit of experimental data to the Bleaney–Bowers equation. (Reprinted with permission
from [43]. Copyright 2001, Elsevier.)
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a carboxylic acid group at the para position, radical 7. The general tendency of carboxylic acids to
form dimers, both in solution and in the solid state, suggested that 7 would be an ideal system to show
whether the propagation of the magnetic exchange is efficient at a long distance as well as to determine
its ferromagnetic or antiferromagnetic nature.

An extensive magnetic study, both in solution and in the solid state, with radical 7 showed that mag-
netic exchange interactions are transmitted efficiently through the hydrogen bonds.44 Low temperature EPR
experiments performed in solution with radical 7 did not lead to any conclusive results, since supramolec-
ular aggregates are formed by weak non-covalent interactions, like Cl–Cl and π–π , distinct from the
initially expected hydrogen bonds. In order to overcome this drawback, solid studies with radical 7 were
performed. Radical 7 crystallized in two polymorphic phases, the α and β phases, depending on the sol-
vent used for the crystallization. As shown in Figure 2.8, in an aprotic solvent, like dichloromethane,
the α phase is favored, in which the radicals form nearly isolated R2

2(8) hydrogen bonded dimers, while
in presence of ethanol the solvent molecules are intercalated by hydrogen bonds among the two radi-
cals of dimeric entities pushing them far away. Moreover, the bulkiness of the two radicals prevents, in
both phases, short contacts between the regions with high-spin densities inside each radical subunit of
the dimers.

Solid state magnetic measurements (Figure 2.9) of the two phases of radical 7 provided evidence about
the nature and strengths of magnetic interactions inside the dimeric entities. Magnetic data of the α phase
clearly shows the presence of weak ferromagnetic interactions, while such interactions are opposite in the
β phase (Figure 2.9). The suppression of the ferromagnetic interactions in the β phase, in which direct
hydrogen bonded radical dimers are not present, gave further evidence that the hydrogen bonded dimers
are the species uniquely responsible for this interaction. Therefore, it has been demonstrated that exchange
through hydrogen bonded bridges can occur at a long distance, even in the cases of well delocalized
radicals.
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Figure 2.8 View of hydrogen bonded dimers present in the α phase (left) and β phase (right) of radical 7.
(Reprinted with permission from [44]. Copyright 2002 Wiley-VCH Verlag GmbH & Co. KGaA.)
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Figure 2.9 Temperature dependences of the magnetic susceptibility, χ , of polycrystalline samples of α phase
(�) and β phase (◦) of radical 7. (Reprinted with permission from [44]. Copyright 2002 Wiley-VCH Verlag GmbH
& Co. KGaA.)

Transmission of Magnetic Interactions Through Coordinative Bonds A great deal of work in molec-
ular magnetism has been focused on the so-called metal–radical approach that combines paramagnetic
metal ions and organic radicals as ligating sites.45 The electronic open shell character of PTM radicals
was particularly appealing for this purpose, since they were expected to interact with transition metal
ions enhancing the strength of magnetic interactions. Carboxylic acid substituted PTM radical 7 was
an excellent coordinating ligand to obtain new metal complexes with different coordinative geometries
following the metal–radical approach. Thus, the reaction of the PTM radical 7 with copper(II) metal
ions gave a series of metal–radical complexes (8, 9, 10 and 11) which were structurally characterized
(Scheme 2.2).46

In complexes 8–10 the copper(II) ions are coordinated to two radical units in slightly distorted square
planar pyramidal geometries, while complex 11 shows a paddle-wheel copper(II) dimeric structure. Each
copper ion in this complex is coordinated to one oxygen atom of a water molecule and with four oxy-
gen atoms of different carboxylate groups, two of which belong to two radicals and another two to two
acetate ions. The exchange couplings between copper(II)–radical subunits are antiferromagnetic for the
three complexes 8, 9 and 10, since a fitting to a linear three-spin model gave J/kB ≈ −20 K for the
three complexes. Magnetic properties of complex 11 are more interesting, since it is one of the scarce
examples of a spin-frustrated system composed of organic radicals and metal ions. In this case, exper-
imental data were fitted to a magnetic model based on a symmetrical butterfly arrangement to give a
copper(II)–copper(II) exchange coupling of J/kB = −350.0 K and a copper(II)–radical exchange coupling
of J/kB = −21.3 K, similar to that observed for the copper(II)–radical interactions in complexes 8–10
(Figure 2.10).47 Following the same strategy, a series of complexes with zinc(II), nickel(II) and cobalt(II)
ions was also synthesized. The magnetic behaviors of the resulting complexes showed the presence of anti-
ferromagnetic interactions of J/kB ≈ −20 K between the PTM radical subunits and the first row transition
ions.47–49 Finally, lanthanide metal ion complexes, such as europium(III), and the carboxylate PTM radical
derived from 7 were also reported.50 In the same line, coordination capabilities of the PTM monosulfonate
radical using different metals were also explored. In this case, the direct coordination of the organic radical
through the sulfonate group provides weaker antiferromangetic couplings than with the carboxylated PTM
derivatives.51



46 Stable Radicals: Fundamentals and Applied Aspects of Odd-Electron Compounds

Cl

Cl
Cl

Cl
Cl

Cl

Cl

Cl
Cl

Cl

Cl

Cl

Cl

Cl

O

O

Cl

Cl
Cl

Cl
Cl

Cl

Cl

Cl
Cl

Cl

Cl

Cl

Cl

Cl

O

O
Cu

H2O

H2O H2O

Cl

Cl
Cl

Cl
Cl

Cl

Cl

Cl
Cl

Cl

Cl

Cl

Cl

Cl

O

O

Cl

Cl
Cl

Cl
Cl

Cl

Cl

Cl
Cl

Cl

Cl

Cl

Cl

Cl

O

O

Cu

Cu

H2O

OH2

O
O

CH3

O
O

CH3

(a) (b)

(c)

8

Cl

Cl
Cl

Cl
Cl

Cl

Cl

Cl
Cl

Cl

Cl

Cl

Cl

Cl

O

O

Cl

Cl
Cl

Cl
Cl

Cl

Cl

Cl
Cl

Cl

Cl

Cl

Cl

Cl

O

O
Cu

EtOH

Pyrim Pyrim

(d)

9

Cl

Cl
Cl

Cl
Cl

Cl

Cl

Cl
Cl

Cl

Cl

Cl

Cl

Cl

O

O

Cl

Cl
Cl

Cl
Cl

Cl

Cl

Cl
Cl

Cl

Cl

Cl

Cl

Cl

O

O
Cu

Py

Py Py

10

11

Cl

Cl

ClCl

Cl

Cl

COOH

Cl

Cl
Cl

Cl

Cl

Cl

Cl Cl

7

Scheme 2.2 Synthesis of copper complexes based on PTM radical 7. Reagents and conditions:
(a) 7/Cu2(O2CCH3)4·H2O (4 : 1) in ethanol/water; (b) 7/Cu2(O2CCH3)4·H2O (2 : 1) in ethanol/water; (c) 7/pyridine
(excess) in ethanol/n-hexane/tetrahydrofuran; (d) 7/pyrimidine (excess) in ethanol/n-hexane/tetrahydrofuran

2.2.1.2 Magnetic extended systems based on PTM radicals

The results presented in the preceding section demonstrate that carboxylic-substituted PTM radicals
are excellent coordinating paramagnetic ligands able to transmit efficiently moderate metal–radical
antiferromagnetic interactions.52 This fact, together with the ability of hydrogen bonds to transmit
magnetic interactions and link molecules with hydrogen bonding acceptor and donor groups, makes
possible the obtaining of magnetic extended systems based on PTM radicals functionalized with
several carboxylate/carboxylic acid groups. These magnetic extended systems resulted in two new
families of open framework materials with either a metal–organic or purely organic nature; named as
metal–organic radical open frameworks (MOROFs) or purely organic radical open frameworks (POROFs),
respectively.

The use of organic molecules for achieving open framework materials has become an attractive prospect
since the resulting materials are porous in many cases.53 The use of coordination or crystal engineering tech-
niques allows the systematic design of open framework structures, similar to those shown schematically in
Figure 2.11, with a considerable range of pore sizes and functionalities using different organic ligands, such
as cyano groups, N, N ′-type ligands and polycarboxylic acids. Furthermore, the use of transition metal ions
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Figure 2.10 (a) ORTEP view of [Cu2(7)2(O2CH3)2(H2O)2] (11); (b) Temperature dependence of the magnetic
susceptibilities. The inset figures show the schematic arrangements of the metal ions and organic radicals.
(Reprinted with permission from [47]. Copyright 2002 Royal Society of Chemisty.)

Figure 2.11 Left: Coordination polymer created by an inorganic subunit (0-D clusters or isolated metal ions)
connected through polytopic organic ligands. Right: Purely organic open framework formed by organic molecules
interlinked through non-covalent bonds such as hydrogen bonds or π–π interactions. (Reprinted with permission
from [53]. Copyright 2007 Royal Society of Chemistry.) A full-colour version of this figure appears in the Colour
Plate section of this book.

brings the possibility to obtain porous materials with additional electrical, optical or magnetic properties.
Among them, the search for magnetic open framework structures has become a major objective due to their
potential applications in the development of low density magnetic materials, magnetic sensors and intelli-
gent or multifunctional materials. Indeed, a large number of pure inorganic materials, organic–inorganic
hybrid materials and coordination polymers with magnetic properties have been reported thanks to the
use of constitutive open shell transition metal ions within the framework of the structure. More limited,
however, is the number of pure organic porous magnetic materials, mainly because of the limited range
of free organic radicals with enough persistence and stability.
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Metal–Organic Radical Open Frameworks The polytopic organic ligands, generally nitrogen and oxygen
donor ligands, used in metal–organic open frameworks (MOFs), also named as coordination polymers,
connect the ‘inorganic’ subunits along the space in the appropriate topology to originate connected void
volumes in the resulting structure. As in many other aspects related to the molecular magnetism field, Kahn
and coworkers pioneered the discovery of coordination polymers that combined both porosity characteristics
and magnetic properties.54 Such coordination polymers were made with closed shell organic multitopic
ligands and isolated magnetically active metallic ions and it can be noted that when the distance between
metal ions increased by enlarging the size of organic ligands, the magnetic couplings between them
decreased exponentially, so limiting obtaining large pores.55 One strategy to overcome this problem is
the use of stable radicals with rigid and large sizes as polytopic ligands together with magnetically active
transition metal ions.56 The resulting structures must in principle exhibit larger magnetic couplings and
dimensionalities in comparison with systems made up from diamagnetic polytopic coordinating ligands,
since the organic radicals may become an active part of the magnetic structure as they have their own
spin, rather than ‘just’ mediate magnetic interactions between adjacent metal ions.57,58
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By using the di and tricarboxylic acid radicals 12 and 13, a series of metal–organic radical open
frameworks (MOROF-n) has been prepared. Interestingly, the crystal structure of Cu3(13)2(py)6

(C2H5OH)2(H2O) (MOROF-1) reveals a 2-D honeycomb (6,3) network composed of rings with six metal
units and six 13 radicals connected between them (Figure 2.12). Such planar layers are piled up forming
very large 1-D hexagonal pores, which measure 3.1 and 2.8 nm between opposite vertices.59 To the best
of our knowledge, these pores are one of the largest reported so far for a metal–organic open framework
structure. Moreover, complex MOROF-1 shows additional channels with square and rectangular shapes
in the perpendicular directions with estimated sizes of 0.5 × 0.5 and 0.7 × 0.3 nm, respectively. The
interconnected pores generate solvent-accessible voids in the crystal structure that amount to 65 % of the
total unit cell volume. This extremely large void volume is responsible for the exotic properties (vide
infra) of this material.

Accordingly, with the capability of carboxylic-substituted PTM radicals to transmit efficiently the mag-
netic interactions, each 13 ligand was able to magnetically bridge three copper(II) ions and, therefore, to
extend the magnetic interactions across the infinite layers, giving rise to ferrimagnetic 2-D layers. Indeed,
as shown in Figure 2.13, the smooth decrease of the χT values below 250 K is a clear signature of the
presence of antiferromagnetic couplings between nearest neighboring copper(II) ions and 13 ligands within
the 2-D layers. The minimum of χT corresponds to a short range order state where the spins of adjacent
magnetic centers are antiparallel, provided there is no net compensation due to the 3 : 2 stoichiometry of the
copper(II) ions and radical units. The huge increase of χT at lower temperatures indicates an increase of
the correlation length of antiferromagnetically coupled units of copper(II) and 13 as randomizing thermal
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Figure 2.12 Illustration of the nanochannel-like structure of MOROF-1. The superposition of the honeycomb
(6,3) layers creates large pores of dimensions of 3.1 and 2.8 nm between opposite vertices. (Reprinted with
permission from [56]. Copyright 2004 Royal Society of Chemistry.) A full-colour version of this figure appears in
the Colour Plate section of this book.
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Figure 2.13 Left: A honeycomb (6,3) layer showing the organization of the copper ions (orange spheres) and
the central methyl carbon (magenta spheres) of the 13 radicals. Right: χT as a function of the temperature for
as-synthesized (•) and evacuated (◦) MOROF-1. Inset: Magnetic field dependence of the magnetization at 2 K.
(Reprinted with permission from [56]. Copyright 2004 Royal Society of Chemistry.) A full-colour version of this
figure appears in the Colour Plate section of this book.

effects are reduced yielding, finally, to a long range magnetic ordering below 4 K. This bulk magnetic
ordering was confirmed by the magnetization curve at 2 K since it exhibits a very rapid increase, as
expected for a bulk magnet, although no significant hysteretic behavior was observed because of the lack
of anisotropic sources in the magnetic units. The magnetization value increases much more smoothly at
higher fields up to a saturation value of 1.2 µB , which is very close to that expected for a saturated system
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with an S = 1/2 magnetic ground state. Thus, this molecular material can be considered as a soft magnet
with an overall magnetic ordering below a TC of 4 K.

A second remarkable feature of MOROF-1 is the reversible ‘shrinking–breathing’ of its solid state
structure upon solvent uptake and release. Indeed, when MOROF-1 is removed from the mother liquor
solution in which it was crystallized and exposed to air at room temperature, the crystalline material
loses the ethanol and water guest molecules, very rapidly becoming an amorphous material with a volume
decrease of around 30 % (Figure 2.14). Even more interesting is the fact that the evacuated sample of
MOROF-1 recovers its original crystallinity and up to 90 % of its original size after exposure to liquid or
vapour ethanol solvent. The quasi-reversible process also occurs with methanol, but not with other organic
solvents, therefore showing a large selectivity for small alcohols. Thus, apparently MOROF-1 behaves
as a sponge-like magnet material selective towards methanol and ethanol. The chemical, structural and
morphological quasi-reversibility is also accompanied by changes in the magnetic properties that are macro-
scopically detected. Magnetic properties of an evacuated amorphous sample of MOROF-1 show similar
magnetic behavior to that shown by the as-synthesized crystals of MOROF-1, with the exception that its
critical temperature is one order of magnitude lower, around 0.4 K. Thus, the most striking feature exhibited
by MOROF-1 is that the structural and chemical evolution of the material in the process of solvent inclu-
sion can be completely monitored either by the magnetic properties or its X-ray diffraction pattern. When
MOROF-1 is again re-immersed in ethanol, a fast recovery of up to 60 % of the signal can be seen during
the first minutes, whereupon the recovery of magnetic signal seems to be linear with the logarithm of time.

Two new supramolecular cobalt(II)-based coordination polymers, [Co(13)(4,4′-bpy)(H2O)3]·6C2H5OH·
2H2O (MOROF-2) and Co6(13)4(py)17(H2O)4-(C2H5OH) (MOROF-3) have also been reported.60,49

AmorphousCrystalline

EtOH, H2O

EtOH, MeOH

air

Figure 2.14 Images of a single crystal of MOROF-1 followed with an optical microscope. The top series show
the ‘shrinking’ process, in which a crystal of MOROF-1 exposed to the air experiences a volume decrease of
around 30%. In the lower series, the same crystal exposed against to ethanol liquid begins to swell. The scheme
represents the structural changes of MOROF-1 in contact or not with ethanol or methanol solvent. (Reprinted
with permission from [56]. Copyright 2004 Royal Society of Chemistry.) A full-colour version of this figure
appears in the Colour Plate section of this book.
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Figure 2.15 Illustration of the helical nanochannel-like structure of MOROF-2. (Reprinted with permission
from [56]. Copyright 2004 Royal Society of Chemistry.) A full-colour version of this figure appears in the Colour
Plate section of this book.

The first coordination polymer shows a paramagnetic non-interpenetrated supramolecular network with an
unprecedented (63)·(68·81) topology. Additionally, MOROF-2 exhibits helical nanochannels of dimen-
sions 13.2 × 9.4 Å and a void volume of 54.5 % along with antiferromagnetic interactions (Figure 2.15).
In contrast, MOROF-3 exhibits a (6,3)-helical network with large 17.5 × 6.8 Å 1-D channels and a bulk
magnetic ordering below 1.8 K. This was the first reported example of a nanochannel-like structure that
in addition to exhibiting an unusual (6,3) helical coordination network showed mixed ferromagnetic and
antiferromagnetic interaction between the cobalt(II) ions and the 13 radicals.

The hexacarboxylic PTM radical with six carboxylic acid groups at the meta positions of the three phenyl
rings have been complexed with copper(II) ions to obtain a three-dimensional coordination polymer. The
resulting 3-D structure can be described as two interpenetrating cubic nets. Magnetic properties of this
metal radical organic open framework have been studied showing unexpected metal–radical ferromagnetic
interactions.61

Pure Organic Radical Open Frameworks In addition to their demonstrated utility as ligands, carboxylic
acid functionalized PTMs can also self-assemble into purely organic radical open frameworks (POROFs)
with porous structures and interesting magnetic properties. Thus, radicals 12 and 13 were used to obtain
extended hydrogen bonded networks, which in principle would show such a combination of properties.
The advantages of these radicals were considerable: (i) their trigonal symmetry provided a typical template
for getting channels held together by hydrogen bonds through the carboxylic groups; (ii) the molecular
bulkiness and rigidity of PTM radicals was expected to prevent a close packing of molecular units; and (iii)
besides their structural control, hydrogen bonds have been shown to favour magnetic coupling between
bound radical molecules (Section ‘Transmission of Magnetic Interactions Through Hydrogen Bonds’).62

These expectations were confirmed in the hydrogen bonded self-assemblies of 12 and 13 by the formation
of robust porous extended networks. Indeed, the dicarboxylic 12 radical crystallizes in a robust porous
2-D extended network (POROF-1) with weak antiferromagnetic interactions.63 The framework shows 1-D
tunnels formed by narrowed polar windows (≈5 Å in diameter) and larger hydrophobic cavities, where a
sphere 10 Å in diameter can fit inside them. The combination of supercages and windows gives way to
solvent accessible voids in the crystal structure that amount up to 31 % of the total volume of the unit cell
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Figure 2.16 Left: Crystal structure of POROF-1 obtained from the crystallization of radical 12 showing the
2-D hydrogen bonded layer. The repetitive R6

6(24) hydrogen bonded hexamers generate polar windows due to
the presence of six carboxylic groups, whereas the linking of each hexamer with six more identical units in a
hexagonal topology originates six trigonal-shaped hydrophobic voids. Right: Space-filling view along the b axis
of the large nanocontainers formed along the one-dimensional channel. (Reprinted with permission from [63a].
Copyright 2004 American Chemical Society.) A full-colour version of this figure appears in the Colour Plate
section of this book.

(Figure 2.16). Furthermore, it is remarkable that the structural rigidity of the framework permits the evac-
uation of the guest n-hexane solvent molecules at 373 K without collapsing the self-assembled molecules.

More recently, radical 13 provided another robust porous 2-D hydrogen bonded magnet (POROF-2).
As shown in Figure 2.17, the stacking of these hydrogen bonded radical molecules generates a 3-D
structure that exhibits tubular highly hydrophilic channels 5.2 Å in diameter with solvent-accessible voids
that amount up to 15 % of the total unit cell volume. The lack of guest solvent molecules within the
channels and its structural rigidity up to 573 K are excellent conditions to explode the porosity properties
of this new porous material. No less remarkable are the magnetic properties of this material, which orders
ferromagnetically at very low temperatures (Figure 2.17).63
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Figure 2.17 Left: Crystal packing of POROF-2, showing the tubular hydrogen bonded channels. The empty
space is represented as yellow spheres. Right: Temperature dependence of χT up to 200 K, measured with
an applied magnetic field of 200 Oe. Inset: magnetic hysteresis obtained at 0.08 K. (Reprinted with permission
from [53]. Copyright 2007 Royal Society of Chemistry.) A full-colour version of this figure appears in the Colour
Plate section of this book.
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The magnetic properties of structures based on the hexacarboxylic acid-substituted PTM radical have
also been reported. The study of its self-assembly in the solid state revealed that it is possible, through a
tuning of the crystallization conditions, to control the structural dimensionality going from 0- to 2-D solid
state structures in which the association of radicals through direct hydrogen bonds to form layers gives
rise to the presence of weak ferromagnetic intermolecular interactions between radicals.64

2.2.2 Materials with electronic properties

The enormous current interest in molecule-based electronics arises from the potential use of such systems
in molecular-scale devices; like nano-sized transistors, switches and wires.65,66 The study of intramolecular
electron transfer (IET) processes has been of prime interest in this area because the understanding and
control of IET could lead to a better design and improvement of such molecule-sized electronic devices.67

For such studies, the use of molecular wires with two electroactive units connected by a rigid bridge has
definite advantages over systems with two freely diffusing units.68 There are two kinds of such systems
showing electronic properties (Scheme 2.3): one consisting of an electron donor (D) and an electron
acceptor (A) group as electroactive units, called D-A dyads; the other composed of the same unit at
both sides of the bridge but with different oxidation states, which are named as mixed-valence (M-V)
compounds. According to the degree of electronic coupling between the two electroactive units through
the bridge, the compounds showing IET can be classified in three classes. Class I contains those compounds
in which the two units are electronically independent of any significant electronic coupling, while Class III
comprises those systems in which there is a large electronic coupling with a complete delocalization of
the electron along the whole molecular system. By contrast, Class II compounds show an intermediate
situation, in which the electron is transferring between the two subunits.

M-V compounds and D-A dyads of Class II are excellent candidates for IET studies, since the rate and
efficiency of such phenomena can be easily followed and studied from the position, intensity and width
of the so-called intervalence transition (IVT) band, also named the charge transfer band, which usually
appears at the near-infrared (NIR) region. IET phenomena may take place either through thermally or
optically induced mechanisms, as shown schematically in Figure 2.18. To have a thermally-induced IET,
the electron must move from one site to another along the nuclear coordinate overcoming the thermal energy
barrier, Eth, which arises from the nuclear reorganization required for the passage of the electron from one
site to another. This nuclear reorganization is produced both within the molecule as in the surrounding
solvent molecules. On the contrary and according with the Frank–Condon principle, an optically-induced
IET takes place, either directly from the ground state [A–B+] to a vibrationally excited level of the first

D A

e−

A DBridge Bridge

M M
hn , ∆

hn , ∆

e−

M+ M+Bridge Bridge

Scheme 2.3 Schematic representation of D-A dyads (bottom) and M-V compounds (top)
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Figure 2.18 Potential energy curve of a Class II system where the optically (Eop) and thermally (Eth) induced
IET processes are shown. Different energetic terms involved in IET processes are also depicted: Energy difference
between the ground and the first excited state (�G◦), the thermal energy barrier (�G±) and the coupling
parameter HAB.

excited [A+ –B] state in a M-V compound or through a direct transition from the ground state [A–B+] to
a locally excited state [A–B+]∗ in a D-A dyad. In both mechanisms neither the solvent nor the internal
geometry of the molecular wire are allowed to relax during the IET. As a consequence, an IVT band
corresponding to the vertical excitation is observed in the optical absorption spectrum of these compounds.
From the position, intensity and width of such an IVT band, the IET can be easily characterized. In most
cases, Eop is the energy required for the optically-induced electron transfer, �G± is the activation barrier
for the thermally-induced electron transfer, HAB is the electronic coupling matrix between the diabatic
potential energy surfaces of the two states and �G◦ is the free energy difference between both states; λ is
the reorganization energy value, which is composed of two terms, one inner term, λi , corresponding to the
reorganization inside the molecule and an outer term, λo , that depends on the surrounding media. According
to Marcus–Hush theory, the parameters controlling the optical and thermal induced IET processes are
closely interrelated by Equations 2.2 and 2.3:

�G �= = (λ + �G◦)2

4λ
(2.2)

Eop = λ + �G◦ (2.3)

The effective electronic coupling HAB (expressed in cm−1) between the two states can be determined
based on Equation 2.4, where r is the effective separation of the two electroactive sites (in Å), εmax is
the maximum extinction coefficient (in M−1·cm−1) of the IVT band and νmax is the transition energy and
�ν1/2 is the full width at half height (both in cm−1) of the IVT band.

HAB = (2.05·10−2)

[
εmax�ν1/2

νmax

]1/2
νmax

r
(2.4)
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In the following, IET phenomena observed in D-A dyads derived from PTM radicals is described. In
addition, M-V compounds derived from PTM radicals is discussed in which one of both PTM units is
reduced to the anionic form enabling the generation of the mixed-valence species.

2.2.2.1 Intramolecular electron transfer in mixed-valence species

It is worth mentioning that there are very few examples of organic M-V molecules exhibiting IET phenom-
ena together with high-spin ground states. Since the nature of the intramolecular magnetic couplings and
IET phenomena are not at all independent of each other,69 the study of molecular systems that simultane-
ously present both phenomena is a task of particular interest.4–6,70 The study of organic M-V molecules
with high-spin ground states was acomplished for the first time using the triradical 3, which has the quartet
(S = 3/2) as the ground state.13

Quartet 3 ranks among the most chemically and thermally stable organic high-spin molecules reported to
date (Section 2.2.1) and the derived mixed-valence species, like the biradical anion 3−•• and the monorad-
ical dianion 32−•, obtained by its partial reduction, also showed a noticeable degree of chemical stability,
allowing a reliable study of electron transfer properties (Scheme 2.4). Spectroelectrochemistry experiments
performed with partially reduced solutions of quartet 3 showed two isosbestic points at 312.5 and 406.5 nm,
together with a progressive decrease of the radical band at 368 nm and a concomitant increase of the band
corresponding to the anion chromophore at 508 nm.71 In addition to these changes, the appearance of
an intense, and remarkably broad, band centered at 2900 nm (3450 cm−1) was observed (Figure 2.19).
Throughout the reduction process the intensity of the latter band increased at the first reduction stages and
then started disappearing only after reaching an average reduction state of two electrons per molecule,
that is after the formation of 32−• species. This result confirms that the broad band is an IVT band
due to the optically induced IET processes occurring in the M-V species 3−•• and 32−•.72 EPR spec-
troscopy was used to study the magnetic characteristics of the M-V species 3−•• and 32−•. For this purpose,
aliquots of dichloromethane solutions of partially reduced 3 with average reduction states of n = 1.17 and
2.04 e−/molecule were diluted with toluene and the spectra of the frozen glassy solutions were recorded.
As expected, for the solution with n = 2.04 e−/molecule, containing the M-V radical 32−• with traces of
silent EPR trianion 33−, only a single line corresponding to the 32−• species was observed. In contrast,
the solution with n = 1.17 e−/molecule shows a signal with the characteristic fine structure of a non-axial
triplet species superimposed onto a central narrow line. The central narrow line corresponds to the mono-
radical dianion 32−• while the symmetrical spectral features arise from the triplet species 3−••. The latter
species is also responsible for the structureless line observed at the half-field region corresponding to
the forbidden �ms = ±2 transition of a triplet species. In order to identify the ground state of 3−••, the
temperature dependence of the �ms = ±2 signal was studied indicating a triplet (S = 1) ground state with
a thermally inaccessible singlet (S = 0) state.
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Scheme 2.4 Redox processes of triradical 3
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Figure 2.19 Evolution of the electronic absorption spectra during the course of the electrochemical reduction
of triradical 3. Left: Different traces in the visible range corresponding to distinct average reduction states of:
(a) 0.00; (b) 0.29; (c) 0.56; (d) 0.73; (e) 0.90; (f) 1.17; (g) 1.49; (h) 1.71; and (i) 2.10 e−/molecule. Right: Selected
spectral traces observed in the NIR region. (Reprinted with permission from [13b]. Copyright 1996 Wiley-VCH
Verlag GmbH & Co. KGaA.)

To study longer range IET phenomena, diradical 14, consisting of two PTM units connected by a 1,4-
bis(1-ethynylphenyl) benzene bridge, was obtained together with its radical anion derivative 14−•.73 The
bridge of 14 not only ensures a long distance between the two PTM units and a high degree of molecular
rigidity, but also a suitable electronic structure to promote an electronic coupling between the two PTM
ends separated by a significantly large through-space radical-to-radical distance of 3.2 nm, as revealed by
semiempirical AM1 calculations.74
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Magnetic susceptibility measurements on 14 show that the magnetic moment of this compound decreases
with decreasing temperature, indicating that the ground state is a singlet with a thermally accessible triplet
state. A separation of 1.5 K between both states was obtained from the fitting to the Bleaney–Bowers
equation of the experimental χT versus T data.75 The EPR spectrum of 14 at room temperature was in
agreement with such an electronic structure. Thus, it shows three overlapped lines that correspond to the
coupling of each of the two unpaired electrons with two equivalent 1H nuclei, along with other satellite
lines that correspond to the coupling of the two unpaired electrons with the naturally abundant 13C nuclei of
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PTM units. Computer spectral simulation gave an isotropic g-value of 2.0028 and the following hyperfine
coupling constants: a(1H) ≈ 0.88 G (2H), a(13Cα) ≈ 13.0 G, a(13Cbridge) ≈ 6.3 G, and a(13Cortho) ≈ 5.1G,
which are approximately half the value of those found for related monoradical PTM species.76 It is then
possible to conclude that the two unpaired electrons of 14 are magnetically coupled with an exchange cou-
pling constant, J , that fulfils the following condition: J � ai . Furthermore, the radical 14 does not exhibit
the forbidden �ms = ±2 transition characteristic of a triplet species, which is in accordance with the rapid
fall down of the magnetic dipolar interaction with the effective distance of the two unpaired electrons, which
for 14 is extremely large.77 Despite the presence of two electronically active units, electrochemical studies
(dichloromethane, nBu4NPF6 (0,1 M) vs SCE) show only one reversible two-electron reduction process
at −0,13 V (vs SCE) due to the conjugation of the bridge. Spectroelectrochemical experiments performed
during the reduction of diradical 14 to the radical anion 14−• evidenced the lack of any IVT band originated
by an IET. Isotropic hyperfine coupling constants of 14−• were approximately double than those found for
diradical 14, demonstrating that the unpaired extra electron is strongly localized on one side of the molecule
and the rate of transfer, if any, is very slow. An increase of temperature neither leads to a thermally activated
IET process since any change in the spectrum is observed. This result, together with the lack of an IVT
band, suggests that there is a strong localization of the extra electron in the radical anion 14−• species. In
conclusion, in this rigid nano-sized M-V system there is a subtle interplay between the acceptor ability of the
PTM unit and the size and nature of the bridge that makes feasible or not the electron transfer phenomena.

The influence of the bridge topology on the IET phenomena was also studied with the PTM dirad-
icals 15 and 16 and their corresponding radical anions 15−• and 16−• using magnetic measurements,
spectroelectrochemistry and variable temperature EPR.78
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Magnetic susceptibility data of powder samples of diradicals 15 and 16 both follow the Curie–Weiss
law with θ = −4 K and −0.4 K for 15 and 16, respectively, indicating the presence of very weak intra
or intermolecular antiferromagnetic interactions. The magnetic moments at room temperature for both
diradicals are 2.42 ± 1µB , indicating the existence of non-interacting pair of doublets at this temperature.
Experimental electronic coupling parameters, HAB , were determined for both diradicals by means of spec-
troelectrochemistry experiments. Thus, during the reduction of both diradicals the evolution of the resulting
spectra was similar, although only for the radical anion 15−• an IVT band, centred on 1400 nm, was
observed. From the position and line width of this band it is possible to calculate the effective electronic
coupling, HAB , between the two PTM sites of 15, which is found to be HAB = 121 cm−1. The absence of
any significant IVT band for radical anion 16−• is an indication that its effective electronic coupling is at
least one order of magnitude smaller than in 15. The thermally activated IET was also studied by variable
temperature EPR for radical anions 15−• and 16−•. Thus, the EPR spectrum of 15−• at 200 K displays two
symmetrical lines arising from the hyperfine coupling of the unpaired electron with one hydrogen atom of
the ethylene moiety and the resulting 1H hyperfine coupling constant is very close to that of related mono-
radicals. This result clearly demonstrates that at this temperature the unpaired electron of radical anion 15−•
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Figure 2.20 Experimental (left) and simulated (right) EPR spectra of 15−• at different temperatures in
dichloromethane. (Reprinted with permission from [78a]. Copyright 2001 Wiley-VCH Verlag GmbH & Co.
KGaA.)

is localized on the EPR timescale on only one-half of the molecule, that is on one p-phenylenevinylene-
PTM moiety. When the temperature is increased, a new central line in the EPR spectra gradually emerges
between the two initial ones (Figure 2.20). This evolution is consistent with the increase of the electron
transfer on going from 200 K (the slow-exchange limit) to 300 K (the fast-exchange limit) due to a
thermally activated IET between the two equivalent sites of this M-V species. Under these conditions, the
unpaired electron of 15−• is coupled with two equivalent 1H nuclei. The EPR spectra were simulated by
using the jumping rates, kth , given in Figure 2.20 and the resulting kth values plotted using a linear Eyring
plot [ln(kth/T ) vs 1/T ], from which the energy barrier of the thermal electron transfer, �G±, of 0.117 eV
was obtained.

The EPR spectrum of radical anion 16−• is unchanged in the temperature range 150–300 K and consists
of two symmetrical lines arising from the hyperfine coupling of the unpaired electron with one hydrogen
atom of the ethylene moiety with a 1H hyperfine coupling constant close to that of the corresponding
monoradical anion at low temperature. This is a clear indication that the extra electron of radical anion
16−• is always localized on the EPR timescale on one-half of the molecule regardless the temperature.
This result can be ascribed to the localization of frontier orbital in the latter radical anion 16−•, because
of the meta connectivity of this non-Kekulé molecule.

Finally, EPR spectra of diradicals 15 and 16 also provide information about the degree of electronic
delocalization in such species. Thus, the absolute values of zero field splitting parameters for diradi-
cals 15 and 16, obtained from the simulated spectra in frozen trichloromonofluoromethane (CFCl3), are
|D/hc| = 3.9 × 10−4 and 2.3 × 10−4 cm−1, respectively, with null |E/hc| values for both diradicals. These
parameters arise from the dipolar magnetic interactions between the two unpaired electrons and can be
used to calculate the average interspin separation. Therefore, from the |D/hc| parameter in cm−1 and
Equation 2.5, average interspin separations of 19 and 22 Å were found for diradicals 15 and 16, respec-
tively. The average interspin separation found for diradical 15 is smaller than the nominal separation
between the two alpha carbon atoms where most of the spin density of the two PTM units is localized.
This result is in agreement with the existence of a certain degree of electron delocalization for the para
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connectivity of the divinylphenylene bridge that reduces the effective separation of the two spins in 15.
As expected, the average interspin separation found for 16 is closer to the nominal separation between the
two alpha carbons due to the lower degree of electronic conjugation in meta .

r =
[

3g2β2

2hc|D/hc|
]1/3

(2.5)

2.2.2.2 Intramolecular electron transfer in donor-acceptor species

The excellent electron acceptor abilities of PTM radicals meant that they were used as electron acceptor
units in D-A dyads. One remarkable example of such D-A dyads is the Fc-PTM compound 17, in which a
PTM unit is covalently bonded through a vinylene spacer to a ferrocene moiety. Indeed 17 was shown to
exist in the solid state in two distinct electronic isomeric forms – one neutral form and another zwitterionic
form with separated charges (Scheme 2.5) that may be reversibly interconverted.79 Variable temperature
Mössbauer spectra (Figure 2.21) show that the Fc-PTM dyad exists in a neutral form at low temperature,
while the zwiterionic form is favored at higher temperatures, meaning this thermal conversion is completely
reversible. Very recently, it has been found out that the coexistence in a crystalline sample of both the
neutral and zwitterionic forms of Fc-PTM is a result of the bistability of crystals, induced by stabilizing
electrostatic intermolecular interactions developed in the charge separated state.80 From this finding it is
concluded that novel bistable compounds can be generated in crystals of largely neutral (closed or open
shell) D-A molecules with attractive electrostatic intermolecular interactions that operate in the charge
separated state. This conclusion has opened a new avenue for the design of valence tautomeric molecules,
since the variety of valence tautomeric species has up to now been mostly limited to transition metal
complexes with quinone ligands.81

The solvent dependence of IET phenomena was studied using the D-A dyads 17 and the related species
18 containing a nonamethylferrocene group.82 Both compounds exhibit broad absorptions in the NIR
region with band maxima appearing around 1000 and 1500 nm for 17 and 18, respectively. These bands
correspond to the excitation of a neutral [DA] ground state to the charge separated [D+A−] state, indicative
of an IET process. As shown in Figure 2.22, both bands show a large solvatochromic effect due to the
different relative stabilization of neutral and charge separated states. Actually, symmetric M-V compounds
exhibit negligible �G◦ values due to their symmetric structures and, therefore, the IET are governed by the
so-called Marcus-normal region energy conditions, where �G◦ is smaller than the λ term (Equation 2.3).83

On the other hand, asymmetric D-A dyads usually exhibit large �G◦ values, which may place them in the
Marcus-inverted region that occurs when the �G◦ value is larger than λ.84 In this particular region, the
IET process occurs via a different kinetic pathway and unusual features associated with the environment
of D-A dyads are quite common.85 The solvatochromism of the asymmetric compounds 17 and 18 has
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Figure 2.21 57Fe Mössbauer spectra of D-A dyad 17 in the solid state as a function of temperature. (Reprinted
with permission from [79]. Copyright 2003 American Chemical Society.)

been studied and it was found out that for these D-A dyads is possible to shift from the Marcus-normal to
the inverted region simply by changing the polarity of the solvent.
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Figure 2.22 IVT bands of D-A dyads 17 (left) and 18 (right) in some selected solvents. (Reprinted with permission
from [82]. Copyright 2007 American Chemical Society.) A full-colour version of this figure appears in the Colour
Plate section of this book.

Fe

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

R = H; 17

R = Me; 18

Fe

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl
Fe

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl

+e −

−e−RR

R

R

RR

R

R R

R

R R

R R

R

R

RR

RR

R

R = H; 17

R = Me; 18

R = H; 17

R = Me; 18

−150

−0,5

+0,58V

−0,20V

−0,40V

0,09V

R = H R = Me

C
ur

re
nt

 (
µA

)

0,0 0,5

−100

−50

0

Potential (V)

50

−150

−0,5

C
ur

re
nt

 (
µA

)

0,0 0,5 1,0

−100

−50

0

Potential (V)

50

+e −

−e−

Figure 2.23 Top: Reversible one-electron redox processes associated with the first oxidation and first reduction
potentials of dyads 17 and 18. Bottom: Cyclic voltammograms of dyads 17 and 18 in dichloromethane using
(n-Bu4N)PF6 (0.1 M) as electrolyte (vs Ag/AgCl). (Reprinted with permission from [82]. Copyright 2007 American
Chemical Society.)

Dyads 17 and 18 show two reversible one-electron redox processes associated with the oxidation of the
ferrocene and the reduction of the PTM subunits (Figure 2.23). The solvent dependence of these redox
processes was also investigated, allowing the determination of the free energy difference between the
neutral and charge separated states, �G◦, also called redox asymmetry, in different solvents. The �G◦
values, along with the experimental Eopt spectroscopic data in different solvents (Figure 2.22), allow the
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estimate, using the total energy balance Eopt = λ + �G◦ (Equation 2.3), of the total reorganization energy
values, λ, and their solvent polarity dependence. Since �G◦ and λ are of the same order of magnitude but
exhibit opposite trends in their solvent polarity dependence, a unique shift from the normal (�G◦ < λ)
to the inverted Marcus region (�G◦ > λ) with the change in solvent polarity is found. This fact is of
utmost importance since it indicates a crossing of the so-called inverted and normal Marcus regions, where
striking differences in the electron transport mechanisms between the donor and acceptor moieties are
present. Although it is known that solvent effects can influence strongly the relative values of �G◦ and
λ terms in the context of IET in proteins and other biological environments,86 there were no previous
examples of molecules that can be shifted from the Marcus-normal to the inverted region simply by
changing the polarity of the solvent.

Another interesting family of D-A dyands, studied by Lambert et al.,87 consist of PTM radicals linked
to different amine donor centers by various spacers. This family of D-A dyads are good model systems for
the study of IET due to their uncharged nature in their ground states and their high solubility in solvents
with low polarity. All of the dyads 19–25 show characteristic IVT bands at 11 000–13 000 cm−1 with
weak but non-systematic solvatochromic behaviors. For this family of compounds a detailed band shape
analysis of the IVT bands in the context of the Jortner’s theory allowed the parameters controlling the IET
to be extracted independently. Furthermore, the results show that the values of the averaged vibrational
modes of radicals 20 and 23–25 with a spacer containing a carbon–carbon triple bond are distinctly
higher than the values obtained for radicals 21 and 22, where the triple bond is absent. Furthermore, a
spectroelectrochemical investigation of these substituted PTM radicals shows that the IET can be optically
induced in both the neutral D-A compounds and in their oxidized amine forms.
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A final example of D-A systems bearing PTM moieties is the C60 –(PTM−)2 triad 26 in which two PTM
anion units acting as electron donors are covalently bonded to a C60 that acts as an electron acceptor. For
the triad 26, photo-induced IET can be confirmed to occur, both in polar and non-polar solvents, from the
quenching of the fluorescence intensities of the excited singlet state of the C60 moiety and of the PTM
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Figure 2.24 UV-Vis spectra obtained upon oxidation of bisanion 26 in dichloromethane. (Reprinted with
permission from [88]. Copyright 2006 Royal Society of Chemistry.)

anion moiety occurring in the regions of 700–750 nm and 560–630 nm, respectively (Figure 2.24).88 This
result provides a new situation in D-A systems since the charge recombination takes place between the C60

radical anion and a neutral radical. The charge separation state was later on confirmed by the nanosecond
transient absorption spectra in the visible and near-IR spectral regions. Thus, after the charge separation, a
back electron transfer takes place with a relatively long lifetime of about 80 ns, which is comparable with
those of other C60 based dyads and triads, for example C60-fluorene-diphenylamine,89 C60-extended TTF90

or C60-long flexible bridge-TTF (TTF = tetrathiafulvalene).91 Even though the properties of C60-(PTM−)2

anion-based triads are not as good as the best ones found in some C60-porphyrins and C60-chlorine based
dyads,92 the present study provides a new opportunity for functionalized fullerenes with PTM anions.
These compounds can be added to other known functional materials based on PTM radicals that work as
acceptors and have permitted the development of multifunctional switchable molecular systems.15

2.2.2.3 Spin transport in PTM radicals grafted on surfaces

Molecular spintronics93 is a new and exciting field that studies the spin transport phenomena in molecular
systems and it has interesting potential applications, such as magnetic recording and memory devices.94–96

The interest of organic molecules for the study of spin transport phenomena is based on their weak spin-
orbit coupling and hyperfine interactions that allow a much longer spin coherence during the transport than
in classical inorganic materials.97 PTM radicals always show very weak spin-orbit couplings, as witnessed
by their g-factors which are very close to that of a free electron4–6,70 and, consequently, they have been
proposed as possible molecules to favor the spin polarization conservation during the transport. Moreover,
PTM derivatives are electroactive molecules susceptible to being reduced or oxidized to the anionic or
cationic forms, allowing, in this way, the ‘on–off’ switching of their magnetic character.78,15 To further
investigate their electronic and spin transport properties at the molecular level, PTM radicals have been
recently deposited on surfaces of different nature by means of different approaches and, in all cases, it was
proved that the magnetic character of the molecule persists on the surface. Thus, PTM molecules have been
grafted by physisorption on gold(111) and on graphite (highly ordered pyrolytic graphite, HOPG), and by
chemisorption on gold(111) and silicon dioxide-based substrates (Figure 2.25), and the resulting surfaces
have been characterized and studied by a variety of techniques.98–102 The different natures of the substrates
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Figure 2.25 Approaches employed to anchor PTM radical derivatives on surfaces of different nature by
chemisorptions, through covalent bonds or electrostatic interactions bonds. (Reprinted with permission from [93].
Copyright 2009 Royal Society of Chemistry.)

employed offer different advantages – while gold and graphite permit electroactivity and transport studies
of the functionalized surfaces, glass substrates are compatible with the use of optical techniques.

The tris(trichlorophenyl)methyl radical (27) was chosen as a model compound to address the magnetic
behaviour of a metal surface after physisorption. As confirmed by scanning tunneling microscopy (STM),
molecules of 27 were adsorbed on the gold surface forming aggregates of a few molecules in ordered
domains of periodic rows separated by 1.5 ± 0.1 nm, which is consistent with the molecular size of 27
(Figure 2.26). The paramagnetic character of the surface was confirmed by EPR spectroscopy, showing a
sharp line with a weak magnetic anisotropic behavior, demonstrating unambiguously that the 27 radicals

(b)

(a)

Cl

Cl

Cl
Cl

Cl

Cl

Cl

Cl

Cl
H

H

H

H

H H

3345 3350 3355 3360 3365

Magnetic field (G)

Figure 2.26 Left: STM image (60 × 60 nm) of 27 physisorbed on gold(111). Tip sample bias 0.3 V and tunnelling
current 15 pA. Right: (a) EPR spectrum of a gold surface decorated with physisorbed 27 radicals; (b) EPR spectrum
of the gold substrate. (Reprinted with permission from [98]. Copyright 2009 Elsevier.)
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preserve their radical character on the surface and confirming, in addition, the small spin-orbit couplings
under these conditions. These samples were also characterized by means of electron spin noise scanning
tunneling microscopy (ESN-STM).103 This technique combines the spatial resolution of the STM with
the spectral resolution of EPR, and has recently been used to study small clusters of organic radicals on
surfaces.104 Analysis of the data collected using this technique leads to the conclusion that it is possible
to detect the magnetic character of a decorated surface with 27 radicals.

Regarding the chemisorption of PTM radical derivatives on surfaces, different substrates have been inves-
tigated by preparing self-assembled monolayers (SAMs).100–102 For this purpose, two different approaches
were followed: (i) direct anchoring of the PTM radical on the surface, and (ii) growth of a prefunctionalized
SAM which then reacts with the PTM radical derivative by the formation of either a covalent bond, a coor-
dination bond or via electrostatic interactions (Figure 2.25). The magnetic properties were characterized by
EPR in all cases, by cyclic voltammetry (CV) to study the electrochemical properties and by UV-Vis and
fluorescent spectra for the optical properties. Spectroelectrochemical experiments have also been carried
out proving that the PTM radical can be reversibly converted to the corresponding anion and, therefore,
the functionalized surfaces can act as chemical switches in which the magnetic and optical properties can
be used as read-out mechanisms (Section 2.3.2.2). Recently, it has been demonstrated that a gold surface
grafted with a PTM radical derivative linked with a conjugated bond to the gold shows electron transport
rates that are one order of magnitude larger than the surface grafted with the close shell counterpart of the
PTM derivative. This important result offers promising perspectives for fabricating devices for molecular
spintronics.105

2.2.3 Materials with optical properties

In the last few years, the interest to develop novel second order nonlinear optical (NLO) materials has
considerably increased due to their potential application in emerging optoelectronic technologies. Tradi-
tionally, materials exhibiting second order NLO behaviors were inorganic crystals, such as lithium niobate
(LiNbO3) and potassium dihydrogenphosphate (KDP). However, organic materials, such as organic crys-
tals and polymers, have been shown to offer better nonlinear optical and physical properties, such as
ultrafast response times, lower dielectric constants, better processability and a remarkable resistance to
optical damage, as compared to inorganic materials.106 Most of the efforts to discover new molecular
chromophores having large NLO properties have been focused on closed shell electronic organic species.
However, more recently, a large interest has been devoted to the investigation of materials having open
shell electronic structures. As it has been recently pointed out by Marks et al.107, species having open shell
electronic states, such as organic radicals108 or paramagnetic transition metal complexes,109 can exhibit
very large first order hyperpolarizabilities (β) in comparison with analogous closed shell systems, thanks
to the presence of accessible low-lying charge transfer electronic states. In spite of this interest, only a few
examples of organic open shell species showing second order hyperpolarizabilities have been described up
to now, mostly due to the low stability of these species.110

Systems presenting NLO properties can be grouped into two categories: (i) ‘push–pull’ systems and
(ii) octupolar systems. Donor-acceptor systems linked through a π backbone are one of the most devel-
oped ‘push–pull’ structures in the search for new compounds with efficient NLO responses.111,112 The
requirements for molecules exhibiting interesting NLO responses are best met by highly polarizable donor-
acceptor (D-A) dyads, showing intramolecular electron transfer between the electron donating an electron
withdrawing groups. Since the pioneering work of Green et al.,113 who reported obtaining a ferrocene
derivative with excellent NLO responses, there has also been considerable effort in using metallocenes as
donor groups in NLO molecular materials.114 In addition to ‘push–pull’ dipolar molecules, more recently
there have appeared octupolar molecules exhibiting NLO responses.115 These are nondipolar species whose
second order NLO response is related to multidirectional charge transfer excitations, rather than to dipolar
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unidirectional excitations. The main advantage of octupolar molecules belonging to either planar Td , D3h

or C3v or non-planar D3 or C2 symmetry groups, when compared to dipolar ‘push–pull’ systems, lies
on the looser structural requirements, like centrosymmetrical molecular arrangements, as well as in the
improvement of the balance between transparency and second order NLO signals.116

In this section, the capability of PTM radicals to generate NLO optical responses, either as octupolar
materials or as a component of a ‘push–pull’ system, is presented and the corresponding hyperpolarizability
values is provided.117

2.2.3.1 Nonlinear optical properties of octupolar systems

Molecular nonlinear optical coefficients of PTM radicals 1 and 27–33 were measured, using the Hyper-
Rayleigh Scattering (HRS) technique, in dichloromethane solution at room temperature irradiating with
a laser light at 1064 nm. The molecular quadratic hyperpolarizability (β) values for all these radicals
were calibrated against pure dichloromethane (β = 0.43 × 10−30 esu) used as solvent. Data reported in
Figure 2.27 show that radicals 1 and 27–33 exhibit relatively high NLO responses with β values ranging
from 118 × 10−30 to 755 × 10−30 esu. This fact is not surprising, since this family of radicals is struc-
turally very similar to crystal violet, which also exhibits a large β value due to its octupolar symmetry.118

In fact, all these compounds have the general formula Ar1Ar2Ar3Z, where Z is an sp2 hybridized car-
bon atom – a C+ in crystal violet and C• in PTM radicals – and Ari denotes an aromatic group with
polarizable substitutents – a diethylamine (NEt2) substituent in crystal violet and chlorine atoms in PTM
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Figure 2.28 Schematic representation of prototypical non-centrosymmetric planar D3h and C2v symmetry
aromatic molecules: TCB, 1,3,5-trichlorobenzene and PCB, pentachlorobenzene.

radicals. Moreover, the considerably large β values obtained point to an enhancement of the second order
NLO activities according to their open shell electronic states.119 However, it is not possible to extract
an irrefutable conclusion about the influence of open shell character on NLO responses, since a closer
look at radicals 1 and 27–33 reveals that they are composed of three individual subunits – thee aryl
groups – each one having a NLO contribution. More precisely, 1,3,5-trichlorobenzene (TCB) and the pen-
tachlorobenzene (PCB) compounds have also octupolar components and belong, respectively, to D3h (pure
octupolar system) and C2v (with dipolar and octupolar contributions) group of symmetries (Figure 2.28).
For this reason, PTM radicals give access to individual pure octupolar molecules, constituting individual
octupolar subunits, for which the term of ‘Super Octupolar’ systems was coined. If an octupolar syn-
ergistic effect takes place, this would greatly contribute to enhance the NLO responses of this type of
materials.

Along this line, the comparison between purely octupolar radical compounds 1 and 27 may be very
interesting. Both systems have D3 symmetry and are composed of three individual building blocks with
NLO contributions based on PCB and TCB subunits, respectively. HRS measurements show that the
β value of 1 is lower than that obtained for 27. Interestingly, such values follow the trend found for
the molecular hyperpolarizabilities derived from each individual octupolar building block (Figure 2.28),
suggesting that a synergetic effect between individual building blocks may occur.

To give more insight to the relationship between the electronic configuration and the NLO responses of
PTM radicals, cyclic volatmmetry studies of radicals 1, 27–33 in dichloromethane, using 0.1 M nBu4NPF6

as electrolyte, were performed and analysed. Interestingly, the representation of the hyperpolarizability
β value in front of the reduction/oxidation potentials of radicals 1, 27–33 yields a linear dependence
(Figure 2.29). Indeed, as the oxidation potential decreases, the hyperpolarizability β value increases
whereas, on the contrary, the easier to reduce the radicals the lower results the β values. This con-
firms a direct correlation between the energy of the electronic transition and the ‘Super Octupolar’ NLO
response.120

2.2.3.2 Nonlinear optical properties of ‘push–pull’ systems

The PTM radicals discussed so far are octupolar systems that exhibit relatively high hyperpolarizabilities.
The incorporation of PTM radicals into ‘push–pull’ (dipolar) systems represents an alternative design
strategy for NLO active systems.121 With this aim, the hyperpolarizability β values of the series of radicals
shown in Figure 2.30 have been measured using HRS techniques in dichloromethane solution at room
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temperature. The starting point was a PTM radical with an ideal octupolar D3 symmetry, whose NLO
response has already been rationalized in the preceding section. Step I (breaking the symmetry) involves
the introduction of a substituent directly connected to the octupolar system. This reduces the symmetry
from D3 to C2, and, hence, a decrease of the hyperpolarizability value is expected. Thus, the introduction
of a methyl group reduces the hyperpolarizability value β from 362 · ×10−30 esu for radical 1 to 118· ×
10−30 esu for radical 29. Step II (generating a ‘push–pull’ system) involves the introduction of a vinylene
bridge connecting the PTM to an electron donor substituent, like a p-bromophenyl group, and leads to
the formation of a real dipolar ‘push–pull’ compound giving to an increase of NLO response up to
329· × 10−30 esu. Finally, step III (tuning the NLO properties) involves the replacement of the electron
donor group by a stronger one, such as a ferrocenyl, which increases the NLO response to 803· × 10−30 esu.

2.3 Multifunctional switchable molecular materials based on PTM radicals

As already shown in the previous sections, PTM radicals are advantageous building blocks of functional
materials exhibiting magnetic, electronic and optical properties. The intrinsic redox properties of PTM
radicals together with the increasing interest for molecular-scale switches made interesting the exploration
of switching systems based on PTM radicals. The possibility to use other external stimuli, such as light,
has also been considered for switching of their functionalities.

2.3.1 Photo switchable molecular systems

Currently, there is a special interest in obtaining photomagnetic materials whose magnetic properties are
controlled at will by means of external irradiation with light.122–124 Such a control over the magnetic
properties by an optical stimuli may have applications in magneto-optical devices. Different examples of
photo-induced magnetization changes in purely organic materials have been described. For instance, Irie
and Matsuda described a photochromic system that interconverts reversibly between a singlet and triplet
states.125 Latter on, Iwamura et al. reported a diradical bearing two stable nitroxide radicals connected
through an isomerizable bridge in which the magnetic exchange coupling can be externally modified.126

There are very few examples of supramolecular photomagnetic materials.127 The construction of such
systems requires that the structural subunits exhibit non-covalent interactions suitable to be controlled and
changed in a predictable manner and at the same time transmit the magnetic interactions properly. Among
them, hydrogen bonding has emerged as particularly useful and efficient molecular engineering tools, since
they can control the structure of the interacting subunits. Switchable magnetic systems based on hydrogen
bonded supramolecular entities whose properties may be systematically controlled by external stimuli
are limited to date to only one example.128 This compound is the radical 35, which has a PTM subunit
connected to a ferrocenyl subunit through a photoisomerizable conjugated imine bridge. Specifically, imine
derivatives exhibit a trans/cis photoisomerization in which one of the isomers – the cis one – may be prone
to intermolecular hydrogen bonds (Figure 2.31).

Indeed, the trans isomer of 35 exists in solution as a monomeric species while the cis isomer dimerizes
forming a thermodynamically stabilized hydrogen bonded diradical species. In both species, the donor
character of the ferrocene unit and the acceptor character of the radical unit ensure a significant spin
delocalization over the imino bridge, so that once the supramolecular species is formed, a magnetic
exchange coupling between the spin is established. Thus, the trans isomer (existing as two independent
doublets) interconverts by irradiation into the dimeric species of the cis isomer, in which relatively strong
antiferromagnetic interactions leading to a singlet ground state are developed.
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2.3.2 Redox switchable molecular systems

2.3.2.1 Switching multifunctional PTM radicals in solution

Presented here is a multifunctional redox switchable molecular system showing simultaneous changes of
three different outputs – the linear optical, nonlinear optical and magnetic properties – which is based on
the rich electrochemical behaviour of radical 18 (Scheme 2.6), previously described and for which the
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Figure 2.32 Colors shown by dichloromethane solutions of the different oxidation states of the radical 18.
From left to right: H-18, [K(18crown-6)]+ 18−, 18 and 18+BF4

−. (Adapted with permission from [15]. Copyright
Wiley-VCH Verlag GmbH & Co. KGaA.) A full-colour version of this figure appears in the Colour Plate section
of this book.

PTM unit provides a source of magnetism and shows a NLO response (Section 2.2.3.2).15 The reduction
of 18 into its diamagnetic anionic form 18−, its oxidation into the ferrocenium radical derivative 18+,
and the protonation of the carbanion species 18− to its conjugate acid form H -18 provided four states to
this switchable molecular system. Thus radical 18 can be interconverted between four forms with distinct
physical properties, such as magnetism, color, NLO response, and so on.

In accordance with the different electronic structures, the four species 18, 18+, 18− and H -18 show
strikingly distinct optical properties (Figure 2.32). Thus, radical 18 shows the characteristic absorptions of
conjugated PTM radicals and a broad IVT band, centered at 1520 nm, associated with an IET phenomenon
(Section 2.2.2.2). The ferrocenium radical derivative 18+ exhibits the typical band of a ferrocenium deriva-
tive with a significant enhancement of the intensity of the radical band at 385 nm, which accounts for the
deep yellow color of this species (Figure 2.32). On other hand, the IVT band is absent in this ferrocenium
radical derivative because of the lack of electron donor character of the organometallic unit when it is
oxidized. Carbanion 18− shows an intense absorption at 534 nm, characteristic of PTM anions, which is
responsible of its intense wine red colour. At the same time, the broad IVT band vanishes in 18− con-
firming the absence of the electron acceptor capability in the reduced PTM unit. Finally, the lack of the
radical character in the H -18 compound accounts for its pink colour, which is similar to those of non-
amethylated ferrocene derivatives. Similarly to the striking different optical absorptions of 18, 18+, 18−,
such species also show distinct NLO responses. The dynamic hyperpolarizabilities of these species, mea-
sured by hyper-Rayleigh scattering experiments with a laser of 800 nm, also gave remarkable differences.
Thus, as suggested by its intense IVT band, the radical 18 gives a large NLO response with a β value of
545 (±30)· × 10−30 esu. This value is reduced almost ninefold to 66 (±7)· × 10−30 esu for 18+, and even
more for the carbanion 18−, which has a β value of 30 (±3)· × 10−30 esu.

Electrochemical interconversions between the three 18, 18+, 18− species are completely reversible, as
shown in Figure 2.33, by following the changes of their optical responses of their solutions. This result
clearly demonstrates the switching capabilities of this multifunctional molecular device.



72 Stable Radicals: Fundamentals and Applied Aspects of Odd-Electron Compounds

12111098765

Oxidation/reduction steps

4321
5

10

15

e /
103 M−1 cm−1

20

25

30

18−

18+

18

18−

18

18+

E / V

12111098765432

−0.5

+0.5

0

1

Figure 2.33 Step-wise oxidations and reductions carried out with 18 in THF with a chronoamperometric
technique monitoring the changes in the visible spectrum. Top: Changes observed at a wavelength of 385 nm
where 18 (•) and 18+ (�) exhibit the strongest absorption and 18− ( �) shows a very weak absorption. Bottom:
Fixed potentials E used in the different steps of cyclic redox experiments. (Adapted with permission from [15].
Copyright Wiley-VCH Verlag GmbH & Co. KGaA.)

The magnetic properties of the three studied species are also different. Thus, while the salt [K([18]crown-
6)]+18− is diamagnetic, the magnetic susceptibility between 4–300 K of compounds 18 and 18+BF−

4
showed quasi-ideal paramagnetic behaviors with effective magnetic moments at 300 K of 1.72 and 2.50µB ,
respectively, as expected for systems with S = 1/2 and S = 2 × 1/2 units. In addition, the value of 2.50µB

found for 18+BF−
4 indicates that the magnetic interaction between the open shell ferrocenium moiety and

the PTM radical unit is very weak with both spins being apparently uncoupled above 4 K. Analogous
differences in the behavior of the three complexes were found in solution with EPR spectroscopy since
18− is EPR silent while 18 and 18+ show different complex signals.

2.3.2.2 Switching multifunctional PTM radicals on surfaces

In order to move one step forward and use PTM-based multifunctional switchable systems for applications
like molecular memory devices,129 it is crucial to control their deposition on surfaces and demonstrate that
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they can be reversibly (magnetically, optically or electrochemically) switched between two (or more) stable
states when grafted on the surfaces. In addition, it is required that such states exhibit different responses
in order to be able to read the status of the switch. A strategy to scale down to molecular level memory
devices is focused on the fabrication of charge storage devices by substrate immobilization and patterning
of molecules that can be reversibly oxidized and reduced.130 A simple and versatile technique to address all
these molecular building blocks on surfaces is the preparation of self-assembled monolayers (SAMs),131,132

which allows the functionalization of surfaces with a layer of molecules, two-dimensionally organized, that
gives to the substrate new properties governed by the inherent characteristics of the molecules grafted on it.

There are extremely few examples of self-assembled monolayers based on organic radicals in the
literature.133 As described in Section 2.2.2.3, silicon oxide and gold surfaces have been grafted with
PTM radicals making use of either covalent or non-covalent interactions.85 The magnetic properties of
the functionalized surfaces were characterized by EPR in all cases, by cyclic voltammetry (CV) to study
the electrochemical properties and by UV-Vis and fluorescent spectra for the optical properties. The opti-
cal characterization corroborated the chemical nature of the monolayer, exhibiting an absorption band at
382 nm and fluorescent emission band at 690 nm, which are characteristic of the radical character of the
grafted PTM molecules.134 The EPR spectrum was also recorded to demonstrate the radical character of
the PTM functionalized surfaces. The EPR showed a signal at g = 2.0024, with a line width of 5.2 Gauss,
which is close to that observed for many other PTM radicals. Electrochemical experiments were also
carried out proving that the grafted PTM radicals can be reversibly converted to the corresponding anion
and, therefore, the functionalized surfaces act as chemical switches in which the magnetic and optical
properties can be used as read-out mechanisms (Figure 2.34).

More interesting with respect to potential device applications is the possibility to locally address the
PTM radical molecules on the surfaces in order to fabricate multifunctional switchable patterned surfaces.
Thus, both the covalently and the electrostatic PTM bonded surfaces have been patterned by microcontact
printing (Figure 2.35) and visualized by laser scanning confocal microscopy or fluorescence microscopy
due to the fluorescent nature of the PTM molecules.
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Figure 2.35 Left: Schematic representation of the microcontact printing of a functionalized PTM radical on an
adhesive pre-functionalized SAM. Right: Confocal microscopy image (λexc = 488 nm) of a glass surface patterned
with a PTM radical derivative. The diameter of the fluorescent dots is 5 µm. (Reprinted with permission from
[101]. Copyright 2007 Wiley-VCH Verlag GmbH & Co. KGaA.) A full-colour version of this figure appears in the
Colour Plate section of this book.
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Spectroelectrochemical experiments have been carried out proving that the PTM radical can be reversibly
reduced to the corresponding anion and, therefore, the functionalized substrates act as a surface chemical
switch in which the magnetic and optical properties are used as read-out mechanisms. Figure 2.36 shows the
UV-Vis spectrum corresponding to the reduction–oxidation process of electroactive PTM self-assembled
monolayers. Upon reduction to the PTM anion, the characteristic PTM radical absorption band at 384 nm
disappears, while a band centered at 525 nm is observed. This system behaves thus as a real bistable
chemical switch, since it is possible to interconvert the self-assembled monolayer between two states
which exhibit different properties: an OFF state associated with the PTM anion SAM (non-fluorescent and
diamagnetic) and an ON state corresponding to the PTM radical SAM (fluorescent and paramagnetic).92

2.4 Conclusions

In this chapter the chemical and physical properties of PTM radicals have been described, mainly from
the molecular materials point of view. The main focus is on multifunctionality, giving different insights to
the magnetic, electronic and optical properties of PTM-based materials with representative examples for
each of them.

Regarding the magnetic properties of PTMs, the magnetism of high-spin PTM radicals have been
described in detail as have those of extended systems. The strengths of intramolecular ferromagnetic
exchange couplings of PTM radicals through the m-phenylene unit are strong and, consequently, such
polyradicals are robust high-spin molecules showing outstanding chemical and thermal stabilities. Met-
allocenes were also shown to act as effective magnetic couplers that effectively transmit ferromagnetic
interactions between PTM radicals. Investigation of the transmission of magnetic interactions through
hydrogen bonds has also been carried out with PTM radicals with carboxylic acid groups. This fact,
together with the ability of hydrogen bonds to transmit magnetic interactions and link molecules with
hydrogen bonding acceptor and donor groups, made possible the obtaining of magnetic extended systems
based on PTM radicals functionalized with several carboxylate/carboxylic groups. These magnetic extended
systems resulted in two new families of open framework materials with either a metal–organic or purely
organic nature, named metal–organic radical open frameworks (MOROFs) or purely organic radical open
frameworks (POROFs), respectively, with porous structures and interesting magnetic properties.

Regarding the electronic properties of PTMs, the most relevant results were obtained in the study of
IET phenomena observed in D-A dyads, where the PTM radical unit acts as a strong electron acceptor unit
due to its low reduction potential. In addition, M-V compounds derived from PTM radicals in which one
of both PTM units is reduced to the anionic form enabling the generation of the mixed-valence species
have also been discussed. Moreover PTM derivatives are electroactive molecules susceptible to reduction
or oxidation to the anionic or cationic forms, allowing in this way the ‘on–off’ switching of their magnetic
character.

Going one step further, the possibility to functionalize surfaces with PTM molecules as spin-containing
units towards their use in molecular spintronics has also been described. PTM radicals show very weak
spin-orbit couplings and, consequently, they have been proposed as possible molecules to favor the spin
polarization conservation during the electronic or spin transport. In this line, PTM radicals have been
recently deposited on surfaces of a different nature, proving for all cases that the magnetic character of
the molecule persist on the surface.

Regarding the optical properties, the capability of PTM radicals to generate NLO optical responses, either
as octupolar materials or as component of a ‘push–pull’ system, has been presented and the corresponding
hyperpolarizability values have been provided.

Finally, the intrinsic redox properties of PTM radicals together with the increasing interest for molecular-
scale switches made interesting the exploration of switching systems based on PTM radicals. Specifically, it
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has been demonstrated that PTM open shell D-A systems can exist in three stable oxidation states exhibiting
different linear and nonlinear optical responses as well as distinct magnetic properties. The possibility to
use other external stimuli, such as light, has also been considered for switching of their functionalities.
The chemical flexibility of the PTM radicals demonstrates, too, the potential of preparing self-assembled
multifunctional molecular switching devices on surfaces.
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3.1 Introduction

Studies on stable neutral radicals have a history of about 110 years, since Gomberg’s discovery of the
triphenylmethyl radical in 1900.1 Physical properties of neutral radicals give substantial far reaching effects
and inspiration for recent researches of molecule-based functional materials.2 One of the most characteristic
properties of organic neutral radicals is the magnetism induced by interactions of unpaired electrons. For the
realization of molecule-based magnetic materials, it is necessary to align spins due to the unpaired electrons
with adequate interactions through π electrons or the lone pair of heteroatoms in the solid state.2 2,2,6,6-
Tetramethylpiperidin-N -oxyl (TEMPO) and α-nitronylnitroxide derivatives, synthesized a half-century ago
as neutral radicals stable enough to handle in air, have importantly contributed to the development of the
molecule-based magnetism and spin sciences, and even now play important roles in other various research
fields as stable spin sources.2 For further progress and development of spin sciences opened up by the stable
neutral radicals, the design and syntheses of stable neutral radicals with novel molecular and electronic
structures are essential issues. To achieve these projects, the use structural diversity, which is one of the
most important virtues of the organic molecules, should be used to the maximum.

The molecular skeleton of stable neutral radicals has two aspects: a “container” for stable handling of
spin and a “joystick” for modulation and control of electronic structure. For design of novel neutral radicals,
it is vital to utilize these two aspects effectively. For example, stabilization of neutral radicals by steric
protections not only suppresses the dimerization reaction and the reaction with oxygen, but also greatly
influences crystal structures and, thus, intermolecular spin–spin interactions. Introduction of heteroatoms
is effective for the control of intermolecular electronic interactions through lone pair electrons (Chapters 5
and 6). Furthermore, heteroatomic modulation affects the distribution of coefficient of singly occupied
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molecular orbitals (SOMOs) and spin density on the molecular skeleton by the changes in π -topological
symmetries,3 and influences the molecular orbital energy levels (redox ability).

Phenalenyl is a “spin delocalized” hydrocarbon radical with an unpaired electron extensively delocalized
on the planar π -conjugated network. The electronic structure can be significantly modulated and perturbed
by the choice of substituents and their introduction positions. These features are intrinsic in nature for
spin delocalized radical systems, that are difficult to realize in spin localized ones such as TEMPO and α-
nitronylnitroxide derivatives. Taking advantage of the extensively delocalized spin on a large π -conjugated
molecular skeleton, various novel and intriguing natures (or properties) that were previously unknown have
been realized.

This chapter begins with a review of the design strategies, synthetic methods, spin delocalized natures,
and related physical properties of the families of phenalenyl-based stable neutral radicals with both pla-
nar and curved molecular/electronic structures. Later, cyclopentadienyl radicals with a 5π electronic system
and other kinds of carbon-centered neutral radicals are reviewed.

3.2 Open shell graphene

Graphene is a planar sheet-like gigantic π -conjugated electronic system comprising condensed six-
membered carbon rings. It had been presumed not to exist in an isolated state because of low stability.
Graphene was first prepared in 2004 by the mechanical exfoliation of highly orientated pyrolytic graphite,
and ambipolar field-effect transistor (FET) properties were disclosed by Novoselov and Geim.4a Since
this epoch making study, graphene has drawn much attention as a next generation electronic material to
replace current silicon devices. The prepared graphenes, however, are mixtures with various different
structures and have not been isolated as a single (monodisperse) material. For further development of new
electronic materials based on graphene and elucidation of their electronic properties, fundamental research
utilizing structurally well defined molecules with π -conjugated electronic systems is important. Organic
chemists view graphene as a gigantic planar π -conjugated condensed-polycyclic aromatic hydrocarbon.
From this viewpoint, well known planar fused-polycyclic aromatic hydrocarbons can be recognized as a
structurally well defined small graphene, and its chemistry can also be viewed as “graphene chemistry”.
Therefore, organic chemistry has the potential to make great contributions to the elucidation of the nature
of graphene and to the development of novel functional materials.

To view graphene more realistically from an organic chemistry perspective, cutting out a single structural
molecule from a graphene sheet offers an intriguing top-down approach. Clipping modes can be categorized
as either of two types, armchair and zigzag. Figure 3.1a shows the armchair-type clipping mode.4b The
connection of the terminal edges of the clipping motif affords curved π -conjugated molecules, such as
fullerene C60 and carbon nanotubes, and a stacking of the planar graphene sheets gives graphite. All of
these fused-polycyclic π -conjugated molecules and molecular aggregates possess closed shell structures. In
a sharp contrast, triangular motifs with the zigzag mode give π -conjugated molecules possessing unpaired
electron(s) (open shell structures) as a logical consequence (Figure 3.1b).

Here the possibility of a bottom-up approach, namely conventional organic synthesis, to π -conjugated
systems designed by the top-down approaches outlined above is considered. In the case of armchair-type
(closed shell) molecules, Müllen has synthesized the structurally well defined largest hydrocarbon molecule
containing 222 carbon atoms (Figure 3.2a)∗.5 On the other hand, π -conjugated molecules designed by the
zigzag clipping mode with triangular motifs are generally known as non-Kekulé polynuclear benzenoid

∗Unless otherwise stated, spin density distribution calculations throughout this chapter are made at the UBLYP/6-31G**//UBLYP/
6-31G** level of theory. Black and gray regions denote positive and negative spin densities, respectively.
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fullerene, C60 carbon nanotube graphite

phenalenyl triangulene

(a)

(b)

Figure 3.1 (a) Closed and (b) open shell π -conjugated molecular systems designed by the clipping modes of
armchair and zigzag from graphene.

(PNB) molecules. These molecular systems can be termed “open shell graphene” and have been little
investigated from both theoretical and experimental aspects.

Triangulene (or Clar’s hydrocarbon, Figure 3.1b) is the most fundamental non-Kekulé PNB, and its
chemical identification has been a long standing issue since Clar’s proposal.6 Introduction of three tert-butyl
substituents onto the triangulene skeleton succeeds in partial stabilization of this hydrocarbon, enabling
an experimental determination of its ground state triplet nature (vide infra).7 In general, the synthesis
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C222H42

3 nm S = 3/2

spin density distribution

(a) (b)

C33H15

Figure 3.2 (a) Gigantic π -conjugated hydrocarbon with closed shell structure prepared by the bottom-up
approach by Müllen5 and (b) non-Kekulé polynuclear benzenoid (PNB) molecule with open shell structure (open
shell graphene), and its calculated spin density distribution. Black and gray regions denote positive and negative
spin densities, respectively.

and isolation of such non-Kekulé PNB molecules are extremely difficult for two main reasons; firstly,
the high instability due to the high reactivity at the edge sides of the molecule bearing most of the spin
densities (Figure 3.2b),7 and, secondly, the necessity to construct large fused π -electronic structures in
which two or more sides are shared by many neighboring ring systems. Despite these difficulties, the
synthesis and elucidation of electronic structures of open shell graphene subunits are very attractive, with
interest in their physical properties based on (1) the interplay between the unpaired electron(s) and the
extensively delocalized π -electron systems and charge fluctuation, and (2) the possibility that these species
may provide a qualitatively novel materials challenge in the field of molecule-based functional materials.

3.3 Phenalenyl

Phenalenyl (PLY) is the smallest odd-alternant π -conjugated hydrocarbon neutral radical with a fused-
polycyclic planar structure8 and is also the smallest open shell graphene. The spin density distribution
and molecular structure of PLY are shown in Figure 3.3, compared with those of TEMPO and the
α-nitronylnitroxide derivative as typical stable neutral radicals. The molecular and electronic structural
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Figure 3.3 Molecular structures and spin density distributions of TEMPO, phenyl-substituted α-nitronylnitroxide,
and phenalenyl (PLY) UBLYP/6-31G**//UBLYP/6-31G** level of theory. Black and gray regions denote positive
and negative spin densities, respectively.

features of TEMPO and α-nitronylnitroxide are characterized by the heteroatomic spin center of N–O
moieties, where most of the spin densities are localized (“spin localized nature”), with adjacent tertiary
carbon substituents. In sharp contrast, PLY possesses a planar, rigid structure, where the spin spreads over
the whole molecular skeleton (“spin delocalized nature”). As can be interpreted by resonance structures,
most of the spin density of PLY exists on its α positions (Figure 3.4a). This feature is well corrobo-
rated by the distribution of the non-bonding molecular orbital (NBMO) obtained from the Hückel–MO
method. Furthermore, PLY exhibits a high amphoteric redox ability deduced by the NBMO, and pro-
vides corresponding anion, neutral radical, and cation species with thermodynamically high stabilities
(Figure 3.4c). The sum of the oxidation potential (E ox) and reduction potential (E red) (obtained from
cyclic voltammetry (CV) experiments in solution), E sum = E ox + (−E red), represents the amphotericity
of a given molecule. This value is generally used as a convenient experimental measure for evalua-
tion of a HOMO–LUMO (highest occupied molecular orbital–lowest unoccupied molecular orbital) gap
for closed shell molecules, but provides an estimate of coulombic repulsion between two electrons on
the same orbital for open shell molecules. PLY has an E sum value of 1.6 V, which is relatively small
among hydrocarbons.

All of these features of the phenalenyl system have been attracting special attention in the fields of
physical chemistry. Notably, Haddon claimed, in 1975, the potential use of PLY as a component for
molecule-based conductors.9 However, since the kinetic instability of PLY causes an immediate dimeriza-
tion by intermolecular σ -bond formation as well as reactivity towards oxygen, all experimental effort to
isolate the pristine PLY as solid state has been in vain (Figure 3.4d).10 Thus, phenalenyl chemistry for the
past a half-century has been limited mainly to solution studies under degassed and sealed conditions.
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Figure 3.4 (a) Resonance structures, (b) MO diagram and NBMO picture calculated by the Hückel–MO
method, (c) amphoteric redox processes, and (d) σ -dimerization reaction of phenalenyl (PLY) and chemical
structure of peropyrene.

Besides these physical chemistry studies, continuous synthetic efforts for the stabilization of the
phenalenyl by chemical modifications have enriched phenalenyl chemistry and aroused the phenalenyl-
based material sciences recently. These studies have helped to realize, for example, not only isolation
of the neutral radical as stable solid in air but also the developments of exotic magnetic and optical
properties by the introduction of substituents into the phenalenyl skeleton and by the extension of
the π -conjugated system: enhancement of spin multiplicities and the redox abilities, switching of the
electronic structures depending on redox states, creation of single component organic (semi)conductors,
and application for the electrode active material in secondary batteries (Figure 3.5). In the following
sections, recent significant progress in neutral radicals based on the phenalenyl system are described,
emphasizing synthetic challenges for novel open shell molecules, topological symmetries of the spin
distributions, and dynamic spin behaviors inherent in the spin delocalized nature of this radical type.

3.4 2,5,8-Tri-tert-butylphenalenyl radical

As the first approach for the stabilization of the phenalenyl, introduction of primary alkyl groups, such
as methyl and trimethylene groups, were carried out.11 Murata and Nakasuji claim an electronic effect of
electron donating and electron accepting groups attached to the phenalenyl skeleton.12a Although isolation
in the solid state is not achieved, the capto-dative effect of the substituents enhances the stability of the
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Figure 3.5 Phenalenyl derivatives and other carbon-centered neutral radicals evolving from recent material
challenges.

phenalenyl in solution and provides a high reversibility of the redox processes with a significant decrease of
E sum values (1.09 ∼ 1.17 V).12a Furthermore, 1,4,7-tris(propylamino) and 1,4,7-tris(dimethylamino) deriva-
tives of the phenalenyl system also have low E sum values of 0.58 and 0.69 V, respectively.12b In 1999,
Nakasuji synthesized 2,5,8-tri-tert-butylphenalenyl (TBPLY) having three tert-butyl groups at the β posi-
tions of the phenalenyl skeleton, and succeeded for the first time in the isolation of the phenalenyl in
the solid state in air (Scheme 3.1).13a This synthetic work contributed to the elucidation of the solid state
properties of the phenalenyl, such as crystal and molecular structures and magnetic properties, unrevealed
for a half-century. For the following reasons it is assumed that the perturbation by tert-butyl groups of the
electronic structure of the phenalenyl is small: firstly, the tert-butyl group has a small electronic effect in
comparison with other substituents containing heteroatoms and, secondly, the connecting positions of all
tert-butyl groups are β positions, which have negligible spin densities. Thus, TBPLY can be viewed as
the most electronically fundamental neutral radical system in the phenalenyl system (vide infra).

The synthetic method for obtaining TBPLY is depicted in Scheme 3.1.13a Bromination of 2,7-di-tert-
butylnaphthalene followed by lithiation affords the formyl derivative. After the Reformatsky reaction and
subsequent reductive elimination of hydroxyl group, demethylation with lithium iodide was carried out.
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Scheme 3.1 Synthetic method for TBPLY

Friedel–Crafts acylation of the carboxyl derivative yields the phenalanone derivative, and then the radical
precursor, phenalene, is obtained as pale yellow crystals by reduction with lithium aluminum hydride
(LiAlH4) and dehydration. Oxidation of the phenalene by p-chloranil in degassed toluene gives TBPLY
as deep blue crystals. This crystal possesses high stability under an argon atmosphere, but changes in air
in one week to a mixture of the phenalenone derivative and structurally unidentified compounds by aerial
oxidation. The decomposition temperature of TBPLY under argon atmosphere is 232 ◦C.

The Electron Paramagnetic Resonance (EPR) spectrum of TBPLY in a toluene solution shows the
signals attributable to six protons at the α positions in the phenalenyl skeleton, and the hyperfine coupling
constant (hfcc) for these protons is −0.620 mT (Figures 3.6a and 3.6b).13a The observed g-value is 2.0028,

(a) (b) (c)

Figure 3.6 (a) EPR spectrum of TBPLY in a toluene solution at 290 K; (b) observed 1H hfccs. The relative
sign of the 1H hfccs of tert-butyl groups and α-positions were determined using 1H-ENDOR and paramagnetic
1H NMR spectroscopy (in CDCl3 at 300 K).13b (c) Experimental and theoretical (in parentheses) spin density
distributions of TBPLY. Experimental values were determined by the observed hfccs with the help of McConnell,
Heller–McConnell, and Fraenkel–Karplus equations.13b Calculation carried out at the SVWN/6-31G**//SVWN/
6-31G** level of theory.
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(a) (b) (c)

Figure 3.7 Crystal structure of TBPLY. (a) Top view, (b) side view, and (c) a herringbone motif of the crystal.
(c Reprinted with permission from [13a]. Copyright 1999 American Chemical Society.)

being similar to that of the pristine PLY (2.0027).8i,11b The experimental and theoretical spin density
distributions (Figure 3.6c) indicate that TBPLY possesses a characteristic spin delocalized nature and spin
polarized structure, in which large positive and small negative spin densities locate at the six α carbons
and β carbons with a C3-symmetry, respectively.

The first X-ray crystal structure analysis of an odd-alternant hydrocarbon neutral radical with a fused
polycyclic π -conjugated system was carried out on a single crystal of TBPLY obtained by recrystallization
from hexane at −30 ◦C (Figure 3.7).13a The molecule has D3h symmetry, and the phenalenyl skeleton shows
a nearly planar geometry. The C–C bond lengths in the phenalenyl ring range from 1.374 to 1.421 Å.
The molecule forms a π -dimeric pair in a staggered arrangement of the tert-butyl groups to avoid their
steric repulsion. In such an arrangement, the maximum overlaps of the radical SOMOs are expected. The
interplanar distances in the π -dimeric pair range from 3.201 to 3.323 Å, which is shorter than the sum
of van der Waals radius of carbon atom (3.4 Å). The π -dimeric pair is in a herringbone motif in the
crystal, and no effective interdimeric interaction is found. The magnetic susceptibility measurement of
a polycrystalline sample of TBPLY (2–350 K) shows a large antiferromagnetic intermolecular exchange
interaction (2J/kB = −2000 K), indicating a ground state spin singlet in the π -dimeric pair.13 In the solid
state electronic spectrum, a broad and strong absorption band attributable to the strong intermolecular
transition in the π -dimeric pair is observed in the low energy region (510–700 nm).

Interestingly, the strong interaction between TBPLYs observed in the solid state is also found in solution
at low temperature, leading to a thermochromic phenomenon.14,15 The red purple color of the hexane
solution in TBPLY at room temperature gradually changes to blue at low temperature (∼200 K), as seen
in the increment of the absorbance of 530–670 nm with a lowering of temperature (Figure 3.8a), and this
color change occurs reversibly. The chemical species exhibiting each color are assigned as the neutral
radical monomer at room temperature and the π -dimeric pair at low temperature.14,15 The temperature
dependence of the electronic structure originating from the neutral radical was also observed by EPR
measurements.14,15 The molecular weight of the π dimer formed at low temperature was unequivocally
detected by cold-spray ionization mass spectrometry (CSI-MS), by which substances can be ionized at
much lower temperatures than conventional ESI-MS (Figure 3.8b).15 Notably, this is the first experimental
observation of the molecular weight of the open shell molecule aggregates formed in solution.
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Figure 3.8 (a) Temperature-dependent electronic spectra showing thermochromism of TBPLY in a hexane
solution. (b) Cold-spray ionization mass spectrometry (CSI-MS) spectrum of the π dimer formed in a solution
state at low temperature.
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Figure 3.9 Temperature dependences of (a) 1H and (b) 13C NMR spectra of TBPLY in hexane-d14. These
spectra clearly show a formation of a highly symmetrically structured dimer at low temperature. (Reprinted with
permission from [15]. Copyright 2006 American Chemical Society.)

The definite determination of the π -dimeric structure with a high symmetry was accomplished by
low temperature 1H and 13C NMR measurements and chemical shift simulations by quantum chemical
calculations (Figure 3.9).15 In the 1H NMR spectrum in hexane-d14 at a high temperature (270 K), a
broad signal attributed to the protons of the tert-butyl groups is observed at around 3.2 ppm due to the
downfield shift by an effect of radical spin. This broad signal shifts to the high field region with a decreasing
temperature, indicating the formation of the π dimer (Figure 3.9a). At low temperature regions (T < 190 K),
the π dimer becomes dominant and the tert-butyl protons shift to 1.48 ppm (B in Figure 3.9a), and a signal
originating from the α protons on the phenalenyl ring emerges in the aromatic region (6.47 ppm, A in
Figure 3.9a). The integral intensity ratio of α protons to the tert-butyl protons is 6:27. In the 13C NMR
spectra, almost no signal is found at room temperature due to the presence of paramagnetic species.
At low temperature, four signals attributable to the phenalenyl skeleton are clearly observed, since the
paramagnetic spins are quenched by the π dimerization (Figure 3.9b). A definite π -dimeric structure is
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confirmed by the good agreement between the observed chemical shifts at low temperature and those
obtained by quantum chemical calculations. These experiments were the first solution NMR observations
of a face-to-face radical π dimer, and prove that NMR spectroscopy is an effective and fascinating method
to observe a dynamic behavior of the open shell molecular systems.15

The formation of the π -dimeric pair at low temperature raises the issue of the aromaticity of the radical
aggregates from the viewpoint of fundamental chemistry.15 NICS (nucleus-independent chemical shifts)
values of the monomer and the π dimer of TBPLY have been examined by quantum chemical calculations.16

As shown in Figure 3.10a, the ring center of the π dimer becomes more aromatic (−7.1 ppm) than that of
the monomer (−3.8 ppm). The trend of the enhancement is more pronounced in the interior of the π dimer.
These results indicate a great enhancement of the aromaticity due to the dimerization. Since the contribution
of spin paramagnetism is already subtracted in the radical NICS values, this change reflects a susceptible
probe for the π dimerization of TBPLY. This “aromaticity generation” is for the first time demonstrated in
the TBPLY system, and is inherent in spin delocalized organic open shell molecules, unlike closed shell
molecules and open shell molecules with spin localized nature. In the electrostatic potential surface calculated
for the π dimer of TBPLY, a negative electron density is largely populated at the internal region, contrasting
with the external region, despite the whole neutrality of the dimer (Figure 3.10b).15 The imbalanced electron
distribution is totally consistent with the anomalous NICS distribution, suggesting a share of unpaired
electrons and an existence of a 12-center-2-electron long C–C bond15 or a 12-centered covalent bond.14a

TBPLY possesses reversible two-stage amphoteric redox ability.13a Generation and elucidation of the
electronic structures of the corresponding cation and anion species of TBPLY have been carried out.
The BF4

− salt of the cation can be prepared from the phenalene derivative (precursor of TBPLY) and is a

(b)

Figure 3.10 (a) NICS values and (b) electrostatic potential surfaces of the monomer and the π dimer of TBPLY
calculated by quantum chemical calculations, which indicate ‘‘aromaticity generation’’ by the π dimerization.
(Reprinted with permission from [15]. Copyright 2006 American Chemical Society.) A full-colour version of
part (b) of this figure appears in the Colour Plate section of this book.
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stable enough crystal in air to undergo X-ray crystal structure analysis.13a The B(C6F5)4
− salt of the cation

is also prepared and structurally solved.14a The anion species was also generated in a degassed solution by
reaction of the phenalene with alkaline metals or alkaline hydrides, and is stable in a degassed solution.13a

Isolation of the anion in air as crystal, however, is in vain due to an immediate decomposition. Cyclic
voltammetry measurement of the cation salt of TBPLY in acetonitrile shows two reversible redox waves at
+0.27 V and −1.26 V (vs SCE), which correspond to the reduction processes from the cation to the neutral
radical and from the neutral radical to the anion, respectively (E sum = 1.53 V). In contrast to TBPLY, the
redox processes of the pristine PLY are irreversible due to an occurrence of chemical reactions, such as
σ dimerization. These results indicate that the tert-butyl groups in TBPLY effectively increase the kinetic
stabilities of the three redox species.

3.5 Perchlorophenalenyl radical

With the aim of developing molecular conductors, Haddon has been actively conducting chemical mod-
ifications of the phenalenyl system. Since his pioneering work on a phenalenyl derivative possessing a
peri -fused five-membered ring with a S–S bond in 1978 (vide infra),10a,17 synthetic routes to phenalenyl
radical derivatives having alkoxy,18a hydroxyl,18b,c amino,18b,c N–S–N groups,19a and the spiro-conjugated
to phosphazene19b or metal elements (vide infra) have been described. In 1987, the perchlorophenalenyl
radical (PCPLY) with nine chlorine atoms at all α and β carbons of the phenalenyl skeleton was designed
and prepared (Scheme 3.2),20 and Haddon’s continuous efforts realized a crystal structure analysis of
PCPLY in 2001.21

The synthetic route for PCPLY is depicted in Scheme 3.2. Perchloroacenaphthylene, obtained by the
reaction of acenaphthylene with phosphorus pentachloride, is converted to the cyclopropane derivative
by the addition of dichlorocarbene. The phenalenyl cation is obtained by allyl-rearrangement under
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Lewis acid (GaCl3) conditions. Treatment of the cation with tetrabutylammonium iodide (Bu4NI) gives
PCPLY as shiny black hexagonal crystals. This neutral radical possesses a high stability in air, while
perchlophenalenone is formed by reaction with oxygen. The melting point of PCPLY is 160 ◦C in air with
decomposition and is 248 ◦C under an argon atmosphere.

Characterization of the electronic structure of PCPLY was facilitated by EPR spectroscopy in solution.
The spectrum in benzene shows fifteen peaks with uniform separation with the hfcc (0.06 mT) attributable
to the 35Cl and 37Cl nuclei at the α positions.22 The hfccs attributable to chlorine nuclei on the β positions
are not observed because they are masked in the spectral line width. The spin density distribution obtained
by the quantum chemical calculation based on the crystal structure is shown in Figure 3.11.

PCPLY is easily reduced to the corresponding anion due to the electron withdrawing effect of nine
chlorine substituents. Cyclic voltammetry measurement of the neutral radical in dichloromethane shows
two reversible redox waves at +1.14 V and −0.08 V (vs SCE), which respectively correspond to the
oxidation and reduction processes forming the cation and anion. Compared to the corresponding redox
potentials of the pristine PLY in acetonitrile observed at +0.7 V and −0.9 V (vs SCE),17 redox potentials
of PCPLY show a great cathodic shift.

Single crystals of PCPLY were obtained by repeated sublimation under high vacuum
(5 × 10−5 Torr).21,23 This molecule has threefold rotational symmetry and a ruffled structure with
a propeller shape (Figure 3.12). The reason is that the intramolecular Cl–Cl distances at the peri positions

Figure 3.11 Spin density distribution of PCPLY.

(a) (b) (c) (d)

Figure 3.12 (a) Molecular structure of PCPLY with a ruffled structure. (b) Projection along the c axis. Two sets
of the three independent stacks are shown. The set on the left shows all six molecular orientations for each of
the three stacks. The set on the right shows only three orientations for each stack; the other three are generated
by the c glide operations. (c) Columnar structure of PCPLY. (d) Columnar structure without chlorine atoms.
(a,b Reprinted with permission from [21]. Copyright 2001 American Chemical Society.)
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are only 3.02–3.03 Å even after distortion, despite the fact that the van der Waals radius of chlorine is only
1.80 Å. The molecule stacks with a quasi-superimposed motif to form a trimer, which is further stacked
with the rotation by about 60◦ to construct a one-dimensional columnar structure with a hexagonally
close-packed array. The intermolecular distance within a stack is 3.78 Å in the crystals, and is relatively
long compared to the usual Cl–Cl distance (3.5–3.6 Å). The reason for this long intermolecular separation
in PCPLY is due to the non-planarity of the phenalenyl skeleton inhibiting the formation of 60◦ rotated
stacking motif as seen in TBPLY crystal. The magnetic susceptibility of PCPLY solid exhibits Curie
paramagnetism in the temperature range 100–380 K until antiferromagnetic ordering at below 100 K.
This solid is a Mott–Hubbard insulator with a conductivity at room temperature of 10−10 S/cm due to the
isolation of the individual molecules.21

3.6 Dithiophenalenyl radicals

To obtain stable neutral radicals with less steric hindrance and further delocalization of an unpaired electron,
Haddon and coworkers designed phenalenyl radicals having dithio substituent(s), such as dithiophenalenyl
(DTPLY),10a,17 tetrathiophenalenyl (TTPLY),24 and hexathiophenalenyl (HTPLY).24 DTPLY was pre-
pared in 1978, and solution EPR and electrochemical measurements were reported.17 Continuous studies
over 30 years led to the X-ray single crystal structure analysis of DTPLY and elucidation of its solid
state properties.10a HTPLY, having a threefold symmetrical molecular skeleton, has not been prepared
so far, and is expected to have an extensively spin delocalized nature on the whole molecular skeleton
involving the S–S moieties with a high molecular symmetry (vide infra). Furthermore, this molecule may
form effective SOMO–SOMO and S–S interactions in the solid state and, therefore, is expected to exhibit
intriguing magnetic and electronic functionalities based on the multidimensional network.
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microcrystalline solid which survives in air for up to 24 hours. In contrast, in solution the radical readily
decomposes, even in the absence of oxygen.

The SbF6 salt of the TTPLY cation is prepared by the reaction of 4,9-dimethoxy-3-
hydroxyphenalenone18a with phosphorus pentasulfide followed by the treatment with hydrogen chloride
and metathesis with AgSbF6 (Scheme 3.4). The reduction with tetrakis(dimethylamino)ethylene gives a
closed shell dimer of TTPLY, (TTPLY)2, as black needle crystals. X-ray crystal structure analysis reveals
an existence of a S–S σ bond formed by the reaction between two TTPLY (Figure 3.13). While the solid
sample is silent in an EPR measurement, a weak EPR signal due to TTPLY is observed after dissolution
in toluene. The resulting neutral radical shows a high stability in an oxygen-free solvent condition.

The spin density distributions of DTPLY, TTPLY, and HTPLY obtained by quantum chemical cal-
culations are illustrated in Figure 3.14. The unpaired electron of each derivative delocalizes not only on
the phenalenyl skeleton but also on the sulfur atoms. The calculation also shows that most of the spin
on the phenalenyl skeleton is found on the α positions, similar to that found in pristine PLY. The redox

Figure 3.13 Crystal structure of the closed shell dimer of TTPLY, (TTPLY)2, with S–S σ bond. (Reprinted with
permission from [24]. Copyright 2008 American Chemical Society.)

(a) (b) (c)

Figure 3.14 Spin density distributions of (a) DTPLY, (b) TTPLY, and (c) HTPLY. (a,c Reprinted with permission
from [10a]. Copyright 2007 American Chemical Society.)
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(a) (b) (c)

Figure 3.15 (a) π Dimeric structure from the top view. (b) Side view showing the 3.13–3.22 Å distance within
the π dimer. (c) packing structure of DTPLY crystal with a herringbone motif. (a,c Reprinted with permission
from [10a]. Copyright 2008 American Chemical Society.)

properties of DTPLY and TTPLY derivatives were studied through cyclic voltammetry studies on the
corresponding cations in acetonitrile. For the PF6

− salt of the DTPLY cation, three redox waves are
observed, at −0.22, −0.77, and −1.55 V (vs SCE).17 The TfO− salt of the DTPLY cation also shows
redox peaks at −0.29, −0.80, and −1.53 V (vs SCE).10a These redox events correspond to the reductions
from the cation to the neutral radical, from the neutral radical to the anion, and from the anion to the
dianion, respectively.17 TTPLY shows two redox processes.24 Cyclic voltammetry measurement on the
SbF6

− salt reveals a reversible reduction wave (E1/2 = −0.34 V vs SCE) from the cation to the neutral
radical and the irreversible reduction wave (Ep = −0.71 V vs SCE) from the neutral radical to the anion.
These molecules possess smaller gaps between the reduction potentials from the neutral radicals to the
anions and the oxidation ones from the neutral radicals to the cations than that of the pristine PLY.

In the crystalline state, DTPLY possesses a planar structure with C2v symmetry and forms a π dimer in a
face-to-face fashion with a 180◦ rotation between the two radicals (Figure 3.15).10a This π -dimeric structure
shows an almost complete superposition of six α-carbon atoms on the phenalenyl skeletons, similar to that
of TBPLY, maximizing the intermolecular SOMO–SOMO overlap. The C–C distance within the π dimer
(3.13–3.22 Å) is shorter than those of TBPLY (3.201–3.323 Å). The packing structure with a herringbone
motif is also the same to that of TBPLY. It is noteworthy that DTPLY does not form a σ dimer structure
in spite of the absence of bulky substituents. This is probably because the spin delocalization on the whole
molecular skeleton involving the sulfur atoms greatly increases the stability of the neutral radical. Due to
the strong π dimerization and absence of effective electronic contacts between π dimers, room temperature
conductivity of compressed pellet sample is <10−6 S/cm.

As demonstrated in studies on DTPLY and TTPLY, the phenalenyl derivatives having alkoxy or
oxo groups are important synthetic intermediates for the introduction of dithio substituent(s) into the
phenalenyl skeleton. In the light of this synthetic viewpoint, studies on cationic species, such as the 1,9-
diethoxyphenalenyl cation and 1,3,4,9-tetramethoxyphenalenyl cation, conducted in the 1970s and 1980s
had great foresight.17–20 Very recently, the synthesis and X-ray crystal structure analysis of the phenalenyl
cation with six methoxy groups at all α-carbon atoms were reported (Figure 3.16).25 This cation has a
high stability even in air and, therefore, is an important intermediate for the synthesis of HTPLY.



Phenalenyls, Cyclopentadienyls, and Other Carbon-Centered Radicals 97

H3CO OCH3

H3CO

OCH3OCH3

OCH3

+

(a) (b)

Figure 3.16 (a) Chemical structure and (b) X-ray crystal structure of the 1,3,4,6,7,9-hexamethoxyphenalenyl
cation.

3.7 Nitrogen-containing phenalenyl systems

3.7.1 Molecular design and topological isomers

The incorporation of nitrogen atoms into a persistent hydrocarbon radical skeleton is an intriguing concept
for elucidating the effects on electronic structure and stability of the radical in air due to the higher
electronegativity of nitrogen relative to carbon. The degree of modulation effect in the phenalenyl system
is expected to depend on the incorporated positions of nitrogen atoms because the coefficient of the SOMO
only exists on its α positions. Furthermore, incorporation of nitrogen atoms may be a powerful tool for the
construction of multidimensional network structures by coordination to metal ions and also by hydrogen
bonding interactions with proton donors.

Taking the molecular symmetry into account, nitrogen-incorporated phenalenyl (APLY) derivatives are
classified as α and β type by the positions of the nitrogen atoms (Figure 3.17). The group illustrated in
Figure 3.17a is major prototypes of the α-type APLY. The diazaphenalenyl derivatives are topological
isomers of each other, in which only the incorporated positions of nitrogen atoms are different. Quantum
chemical calculations suggest that their spin density distributions are basically similar to that of pristine
PLY. Furthermore, the spin densities on nitrogen atoms of the diaza- and triazaphenalenyls decrease in
comparison with those on carbon atoms in each structure (Figure 3.17a).

Three derivatives of the β-type APLYs are shown in Figure 3.17b. In these systems, perturbation to
the electronic structures by nitrogen atoms is expected to be small because the nitrogen atoms locate
on positions on the phenalenyl skeleton bearing small and negative spin densities. However, their lone
pair electrons are insusceptible to the steric effects of the hydrogen atoms at neighboring peri positions
because the difference of the directionality of their lone pair electrons from that of the α-type APLYs.
Thus, from the viewpoint of materials science challenges, there are many interesting possibilities in terms
of the construction of network structures based on the abilities of the nitrogen atoms to coordinate to metal
ions and to engage in hydrogen bonding.

3.7.2 2,5,8-Tri-tert-butyl-1,3-diazaphenalenyl

The synthetic method of tri-tert-butylated 1,3-diazaphenalenyl (TBDAP) is depicted in Scheme 3.5.26

Di-tert-butylated 1,8-diaminonaphthalene, obtained by reduction of the corresponding dinitro derivative,
is condensed with pivalaldehyde and dehydrogenated in the presence of palladium carbon, giving a
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(b)

(a)

Figure 3.17 Topological isomers of the azaphenalenyl (APLY) system. (a) α-incorporated APLYs, (b) β-
incorporated APLYs, and their spin density distributions. Calculations carried out at the SVWM/6-31G**//SVWM/
6-31G** level of theory.
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Scheme 3.5 Synthetic method for TBDAP
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(a) (b) (c)

Figure 3.18 Observed hfccs of (a) 1H, 14N, and (b) 13C; (c) experimental and theoretical (in parentheses) spin
density distributions of TBDAP, in which black and gray regions denote positive and negative spin densities,
respectively. Calculations carried out at the SVWN/6-31G**//SVWN/6-31G** level of theory.

1,3-diazaphenalene,27 a radical precursor. Oxidation with lead(IV) oxide (PbO2) in degassed benzene
affords TBDAP as dark green crystals. Interestingly, the crystals are extremely stable in air with no sig-
nificant decay of the color for years, which shows a high contrast with TBPLY. The decomposition point
in air is 164–166 ◦C.

Solution EPR studies and quantum chemical calculations of TBDAP reveal that the spin densities on the
nitrogen atoms slightly decrease and those of the carbon atoms on the α positions increase in comparison
to TBPLY, being in a good agreement with the prediction (Figure 3.18). The deviation of the electronic
structure from C3-symmetry gives a clue to the nature of the σ dimer (Figure 3.20) with a C–C bond
in solution at low temperature.28 This contrasts the case of TBPLY, which forms a highly symmetrical
π dimer in the solution at low temperature.15

Single crystals of TBPLY show temperature-dependent, continuous color changes (Figure 3.19).29 The
crystal at 100 K is colorless (or extremely pale green). On increasing the temperature, the crystal color
gradually and monochromatically turns to green and then gradually deepens at higher temperature, becom-
ing dark green at 300 K. This monochromatic change of the crystal color gives a color thermometer with a
high degree of resolution. In a sharp contrast, the crystal of TBPLY does not show such a color-changing
phenomenon. The thermochromic behavior of the purely organic open shell molecule in the crystalline
state is very rare, and known examples occur only by structural phase transitions that show discontinuous
color changes.30 Furthermore, it is noteworthy that the temperature-dependent color change seen in the
TBDAP single crystal is the entirely unknown dynamic behavior not only in organic compounds but also
in metal complexes. This unconventional dynamic behavior in the monochromatic continuous crystal-color
change is fully corroborated by the temperature-dependent polarized electronic spectra of the single crystal
(Figures 3.19b and 3.19c).29

To elucidate the detailed molecular level mechanism from a structural viewpoint, X-ray crystal structure
analyses at several temperatures were carefully carried out. The experiments reveal the coexistence of two
dimers of different bonding natures, σ and π dimers, in the single crystal (Figure 3.20).29 Furthermore,
the ratio of σ and π dimers is temperature-dependent, indicating a thermal equilibrium between the two
types. The temperature-dependent polarized electronic spectra of the single crystal reveal that the σ and the
π dimer are colorless and dark green, respectively (Figures 3.19b and 3.19c). The continuous changes in the
ratio of the two dimers give a rationale for the monochromatic continuous color change of the crystal in
the absence of structural phase transitions. In addition, the color originates from the relative positional
relationship between the radicals in the π dimer, and thus the TBDAP single crystal possesses polarization
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(a)

(b)

(c)

Figure 3.19 (a) Pictures of TBDAP single crystal showing a continuous color change from colorless to dark
green depending on the temperature. (b) Polarized absorption spectra of a TBDAP single crystal with polarized
light parallel to the c axis (solid line) and perpendicular to the c axis (dashed line) on the crystal plane (010) at
300 K. (c) Temperature-dependent polarized absorption spectra of a TBDAP single crystal with polarized light
parallel to the c axis at 160–360 K. (Reprinted by permission from Macmillan Publishers Ltd,29 copyright 2008.)
A full-colour version of part (a) of this figure appears in the Colour Plate section of this book.

Figure 3.20 Crystal structures of the σ and π dimer of TBDAP and the experimentally obtained energy gap
between two states. tert-Butyl groups are omitted for clarity.

properties exhibiting the color change only for light from a specific direction. The energy gap between
the two dimer states is experimentally determined to be 1.3 × 103 K (2.6 kcal/mol) by the temperature-
dependent changes of the oscillator strength in visible area, being in a good agreement with the difference
in the total energy of 3.0 kcal/mol between the optimized σ and π dimers calculated by the B3LYP/6-31G*
method. This value is as same as the rotation barrier energy in the C–C bond of ethane (2.9 kcal/mol). By
the EPR observation of the thermally accessible triplet state, a complete energy diagram of TBDAP in the
crystalline state is unequivocally determined to have three states: two singlet states (corresponding to the
σ and π dimers) and an excited π dimer triplet state with the energy gap of 1.3 × 103 K and 4.2 × 103 K.
Note that this is the first example where the energy levels of open shell organic molecules with three
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(a) (b)

Figure 3.21 Packing diagram of (a) σ dimer and (b) π dimer of TBDAP extracted from disordered arrangement.
The circles and squares represent the same enantiomers in the crystal. tert-Butyl groups are omitted for clarity.

energy states have been experimentally located. These unconventional features with high stability of the
radical are applicable to the micro-optical temperature sensor and the adaptive polarizing optics that cover
a wide range of temperature (100–430 K).

The TBDAP dimers form a 1-D columnar structure in the crystal (Figures 3.21 and 3.22),26 in sharp
contrast to the herringbone motif for TBPLY. In the σ -dimeric columnar structure extracted from the
disordered arrangement, each σ dimer is chiral and has a dipole moment (Figure 3.21a). However, the ratio
of the optical isomers is 1:1, as expected for an achiral space group (P21/n: No.14), and the dipole

(a) (b)

Figure 3.22 1-D columnar structures of TBDAP crystal, (a) with and (b) without tert-butyl groups.
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moments are canceled by the symmetry of the dimers in the crystal. The finding of the columnar motif for
TBDAP derived by the heteroatomic modification is of great interest in crystal engineering and organic
material sciences.

3.7.3 Hexaazaphenalenyl derivatives

1,3,4,6,7,9-Hexaazaphenalenyl (HAP) is a highly symmetrical molecule with full nitrogen substitution in
all α sites of the phenalenyl. The lone pair electrons on the six nitrogen atoms are directed radially and
can form coordination and hydrogen bonds to the outside (Figure 3.23a). Quantum chemical calculations
suggest that the HOMO energy level of the anion state decreases substantially in this molecular system
in comparison with the pristine PLY anion (Figure 3.23b). Such a marked decrease in the HOMO energy
is not seen in other azaphenalenyl anions, indicating the exceptionally higher stability of the HAP anion
among the phenalenyl anions. In 1964, Tomlin first described a preparation of the HAP system in his
Ph.D. thesis; however, the structural and physical properties were not examined.31 In 2005, 1,3,4,6,7,9-
hexaazaphenalene, one of the HAP systems, was prepared according to Tomlin’s method with some
modifications (Scheme 3.6), and the potassium salt of the anion is isolated as stable crystals in air at
room temperature.32 As mentioned above, the stabilities of PLY and TBPLY anions in air are very low in
contrast to the corresponding cation species. Therefore, the HAP anion is the first phenalenyl one isolated
as air-stable crystals. Cyclic voltammetry of the potassium salt gives an irreversible oxidation wave at
around +1.2 V (vs Fc/Fc+), which is assigned to the oxidation of the anion to the neutral radical. This
potential is much higher than that of the pristine PLY (−0.9 V vs SCE17), consistent with the decrease
of the HOMO energy of the HAP anion suggested by quantum chemical calculation.32 In a copper (II)

(a) (b)

Figure 3.23 (a) Chemical structure and ligation mode of HAP system and (b) MO diagrams and HOMO pictures
of PLY and HAP anions. Calculations carried out at the B3LYP/6-31+G*//B3LYP/6-31+G* level of theory.
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Scheme 3.6 One-pot synthetic method for 1,3,4,6,7,9-hexaazaphenalene
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(d)

(a)

(c)

(b)

(e)

Figure 3.24 ORTEP representation of copper (II) complex of HAP anion. (a) molecular structure, (b) packing
diagrams, (c) packing structure in ac-plane, and (d) (e) bc-plane. Dashed lines denote hydrogen bond. The light
colored molecular framework belongs in the next sheet of the forefront network. In the packing structure of (e),
HAP skeleton is represented by the white color. (a,b,d Reprinted with permission from [32]. Copyright 2005
American Chemical Society.)

complex, two HAP anions coordinate to a copper atom in a trans-fashion, and the anions are uniformly
stacked (Figure 3.24). The resulting 1-D columns are connected with each other by multiple hydrogen
bonds through ammonia molecules coordinated to the copper atom, resulting in a 3-D network. These
results indicate that the HAP anion works as an adhesive ligand that is suitable for in-plane networking
as well as out-of-plane π stacking.

3.7.4 β-Azaphenalenyl derivatives

For the construction of 2-D and 3-D interactions used by the coordination of nitrogen atoms to metal
ions, Rubin designed and synthesized the 2-azaphenalenyl (2APLY)33 and perchloro-2,5,8-triazaphenalenyl
(PTAZ) radicals.34 Because the nitrogen atoms are incorporated into the β positions with very small
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Scheme 3.7 Synthetic method for 2APLY

coefficients of the SOMO, perturbations on their electronic structures are expected to be much smaller
than those of α-type APLYs.

The synthetic method for 2APLY is shown in Scheme 3.7.33 Reduction of the carbonyl groups of the
1,8-naphthalimide derivative and the following deprotection of the benzyl group give the amine derivative.
N -Chlorination, dehydrochlorination and oxidation with oxygen give 2APLY as a yellow–green solution.
While this neutral radical is stable in a degassed solution for months, the radical stability with air in the
solution and in the solid state is low, hampering its isolation as a pure form.
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Scheme 3.8 Synthesis of PTAZ and the dechlorinated closed shell dimer
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The synthesis of PTAZ is achieved by an intramolecular double cyclization reaction as a key step
(Scheme 3.8).34 The chloropyridine derivative, prepared in two steps from diethyl 1,3-acetonedicarboxylate,
is converted to the dicyanomethylene derivative. The triazaphenalene skeleton is constructed by the solid
state reaction with phophorus pentachloride (PCl5) and tetramethylammonium chloride (Me4NCl) through
chlorination and cyclization in one pot, and is obtained as a moisture-sensitive compound. Reduction of
the triazaphenalene with Bu4NI gives a mixture of PTAZ and its dechlorinated closed shell dimer having
a C=C double bond. The neutral radical is purified by silica gel column chromatography and isolated as a
dark blue solid with a high stability in air.

The spin density distributions of these neutral radicals are determined by EPR measurements and density
functional theory (DFT) calculations (Figure 3.25). The results show large spin densities on their α carbons
similar to pristine PLY.

The crystal structures of these β-azaphenalenyl neutral radicals were not elucidated. However, the
copper(II) diimine chelate complex of the closed shell σ dimer, with a C–C single bond formed by
dimerization at the α positions of the two 2APLY, was obtained by means of crystallization of 2APLY
with Cu(hfac)2 (hfac = hexafluoroacetylacetonato) (Figure 3.26).

(d)(c)(b)(a)

Figure 3.25 (a), (c) Observed hfccs and (b), (d) spin density distributions of 2APLY and PTAZ, respectively. The
relative signs of hfccs were not determined experimentally.

(a) (b)

Figure 3.26 (a) Chemical structure and (b) molecular structure of Cu(hfac)2(1,1′-bi-1H-2-azaphenalene).
(b Reprinted with permission from [33]. Copyright 2003 American Chemical Society.)
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Figure 3.27 Crystal structure of the dechlorinated closed shell dimer of PTAZ. (Reprinted with permission
from [34]. Copyright 2005 American Chemical Society.)

Analysis of the magnetic susceptibility of PTAZ indicates that the radical forms a π dimer similar to
the case of TBPLY in the solid state. The color of the dechlorinated closed shell dimer of PTAZ is reddish
in the crystal, but it turns to deep blue upon dissolution. X-ray crystal structure analysis shows the bent
nature of the double bond between the two triazaphenalene units (Figure 3.27). Therefore, the color change
may be due to an increase of bond distortion in solution or free rotation of the strained central C=C bond.

The dechlorinated σ bond formation nature of PTAZ may indicate that the β-incorporated APLY
derivatives have similar spin distributions as the pristine PLY. However, as mentioned above, PCPLY
does not form an σ bond dimer between the neutral radicals. Thus, it is likely that the modulation effect
in the electronic structure by the introduction of nitrogen atoms appears in PTAZ.

3.8 Oxophenalenoxyl systems

3.8.1 Molecular design and topological isomers

All of the phenalenyl derivatives having tert-butyl, chloro-, and dithio- substituents, as well as the nitrogen-
containing ones described above, have more or less phenalenyl-type electronic structures with large positive
spin densities at the α positions. On the other hand, introduction of two oxygen atoms into the phenalenyl
skeleton as oxo- and oxyl- functional groups produces the novel neutral radicals termed “oxophenalenoxyl”
(OPO) (Figure 3.28). A variety of topological isomers exists depending on the positions of the oxygen
substituents, and in general these neutral radical systems have electronic structures dramatically different
from that of the PLY system. A β, β-substituted isomer is represented as a triradical structure, implying low
stability of this system. In contrast, α, β- and α, α-substituted isomers give monoradical structures. Among
them, α, α- isomers are expected to possess high stabilities by extensive delocalization of unpaired electrons
(except for 3OPO) with unique topological symmetries illustrated by resonance structures (Figure 3.29a).
The quantum chemical calculations for OPO indicate that most of the spin densities exist on the β carbons
and the two oxygen atoms in all OPO topological isomers, showing the remarkable difference from that of
the PLY system (Figure 3.29b). Furthermore, the distribution natures change significantly depending on the
positions of two oxygen atoms, which is supported by the resonance structures and local aromaticities by
NICS calculations (Figure 3.29a,c).16 The dependence of the spin distributions on the positions of oxygen
substituents has been termed “spin topological symmetry control”.35,36

The molecular orbital pictures and energy diagrams of PLY, 4OPO and 6OPO are illustrated in
Figure 3.30. In sharp contrast to the PLY system, the coefficients of the SOMO in the OPO systems
are mainly centered on the β carbons and the oxygen atoms. Furthermore, significant lowerings of the
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Figure 3.28 Topological isomers of the oxophenalenoxyl (OPO) system.

(a) (b) (c)

Figure 3.29 (a) Representative local spin structures and (b) spin density distributions. (c) NICS values of 3OPO,
4OPO, and 6OPO.
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SOMO levels of the OPO systems compared to that of the PLY system imply high electron accepting
abilities of the OPO systems. The energy gaps between the SOMO and LUMO in the OPO systems are
significantly smaller than that of the PLY system, indicating multistage electron accepting abilities which
may be key factors for applications as electrode active materials in secondary batteries (vide infra). As
a matter of fact, cyclic voltammetry measurements of 3OPO, 4OPO, and 6OPO systems show two-stage
one-electron reduction behaviors (vide infra). Importantly, the coefficients of the SOMOs of the resulting
radical dianions (LUMO in the neutral radical systems) mainly exist on the α positions of the phenalenyl
skeletons, implying the phenalenyl-type electronic structure (Figure 3.30). This electronic feature is also
supported by quantum chemical calculations (Figure 3.31). Such a phenomenon – showing a remarkable
change in the electronic structures depending on the redox states – is a rare event, and is termed “redox-
based spin diversity”.36,37a,38 Considering all of these significant electronic features, OPOs are viewed as
completely novel neutral radical systems, unlike the PLY system, and have a high potentiality for creating
a qualitatively different molecular functionality from that obtained by conventional phenoxyl radical.

3.8.2 3-Oxophenalenoxyl (3OPO) system

The synthetic method for 3OPO is depicted in Scheme 3.9. Condensations of 1,8-naphthalic anhydride with
arylacetic acid derivatives gives 2-aryl-substituted 3-hydroxyphenalenones as 3OPO precursors. Oxidation
of these hydroxyl compounds affords the closed shell σ dimers of 3OPO derivatives.39 These experimental
observations are well understood by the major contribution of the spin density distribution on the 2-position

(a) (b) (c)

Figure 3.30 Molecular orbital pictures and energy diagrams of (a) PLY, (b) 4OPO, and (c) 6OPO. Calculations
carried out at the ROBLYP/6-31G**//ROBLYP/6-31G** level of theory.
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(a) (b) (c)

Figure 3.31 Spin density distributions of the radical dianions of (a) 3OPO, (b) 4OPO, and (c) 6OPO systems.
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Scheme 3.9 Synthetic method for 3-hydoxyphenalenone derivatives and their σ -dimerization reactions
upon oxidation

of 3OPO (Figure 3.29). These chemical reactivities were extensively investigated with various substituents
of the 3OPO system, indicating a general trend in the formation of the closed shell σ dimers at the 2-
positions. Pyrolysis of the σ dimer gives the corresponding neutral radical of 3OPO in solution, although
this radical could not be isolated.40

For the stabilization of 3OPO, suppression of reactivity at the 2-position is the most effective approach.
Thus, chemical modification for the decrease in spin density at the 2-position by spin delocalization into the
π system substituted at 2-positions was investigated. Phenyl, p-methoxyphenyl, and quinolyl derivatives
result in σ -dimeric structures between the carbon atoms at the 2-positions (Figure 3.32a,b).39a In sharp
contrast, in the σ dimer of the thienyl derivatives, the carbon atoms on the thiophene rings take part in bond

(a) (b) (c) (d)

Figure 3.32 σ -Dimeric structures of (a) phenyl, p-methoxyphenyl, and quinolyl derivatives, (b) X-ray crystal
structure of p-methoxyphenyl derivative. (c) and (d) σ dimeric structures of thienyl derivatives. (b Reprinted
from [39a], Copyright 2005, with permission from Elsevier.)
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(a) (b) (c) (d)

Figure 3.33 Spin density distributions and torsion angles of (a) 2-phenyl, (b), (c) 2-quinolyl, and (d) 2-thienyl
substituted 3OPOs. (a,c Reprinted from [39a], Copyright 2005, with permission from Elsevier.)

formation between the radicals (Figure 3.32c,d). This result indicates that the degree of spin delocalization
into the thiophene ring seems to be relatively large because thiophene is more likely to be coplanar with
the phenalenone skeleton than six-membered rings such as the phenyl and quinolyl derivatives.39b

Quantum chemical calculations also support this kind of stereoelectronic effects (Figure 3.33). While the
phenyl derivative has a torsion angle of 31.5◦, the thienyl derivative possesses a coplanar structure, which
gives rise to a considerable amount of spin delocalization into the thienyl moiety and, correspondingly,
a decrease of the spin density at the 2-position. Furthermore, the quinolyl derivative exhibits significant
changes in its electronic structure depending on the torsion angle (Figure 3.33b,c). This study demonstrates
an effective manipulation of the degree of spin delocalized nature of open shell π -electronic systems by
invoking functional substitution, and provides important criteria to design novel spin delocalized π radicals
for realization of novel spin-mediated molecular functional materials. From these points of view, utilization
of intermolecular bond formation for molecular memory is an intriguing issue41: that is, the weak bonding
nature seen in the π -bonded dimer of TBDAP can be applied to a dynamic memory in an operation, while
the controllable strong bonding nature seen in the σ -bonded dimer of 3OPO can be applied to a static
memory to save data.

3.8.3 4- and 6-Oxophenalenoxyl (4OPO, 6OPO) systems

In a sharp contrast to 3OPO, the 4OPO and 6OPO derivatives are extensively spin delocalized and are
expected to have higher thermodynamic stabilities than the 3OPO derivatives (Figure 3.34).35 However,
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Figure 3.34 Representative local spin structures of (a) TB4OPO, (b) TB6OPO, and (c) 7-hydroxy-TB6OPO.
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in order to isolate them as stable species in air, kinetic stabilization by steric protection at the appropriate
positions is a key issue. From this viewpoint, 6OPO system with methyl substituents at the 2, 5-positions
was first designed. However, this neutral radical could not be isolated due to the generation of benzyl-type
radical and subsequent σ dimerization.42 The tert-butyl group, sterically more congested group than methyl
group, greatly improves the stabilities of 4OPO and 6OPO, enabling them to be handled in air.35,43 Taking
advantage of this strategy, 7-hydroxy-TB6OPO was also designed and synthesized as the first neutral
radical having an intramolecular hydrogen bond coupled with an extremely delocalized spin system.44

These neutral radicals were prepared by the methods depicted in Scheme 3.10. Among the synthetic
steps, tert-butylation of 2,7-dimethoxynaphthlene, the first step of the method, is the most important
key reaction. The Friedel–Crafts type introduction of tert-butyl groups into the electron rich aromatic
compounds is not easy, because one-electron oxidation reaction of the substrate easily occurs and thus
inhibits the Friedel–Crafts reaction. This difficulty is overcome by the use of t-butyl alcohol and trifluo-
roacetic acid (CF3COOH) as solvents. Thus, tri-tert-butylated 4,9-dimethoxyphenalanone (“phenalanone”
in Scheme 3.10), a common synthetic intermediate of three kinds of neutral radicals, is prepared in five
steps. Reduction of the carbonyl group followed by demethylation and aerobic oxidation gives the 6-
hydroxyphenalenone. Treatment of this compound with lead(IV) oxide affords TB6OPO as a deep green
solid. TB4OPO, a topological isomer of TB6OPO, is also obtained as a green solid in four steps from
the phenalanone derivative. The key reaction step is the regioselective reductive demethoxylation reaction
of the dimethoxyphenalenone derivative. This reaction is furnished with lithium aluminum hydride in the
presence of copper(I) iodide. 7-Hydroxy-TB6OPO is also obtained as dark grayish green powder from
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the same common synthetic intermediate by DDQ (dichlorodicyanobenzoquinone) oxidation, demethyla-
tion and oxidation. All of these OPOs are very stable in air in the solid state for a few months. In addition,
8-hydro43 and 8-(p-halophenyl)45 derivatives of 6OPO were also designed and prepared. Both neutral
radicals are stable enough to handle in air in the solid state.

The electronic structures of TB4OPO and TB6OPO were investigated using solution EPR/1H-ENDOR/
TRIPLE studies. Figure 3.35 shows the EPR spectra of 4OPO and 6OPO, and the hfccs determined in terms
of these spectra and quantum chemical calculations. The spin delocalized natures and “spin topological
symmetry control” phenomena predicted by theoretical calculations are experimentally demonstrated.

Figure 3.36b–d shows the possible tautomers of 7-hydroxy-TB6OPO depending on the delocalized
nature of the unpaired electron based on the 6OPO, 4OPO, and 9OPO π -electronic structures, respectively.

(a)

(b)

Figure 3.35 Experimentally and theoretically (in parentheses) obtained hfccs of 1H, spin density distributions,
and hyperfine EPR spectra for (a) TB4OPO and (b) TB6OPO. (b Reprinted with permission from [43]. Copyright
2000 American Chemical Society.)
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Figure 3.36 (a) A local spin structure having a dominant contribution, (b–d) possible tautomers based on 6OPO,
4OPO, and 9OPO π -electronic structures, respectively, and (e) spin density distribution of 7-hydroxy-TB6OPO.
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The solution EPR/1H-ENDOR/TRIPLE and diluted solution IR spectra, with the aid of quantum chemical
calculations, reveal the dominant contribution of the 6OPO-type electronic structure with an intramolecular
hydrogen bond between the 1- and 9-positions (Figure 3.36a), although the radical might exist as a
mixture of tautomers. An intramolecular proton transfer gives unique dynamic dielectric properties, as
is well demonstrated by a 9-hydroxyphenalenone system (closed shell molecule).46 Thus, the possible
interconversion between structures b and c may contribute to the control of magnetic properties in the
solid state, as well as to the realization of dynamic spin nature.

7-Hydroxy-TB4OPO, a topological isomer of 7-hydroxy-TB6OPO, was also designed and prepared
(Figure 3.37a).47 This neutral radical also has several possible tautomeric structures based on the 4OPO
electronic structure (Figure 37b–d). Solution EPR measurements and quantum chemical calculation confirm
this electronic structure. Interestingly, the radical has a hydrogen bonding capability directed outwards from
the molecular skeleton, raising the possibility of the construction of intermolecular hydrogen bonding
interactions.

To investigate a heteroatomic chemical modification in 6OPO, a 7,9-diaza derivative of 6OPO system
(DAOPO) was designed and generated by a treatment of a corresponding anion with DDQ oxidation
in a toluene solution (Figure 3.38).48 The position of the two oxygen and nitrogen atoms raises the
possibility that this radical could be used as a bridging ligand for intermolecular networks. EPR/1H-,
14N-ENDOR/TRIPLE spectroscopies and quantum chemical calculations reveal that DAOPO possesses
the 6OPO-type electronic structure. Interestingly, exposure of the EPR tube of this radical degassed
solution to sunlight at −78 ◦C induces a rapid decomposition of the radical within 10 minutes, although
in the dark the neutral radical is stable at −30 ◦C for a few weeks. Thin layer chromatography indicates

(a) (b) (c) (d) (e)

Figure 3.37 (a) Local spin structure, (b–d) possible tautomers, and (e) spin density distribution of 7-hydroxy-
TB4OPO.
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Figure 3.38 (a) A local spin structure, (b) spin density distribution, and (c) ligation motif of DAOPO.
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a transformation of the radical to the corresponding hydroxyphenalenone derivative, a radical synthetic
precursor. A considerable decrease of the calculated SOMO–LUMO energy gap (0.24 → 0.09 eV) as well
as a lowering of SOMO energy level (−2.99 → −3.27 eV) in comparison with those of the 6OPO may
influence this instability to sunlight.

3.8.4 Redox-based spin diversity

The redox activities of the OPO systems were investigated by cyclic voltammetry measurements. Each
of the anionic salts shows two-stage one-electron redox waves (Figure 3.39).36,37a All of the redox processes
for the TB4OPO and TB6OPO systems are reversible, while the oxidation wave (E p

OX) from the anion
to the neutral radical of p-methoxyphenyl derivative of 3OPO system, MP3OPO, is irreversible. This is
probably due to the σ dimerization of 3OPO system (vide supra). Furthermore, the reduction potentials
from the neutral radical to the anion in the OPO systems are similar to those of tetracyanoquinodimethane
(TCNQ) and p-chloranil, typical electron acceptor molecules, indicating high electron accepting abilities.
In these experimental conditions, all the chemical species except for the 3OPO neutral radical possess
high stabilities.

Chemical generation of the radical dianions of MP3OPO, TB4OPO, and TB6OPO systems and inves-
tigations of their electronic structures have been conducted. Treatment of the neutral radicals with alkali
metals such as potassium and sodium give the radical dianions as stable chemical species in degassed
sealed conditions even at room temperature (Figure 3.40). EPR/1H-ENDOR/TRIPLE measurements show
totally different hfccs from those of the corresponding neutral radicals, experimentally revealing the “redox-
based spin diversity” nature of these species (vide supra).36,37a,38 Quantum chemical calculations and the
“MO-based VB method” (molecular orbital-based valence bond method)37b also corroborate these views
with contributing weights of any possible resonance structures. In order to observe these unique electronic
properties in other systems, there are two major necessities: (1) high stabilities in each oxidation state, and
(2) a significant difference in the orbital symmetry between two frontier orbitals. For these limitations,
not only polycyclic aromatic hydrocarbons, such as naphthalene and anthracene, but also the multistage
amphoteric redox systems based on the phenalenyl (vide infra) are excluded.49 This novel concept attracts
much attention in terms of the topological symmetry of spin density distribution versus charge fluctuations
and stabilization effect of the OPO systems.36,37a,38
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Figure 3.39 Cyclic voltammograms for (a) Et4N+ · MP3OPO− (5 mM), (b) Et4N+ · TB4OPO− (3 mM), and
(c) Et4N+ · TB6OPO− (10 mM) in acetonitrile solutions at 300 K.
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Figure 3.40 (a) Chemical structures and spin density distributions of the radical dianions of MP3OPO, TB4OPO,
and TB6OPO (potassium salt) with observed and calculated (in parentheses) hfccs of 1H and 39K+. (b) EPR
spectrum of the potassium salt of TB6OPO radical dianion in a diglyme (bis(2-methoxyethyl) ether) solution.
(b Reprinted with permission from [37a]. Copyright 2002 American Chemical Society.)

The observed hfccs include couplings attributable to 39K and 23Na nuclear spins (counter cations),
indicative of tight-ion-pairing structures. DFT calculations suggest extremely delocalized natures of
the two anion charges over the OPO skeleton likely to the neutral radical systems, probably leading
to their high stabilities (vide infra).36,37a,38 As expected by their dramatic change of electronic
structures, color changes also occurred depending on the redox states, meaning that the OPO system is
electrochromic.

3.8.5 Molecular crystalline secondary battery

Reversible redox processes in a solution can be compared to charge/discharge processes of an electrode
active material in a secondary battery. An organic molecule with multistage redox ability can, therefore,
accommodate a large number of electrons in the molecular skeleton. Thus, there is a unique possibility
to realize a large discharge capacity in the secondary battery system by utilizing such organic molecules
as electrode active materials. In 2002, this idea of a secondary battery utilizing phenalenyl and OPO
derivatives was independently claimed by different authors.26,37a,38 Then, the novel secondary battery
based on TB6OPO as a cathode active material was developed and termed “molecular crystalline sec-
ondary battery” (Figure 3.41a,b).50 Importantly, this secondary battery shows a step-wise charge/discharge
behavior and a comparable performance in discharge capacity (182 Ah/kg) to commercially available
lithium ion secondary batteries (150 ∼ 170 Ah/kg) (Figure 3.41c). This step-wise process and discharge
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Figure 3.41 (a) The coin cell of the ‘‘molecular crystalline secondary battery’’ containing TB6OPO as a cathode
active material and metal lithium as an anode active material; (b) a propeller working using the force of the
battery; (c) the charge/discharge curves at a current density of 0.27 mA/cm2 in the voltage range of 2.0–4.0 V;
and (d) the possible electrochemical reactions in the cathode and the anode under charge/discharge processes.
Calculated charge distributions of the anion and the radical dianion of 6OPO are shown below the corresponding
chemical structures.

capacity unequivocally demonstrate that all of the TB6OPO molecules in the cathode participate in the
charge/discharge processes.

Delocalization greatly contributes to the high stability of anion and radical dianion species in the cathode
(Figure 3.41d). The use of organic molecule, unlike polymer and metal complex, as a cathode active mate-
rial has expanded to include closed shell electron donor and acceptor molecules, such as tetrathiafluvalene
(TTF) and TCNQ derivatives, which show discharge capacities of 200 ∼ 260 Ah/kg.51 The relationship
between the physical properties of the molecule (i.e. solubility and redox potential and on-site coulombic
repulsion measured by cyclic voltammetry in a solution) and discharge voltage and cyclability have been
carefully investigated.51 These studies clearly demonstrated a conceptual advance in design criteria of elec-
trode active materials with an increased discharge capacity. These studies also contribute significantly to
practical considerations of avoiding transition metal elements and increasing energy density. A molecular
level understanding of redox processes (charge/discharge processes) occurring inside the secondary battery
in terms of a variety of experimental measurements is the next object for the design of more sophis-
ticated “molecular crystalline secondary battery”. Energy storage devices having multiple functionalities
based on redox-driven changes in physical properties of the molecule are anticipated for next generation
molecular devices.
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3.8.6 Spin-center transfer and solvato-/thermochromism

As mentioned above, 6OPO has an electron accepting ability similar to p-chloranil. Thus construction of
intra/intermolecular interactions with an electron donating group/molecule affords intriguing possibilities
as the functional (donor–acceptor) organic material. From this viewpoint, 6OPO derivatives linked with
TTF or ethylenedithio-TTF (EDT-TTF), TTF-6OPO, TTF-p-Ph-6OPO and EDT-TTF-p-Ph-6OPO (shown
below), have been designed and prepared and their intramolecular interactions evaluated.52,53 It was found
that TTF-6OPO is unique in its ability of modulated intramolecular electron transfer (IET) by a moderate
change of external environments, such as solvent and temperature in a solution, leading to the “spin center
transfer” accompanied with solvato-/thermochromism.52b
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The synthesis of TTF-6OPO was accomplished by the method depicted in Scheme 3.11. Iodination
of 2,7-dimethoxyphenalanone, followed by cross-coupling with a tributyltin derivative of TTF, afforded
a TTF-linked phenalenone derivative. A 1,4-reduction, demethylation, and aerobic oxidation of the
phenalenone gave a hydroxyphenalenone, a radical precursor. Finally, the radical was prepared by
treatment with lead(IV) oxide and obtained as a black powder with a reasonable stability in air at room
temperature for weeks. The radical is very stable in degassed solution.

The spin transfer evident in TTF-6OPO is depicted in Figure 3.42a.52b This unconventional dynamic
property involves two chemical species, neutral radical and zwitterionic radical, and is induced by an
effective and reversible IET. In a dichloromethane solution, TTF-6OPO is in the neutral radical state, in
which most of the spin localizes on the whole molecular skeleton of 6OPO moiety. In sharp contrast, in
trifluoroethanol (CF3CH2OH) solution TTF-6OPO is in the zwitterionic radical state, in which most of
the spin localizes on the TTF moiety as radical cation species. This spin switching behavior is accom-
panied with a solvatochromism from orange to dark green color. The two kinds of chemical species are
unequivocally characterized by extensive EPR measurements. More interestingly, by controlling the ratio
of dichloromethane and trifluoroethanol, temperature-dependent spin center transfer was demonstrated with
100 % interconversion within a 50 K temperature differential (0.1 kcal/mol !). This phenomenon is accom-
panied by thermochromism (Figure 3.42b,c). This unprecedented phenomenon is the first spin switching
phenomenon in a purely organic open shell molecular system,54 while this type of phenomenon induced
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Figure 3.42 (a) Spin center transfer in a purely organic system between neutral radical and zwitterionic radical;
(b) temperature dependence of the liquid phase EPR spectra in a CH2Cl2/CF3CH2OH (199:1) solution (7.7 ×
10−5 M); and (c) temperature-dependent UV-Vis spectra in a CH2Cl2/CF3CH2OH (99:1) solution (8.0 × 10−5 M)
of TTF-6OPO. (b,c Reproduced with permission from [52b]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.)
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by IET is well known as “valence tautomerism” in a metal complex, especially in cobalt-semiquinone
complexes.55 This phenomenon is speculated to arise from intermolecular hydrogen bond between the
carbonyl moieties in TTF-6OPO and the solvent trifluoroethanol, which is absent in dichloromethane
solution. Characterization of the solid state properties and possible switching by applying external stimuli,
such as an electrostatic field or light, is of particular interest in creating novel molecular functionality. In
particular, the realization of a “photo-induced spin center transfer” is also intriguing from the viewpoint
of the solar cell application.55,56

3.9 Phenalenyl-based zwitterionic radicals

Among the topological isomers of hydroxyphenalenones, synthetic precursors of the OPO, 9-
hydoroxyphenalenone have a hydroxyl group and a carbonyl group at the adjacent peri positions, similar
to acetylacetone. Thus, the corresponding anion derivative can act as a chelate ligand for metal ions. In
the 1970s, 9-hydoroxyphenalenone-based metal complexes, [PLY(O,O)]2M (M = transition metal ions
such as Co2+, Zn2+, Mn2+, Ni2+, and Fe2+ or main group elements such as Na+, Mg2+, Be2+, and Al3+),
were prepared.57a–e Each phenalenyl moiety in these metal complexes is in monoanionic (nonradical)
state. In 1986, Haddon focused on [PLY(O,O)]2Be and [PLY(O,O)]2B, and for the first time succeeded
in generating zwitterionic radicals by electrochemical reduction.57f Haddon’s subsequent studies led to
successful isolation of a series of spiro-conjugated bisphenalenyl boron complexes [PLY(O,N)]2

+B−,58–64

[PLY(N,N)]2
+B−,65 and [PLY(O,O)]2

+B−.66 The negative charge on the boron atom is formally
neutralized by the positive charge on one of the phenalenyl ligands, giving the zwitterionic radical
structure. Furthermore, because of the perpendicular nature of the π -conjugated planes of the two
phenalenyl moieties, a spiro-conjugated interaction between the molecular orbitals derived from the
NBMO of the pristine PLY permits full delocalization of spin and charge. Among these complexes,
the hexyl derivative [PLY(O,N)]2

+B− (R1 = n-Hex) was the first phenalenyl-based single-component
molecular conductor, showing a room temperature conductivity of σ = 0.05 S/cm (Figure 3.43), although
there are no intermolecular contacts shorter than van der Waals radius (3.4 Å for C· · ·C).58,67,68 This
complex shows a weak antiferromagnetic interaction with Weiss constant of θ = −10 K.
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The ethyl derivative [PLY(O,N)]2
+B− (R1 = ethyl) and the butyl derivative [PLY(O,N)]2

+B− (R1 = n-
butyl) show “magneto-optical-electronic bistability”, in which remarkable changes in magnetic, optical, and
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(a) (b)

Figure 3.43 (a) Stereo view along b-axis and (b) electric conductivity of [PLY(O,N)]2
+B− (R1 = n-Hex) in the

crystal. (a,b Reprinted with permission from [58]. Copyright 1999 American Chemical Society.)
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diamagnetic state

(a) (b)

Figure 3.44 (a) Crystal structure of and (b) interconversion between the diamagnetic π dimer (low temperature
form) and the paramagnetic π dimer (high temperature form) of [PLY(O,N)]2

+B− (R1 = ethyl).

electrical properties in the crystalline state depend on temperature.59 The n-butyl derivative possesses a
high electrical conductivity of 0.14 S/cm at around 347 K59,60 as single-component molecular conductor,67,68

and forms π dimers in the crystal without shorter contacts between π dimers than the sum of van der
Waals radius of carbon atom (Figure 3.44a). At temperatures below 320 K, each complex possesses a
spin in the π dimer regions and shows an antiferromagnetic interaction. In a sharp contrast, above 350 K
each complex shows paramagnetic behavior because the spins reside mainly on the phenalenyl moieties
not directly involved in the π dimer (Figure 3.44b). This dynamic spin behavior induces a simultaneous
elongation of the intradimer distance from 3.2 to 3.3 Å and significant changes in IR transmittance spectra
(Figures 3.45a–c). Figures 3.45d–f show the temperature dependence of IR transmittance, conductivity,
and magnetic susceptibility of [PLY(O,N)]2

+B− (R1 = n-butyl). These three physical property changes
occur within the temperature range 320–350 K and are hysteretic in nature, indicating the bistability of the
system. An occurrence of the phase transition above room temperature is a rare event, and in general
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Figure 3.45 IR transmittance of single crystals of (a) [PLY(O,N)]2
+B− (R1 = ethyl), (b) [PLY(O,N)]2

+B− (R1 = n-
butyl), and (c) [PLY(O,N)]2

+B− (R1 = n-Hex) at the high temperature (solid lines) and low temperature (dotted
lines) states. The arrows indicate cut-off frequencies of the transmittance (ωc). Bistability of (d) IR transmittance
at 3.85µm, (e) conductivity, and (f) magnetic susceptibility, arising from the hysteretic phase transition in
[PLY(O,N)]2

+B− (R1 = n-butyl). The open circles represent the cooling part of the temperature cycle, and the
closed circles represent the heating part. The arrows indicate the direction of the temperature sweep.

the temperature region does not attract attention in standard measurements for molecule-based magnetic
materials. Thus, these studies underscore the importance of magnetic measurements in the high temperature
range above room temperature.59c These materials are applicable for information storage devices and
molecular memory.41

Importantly, these boron complexes have high stabilities and do not form σ -dimer structures in the
crystalline states in spite of the lack of bulky substituents on the phenalenyl skeletons.61,62 The crystal
structures greatly depend on the kinds of alkyl substituents at the nitrogen atoms coordinating the metal ions,
and the phenalenyl moieties form the π dimer, π chains, and π steps structures. The magnetic susceptibility
measurements of all metal complexes (except for [PLY(O,N)]2

+B− (R1 = cyclooctyl)) show relatively
weak antiferromagnetic intermolecular exchange interactions (1/10 ∼ 1/100) in comparison with TBPLY
(−2000 K). Extended Hückel theory (EHT) band structure calculations suggest that [PLY(O,N)]2

+B−

(R1 = cyclohexyl) shows 3-D metallic behavior with a bandwidth of ∼0.5 eV. However, the complex has
an activated conductivity. The conducting behavior of this class of zwitterionic radicals, including this
cyclohexyl derivative, is considered in terms of a “resonating valence bond theory”.63,66

Extension from the bisphenalenyl to trisphenalenyl metal complexes having silicon69 or germanium69b

as central metals (shown below) is intriguing from the viewpoint of multistage redox ability and lowering
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of the on-site coulombic repulsion. Recently, Haddon reported the first synthesis and isolation of the
neutral radical of the trisphenalenyl silicon complex, which shows a weak partial π -dimer structure and
weak antiferromagnetic interaction (θ = −0.75 K).70 Further studies on the trisphenalenyl metal complex
are expected.
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3.10 π -Extended phenalenyl systems

3.10.1 Triangulenes

Extension of the π -conjugated electronic network of the phenalenyl system leads to the enhancement of
the spin delocalized nature and spin multiplicities. As mentioned previously (Section 3.2), zigzag “clip-
ping” of a triangular motif from graphene affords non-Kekulé polynuclear benzenoid (PNB) hydrocarbons
(π -extended phenalenyl system termed “open shell graphene”) possessing multiple unpaired electrons
(Figure 3.1b and 3.2b). Most importantly, these molecular systems are expected to be in high spin states
in the ground states due to the topological degeneracy of NBMOs with non-disjoint nature according to
theoretical calculations.7,13b,71a

Triangulene (or Clar’s hydrocarbon) possesses three phenalenyl substructures with C3 molecular sym-
metry and a pair of degenerate NBMOs, and has not been detected so far (Figure 3.1b, Scheme 3.12). In
1953, Clar reported that generation of the triangulene gives polymerized products, revealing the kinetic
instability of the molecule.6d Thus, the generation and chemical identification of non-Kekulé PNB hydro-
carbon not only are long standing issues in chemistry but also attract much attention from the viewpoint of
recent material challenges in the field of molecule-based magnets.2d–j In 1993, Bushby attempted to make
a series of non-Kekulé PNBs with heteroatomic modification by chemical reduction of the corresponding
diketones, and generated trioxytriangulene, a triangulene with three oxide groups at the positions having
large coefficients of NBMOs (Scheme 3.12).71 This diradical trianion species has a high stability in a
degassed solution even at room temperature, and its ground state spin multiplicity is determined to be a
triplet based on its EPR spectroscopy in a frozen solution. The introduction of heteroatoms lifts the degen-
eracy of the NBMOs, causing a kinetic exchange interaction to dominate over dynamic spin polarization
in the parent π systems.

In 2001, a hydrocarbon triangulene derivative, tri-tert-butyltriangulene, was designed in which three
tert-butyl groups are introduced on the carbon sites with nodes in the NBMOs for protecting the reactive
carbon sites as well as minimizing the electronic perturbation (Schemes 3.12 and 3.13, Figure 3.46a).7,13b

The diradical molecule was generated by a treatment of dihydrotriangulene in a toluene solution with
p-chloranil. The triplet state EPR spectrum is observed as a superposition of spectra due to monoradical
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Scheme 3.12 Synthetic method for trioxytriangulene

species (Figure 3.46b). By the spectral simulation, the spin Hamiltonian parameters are determined to
be S = 1, g = 2.003, |D |/hc = 0.0073 cm−1, and |E |/hc ∼ 0 cm−1, which are attributed to the tri-tert-
butyltriangulene, a genuine hydrocarbon structure with a threefold rotation axis. The linear dependence
of the triplet signal intensity I on 1/T obviously shows that the triplet is the ground state (Figure 3.46c).
The result is in a good agreement with the theoretical prediction for pristine triangulene. The resulting
diradical does not have a stability high enough to survive in a solution state, and thus oligomerization at
the carbon sites with large spin densities occurs at a temperature of more than 273 K. This study illustrates
a partial protection of the triangulene diradical system, and further stabilization by additional substitutions
is necessary for the isolation of the genuine non-Kekulé PNBs in the crystalline state.

Recent developments in high spin chemistry from experimental and theoretical sides are based on the
conceptual proposal of π -topological symmetry rules, which govern the spin alignment of open shell
genuine hydrocarbon π systems.3 A high spin polymeric system was designed by 2-D π extension of
triangulene (Figure 3.47a).7b,13b Band structure calculations based on crystal orbital approach on such an
infinite structure indicate the generation of a flat π -non-bonding crystal orbital (π -NBCO) band, which
delocalizes over the whole system (Figure 3.47b). The system is expected to have a super high spin
ground state because dynamic π -spin polarization mechanism occurs and the N -fold π -NBCO is occupied
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(a) (b) (c)

Figure 3.46 (a) Spin density distribution of tri-tert-butyltriangulene. Calculations carried out at the UBLYP/6-
31G//UBLYP/6-31G level of theory. (b) Observed triplet state EPR spectrum with monoradical species in a
frozen toluene matrix at 123 K; x, y, and z denote the canonical absorption peaks. (c) Plot of the temperature
dependence of the triplet signal intensity I versus 1/ T from 3.7–16 K. (b,c Reprinted with permission from [7a].
Copyright 2001 American Chemical Society.)
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Figure 3.47 (a) The structure of a 2-D triangulene-based super high spin polymeric π system. (b) The band
structure calculated for (a) in terms of a crystal orbital approach. (Reprinted from [7b], Copyright 2001, with
permission from Elsevier.)

by N ferromagnetically coupled spins. The structural rigidity is advantageous for maintaining the planarity
of the π -conjugated electron network,7b,13b

3.10.2 Trioxytriangulene with redox-based spin diversity nature

Trioxytriangulene, prepared by Bushby, possesses three 6OPO substructures, and it can be viewed as a
planar π -extended derivative of the 6OPO radical dianion. Quantum chemical calculation indicates that
the corresponding neutral radical possesses an electronic structure similar to that of the 6OPO neutral
radical, being significantly different from those of the radical dianion and the diradical trianion (trioxytri-
angulene) (Figure 3.48). Accordingly, this molecular system has a high potential to show the redox-based
spin diversity nature similar to the OPO systems.72 Furthermore, the expected high redox ability of this
system arouses interest as an electrode active material in the secondary battery. To realize this possi-
bility, appropriate chemical modifications to improve the stability of the molecular system are certainly
necessary.72

3.10.3 Bis- and tris-phenalenyl system and singlet biradical characters

As mentioned above, the phenalenyl system possesses amphoteric redox ability (E sum = 1.6 V), readily
generating the cation and anion species by one-electron oxidation/reduction (Figure 3.4c). To construct a
phenalenyl-based hydrocarbon with lower E sum values, chemical modifications to conquer the instability
of the neutral radical system are essential. In this context, Murata and Nakasuji have designed bis- and
tris-phenalenyl systems since the early 1970s, in which two or three phenalenyl ring systems are connected
with π -conjugated systems (Figure 3.49).73

These molecular systems possess Kekulé structures in the neutral states (except for TBzD). The
amphoteric four-stage redox behavior of IDPL, having a p-quinodimethane skeleton in the center
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Figure 3.49 Bis- and tris-phenalenyl systems showing amphoteric multistage redox natures. Esum values are
cited under the chemical structures.

of molecule, is illustrated in Figure 3.50a.73e This multistage redox nature is understandable by the
synergistic effect of destabilization of the neutral state due to the existence of p-quinodimethane structure
and the stabilization of charged redox states due to the formation and aromatization of the benzene
π system, as well as the amphoteric redox ability inherent in the phenalenyl system. Interestingly, TBzD,
possessing three phenalenyl moieties with a central benzene ring, shows an amphoteric six-stage redox
behavior in a solution state, although the molecule has low stability in air.73f
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Figure 3.50 (a) Amphoteric four-stage redox behavior and singlet biradical character in the neutral state of IDPL
estimated by CASSCF(2,2)/6-31G//RB3LYP/6-31G** and broken symmetry UB3LYP/6-31G** calculations. 1-D
chain with a slipped stack arrangement in the crystal of Ph2-IDPL. (b) top view, (c) side view. (b,c Reproduced
with permission from [74b]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.)

Recently, in the bisphenalenyl neutral system, the singlet biradical state was found to be a significant
resonance form (Figure 3.50a center).74 The degree of the contribution in IDPL was estimated to be 30 %
by CASSCF(2,2)//6-31G//RB3LYP/6-31G** and broken symmetry UB3LYP/6-31G** calculations.74b This
large singlet biradical character highly influences the formation of intermolecular interactions and thus crys-
tal packing structure. Ph2-IDPL, having two phenyl groups in the central six-membered ring (Figure 3.51a),
forms a 1-D chain in the crystal with a slipped stack arrangement and an average π –π distance of 3.14 Å,
which is substantially shorter than the van der Waals contact of carbon atoms (3.4 Å) (Figure 3.50c).74b

The overlap mode of the phenalenyl rings is quite similar to that of TBPLY in the crystal or the solution
state at low temperature, maximizing the SOMO–SOMO interaction between the molecules (Figures 3.7,
3.10, 3.50b). The band dispersions along the π –π stacking direction are estimated to be 0.54 eV (valence
band) and 0.51 eV (conduction band) by EHT. These values reflect the extremely close π –π contacts,
which are comparable to the band dispersions of the molecular conductors. The HOMO–LUMO gap of
Ph2-IDPL is 1.15 eV by electrochemical methods. The room temperature conductivity measured by the
two-probe method using a compressed pellet is 10−5 S/cm with an activation energy of 0.3 eV. This con-
ductivity is the highest value among structurally well defined, single component hydrocarbons in a neutral
state.74b,67,68

A bisphenalenyl derivative connected with a naphthoquinoid structure, Ph4-NDPL, possessing 50 %
singlet biradical character, was also prepared and isolated as air-stable crystals (Figure 3.51a).74c The
absorption band attributed to intramolecular HOMO–LUMO transition was observed at 865 nm, which is
significantly red-shifted from the corresponding absorption band of Ph2-IDPL (746 nm) (Figure 3.51b).
This result indicates that the HOMO–LUMO gap of Ph4-NDPL, with larger biradical character, is smaller
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(a) (b)

Figure 3.51 (a) Chemical structures and (b) solution absorption spectra of Ph4-NDPL (black line) and Ph2-IDPL
(gray line). (Reprinted with permission from [74c]. Copyright 2007 American Chemical Society.)

than that of Ph2-IDPL. The high stability of such hydrocarbons possessing contributions of singlet biradical
characters makes a complete contrast to most singlet biradicaloids, which can only be detected in matrixes
at low temperature due to their extremely high reactivity.

A phenyl-substituted derivative of BPLE (Figure 3.49), Ph2-BPLE, possesses a contribution of a singlet
biradical structure (14 %) and gives a charge transfer (CT) complex with F4-TCNQ (Figure 3.52).74d Ph2-
BPLE exists in the charge transfer complex as a radical cationic state, Ph2-BPLE •+, which is represented
by two canonical structures (Figure 3.52b). Interestingly, π –π overlap of the phenalenyl moieties of
Ph2-BPLE •+ is large, with an average distance of 3.34 Å in a staggered stacking motif, indicating a
maximizing SOMO–SOMO interaction similar to PLY (Figures 3.52c,d). The band structure calculation
with EHT gives a relatively large dispersion (0.42 eV) for a half-filled band along the π –π stacking
direction. The room temperature (290 K) resistivity ρRT is about 0.7� cm with metallic-like behavior
down to 280 K. Below 280 K, the charge transfer complex shows a transition into a semiconductive state
as a result of bond formation between the phenalenyl and F4-TCNQ carbon atoms.74d

The bisphenalenyl neutral hydrocarbon with singlet biradical character shows strong two-photon absorp-
tion (TPA) properties. The measurement of the TPA cross-section of Ph2-IDPL by the open-aperture
Z -scan method with a femtosecond optical parametric amplifier shows the large TPA cross-sectional value
of 5490 GM (Figure 3.53) utilized by resonance enhancement and sequential TPA process.75 The widely
accepted guiding principles of the molecular design for large TPA is the introduction of electron donor
and acceptor groups to the ends of a π -conjugated system as well as the extension of electronic commu-
nication through π conjugation. Thus, the TPA experiment of the singlet biradical hydrocarbons based on
the bisphenalenyl system provides new insights into design criteria.

The electronic properties, including amphoteric multistage redox ability and strong intermolecular elec-
tronic communication, of Ph2-IDPL lead to ambipolar carrier transport properties similar to graphene.4a,76

Organic field-effect transistors (OFETs) showing ambipolar properties attract considerable interest from the
viewpoint of fundamental science for organic semiconductors and also with respect to device applications
for light-emitting transistors and logic circuits. The OFET characteristics of Ph2-IDPL were measured in
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(a) (b)
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Figure 3.52 (a) Resonance structures and calculated singlet biradical character of Ph2-BPLE; (b) resonance
structures of Ph2-BPLE •+; (c) crystal structure of Ph2-BPLE–F4-TCNQ CT complex at room temperature; and
(d) overlap pattern of Ph2-BPLE •+ moieties. (c,d Reproduced with permission from [74d]. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA.)

Figure 3.53 One-photon absorption spectrum (black solid line, left) and two-photon absorption spectrum
(circle, right) of Ph2-IDPL in trichlormethane.
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Figure 3.54 Ambipolar carrier transporting properties of Ph2-IDPL. (a) Negative and (b) positive gate biases.
(Reprinted with permission from [76]. Copyright 2007, American Institute of Physics.)

vacuum at room temperature by using Ph2-IDPL film fabricated on the silica by vacuum evaporation.
Figure 3.54 shows the ID−VD characteristics of Ph2-IDPL film, where ID and VD represent drain current
and drain voltage, respectively, revealing good ambipolar transport properties with balanced hole and elec-
tron mobilities in the order of 10−3 cm2/Vs. Because of the narrow band gap of Ph2-IDPL film (0.8 eV), it
is considered that not only the hole mobility but also the electron mobility show high values even when a
gold electrode is used. The results fully exemplify the applicability of the phenalenyl system for ambipolar
semiconductive materials.

3.11 Curve-structured phenalenyl system

Exotic π -conjugated networks of nonplanar polycyclic aromatic hydrocarbons, that is bowl-shaped, belt-
shaped, or Möbius molecules, have drawn much attention not only in organic chemistry but also in materials
science.77 In order to approach the electronic structures and intra/intermolecular interactions of the non-
planar electronic system in terms of spin nature, bowl-shaped neutral radicals based on corannulene,
a substructure of C60,78 were designed and prepared (vide infra).79 This novel bowl-shaped π radical
possesses intrinsically 3-D molecular and electronic structures, and as such occupies an intermediate
geometry between the planar π radical such as phenalenyl systems and tetrahedral σ radical (Figure 3.55).

Taking advantage of the corannulene system, a curved phenalenyl anion was designed and prepared as
the first example of a nonplanar phenalenyl system (Figure 3.56a).80 The anion possesses a six-membered
peri -annelated corannulene featuring full π conjugation, a substructure of C70 with calculated average of
bowl depth and POAV (π -orbital axis vector) of 0.90 Å and 8.3 Å, respectively.80 The anion has a high
stability in a degassed solution state. Notably, NMR studies and quantum chemical calculations demonstrate
the salient features of the phenalenyl anion-type electronic structure are retained on the curved-surface
π system (Figures 3.56b,c). Furthermore, the “curved aromaticity” of this unique π -conjugated system
was evaluated using the NICS method and resonance structure studies.80,81 This result enters curved-
phenalenyl chemistry into the world of general phenalenyl chemistry, and contributes to the conceptual
advance in electronic communication between an odd-alternant phenalenyl system and a non-alternant
five-membered ring system (vide infra).
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Figure 3.55 Schematic drawings of planar π -radical, bowl-shaped π -radical, and tetrahedral σ -radical.

(a) (b) (c)

Figure 3.56 (a) Chemical structure, (b) calculated HOMO picture, and (c) electrostatic potential surfaces of
phenalenyl-fused corannulene anion. Calculations carried out at the RB3LYP/6-311G**//RB3LYP/6-311G** level
of theory. (b,c Reprinted with permission from [80]. Copyright 2008 American Chemical Society.) A full-colour
version of part (c) of this figure appears in the Colour Plate section of this book.

Neutral radical derivatives having one and five phenalenyl systems incorporated into the corannulene
system have been designed (Figure 3.57).80 Interestingly in these molecular systems, three types of spin
density distribution nature, α-, β-, and cyclopentadienyl-types, are seen in terms of resonance structures
(Figures 3.57a,c). Quantum chemical calculations suggest a coexistence of the three types of spin density
distribution (Figures 3.57b,d). These unique electronic features certainly rely on the existence of the five-
membered π -electronic system. The synthesis and characterization of these molecules will lead to new
synthetic methods for constructing gigantic curved π -conjugated skeletons consisting of odd-alternant
phenalenyl and non-alternant five-membered ring systems, and will also be a good testing ground for
elucidation of electronic structures and intrinsically 3-D intra/intermolecular interactions of the novel class
of neutral radical systems (vide infra).

3.12 Non-alternant stable radicals

3.12.1 Cyclopentadienyl radicals

The cyclopentadienyl radical possesses 5π electrons in a five-membered ring and is categorized as a
non-alternant hydrocarbon neutral radical. One-electron reduction or oxidation of this radical gives an
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Figure 3.57 (a), (c) Representative local spin structures and (b), (d) calculated spin density distributions of
mono-phenalenyl-fused and penta-phenalenyl-fused corannulene neutral radicals. Calculations carried out at
the UBLYP/6-31G*//UBLYP/6-31G level of theory.
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Figure 3.58 (a) Redox behaviors, (b) molecular orbital diagram, and (c) spin density distribution of cyclopenta-
dienyl radical calculated by the Hückel–molecular orbital method.
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anion (6π electrons) or a cation (4π electrons), showing aromaticity and antiaromaticity, respectively
(Figure 3.58a). The frontier molecular orbitals of the cyclopentadienyl radical calculated by the
Hückel-MO method are shown in Figure 3.58b. This radical has no NBMO in contrast to the phenalenyl
system, and thus an unpaired electron resides in one of the two degenerate HOMOs. Quantum chemical
calculation indicates an extensive spin delocalization on the whole molecular skeleton without spin
polarization.

In general, the stabilities of cyclopentadienyl radicals are not high. The pristine radical82,83d,f,g (including
monodeuterated83c–g and pentadeuterated84), monoalkyl,83a–d,f,g mono(alkylsilyl),83b,d pentahalogenated
(fluorine, chlorine, bromine),85 pentamethyl,86 and pentakis(methoxycarbonyl)87 derivatives are only stud-
ied spectroscopically in a degassed solution, in the gaseous phase, or in a matrix. Pentaaryl derivatives
possess relatively high stabilities than those of the above derivatives.88

Sitzmann prepared and isolated a pentaisopropyl derivative in 1991, and reported the first X-ray crystal
structure analysis of a cyclopentadienyl radical (Figure 3.59).89 The yellow–green air-sensitive crystals
were obtained by sublimation in high vacuum. Solution EPR measurements at 293 K yielded hyperfine split-
tings due to the methyl and the methyne protons and the methyl carbon nuclei (Figure 3.59b). Interestingly,
temperature-dependent EPR spectra indicate that hfcc attributable to the methyne protons decreases sub-
stantially with decreasing temperature, while hfcc due to the methyl protons does not change (Figure 3.59b).
This change in hfcc is ascribable to the temperature-dependent conformational change of the isopropyl
groups. In the crystal, the cyclopentadienyl ring system possesses a planar structure with equivalent C–C
bond lengths (1.40–1.41 Å) (Figure 3.59c). The radical forms a slipped stack 1-D columnar structure with
a tilt angle of about 23◦ (Figure 3.59d). Probably due to the steric hindrance of the isopropyl groups,
the distance between the π planes is 5.28 Å, indicating no electronic communication within the structure.
Electrochemical measurements in acetonitrile show a reversible reduction process from the neutral radical
to the anion (−1.91 V vs. Fc/Fc+) and a quasi-reversible oxidation process from the neutral radical to the
cation (+0.58 V vs. Fc/Fc+).

In 1996, Rubin prepared and isolated a pentakis(trialkylsilylethynyl)cyclopentadienyl radical (shown
below) in the process of the synthetic study of a metallocene derivative.90 This neutral radical is sta-
ble enough to purify by silica gel column chromatography and survives in air for weeks in the solid
state and for days even in a solution state, showing a sharp contrast to those of the pentaaryl and the

(a) (b) (c) (d)

Figure 3.59 (a) Chemical structure, (b) EPR spectra in a toluene solution, (c) X-ray crystal structure, and (d) 1-D
columnar structure of pentaisopropylcyclopentadienyl radical in which there is no electronic communication.
(b,c Reprinted with permission from [89b]. Copyright 1993 American Chemical Society.)
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pentaisopropyl derivatives. Electrochemical measurement of the radical in dichloromethane revealed a
lower oxidation potential from the neutral radical to the cation (+0.15 V vs. Fc/Fc+) than that of pentaiso-
propyl derivative, being attributable to the significant propargylic and allenic resonance stabilization by
the silylethynyl moieties.

TIPS

TIPS

TIPSTIPS

TIPS

TIPS = Si(i-Pr)3

In 1997, Janiak reported the crystal structure of pentaphenylcyclopentadienyl radical (Ziegler’s radical)
(Figure 3.60).88g Although the analysis data are, unfortunately, of low quality because of the disorder of
the phenyl moieties, it turns out that the cyclopentadienyl ring possesses a planar structure.

In 2004, Kitagawa and Komatsu prepared and isolated a cyclopentadienyl radical annelated with two
homoadamantene skeletons (Figure 3.61a), and reported the X-ray crystal structure of this radical at
100 K (Figures 3.61b,c).91 The radical survives only for a few hours in air in the solid state, but remains
unchanged for months under vacuum. In a solution state, the radical is highly air-sensitive and slowly
abstracts hydrogen atom from solvents. The substantial bond alternations are found in the C–C bonds of
the cyclopentadienyl ring, and indicate a localization of the unpaired electron, being in agreement with the
geometry calculated by the DFT method. EPR spectra in a solution state suggest a rapid equilibrium between
the two allylic states. From these results, the radical can be viewed as an allyl radical analogue incorporated
into the five-membered ring system. Cyclic voltammetry in dichloromethane shows a reversible oxidation
wave at +0.30 V (vs. Fc/Fc+) and an irreversible reduction wave at −1.78 V (vs. Fc/Fc+), indicating that
the radical is more easily oxidized and reduced than the pentaisopropyl derivative. The lowering of the
oxidation potential represents a cation stabilizing effect of σ –π conjugation induced by the annelation of
the homoadamantene skeletons.
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Figure 3.60 (a) Chemical structure and (b) X-ray crystal structure of pentaphenylcyclopentadienyl radical.
(b Reprinted with permission from [88g]. Copyright 1997 American Chemical Society.)
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(b)(a) (c)

Figure 3.61 (a) Chemical structure, (b) X-ray crystal structure, and (c) selected bond lengths (Å) of the
cyclopentadienyl ring moiety annelated with two homoadamantenes. Calculations carried out at the UB3LYP/6-
31G* level of theory; calculation are given in square brackets. (b,c Reprinted with permission from [91].
Copyright 2004 American Chemical Society.)

3.12.2 Cyclopentadienyl radicals within a larger π-electronic framework

The cyclopentadienyl radical incorporated into larger π -electronic frameworks is an intriguing molecular
system from the viewpoints of possible electronic modulation and spin delocalization. Fullerene derivatives
have a high potentiality for realizing such molecular systems. The pioneering work based on the fullerenes
were performed by Wasserman and Wudl in 1991 and 1997, disclosing the cyclopentadienyl radicals on the
C60 and monoaza-C60 surfaces, R5C60

• (R = PhCH2, phenyl) and C59N•, respectively (shown below).92

Although these neutral radicals unfortunately are not so stable enough to be isolated (and thus their studies
are limited to the spectroscopic measurements in solution states), the synthetic access to these radicals
provide challenging issues on the elucidation of their electronic structures.

R

R = PhCH2, Ph

N

R5C60 C59N

R

RR

R

In the light of novel this class of open shell molecule, corannulene derivatives having a neutral radical
substituent Cor-R• were prepared and isolated as air-stable powder/crystals (Figure 3.62).79 An unbal-
anced delocalization of spin and curved aromaticity80,81 were revealed from EPR measurements and DFT
calculations.79c Furthermore, magnetic susceptibility measurements and crystal structure analyses of the
curve-structured neutral radicals reveal intermolecular magnetic interactions (J/kB = −22.5 K) between the
carbon atoms possessing large amounts of spin densities on the corannulene π surface. The high stability,
highly spin delocalized and spin polarized natures as well as the unique geometric relationship between the
planar π radical and tetrahedral σ radical (vide supra) provide indispensable opportunities for exploring
new aspects of spin chemistry: that is, spin delocalized and spin polarized natures in the neutral diradical
derivative based on the corannulene system,93 and dynamic spin behavior as a function of bowl-to-bowl
inversion.
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(a) (b) (c)

Figure 3.62 (a) Chemical structure of Cor-R •, (b) X-ray crystal structure, and (c) spin density distribution
of Cor-phenoxyl. Calculations carried out at the UB3LYP/6-31G** level of theory, showing the unbalanced
delocalization of spin. (b Reproduced with permission from [79c]. Copyright Wiley-VCH Verlag GmbH & Co.
KGaA.)

3.13 Stable triplet carbenes

Carbenes are neutral divalent derivatives of carbon, and the carbenic center has two non-bonded electrons
that can be spin-paired (singlet carbene) or unpaired (triplet carbene). Singlet carbenes are stabilized
thermodynamically by heteroatom substituents directly connected to the carbenic center. The high stability
of singlet carbene enables their molecular structures to be determined by X-ray crystallography at room
temperature. In sharp contrast, triplet carbenes94 are regarded as one of the most effective spin sources
for molecular magnetics based on organic neutral radicals.95 However, triplet carbenes are less readily
stabilized thermodynamically than their singlet counterparts.

In 1999, Tomioka reported a diphenylcarbene derivative DPCa as the first triplet carbene which can
survive more than one hour in a solution state at room temperature (half-life t1/2 ∼ 10 minutes) and can
be stored in a bottle at −40 ◦C (Figure 3.63a).94a,96 The high stability was realized by steric protection of
the carbenic center with bromine and trifluoromethyl (CF3) groups at ortho positions of the phenyl groups.
Especially, trifluoromethyl groups play a key role for stabilization of the triplet carbene in terms of their
steric bulk. More importantly, the C–F bond is almost the only type of chemical bond unreactive toward
a carbenic center.97 Taking advantage of this feature, DPCb and DPCc possessing two trifluoromethyl
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Figure 3.63 (a) The first stable diphenylcarbene derivative with a half-life of ∼10 minutes. Bis(p-phenyl)-
substituted diphenylcarbenes with two bromine and two CF3 groups in (b) unsymmetrical and (c) symmetrical
fashions.
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Figure 3.64 (a) Chemical structures of bis(9-anthryl)carbenes, BAC (lifetime 0.5µs) and BAC-Ph2 (half-
life 19 minutes). (b) Diradical type resonance structures, BAC-b and BAC-Ph2-b, with allene-bridged
bis(triphenylmethyl) diradical structures. (c) Chemical structures of carbene trimer, (BAC)3, and (d) of car-
benic dimer, (BAC-Ph2)2. (e) Chemical structures of BAC-Ph2(N2) as the precursor of BAC-Ph2 and (f) of ketone
BAC-Ph2(O) generated by irradiation of BAC-Ph2(N2) in the presence of oxygen. The phenyl groups effectively
prevent the spins from ‘‘leaking out’’ and thus suppress the reaction at 10-positions.

and two bromine groups in unsymmetrical and symmetrical fashions were designed and generated94b

(Figures 3.63b,c).
Spin delocalization from the carbenic center in triplet carbenes was investigated in bis(9-anthryl)carbene

BAC by Wasserman using EPR spectroscopy, elucidating a possible structure with a collinear divalent
carbon (allenic carbon) and perpendicularly arranged anthryl groups (Figures 3.64a,b).98 These electronic
effects are expected to provide a thermodynamic stability in addition to the kinetic stability through
shielding the carbenic center with four peri -protons of the anthryl groups. In spite of these favorable stere-
oelectronic effects, BAC possesses low stability99 with a lifetime of 0.5 µs.100 This is because BAC tends to
form a trimer (BAC)3

101 by a contribution of the diradical resonance structure BAC-b (Figures 3.64b,c). In
2001, Tomioka reported a bis(9-anthryl)carbene derivative with phenyl groups, BAC-Ph2, showing a half-
life of 19 minutes in a solution state at room temperature by suppression of the trimerization reaction.100 A
resonance structure BAC-Ph2-b can be regarded as a bis(triphenylmethyl radical) connected by an allenic
bond (Figure 3.64b). The contributions of the carbene and the diradical structures for BAC-Ph2 are esti-
mated by chemical reactivity with help of EPR spectroscopy. BAC-Ph2 forms a carbene dimer (BAC-Ph2)2

by double bond formation at the carbenic center (Figure 3.64d). Furthermore, irradiation of BAC-Ph2(N2),
a precursor of BAC-Ph2, in the presence of oxygen gives a ketone BAC-Ph2(O) (Figures 3.64e,f). Con-
sequently, these experimental results suggest that the electronic contribution of the carbenic character is
more important than that of the diradical one, although the spins are still extensively delocalized.

Tomioka’s successful stabilization method for the triplet carbene enabled the design and synthesis of
stable high spin polycarbenes in ambient conditions (Figure 3.65).102,103 TrisBAC, tricarbene system,
was designed based on bis(9-anthryl)carbene, and was generated in 2-methyltetrahydrofuran at 77 K with
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Figure 3.65 Chemical structures of (a) tricarbene, TrisBAC, and (b) pentacarbene, PentaDPC, based on
bis(9-anthryl)carbene.
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Figure 3.66 (a) Generation of DPC-Cl6 by photo-irradiation of the corresponding precursor DPC-Cl6(N2)
in the single crystal. (b) Perspective view of DPC-Cl6(N2). (c) Perspective view of a disordered structure of
DPC-Cl6(N2) (open line) and DPC-Cl6 (solid line) with occupancy factors of 0.803(5) and 0.197(5), respectively.
(d) Perspective view of DPC-Cl6 and a dinitrogen molecule (with DPC-Cl6(N2) omitted) in part c. (b,c,d Reprinted
with permission from [106]. Copyright 2001 American Chemical Society.)
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a half-life of 13 h.102a EPR and SQUID measurements show TrisBAC possesses a weak ferromagnetic
interaction between the carbenic units. PentaDPC was designed by a dendrimer approach based on
diphenylcarbene derivatives.102b,104 This polycarbene has five carbenic units connected in non-disjoint
manner (S = 2, J > 0), and thus shows ferromagnetic interaction between five carbenic centers (S = 4.4
at 2.0 K).105

In 2001, Kawano, Tomioka, and Ohashi reported the first X-ray crystal structure of a transient triplet
carbene trapped in a crystal.106 The X-ray crystallographic analysis was carried out by photo-irradiation of a
single crystal of the diazo derivative, DPC-Cl6(N2), below 80 K (Figures 3.66a,b). The difference electron
density map after irradiation shows new peaks around the molecule, being assignable to a dinitrogen
molecule and the carbene DPC-Cl6 (Figures 3.66c,d). For the in situ X-ray crystallography, low temperature
conditions (<80 K) and careful selection of the wavelength of the irradiating light are crucially important to
suppress loss of crystallinity and thermal motion of dinitrogen molecules trapped in the crystal. This in situ
X-ray crystallography reveals that the carbene is in the triplet ground state judged by the carbenic angle
and the bond distances between the carbenic carbon and the phenyl carbons with help of IR spectroscopy
and DFT calculation.106,107

3.14 Conclusions

Phenalenyl chemistry began a half-century ago. The comprehensive book written by Forrester, Hay, and
Thomson published in 1968 contains only eight papers concerning the phenalenyl system.2b In the early
period of the past five decades, the main emphasis was on the experimental elucidation of an extremely
spin delocalized nature in a degassed solution state. The solid state properties of the phenalenyl system,
however, remained unrevealed for a long time because of their high instability in air. More recently,
enthusiastic efforts on chemical modification for stabilization by means of steric and electronic effects lead
to isolation of the phenalenyl system as pure crystalline materials, greatly fertilizing phenalenyl chemistry
from the viewpoints of both fundamental and applied aspects.

Haddon’s claim9 for molecular conductors based on the phenalenyl system was marvelously realized
by his own fascinating idea.58–66 The studies on azaphenalenyl (APLY), oxophenalenoxyl (OPO), and
other derivatives surely demonstrate a high potentiality for chemical modifications to create a variety of
exotic properties, which may be far beyond what was imagined a half-century ago: “aromaticity generation”,
“temperature-dependent continuous color change”, “spin topological symmetry control”, “redox-based spin
diversity”, “spin center transfer”, “two-photon absorption”, and “ambipolar FET properties” and so on.
Notably, these properties are based on the highly delocalized spin nature inherent in the phenalenyl sys-
tem. Recent curve-structured phenalenyl chemistry and applications for the electrode active material in
the secondary battery50,51 also give new conceptual advances in material sciences. In order to pursue a
qualitatively new material challenge, it is still indispensable to design and synthesize novel π radicals hav-
ing unique electronic/molecular structures. The spin delocalized π radical having chirality, photoactivity,
liquid crystallinity, π interaction with metal ion are intrinsically novel molecular systems and fundamen-
tally important target systems in near future. The fused-polycyclic π radicals with gigantic π -electronic
networks (i.e. open shell graphene) and manupulation of their multiple spin states are intriguing for the
application to the molecular spin quantum computing and quantum information processing.108
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77. a) F. Vögtle, Top. Curr. Chem ., 115, 157–159 (1983); b) D. Ajami, O. Oeckler, A. Simon, and R. Herges, Nature,

426, 819–821 (2003); c) A. Hirsch, and M. Brettreich, Fullerenes: Chemistry and Reactions , Wiley-VCH Verlag
GmbH, New York, 2005.

78. The first synthesis of corannulene, see: a) W. E. Barth, and R. G. Lawton, J. Am. Chem. Soc., 88, 380–381
(1966). Recent overviews of bowl-shaped hydrocarbons including corannulene derivative, see: b) Y.-T. Wu,
and J. S. Siegel, Chem. Rev ., 106, 4843–4867 (2006); c) V. M. Tsefrikas, and L. T. Scott, Chem. Rev ., 106,
4868–4884 (2006).

79. a) Y. Morita, S. Nishida, T. Kobayashi, et al ., Org. Lett ., 6, 1397–1400 (2004); b) S. Nishida, Y. Morita,
T. Kobayashi, et al ., Polyhedron, 24, 2200–2204 (2005); c) Y. Morita, A. Ueda, S. Nishida, et al ., Angew.
Chem. Int. Ed ., 47, 2035–2038 (2008).

80. S. Nishida, Y. Morita, A. Ueda, et al ., J. Am. Chem. Soc., 130, 14954–14955 (2008). As curve-structured
phenalenyl system, C74, a family of fullerene, is studied theoretically, see: V. I. Kovalenko, and
A. R. Khamatgalimov, Chem. Phys. Lett ., 377, 263–268 (2003).

81. Chemical term of “spherical aromaticity” is also discussed on the fullerene derivative, see: a) M. Bühl, and
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4.1 Introduction

Although many persistent radicals contain nitrogen–oxygen moieties, the radicals which result from the
direct combination of nitrogen and oxygen form a unique class of simple gaseous radicals. In particular,
nitric oxide (NO) and nitrogen dioxide (NO2) are monomeric radicals under standard conditions with
a long-standing history and remain of considerable biological, industrial, and chemical importance. The
chemistry of these ostensibly simple species has been recently reinvigorated by two orthogonal efforts
to understand nitric oxide’s important role in biology, and in efforts to control nitrogen oxide emission
(described as NOx) from coal burning power plants and from internal combustion engines. An important
consequence of this renaissance in nitrogen oxide chemistry is a reappraisal of the importance of the
transient diamagnetic dimers and cross adducts which form. The title and subject of this chapter stems
from this growing appreciation.

The origins of the chemistry of nitrogen oxides are associated with many of the founders of this field
and includes Davy, Lavoisier, Dalton, von Bayer, Eyring, Sidgwick, and Taube among many others. Given
this history there are now many authoritative reviews of the diverse aspects of this chemistry (Table 4.1).
The chemistry of the nitrogen oxides figured prominently in the last comprehensive single monograph in
this area, Sidgwick’s “The Organic Chemistry of Nitrogen”.1 With the discovery of nitric oxide’s biology
there is now an extensive literature related to its biological chemistry, but there now exists an unfortunate
gap between the initial and current literature. While some of this disjunction relates to the remarkably
sensitive analytical methods for nitric oxide analysis and notions of working “with biologically relevant
conditions,” it is perhaps the perceived age of this prior literature which limits contemporary consideration
of prior results. The stage is set for frequent efforts that fall into the category of “rediscovery of the wheel.”

An important factor in the chemistry of nitric oxide and nitrogen dioxide is the strength and prevalence
of van der Waals’ complex formation. Their self and cross dimers are examples of particularly strong

Stable Radicals: Fundamentals and Applied Aspects of Odd-Electron Compounds Edited by Robin G. Hicks
c© 2010 John Wiley & Sons, Ltd



148 Stable Radicals: Fundamentals and Applied Aspects of Odd-Electron Compounds

Table 4.1 Seminal literature on NO chemistry and biochemistry

Author Subject Year Ref.

Green Electronic Structure 1966
Yost Physical Chemistry 1946 [210]
Ragsdale NO Reaction Chemistry 1973 [145]
Legzdins Nitrosyl Complexes 1992 [158]
Eisenberg Nitrosyl Complexes 1975 [211]
Jolly Inorganic Chemistry of Nitrogen 1964 [54]
McCleverty Nitrosyl Complexes 1979 [212]
Keefer Diazeniumdiolates 2003 [213]
Huie Chemistry of NO2 1994 [214]
Tsukahara NO Oxidation Kinetics 1999 [123]
Heicklen NO Photochemistry 1968 [111]
Western NO Dimer in Molecular Beams 1981 [36]
Addison NO2 as a Solvent 1980 [215]
Various NO Chemistry 2002 [138]
Rees and Williams NOx Organic Radical Reactions 1968 [216]
Sloss NOx Emission Control 1992 [217]
Bonner and Hughes Aqueous Chemistry of N(I) and N(II) 1988 [156]
Menzel Biological Chemistry of NO2 1999 [218]
Butler Non-heme iron nitrosyls in biology 2002 [193]

van der Waals complexes (Equations 4.1–4.3), and the role of these complexes in their chemistry is an
important theme of this chapter. Many other small molecules complexes with nitric oxide have been char-
acterized in the gas phase and these include carbon dioxide,2 argon,3 hydrogen,4 hydrogen fluoride,5 neon,6

ethylene,7 and ethane.8 Much of the evidence from these studies comes from gas phase spectroscopy,4

matrix isolation, or supersonic gas beam9 experiments and methods, but the results and conclusions from
these studies are likely to bear on all of nitric oxide’s chemistry. These types of complexes which result
from “sticky collisions” produce new intermediates and adducts which need to be considered if the kinetics
and mechanisms of nitric oxide’s chemistry are to be understood.10

OO

N N
2NO (4.1)

OO

OO

N N2NO2
(4.2)

O

OO

N NNO + NO2
(4.3)

NO2 + N2O3NO (4.4)
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4.2 Synthetic access

The numerous methods for the synthesis of nitric oxide and nitrogen dioxide will not be exhaustively
surveyed here, but both are important commercially available industrial gases. Because of their reactivity,
however, in particular the nitric oxide disproportionation reaction (Equation 4.4),11 cylinders of nitric oxide
are invariably contaminated with nitrous oxide and nitrogen dioxide. Considerable thought in the use of
these cylinders is required, especially for any exacting analytical, physical, or biological applications. At
a minimum, passing the gas through a strong base is required to remove the bulk of the nitrogen dioxide,
but it is difficult to remove the final traces of nitrogen dioxide. Extra fractionation steps are required to
remove the nitrous oxide. Failure to heed these precautions has led to some monumental misunderstandings
in nitric oxide’s biology.12 Indeed, several chemistry texts mistakenly describe solid nitric oxide as blue
in color when in fact it is colorless13; the blue color is due to contamination by dinitrogen trioxide.14 As a
consequence, the prudent approach is to prepare these gases directly as needed. The direct stoichiometric
reduction of nitrite by acidic aqueous solution of ferrous ions (Equation 4.5),15 or the acid-promoted
disproportionation of nitrite,16 are useful for atmospheric pressure experiments where water is not an
issue,17 and if these conditions are problematic then the dry chromium trioxide reduction of nitrite/nitrate
(Equation 4.6) is a useful alternative.18 For nitrogen dioxide the thermal decomposition of plumbous nitrate
(Equation 4.7)19 or dinitrogen pentoxide20 are facile.

Fe+3 + NO + H2OFe+2 + NO2
− + 2H+ (4.5)

~600 K
2K2CrO4 + 4NO3KNO2 + KNO3 + Cr2O3

(4.6)

~700 K 2PbO + 4NO2 + O22Pb(NO3)2
(4.7)

For mechanistic studies, isotopic labelling with 18O or 15N are powerful tools,21,22 which are readily
adapted to a host of applications using any of these methods. As an example of the power in the use of
isotopes, note that it is possible to specifically label either of the nitrogen atoms with 15N in nitrous oxide.23

4.3 Physical properties

Being open shell stable room temperature gases, both nitric oxide and nitrogen dioxide have received
sustained considerable attention and are physically well characterized species. Table 4.2 shows some of
this data for the two monomeric gaseous species. In the course of the pioneering physical chemistry
in this area it was suggested that nitric oxide, as was known for nitrogen dioxide, dimerizes at low
temperatures and in the solid state (Equation 4.1). For example, although paramagnetic as a gas, nitric
oxide is diamagnetic as a solid or liquid.24,25 Also, the observed and calculated values for S ◦ differ by
3.1 J/deg, which is within experimental error of 1/2 R ln2, and this is explained in terms of a disorder of
[NO]2 dimers in the crystal.26 In contrast, the nitrogen dioxide dimer, dinitrogen tetroxide (Equation 4.2),
is well characterized. The van der Waals adduct of nitric oxide and nitrogen dioxide, dinitrogen trioxide
(N2O3, Equation 4.3), is also a well characterized adduct.

Self and cross dimerization reactions of nitric oxide and nitrogen dioxide are both of considerable impor-
tance. The resulting species, dinitrogen dioxide (N2O2) from nitric oxide, dinitrogen tetroxide (N2O4) from
nitrogen dioxide, and their cross dimerization product, dinitrogen trioxide are all relatively weakly bound
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Table 4.2 Physical properties of NO and NO2

Propertya Nitric Oxide Nitrogen Dioxide

Melting point (K) 109.64 261.90b

Boiling point (K) 121.41 294.25b

Heat of fusion �H (kJ mol−1) 2.300 14.652b

Heat of vaporization �H (kJ mol−1) 13.776 38.116b

Heat of formation �H◦
273 (kJ mol−1) 90.0 33.32

Free energy of formation �G◦
273 (kJ mol−1) 86.40 17.506

Standard entropy S◦
273 (J deg−1) 207.5 240.5

Magnetic moment µ◦
273 (B.M.) 1.82 1.73

Ionization potential (eV) 9.25 11
Electron affinity (eV) 0.9 4.0
Dipole moment (D) 0.16 0.39
Color Colorless Red

aData: [210, 219, 220].
bValues for nitrogen dioxide correspond to an equilibrium mixture of monomer and dimer at these
temperatures.

Table 4.3 The van der waals complexes of NO and NO2

Complex N–N (Å) De (kJ mol−1) UV-Vis (nm) Ref.

N2O2 2.18 10.25 λmax ∼ 232–236 nm [221]
N2O3 1.85 39.75 Blue, 684, 225 nm [222, 223]
N2O4 1.75 57.32 Colorless, 268, 240 nm [224]

diamagnetic complexes with weak to very weak central N–N bonds (Table 4.3). An interesting character-
istic of both dinitrogen dioxide and dinitrogen trioxide is that their direduction gives dianions with shorter
formally N=N double bonds, corresponding to hyponitrite and Angeli’s salts, respectively.27,28 A similar
reduction of dinitrogen tetroxide results in N–N cleavage and the formation of two equivalents of nitrite.

4.4 Structural chemistry of the monomers and dimers

Microwave spectroscopy, vibrational spectroscopy, and diffraction (neutron, electron, and X-ray) have all
been used to characterize the gaseous and solid state structures of nitric oxide and nitrogen dioxide, and
their dimers (Figure 4.1 and Table 4.4). Although many of these studies used cutting edge technology for
their time, few of these structural studies have been reinvestigated with more modern methods. As a result,
the errors in some of the determinations are larger than are typically found in more modern determinations.

4.4.1 Nitric oxide and dinitrogen dioxide

Diffraction of the nitric oxide dimer29–32 at 114 K in the solid state was originally interpreted as being
due to a head-to-tail rectangular dimer30 and this was then re-refined29 with least square techniques to the
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Table 4.4 Structural data for NO, NO2 and their dimers

Compound/Method Observations Ref.

Nitric oxide
Infrared spectroscopy Gas phase, d(N–O) 1.15 Å [229]
Infrared spectroscopy Gas phase, d(N–O) 1.1508 Å [230]
Near Infrared spectroscopy Gas phase, d(N–O) 1.1503 Å [231]
Microwave spectroscopy Gas phase, d(N–O) 1.1540 Å [232]

Gas phase, d(N–O) 1.1509 Å [233]

Dinitrogen Dioxide
Infrared spectroscopy Band shape analysis gas phase, 77–150 K, d(N–N) 1.75 Å,

∠NNO 90◦
[234]

X-ray diffraction Solid state, 114 K, d(N–N, O–O) 2.40(1) Å, d(N–O) 1.12(2) Å,
∠NNO 90◦

[30]

Solid state,b 114 K, d(N–N) 2.18(3) Å, d(O–O) 2.62(3) Å [29]
Microwave specotroscopy Gas phase, d(N–N) 2.237(2) Å, d(N–O) 1.161(6) Å, d(O–O)

2.506(3) Å, ∠NNO 99.6(4)◦
[35]

Microwave/Radiofrequency
Spectroscopy

Gas phase, d(N–N) 2.33(12) Å, d(N–O) 1.15(1) Å, d(O–O)
2.506(3) Å, ∠NNO 95(5)◦

[36]

Nitrogen dioxide
Electron diffraction Gas phase, 348–363 K, d(N–O) 1.21(2) Å, ∠ONO 130(2)◦ [235]
Electron diffraction Gas phase, 418 K, d(N–O) 1.20(2) Å, ∠ONO 132(3)◦ [236]

Gas phase, 294, 480, and 691 K. For 480 and 691 K
dimensions are: d(N–O) 1.1995(3) and 1.2006(3) Å, and
∠ONO 133.7(1) and 133.7(2)◦.c

[50]

Infrared spectroscopy Gas phase, 294 K, d(N–O) 1.188(2) Å, ∠ONO 134.1(3)◦ [237]

Dinitrogen tetroxide
X-ray diffraction Cubic lattice, 238 K, d(N–O) 1.17(3) Å, d(N–N) 1.64(3) Å,

∠ONO 126(1)◦
[44]

Monoclinic lattice,a d(N–O) 1.21 Å, d(N–N) 1.75 Å,
∠ONO 135◦

[46, 238]

Cubic lattice, 25, 145, and 260 K. At 145 K: d(N–O)
1.209(7) Å, d(N–N) 1.726(9) Å, ∠ONO 133.1(7)◦

[45]

Neutron diffraction Cubic lattice, 20 K, d(N–O) 1.1893(5) Å, d(N–N) 1.7561(9) Å,
∠ONO 134.40(7)◦

[47]

Electron diffraction Gas phase, 298 ± 5 K, d(N–O) 1.180 Å, d(N–N) 1.750 Å,
∠ONO 133.7◦

[48]

Gas phase, 252 ± 1 K, d(N–O) 1.191(2) Å, d(N–N)
1.785(8) Å, ∠ONO 135.4(6)◦

[49]

Gas phase, 294 ± 1 K, d(N–O) 1.192(3) Å, d(N–N)
1.777(6) Å, ∠ONO 134.6(4)◦

[50]

Infrared Spectroscopy Gas phase, 50 ± 5 K, d(N–N) 1.756(10) Å, d(N–O) 1.196(5),
∠ONO Set to values for NO2

[239]

aTemperature not specified.
bA rerefinement of the original data.30

cESDs from 1000 refinements on observed data and do not include systematic total errors.
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Figure 4.1 Key structural data for NO, NO2 and their dimersa.

trapezoidal dimer shown in Figure 4.1. The bond lengths estimated for the dimer are 2.18(3) Å for the
N–N bond, 2.62(3) Å for the O–O interaction, and 1.12(2) Å for N–O bonds. Unfortunately, this solid state
structure does not solve the issue of the dimer’s structure as it should. More recent determinations from
microwave33–36 and infrared spectroscopy33,37–39 are consistent with a C2v geometry for the dimer but
the poor agreement of the gas condensed phase vibrational data suggest that the solid state environment
perturbs the gas phase structure.40 Moreover, the relatively flat potential energy surface for the dimer
suggests that no single structure may describe the dimer in different phases.41

Lipscomb also applied some of the same X-ray diffraction techniques to the elucidation of the structure
of dinitrogen trioxide at 163 K, which gave an improbable tetragonal unit cell with such large dimensions
of a = b = 16.4 Å and c = 8.86 Å, that volume considerations alone suggest Z = 32. A space group was
not unambiguously determined and electron density projections along the c axis were badly disordered.42

A microwave spectrum of dinitrogen trioxide in the gas phase has been determined at 200 K, and the
structure, shown in Figure 4.1, indicates a long 1.85(3) Å N–N bond length.43

4.4.2 Nitrogen dioxide and dinitrogen tetroxide

The structural characterization of the dinitrogen tetroxide dimer is much more well established by diffraction
methods. Two phases have been characterized by X-ray diffraction44–46 and the more stable cubic structure
has also been characterized by neutron diffraction.47 In the gas phase, mixtures of nitrogen dioxide monomer
and its dimer have also been characterized by electron diffraction48–50 Surprisingly, dimer formation does
not appreciably alter the N–O bond lengths or the O–N–O bond angle in the monomer.

The sustained interest in all of these van der Waals complexes is their weak long N–N bonds. In spite
of the weakness of this bond, all diffraction methods at all temperatures result in models of dinitrogen
tetroxide which are consistently planar structures with a high barriers for rotation, 40 kJ mol−1, around the
N–N bond.50 On the much shorter time scales of vibrational spectroscopy, the point group symmetry of
dinitrogen tetroxide is clearly D2h . The temperature dependence of the N–N bond length has also been
investigated, and the collected results for all spectroscopies are shown in Figure 4.2. Cartwright was the
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Figure 4.2 N–N bond lengths (Å) in N2O4 as a function of temperature for (�) X-ray diffraction, (•) neutron
diffraction, (�) electron diffraction and (∗) for IR data. The best fit line for the X-ray diffraction data described by
Cartwright45 is also shown.

first to investigate this and employed variable temperature X-ray diffraction to determine these dimensions
in the solid state. Although other weak intermolecular interactions such element hydrogen51 and halogen52

bond lengths are known to vary with temperature, for covalent species or van der Waals complexes such
as dinitrogen tetraoxide this temperature dependence has not been well studied. If Broadley’s 1949 X-ray
diffraction result with a very short 1.64(3) Å N–N bond length is removed, there is a small apparent increase
in N–N bond length with temperature in Figure 4.2. Clearly more data at intermediary temperatures are
required before this correlation is well established, but the overall affect has the magnitude found in other
systems. A conclusion is that close lying non-bonding or antibonding excited states do not appear to be
thermally populated, and this result finds support from recent femtosecond spectroscopy of the dimer.53

ONON (4.8)

4.5 Electronic structure of nitrogen oxides

In the molecular orbital description for nitric oxide the valence ground state configuration is σ 2σ 2
lpσ

2
lp

π4π∗1 X 2�, which suggests a bond order of 2.5 with the unpaired electron in a π∗ orbital with substan-
tial localization on the nitrogen. Although this is a good start to understanding nitric oxide’s electronic
structure, and it is certainly better than valence bond descriptions54 (Equation 4.8) (as a double bond and
a three electron bond between the atoms),55 simple MO theory does not explain the magnetic suscepti-
bility or the EPR data in a satisfactory way. A plot of the variable temperature magnetic susceptibility
of gaseous nitric oxide is shown in Figure 4.3, along with a theoretical fit from a model developed by
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Figure 4.3 Observed (open triangles) and calculated (filled squares) magnetic moments from the Van Vleck
distribution law model.

Van Vleck, Equation 4.9.56–58

173
T

=x =
kT

h∆n

x + xe −x

1−e−x + xe−xµeff = 2 (4.9)

Occupation of the π∗ orbital results in a net combination of angular momentum of the electron and the
orbital where the spin either opposes the orbital momentum, with a result of 1 − 1/2 or 1/2 or combines with
it to give 1 + 1/2 or 3/2. These two doublet states are designated 2�1/2

and 2�3/2
respectively and differ in

energy by 1.47 kJ mol−1 or 124.2 cm−1. At room temperature slightly more than a third of the molecules
are in the lower energy 2�1/2

state. The resultant magnetic susceptibility is then the combination of these
two states and the expectation values are µ = 0 B.M. for 2�1/2

and µ = 2 B.M for 2�3/2
. In addition to

affecting the magnetic susceptibility and magnetic moment for nitric oxide, the combined orbital momenta
broaden and shift the EPR resonance of the unpaired electron from ge , so that with conventional cavity
instruments an EPR resonance is not observable for nitric oxide and cooling to low temperatures gives
the diamagnetic dimer. Adduct formation with either surfaces59 or metal ions60 breaks the π∗ degeneracy
and leads to observable EPR resonances.61 Turner’s early molecular photoelectron spectra62 for nitric
oxide have since been followed by many studies,63–73 including those of the dimer under a variety of
conditions.40,74–76

Low lying excited states for nitric oxide include a Rydberg σ 2σ 2
lpσ

2
lpπ

4π∗0σ 1
rydA 2� state from the

excitation of an electron to an s-type Rydberg orbital, and two, 4� and B 2� states, which arise from
a π → π∗ excitation and correspond to π3π∗2 configurations. Collectively these three excited states lie
between 4.7 and 5.6 eV in higher energy,77,78 and need to be considered for understanding the electronic
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structure of the nitric oxide, its dimer, and its van der Waals complexes. In all, 16 valence electronic states
need to be considered for the dimer.41

On the other hand, nitrogen dioxide’s bent structure is readily accounted for by a Walsh bending
model from a linear D∞h point group to C2v .79 The resulting unpaired electron is largely localized on the
nitrogen but there are many low lying excited states and configuration interaction with these is required for
a complete description of the electronic structure. Nevertheless, S = 1/2 remains a good quantum number
and the magnetic susceptibility for gaseous nitrogen dioxide at 293 K is 1.72 B.M. and its temperature
dependence is well accounted for by its equilibrium with the diamagnetic monomer.80,81 The X-band EPR
spectrum of gaseous nitrogen dioxide at atmospheric pressure is a broad unresolved band which becomes
a triplet with AN = 50.9 gauss at pressures between 14 and 1 mm Hg PNO2.82 At lower pressures, 0.02 mm
Hg, the spectrum is described as having more than 200 lines.83 At 4.2 K, and doped into solid argon,
nitrogen dioxide gives an axial EPR spectrum with g‖ = 1.9920(5) and g⊥ = 2.0033(5) with an observed
coupling of 53.4 gauss.84 At these temperatures the photolytic generation of nitrogen dioxide in a sodium
nitrite crystal gives a rhombic signal with g1 = 2.0057, g2 = 2.0015, and g3 = 1.9910.85 More recent
studies have demonstrated that nitrogen dioxide forms adducts/reacts with many solvents.86,87 There is a
rich literature for the photoelectron spectroscopy of nitrogen dioxide88–90 and dinitrogen tetroxide.91–97

A remarkable high resolution He-I study (hv = 21.22 eV) of gas phase nitrogen dioxide has exceptional
vibronic coupling in all of the observed bands.98

Early theoretical attempts to understand the electronic structure of the nitric oxide dimer were unsuc-
cessful in accounting for the geometry, the vibrational data or its low De .99–102 The subsequent efforts
to determine the electronic structure of the dimer have been well described in East and Bondybey’s
analyses,40,41 but surprisingly many problems remain to be resolved for all of the dimers, neutral and
charged ([N2O2]+, [N2O2]−) alike. Even one of the most exhaustive post-Hartree-Fock studies by Roos
et al . considered only a cis (NO)2 geometry.103 As noted by Schaefer et al . theory104 has had a “muddled
relationship to experiment.” in this domain. Certainly part of the problem is due to the differing geometric
stabilities of the neutral versus the anionic and cationic dimers. Thus, although the neutral cis dimer is circa
45 kJ mol−1 more stable than the trans in an inert gas matrix, the trans is more stable by circa 6.0 kJ mol−1

for the cation and the cis and trans are almost equi-energetic for the anion. As a consequence, interpret-
ing the results of ionizing experiments such as photoelectron spectroscopy are complicated by geometry
considerations for the product states.

At first glance the nitrogen oxides are small molecules and should be ideally suited for modern ab initio
calculations. But for a wide array of theoretical methods this class of compounds remains a challenge
to accurately model and predict the structure, spectroscopy, and reactivity of their dimers. New codes
and algorithms are often checked against the nitrogen oxides to assess improvements or advances in
methodology. Clearly the combination of weak bonds, numerous lone pairs, and low lying spin states
make this area as challenging for theoreticians as it is for experimentalists.

4.6 Reactivity of nitric oxide and nitrogen dioxide
and their van der Waals complexes

Central to any discussion of the reactivity of nitric oxide and nitrogen dioxide is consideration of the dimer-
ization equilibria in Equations 4.1 and 4.2. Both reactions are readily reversible and rapidly established;
their kinetic and thermodynamic data are contrasted in Table 4.5. The rate of nitric oxide dimerization and
its reverse must be rapid reactions, since there is no spectroscopic evidence for the presence of dimers in
reactions such as nitric oxide’s oxygenation. Earlier reports suggested54 that, based on determinations of
the second virial coefficients and Berthelot’s equations, there was no evidence for associative dimerization
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Table 4.5 Kinetic and thermodynamic data for NO and NO2 dimerizations

Property NO NO2 Ref.

Equilibrium constant, K
at 273 K 6.6 × 10−5 atm 8.8 atm [54, 123]
at 87 K[225] 0.015 M

Forward rate constant, kf ∼109 L mol−1 s−1 5 × 108 L mol−1 s−1 [226]

Reverse rate constant, kr ∼108 s−1 1.0 × 106 s−1 [227]
1.7 × 105 s−1 [228]

of nitric oxide between 273 K and the boiling point.105 However Guggenheim’s lucid reanalysis of this
earlier data clearly demonstrates that nitric oxide does indeed dimerize if McGlashan and Potter’s princi-
ple of corresponding states106 is taken into account.107,108 Many gas phase kinetic studies for nitric oxide
clearly indicate the presence of rate laws which are bimolecular in [NO], and thus frequently termolec-
ular overall.109 Eyring ascribed this to “sticky collisions” between nitric oxide molecules,110 and it has
been estimated that the nitric oxide dimer lifetime is between 105 and 106 times that of the duration of a
collision.107 Clearly these dimers have sufficient lifetimes to be kinetically and mechanistically significant.

2NO22NO +  O2 (4.10)

2ClNO2NO +  Cl2 (4.11)

2BrNO2NO +  Br2 (4.12)

N2O +  H2O2NO +  H2 (4.13)

X2 = O2, Cl2, Br2, H2

= k[NO]2[X2]−rate =
dt

d[NO]

(4.14)

4.7 The kinetics of nitric oxide’s termolecular reactions

Many of the best examples of termolecular rate laws and reactions come from nitric oxide’s reactions with
other gases.109 Oxygen, chlorine, bromine, and (in part) hydrogen (Equations 4.10–4.13) all follow the
rate law shown in Equation 4.14. There is sustained effort to understand the origin of this rate law with
the mechanism of nitric oxide’s reaction with oxygen being the most extensively investigated. In addition
to being unusual third order gas phase reactions, they also have a negative temperature coefficient, so the
reaction slows at higher temperatures.111 The problem is that since three body collisions have insufficient
frequency to bring the two molecules of nitric oxide and one oxygen molecule together to the transition
state, a multistep mechanism needs to be proposed with both a transient ONOO van der Waal’s adduct
as in Equation 4.15 and the nitric oxide dimer in Equation 4.17 having been invoked. In distinguishing
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these mechanisms it is noted that, although there is considerable evidence for the dimer in the gas and
condensed phases, direct evidence for the ONOO radical remains elusive.112–114 Heicklen found evidence
for the operation of both mechanisms,111 with perhaps the best argument for the common operation of
the dimer mechanism being Occam’s razor, as only one common mechanism is consistent with all of
the data. It has been theoretically suggested that aromatic rings can stabilize the nitric oxide dimer as in
Figure 4.4 and that this would then promote the reaction of the dimer at room temperature and under
biological conditions.115 While the modest stabilization offered by these rings might very well promote
dimerization, there is no necessary connection to promoting the reactivity of the dimer with other reagents,
if it is already in a van der Waals complex with a ring. Recent kinetic evidence shows that nitric oxide’s
reaction with secondary amines is not accelerated by aromatic solvents and the complex and proposal in
Figure 4.4 remains largely hypothetical.116

NO + O2Monomer [OONO] (4.15)

k1

r.d.s.
2NO2NO +  [OONO] (4.16)

Dimer N2O22 NO (4.17)

k2

r.d.s.
2NO2N2O2 +  O2 (4.18)

Nitric oxide’s reactions with a number of other substrates also have rate laws, which are bimolecular in
nitric oxide. Ford found that the oxidation of triphenylphosphine to triphenylphosphine oxide is bimolecular
in nitric oxide and unimolecular in triphenylphosphine.117 Based on solvent effects he favored a rate-
determining step between the dimer and triphenylphosphine. A similar reaction with triethylphosphite118

also followed these kinetics, as did the oxidation of a Cp2Zr(PMe3)2 with nitric oxide.119 The reaction of
nitric oxide with sulfite and bisulfite in water has multiterm rate laws which were rationalized by terms for
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hydrated nitric oxide.120,121 Theoretically and experimentally there is little support for proposed hydrated
nitric oxide steps. Ab initio methods predict less than 2 kJ mol−1 stabilization for any direct van der
Waals complexes,115 and there is no spectroscopic or reaction evidence for any such species. For example,
oxygen scrambling in the NO/18OH2 system is not detectable under the conditions for “hydrated nitric
oxide” in these mechanisms. A more likely explanation for these kinetics is the operation of a competitive
dimer/monomer rate law, as has been observed for the addition of secondary amines to nitric oxide.116

The question of mechanism is of considerable importance in all of nitric oxide’s biological, environ-
mental, and atmospheric chemistry, where low concentrations make dimerization pathways very unlikely.
If transient radical intermediates such as ONOO are present, then their chemistry is of considerable impor-
tance. These mechanistic issues remain an active area of research for scientists interested in free radicals
in biology.122,123

4.8 Biochemical and organic reactions of nitric oxide

Unlike any other development in its chemistry, the recognition of nitric oxide’s important roles in biology
has triggered an avalanche of new research.124–126 The initial discoveries124,127,128 in the early 1980s
were greeted with considerable initial skepticism by the biomedical community.129 Commonplace opinion
was that, since nitric oxide was a radical, how could it have any lifetime or specificity in a cell? Three
independent lines of research rapidly led to the acceptance and recognition of its biological role. Nitric
oxide’s role in understanding nitroglycerine vasodilation130 was the initial discovery, but equally important
were Hibb’s pioneering study into the macrophage requirements for phagolysosome activity,131–133 and
Tannenbaum and Marletta’s studies into metabolic levels of nitrite and nitrate.134,135 All of these studies laid
the foundation for understanding nitric oxide’s constitutive and inducible physiological roles. Subsequent
studies helped recognize the biosynthetic source of nitric oxide from the oxygenation of arginine,136,137

and the normal nondietary basal levels of nitrite and nitrate.135 It is now recognized that the main nitric
oxide pathway (Figure 4.5 and Equation 4.19), have heme enzymes directly involved in the generation
and sensing of nitric oxide.

O

HO2C

NH2NH

H2N

+ NO

citrulline

NH2

HO2C

NH2NH

H2N

arginine

−2H2O 3e−, 2O2, 2H+ (4.19)
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Figure 4.5 Nitric oxide messenging pathway involving the heme enzymes nitric oxide synthase, a p-450, and
soluble guanyl cyclase, sGC. Activation of sGC leads to upregulation of cGMP production from GTP.

Nitric oxide’s role and biological fate continues to be an important theme of bioinorganic chemistry.
Metalloproteins are among the best characterized targets for nitric oxide messenging systems in biology, and
oxygenated hemoglobin and myoglobin are important sinks for nitric oxide in blood. As a consequence,
our understanding of nitric oxide’s coordination and bioinorganic chemistry is well developed,138 and
overshadows the more difficult and general question of what other non-metal-based substrates will nitric
oxide interact with in its biochemistry. Although many metalloproteins have been demonstrated to bind
nitric oxide in vitro (Table 4.6), demonstrating this in vivo is a significant challenge. Much of this activity
and lingering uncertainty relates to a fundamental aspect of nitric oxide’s biochemistry: as a simple diatomic

Table 4.6 Representative metalloprotein nitric oxide interactions193

Protein Metal center Proposed Function Ref.

aconitase Iron sulfur NO inhibits citric acid cycle [240]
Rieske center Iron sulfur Respiratory chain inhibition [241]
Fe-SOD Non-heme iron Free radical formation and control [242]
Methane monooxygenase Oxo-bridged diiron NO inhibits methane oxidation [243]
Iron regulatory protein-1 Iron sulfur Inhibition of iron sensitive gene

expression
[244]

Glutathione reductase Active thiolate binding Indirect inhibition of oxidative
stress repair

[245]

Bacterioferritin Heme iron and oxo-bridged
diiron

Iron trafficking and storage [246]

Soluble Guanylate cyclase Heme Upregulates cGMP production [128]
Nitrite reductase Copper Regulates nitrogen oxyanion

metabolism
[247]
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gas it does not need active transport to cross cell and organelle membranes, and since it readily permeates
most macromolecules it is impossible to use conventional genomic or molecular biology techniques to
determine its target cells or macromolecules. The biochemical universe of possible targets is wide open
to nitric oxide and there is no “consensus sequence” or structure to search or screen for its targets with
genomic or proteomic techniques. So to answer the question “what are nitric oxide’s biological targets?”,
its chemistry and those species with which it reacts most rapidly have to be understood. Based on these
latter considerations, a general set of possible targets is shown in Figure 4.6.139 Of these reactions, its
reaction with superoxide is the fastest,140 and that with oxyhemoglobin the most pervasive.141 The reaction
of nitric oxide with thiol to give RSNO requires an electron acceptor.142

4.9 General reactivity patterns

A summary of the general reactions for monomeric nitric oxide is shown in Figure 4.7.

4.9.1 Oxidation

Nitric oxide is readily oxidized and a variety of stable nitrosonium salts including tetrafluoroborate, per-
chlorate, and hydrosulfate are available.143 Indeed, [NO]HSO4 is an intermediate in the lead chamber
process for the manufacture of sulfuric acid. Although the nitrosonium salts are hydrolytically sensitive,
they can be handled briefly in solvents such as methanol.144 Base-promoted addition of water, alcohols,
and amines leads to either nitrite, alkylnitrites, or nitrosamines. Nitrosonium salts are also good outer
sphere one-electron oxidants and are useful in cases where the gaseous nitric oxide product can easily be
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Figure 4.7 General reactions of nitric oxide and its dimer.

removed from the other products. In addition to one-electron oxidation, nitric oxide is readily oxidized by
halogens and pseudohalogens to give X–N=O type molecular compounds.145

4.9.2 Reduction

The reduction of nitric oxide to give the nitroxyl anion (NO−), has been studied by a number of high
energy methods, including pulse radiolysis and laser flash photolysis.146–150 Nitroxyl is often proposed to
result from the hydrolysis of Angeli’s salt (Na2N2O3) or Piloty’s acid (PhSO2NHOH) and these putative
sources of nitroxyl have been intensively investigated. As with almost all reactions which are thought
to generate nitroxyl, these two reagents generate primarily nitrous oxide (Equation 4.20) as the ultimate
product. Care needs to be taken when using these reagents and interpreting results from their use: in
acid conditions nitric oxide is a known product of Angeli’s salt hydrolysis,151–154 and Bonner has found
that the putative NO− generating step in Piloty’s acid decomposition is reversible.155 Perhaps the single
exception to the general observation that nitroxyl dimerization156 leads to nitrous oxide is the reduction
of nitrite by a sodium/mercury amalgam, which gives some trans-hyponitrite157 as well as nitrous oxide
(Equation 4.21). However in this case there may very well be other key steps which lead to the N–N bond
formation aside from nitroxyl dimerization.

O

O

O

NN
pH ~ 7

pH > 7

N2O + 2OH−

∗ Proposed intermediate

2− NO−

PhSO2NHOH

H2O∗
(4.20)

O

O

NN
Na/Hg

NO2
−
aq + N2O + 2OH−

2−
(4.21)
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4.9.3 Coordination

Most transition metals form stable nitrosyl complexes158 and, as noted above, these are of considerable
importance in the bioinorganic chemistry of nitric oxide. Although the analogy of the NO+ and CO ligands
is often made, and on a frontier orbital level has considerable merit, there are two phenomenological char-
acteristics that distinguish metallonitrosyls from metallocarbonyls: (1) metallonitrosyls readily adopt either
linear or bent configurations, and (2) metallonitrosyls often form only mononitrosyl complexes. Di-,159

tri-,160 and tetra-nitrosyl161 complexes are rare. Both traits are in contrast with carbonyl complexes, which
invariably adopt linear geometries and which frequently form homoleptic and polycarbonyl complexes
with many transition metals. Very few ligands bind in two such distinct geometries as does nitric oxide.
The bent versus linear binding of nitric oxide is a textbook example of ligand amphoteric character: the
ability of a ligand to both π -accept and donate depending upon the electronic environment of the metal.162

In a handful of complexes both geometries are known to be present.144,163–165 These geometries can be
naively described as involving the binding of NO+ (linear) and NO− (bent), but this inadequate description
of the metal–nitrosyl interaction is largely superseded by the Feltham–Enemark analysis60 which consid-
ers the metal–nitrosyl geometry as resulting from the number of π electrons delocalized in the M–NO
framework, {MNO}n. If n > 6 then the more stable geometry is bent and this is certainly the case where
n = 8. It is significant that most examples of stable metalloprotein nitrosyls in biology bind nitric oxide
in complexes with a formal {FeNO}7, which is just at the margin of this bent versus linear duality.

The binding of nitric oxide to many complexes frequently involves electron transfer in either a formal
or a step-wise mechanism. There are few kinetic studies in this area, and so it is not possible to predict if
either the nitric oxide or dinitrogen dioxide react faster with a complex. A recent study by Karlin suggests
that in the case of a bimetallic nitric oxide reductase model reaction occurs for the dimer and on the
same coordination site on a metal.166 This is an area where numerous questions remain unanswered. The
coordination sphere reactions of nitric complexes have however been carefully reviewed.167,168

4.9.4 Addition of nucleophiles

Nitric oxide and its dimer are modest electrophiles and react pairwise with a range of nucleophiles to
give diazeniumdiolates (Figure 4.8). This functional group has been variously termed methoxazonyl169 or
N -nitrosohydroxylamines and has been recently termed diazeniumdiolates.170,171 Although only recently
named, the diazeniumdiolates have an important and early history in chemistry. Davy used nitric oxide’s
reaction with bisulfite (Equation 4.22) to distinguish nitric oxide from the other nitrogen oxides in 1802.172

The chemistry of these species has been well reviewed; both Ragsdale’s145 1973 and Keefer’s171 2002
reviews have excellent discussions of this chemistry. Remarkably there are more than twelve diazeniumdi-
olates found in natural products (Figure 4.9 and Table 4.7), and phenyldiazeniumdiolate (PhN(O)=NO−)

has found use as an analytical reagent termed cupferron.173–174 The biosynthesis of these natural products
remains largely unexplored, but most likely do not involve nitric oxide directly. This remains an area

X O

O−

N

N

Also termed "NONOates"

X = O−, SO3
−, R2N, Ph, −CH2

−, HC 
CpW(CO)3

,

Figure 4.8 Structure and range of known diazeniumdiolates.194,195



The Nitrogen Oxides: Persistent Radicals and van der Waals Complex Dimers 163

n-C15H31 O−N
N

O
AcOHO OH

CH2OH

(CH2)8 O−N
N

O

R O−N
N

O

NH2

HO2C

O−N
N

O

H

O

n-C7H15
N O−N

N

O

HO O−N
N

O

H

O

N O−N
N

O

NH2

HO2C O−N
N

O

PoecillanosineNitrosostromelin

R = i -PrCH2(CH2)11
−; i -PrCH2(CH2)9− ; or H3C(CH2)13

−

NitrosoxacinsHomoalanosine

FraginDopastinAlanosine
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Table 4.7 Known biochemistry of natural diazeniumdiolates

Diazeniumdiolate Source Recognized
Pharmacology

Known inhibitor of Ref.

Alanosine Streptomyces A Cancer Chemotherapy,
(Phase II) Antibiotic,
Antiviral

Adenylsuccinate synthase [197, 199–201]

Dopastin Streptomyces? Dopamine β−hydroxylase [196, 198–200]
Fragin Pseudomonas Herbicide [202–206]
Homoalanosine Herbicide [199]
Nitrosoxacins Streptomyces? Antibiotic 5-lipoxygenase [207]
Nitrosostromelin Streptomyces Stromelysin [207]
Poecillanosine Marine sponges [208, 209]

of considerable theoretical and practical activity, with much of this interest stemming from the use of
dialkylaminediazeniumdiolates as nitric oxide donors in biomedical applications.

−O3S
O

O−

N

N

2NO + HSO3
−

−H+

(4.22)

Under basic conditions secondary amines react rapidly with nitric oxide to give diazeniumdiolates,
which are readily isolated as their dialkylammonium salts (Equation 4.23).175 The retro reaction in neutral
conditions returns nitric oxide,176 with their rate of nitric oxide release being dependent upon the nitrogen
substituents.177 With the exception of three cyclic cases (Figure 4.10),178–180 the diazeniumdiolates which
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result from the addition of nucleophiles (Equation 4.23) adopt the Z geometry.170 Recently, a series of
tetradentate amine derivatives with a terminal diazeniumdiolate were proposed to have a coordinated
E-diazeniumdiolate (Figure 4.10) but this was not structurally or spectroscopically confirmed.181 Ab initio
calculations indicate that the Z isomers are more stable than the E isomers by between 4–10 kJ mol−1, but
the barriers for interconversion179 by nitroso group rotation are often high, 120–160 kJ mol−1. The origin
of the stereoselectivity in these reactions remains an important question. A priori there is little reason for
the apparent thermodynamic control in these reactions unless it corresponds to the same product from the
kinetic control. As with nitric oxide oxidation, two mechanisms have been proposed involving (i) rate
limiting nucleophile addition to the dimer (Equations 4.24–4.26) or (ii) reaction of the second NO to the
pre-equilibrated HR2NNO• radical (Equations 4.27–4.29). Initial mechanistic studies175 were confused by
oxygen contamination145 and subsequent studies have demonstrated that both mechanisms operate, with a
strong solvent dependence.116 The current interpretation is that at higher pressures and with methanol as
a solvent, a bimolecular mechanism (Equations 4.24–4.26) predominates.

R2N O

O

N

N

ether, R.T., 24 hr.

[R2NH2]+

H2O, pH ~ 7

2R2NH

2NO

(4.23)

Dimer 2 NO N2O2 (4.24)

k2

r.d.s.
HR2NN2O2N2O2 +  R2NH (4.25)

[R2NN2O2]−[R2NH]+HR2NN2O2 +  R2NH (4.26)
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[HR2NNO]NO  +  R2NHMonomer (4.27)

k1

r.d.s.
HR2NN2O2NO +  [HR2NNO] (4.28)

[R2NN2O2]−[R2NH]+HR2NN2O2 +  R2NH (4.29)

4.9.5 General organic reactions

An important reason why the organic chemistry of nitric oxide is so sparse is that many of the products are
complex mixtures of salts. These frequently require careful recrystallization steps and exacting control of
conditions to give clean, reproducible products. There is a wealth of new chemistry to be discovered from
the addition reactions of nitric oxide, with a particularly telling example being the range of salts which
result from the diazeniumdiolation of ketones.182 Pressure, temperature, alkali metal, and stoichiometry
are all critical parameters which need to be controlled in this chemistry. A particularly complex example
of this chemistry is the diazeniumdiolation of benzylcyanide, which gives either bis diazeniumdiolates,
a 1,2,3-oxadiazole, or an oxime (Equation 4.30).178,183,184 Depending upon conditions of temperature,
stoichiometry, pressure, and alkali metal, it is possible to isolate the oxime or the dianion in high yields.178

Recently, the reactions of nitric oxide with organic radicals has been reviewed.185
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H
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(4.30)

4.9.6 Reactions with other nucleophiles

The range of nucleophiles which give stable diazeniumdiolates from the addition of nitric oxide (Figure 4.8
and Equation 4.22) is surprisingly small. Hydrides, cyanide, most tertiary phosphines, tertiary amines,
azide, and ammonia all fail to return diazeniumdiolates from the addition of nitric oxide. The phosphorus
adducts, if formed, rapidly eliminate nitrous oxide and form the phosphine oxide. Apart from Pelouze’s
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adduct of nitric oxide and bisulfite, sulfur-based diazeniumdiolates are not isolated from the reactions of
mercaptans and nitric oxide.

4.10 The colored species problem in nitric oxide chemistry

Sporadic and diverse reports over the last century have described colored species forming during the
manipulation and/or reaction of nitric oxide with various substrates. It is clear that the deep blue solutions
and solids often condensed at low temperature are due to dinitrogen trioxide and result from the reaction of
nitric oxide and nitrogen dioxide. The later is often a contaminant of commercial samples of nitric oxide,
but of course it can also arise from the adventitious reaction of dioxygen with nitric oxide. However,
there are related, but harder to rationalize, reports of red and red-blue adducts at low temperature. These
often appear in the presence of Lewis acids. Characteristic features of these adducts are their ease of
dissociation and reactivity. There is thus only limited characteristic data relating to these adducts with
Seel’s determination of a λmax of 580 nm and an ε = 40 M−1cm−1,186 and Laane’s vibrational spectroscopy
characterization being particularly good examples.187 In the later case, the vibrational data from the four
nitric oxide isotopomers was interpreted in terms of the formation of an asymmetric nitric oxide dimer
(ONON). While it is not clear how the Lewis acid would promote the formation of this isomer over the
more frequently observed symmetric dimer, the Lewis acids may stabilize the asymmetric isomer and
allow for its observation.

4.11 Conclusions

Although the spectroscopic, physical, and theoretical basis for nitric oxide dimerization is now well under-
stood and characterized, the practical consequences of this propensity in terms of nitric oxide’s chemistry
and biology remain important problems. Ultimately, these are mechanistic problems, and it should be no
surprise that this chemistry remains so poised. The inorganic chemistry of nitrogen is filled with spec-
tacular examples of kinetic control and it is in its oxides that mechanistic issues are critical. In the late
1880s the mechanism of nitric oxide’s oxidation was a source of considerable controversy between two
rival camps188,189 using classical product analysis to advocate different mechanisms. A century later, in the
1990s, similar difficulties were encountered in attempts to understand the chemistry of peroxynitrite.190–192

While the community waits for a resolution to this vexing discussion, which may very well require new and
orthogonal methods to untangle, large areas of this ostensibly simple chemistry remain to be explored.
And there are many lessons in this chemistry for all chemists interested in transient and persistent radicals.
Given these difficulties in understanding simple diatomic and triatomic radicals, the chemistry of larger
homologues may well pose even more nuance and problems.
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5.1 Introduction

Since 1990, more than 4000 papers have appeared dealing with the synthesis, the physicochemical proper-
ties, and the applications of stable nitroxides and molecules composed of two or more nitroxide moieties.
Within the limited pages of this chapter, only some relevant contributions that are not tackled in the other
parts of this book are commented on or mentioned. Although the term “stable” nitroxide is used here in the
Ingold sense,1 the review also mentions results from the interesting branch of nitroxide chemistry relating
to the “spin trapping” method2 that involves persistent nitroxides.

The first organic nitroxide, porphyrexide 1 (Scheme 5.1), was prepared and named by Piloty and
Schwerin in 1901,3 and half a century after its radical character was elucidated by Holden et al .4 by means
of Electron Paramagnetic Resonance (EPR) spectroscopy. The next important contribution to the develop-
ment of nitroxide chemistry came from Wieland et al .5 and Meyer et al .,6 who prepared diarylnitroxides
as shown in Scheme 5.1. The first synthesis of 2,2,6,6-tetramethyl-4-piperidone-1-oxyl (4-oxo-TEMPO),
2, by Lebedev et al .7 in 1959 marked the beginning of the development of TEMPO derivatives a widely
used class of nitroxides.

Rozantsev et al .8 greatly contributed to this development showing that nitroxides can be involved in
various organic reactions without direct involvement of the aminoxyl group. Over the period 1960–1980,
the fundamental chemical and physical properties of stable nitroxides were established, largely through the
pioneering research of the groups of Rozantsev9 and Rassat.10 Since then, the interest raised by nitroxides
has continued to grow and now they find applications in many important fields of chemical and biological
research, as illustrated by the number of books11 summarizing the many contributions in this area. Together
with the development of nitroxides, the interest of the scientific community in molecular magnetism and
organic magnets favored the development of nitroxide multiradicals (mainly dinitroxides) and nitronyl
nitroxides12 (Scheme 5.2).

Stable Radicals: Fundamentals and Applied Aspects of Odd-Electron Compounds Edited by Robin G. Hicks
c© 2010 John Wiley & Sons, Ltd
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Scheme 5.2 Principal mesomeric structures of a nitroxide (left) and a nitronyl nitroxide (right)

5.2 Nitroxide structure

5.2.1 Characteristics of the aminoxyl group

The aminoxyl group of nitroxides is characterized by a πN−O three-electron bond resulting from the overlap
of the 2pz orbitals of the nitrogen and oxygen atoms, and in terms of valence bond theory the contribution
of the two main mesomeric structures, (A) and (B), to the actual electronic structure must be considered
(Scheme 5.2). As a result of this three-electron N–O π system, the N–O bond of an aminoxyl group has
a bond order of 1.5, as indicated by the bond energy of about 100 kcal/mol, and the bond length dNO

(1.25 Å < dNO < 1.30 Å), which is midway between the energy and the bond length of a N–OH single
bond (53 kcal/mol; ∼ 1.43 Å) and a N=O double bond (145 kcal/mol; ∼ 1.20 Å)11d,13.

The spin density is mainly distributed on the nitrogen and oxygen atoms, being slightly higher on the
latter. The spin distribution depends on the degree of pyramidalization of the nitrogen atom and on the
polarity of the embedding medium.

From O–H bond dissociation energies in hydroxylamines, the gain in energy from the delocalization of
the unpaired electron between the nitrogen and oxygen atoms amounts to 30 kcal/mol.11d,14 A lower value
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Scheme 5.3 Disproportionation of a nitroxide bearing hydrogen atoms on a carbon of the C–N(O) bonds and
fragmentation of bulky nitroxides

(23 kcal/mol) obtained from HeI/HeII photoelectron spectroscopy has been recently proposed.15 The gain
in energy from the formation of an oxygen–oxygen bond has been calculated to be about 35 kcal/mol.
Thus, for nitroxides the gain in energy from O–O dimerization is lower than the loss of the resonance
energy of the two aminoxyl groups, making O–O dimerization thermodynamically unfavorable.

In general, nitroxides with a hydrogen atom α to the nitrogen atom are not stable and readily undergo
disproportionation to form the corresponding hydroxylamine and nitrone (Scheme 5.3).16 Thus, for most
of the stable nitroxides, the hydrogen atoms α to the nitrogen atom have been replaced by alkyl or aryl
groups. However, if the steric strain induced by these groups becomes too important, unimolecular decay
of the nitroxide can occur through the homolytic cleavage of a C–N(O) bond leading to a nitroso compound
and alkyl radical16d,e (Scheme 5.3).

5.2.2 X-ray structures of nitroxides

X-ray diffraction studies of some representative cyclic nitroxides, (five-, six- and seven-membered rings)
accompanied the development of the nascent nitroxide chemistry. Values of important geometrical parame-
ters are listed in Table 5.1. The N–O bond length is not significantly influenced by the ring size. However,
while the aminoxyl group is planar for five-membered ring nitroxides (α close to 0◦), it is clearly pyramidal
for six- and seven-membered ring nitroxides (Scheme 5.4). In the solid state, nitroxides are nearly always
monomeric radicals. However, in a few cases head-to-tail intermolecular interactions of the aminoxyl
groups with N. . .N and O. . .O contacts shorter than the sum of the van der Waals radii can occur, resulting
in a diamagnetic dimer (nitroxide 3 in Scheme 5.4).17

Table 5.1 Geometrical parameters of cyclic nitroxides

N–O (Å) C–N–C (◦) α (◦)a

5-membered ring18 1.27 112–117 0–5
6-membered ring19 1.27–1.31 123–126 15–20
7-membered ring20 1.29 130 21

aOut-of-plane angle.
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In the last twenty years, the huge development in the use of nitroxides to control radical polymerization
processes has led to the preparation of various new nitroxides.21 Tordo et al . first showed that two
α-hydrogen-bearing stable nitroxides (SG1 and TIPNO, Scheme 5.5) are particularly efficient for this
purpose.22a Many stable analogs of SG122b and TIPNO23 have subsequently been prepared. X-ray
structures of some of these24 (Scheme 5.5, Figure 5.1) reveal that the α-hydrogen atom is located
anti to the aminoxyl oxygen atom and close to the nodal plane of the πN−O system, a geometry
which is unfavorable to disproportionation, according to the mechanism proposed by Ingold.16 Braslau
et al .25 characterized the compounds resulting from the thermal decomposition of TIPNO and proposed
that TIPNO could disproportionate through a Single Electron Transfer (SET) mechanism involving a
head-to-tail dimer.

H

O

N

P

O

O

O

Figure 5.1 X-ray structure of N-tert-butyl-N-(1-dibenzylphosphono-2,2-dimethylpropyl)nitroxide (only the α-H
atom located anti to the aminoxyl O atom is shown).24d
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Aldabagh et al .26 used nitroxides 9 and 10 (Scheme 5.6) to control the free radical polymerization of
styrene and discussed the results in terms of structural parameters. According to X-ray crystal structures,
the six-membered ring of 10 deviates significantly from planarity as compared to the planar five-membered
ring of 9. Thus, 10 possesses a more exposed oxyl group leading to a higher rate of radical trapping (kc)
and a lower rate of NO–C bond homolytic cleavage in the corresponding alkoxyamine (Section 5.6.1,
Scheme 5.31).

Nitronyl nitroxides, imino-nitroxides, and, to a lesser extent, nitroxides and dinitroxides are frequently
used as stable spin-building blocks to prepare magnetic materials.27 The X-ray structure and magnetic
behavior of numerous crystalline materials formed with these building blocks have been reported.28

Discussing the results of these numerous studies is beyond the scope of this chapter and only a few
reports describing the X-ray structure of non-coordinated new nitroxides or dinitroxides (Scheme 5.7)
are mentioned.

All-organic liquid crystals containing a chiral five-membered cyclic nitroxide unit within the rigid core
(Scheme 5.8) have been prepared and their X-ray structures and magnetic properties have been studied.29

The X-ray structures of other nitroxides used in miscellaneous applications have also been determined;
some30 are shown in Scheme 5.9.

5.2.3 Quantum mechanical (QM), molecular dynamics (MD) and molecular
mechanics (MM) calculations

The EPR parameters of a nitroxide are strongly dependent on its geometry and the nature of the embedding
environment, particularly the polarity and the presence or absence of molecular oxygen dissolved in the
solution. Nitroxides are widely used as reporter molecules to gain different kinds of information: motion of
biomolecules (spin labeling), oxygen content of a medium (oximetry), pH values, formation of inclusion
complexes,31 and so on. As a result, it is important to fully understand how the molecular geometry and the
solvent influence the magnitude of the hyperfine coupling constants (hccs) of a nitroxide. Kikuchi et al .32

explored the conformational space of small nitroxides by means of Monte Carlo (MC) simulations, the hccs
being then obtained by averaging results of quantum calculations on MC configurations. Barone et al .33

developed various approaches to study the magnetic properties of large nitroxide systems in vacuo and in
condensed phases. They showed that within the density functional theory (DFT) approach,33e the popular
B3LYP hybrid functional coupled with the standard basis 6–31+G(d,p) was appropriate to reproduce the
experimental geometries and hccs of nitroxides accurately. However, they also developed some special
basis sets, like the EPRII, EPRIII. and N07D.33g

With respect to environmental effects on the magnitude of hccs, a supermolecule composed of the
solute and the solvent molecules strongly coordinated to the aminoxyl group must be considered. Then,
adding bulk solvent effects in a suitable way, for instance, by the Polarizable Continuum Model (PCM),
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can allow good agreement to be obtained between calculated and experimental hccs values. However, the
number and the position of solvent molecules in the first solvation shell of any solute are intrinsically
dynamic. In this context, Barone et al .33f carried out molecular dynamics (MD) simulations of nitroxides
in vacuo and in aqueous solution within the Car–Parrinello (CP) framework. The hccs values were
then computed at a DFT level and were shown to fit accurately with the experimental ones. This
approach, although presently among the “state-of-the-art” molecular simulation techniques, is particularly
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resource demanding, and its application to large systems can be very tedious. Ferré et al .34 developed
an approach combining the analysis of MD trajectories generated by use of a classical polarizable
force field, and quantum calculations coupled to the solvent instantaneous electrostatic potential, to
compute averaged hyperfine coupling constants. This approach can be used readily to compute hccs of
large systems.

The existing literature on the vibrational spectra of stable nitroxides has been critically reviewed and
ab initio DFT calculations using UB3LYP at the 6–311++G(d,p) level were performed to obtain a
theoretical band position of νN−O• (in the range 1450–1420 cm−1 for five-membered cyclic nitroxides and
1395–1340 cm−1 for six-membered cyclic and acyclic nitroxides).35

The nitroxide spin label MTSSL (Scheme 5.10), widely used in site-directed spin labeling of membrane
proteins, has been studied with MD simulations.36 MTSSL attached to a polyalanine α helix in explicit
solvent was simulated to elucidate the factors affecting its conformational dynamics.

A simple MM approach based on the Cremer and Pople description of five-membered cycles has
been applied to the conformational analysis of five-membered cyclic nitroxides.37 The method has
been implemented in the GenMol38 software, and it was applied to determine the major conformers of
β-phosphorylated nitroxides.

Dramatic line broadening resulting from chemical exchange was observed in the EPR spectra of either
cyclic39 (27, 28, Scheme 5.10) or acyclic40 β-diphosphorylated nitroxides. For the major conformer of
the trans isomer 27t, the two phosphoryl groups are axial and there is no exchange with the diequa-
torial conformer. However, for the cis isomer a fast exchange occurs between the axial–equatorial and
equatorial–axial conformers, and the large difference between aP(ax) and aP(eq) (�aP ≈ 20 Gauss) explains
the large broadening effect observed. Calculations of the EPR spectra at different temperatures yielded the
potential barriers for ring interconversion.
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5.2.4 Influence of solvent polarity on the EPR parameters of nitroxides

For many applications the usefulness of nitroxides as paramagnetic probes stems from the sensitivity of
their EPR parameters to the polarity of the embedding medium. For example, the changes in aN, aO(17) and
g values for 4-oxo-TEMPO (Scheme 5.1) in solvents of increasing polarity are shown in Table 5.2.41 The
trend of aN and aO(17) can be explained in terms of relative weights of the two most important resonance
structures of the aminoxyl group; aN increases and aO(17) decreases due to the stabilization of the resonance
structure (B) with respect to (A) (Scheme 5.2). More generally, polar solvents increase aN through the
relative stabilization of the zwitterionic resonance structure (B).

Barone et al .32d investigated solvent polarity effects on aN for 2,2,5,5-tetramethyl-3-carboxy-
pyrrolidinoxyl 29, and 2,2,6,6-tetramethyl-4-carboxy-piperidinoxyl 30 (Scheme 5.11). Part of their results
are listed in Table 5.3. From these results, the authors concluded that the trends relative to aprotic and
protic solvents are different, suggesting that not only the polarity of the solvent but also the possibility
of explicit hydrogen bonds influence the value of aN. With solvents that cannot form hydrogen bonds,
inclusion of the bulk solvent effect by means of single-point PCM calculations on the gas phase
geometries is sufficient to provide aN values in good agreement with the experiments. However, with
hydrogen bond forming solvents, the authors considered the formation of supermolecules containing
either one (chloroform, methanol) or two (water) solvent molecules coordinated to the aminoxyl group.
The use of these supermolecules for the calculations restore the agreement between experimental and
calculated aN values.

According to the Stone theory42 of the g factor in organic free radicals, the most important contribution
to �g for nitroxides comes from an electronic excitation from an in-plane oxygen lone pair nO to the
π∗ SOMO. When the lone pairs are stabilized by polar solvents the nO → π∗ gap increases with the
consequent reduction of g value.

An experimental and computational study of the solvent dependence of the hyperfine couplings for the
di-tert-butyl nitroxide (DTBN) has been carried out by Mattar et al .43 The DTBN aiso values were directly
calculated in six different solvents, using the unrestricted UB1LYP HDF and UAHF methods. The trend of
increasing aN in going from non-polar to polar solvents is very well reproduced by the computations. The
most difficult case was reproducing the aN value in water. Nevertheless, the aN values of DTBN-1H2O
supermolecule come within 0.38 G of the experimental value.

Table 5.2 g-Factors and hccs of 4-oxo-TEMPO in solvents of increasing polarity

Solvents g-Factor aN (Gauss) aO(17) (Gauss)

Benzene 2.0062 14.45 19.29
1-Butanol 2.0060 15.01 19.11
Water 2.0058 16.01 17.86
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Table 5.3 Dielectric constant (ε) for different solvents and corresponding
experimental and computed values of AN (Gauss) for 29 and 30

Solvent 29c 30c ε

Exp. Calc. Exp. Calc.

CCl4 14.081 13.80 15.450 15.09 2.24
CHCl3 14.697 14.05 15.947 15.31 4.90

14.61a 15.71a

15.25b

THF 14.252 14.14 15.528 15.40 7.58
CH2Cl2 14.363 14.17 15.749 15.42 8.93
CH3COCH3 14.287 14.27 15.601 15.52 20.70
CH3OH 15.198 14.30 16.252 15.54 32.60

15.29a 16.17a

Ph-NO2 14.471 14.30 15.731 15.54 34.85
H2O 16.050 14.32 17.060 15.54 78.40

15.25a 15.54a

16.12b 16.74b

aCalculations including one explicit solvent molecule.
bCalculations including two explicit solvent molecules.
cGas phase results: 13.35 G (29), 14.80 G (30).

Polarity contributions to aN values of nitroxides have also been calculated44 within the Onsager model.
Different reaction fields have been proposed45 as improvements of the original model and it has been
shown46 that polarizability of the nitroxide must be taken into account to obtain the best description of
the solvent dependence of the isotropic 14N-hyperfine couplings.

Marsh et al .47 determined the polarity dependence of the isotropic 14N-hyperfine couplings, aN, and
g-values in a wide range of protic and aprotic media, for a TOAC-containing dipeptide 31 and for a
DOXYL-containing fatty acid 32 (Scheme 5.11). The correlation between data sets for TOAC and DOXYL
nitroxides in various solvents was used to establish the polarity profile for isotropic hyperfine couplings of
TOAC in a transmembrane peptide. This calibration can then be used to determine the location of TOAC
at selected residue positions in a transmembrane or surface active peptide. A similar calibration procedure
was also applied to aN and g for MTSSL (Scheme 5.10) that is widely used in site-directed spin labeling
studies of membrane proteins.

Nitroxide molecules are excellent probes of intermolecular hydrogen bonding interactions in polar
solvents48; they interact with weak protic solvent molecules providing insight into the short-lived com-
plexes formed. The distance and magnitude of the scalar interaction for the nitroxide hydrogen bonding at
the methyl group in acetonitrile and the amino group in acetamide were computed. Scalar interactions were
accurately modeled at the UB3LYP level in terms of the magnitude and attitude for substrate/nitroxide
complexes.

5.3 Nitroxide multiradicals

Organic di- and polyradicals are especially relevant sensors to study weak interatomic/intermolecular inter-
actions in large systems. Their spectroscopic and magnetic properties49 depend on the electron spin–spin
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exchange coupling between unpaired electrons localized on different centers. The synthesis and handling
of stable nitroxide multiradicals are relatively well controlled and nowadays these species are used in
many applications.

5.3.1 Electron spin–spin exchange coupling

Nitroxide multiradicals, particularly dinitroxides, have been extensively used to study the dependence of
exchange coupling (J) upon structural parameters. A few representative examples of the many recently
studied species are shown in Scheme 5.12. The diazaadamantane dinitroxide 33 currently holds the transi-
tion temperature record (Tc = 1.48 K) for a fully organic nitroxide-based ferromagnet.50 As expected based
on symmetry considerations, the intramolecular interaction between the two orthogonal N–O groups is fer-
romagnetic. Intermolecular interactions are also ferromagnetic and a truly three-dimensional ferromagnetic
order is observed at a Curie temperature of 1.48 K.

A series of six trimethylenemethane-type dinitroxides which differ in (tert-butylaminoxyl)phenyl ring
torsion angles by virtue of different steric demands of the spacer groups was prepared.51a Electron
spin–spin exchange values were obtained from solid state magnetic susceptibility measurements.51b The
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exchange parameter is antiferromagnetic for 34 (J = −7.30 ± 0.34 K), which has an average phenyl torsion
φ = 54.1 ± 0.6◦, while the strongest net ferromagnetic coupling (J = +36.4 ± 2.3 K) is observed in 36, in
which the coupler is part of an essentially planar π system. The weakest net intramolecular exchange cou-
pling is for 35, which lacks a conjugated coupling unit. Using the Broken Symmetry (BS) approach, Datta
et al .52 performed calculations of J (at the UB3LYP/6-311+G(d,p) level) for several trimethylenemethane-
based nitroxide diradicals including 36. They showed that increasing both conjugation and planarity results
in significant increase of the intramolecular ferromagnetic exchange interaction.

Triradical 37 has been prepared53 and its X-ray crystallographic analysis revealed an all-syn conformation
of the three aminoxyl groups, with large dihedral angles (90◦ and 70◦) between the N–O bonds and the
benzene ring plane. In the EPR spectrum of 37 in frozen solution at 6.5 K a fine structure characteristic of
a randomly orientated quartet species was observed. Temperature dependence of the molar susceptibility of
37 on a microcrystalline sample suggested that a global antiferromagnetic interaction produces a doublet
ground state.

Dinitroxide 38 was prepared by Shiemann et al .54 from 3-ethynyl-2,2,5,5-tetramethyl-3-pyrroline-1-oxyl
and 1,8-di-iodonaphtalene via a Sonogashira cross-coupling reaction. According to X-ray crystallographic
analysis, the through-space distance between the oxygen atoms of the two aminoxyl groups is 8.9 Å and the
distance between the nitrogen atoms is 7.2 Å. The CW X-band isotropic EPR spectrum of 38 clearly shows
the five lines due to two strongly exchange-coupled nitroxide moieties. The plot of the doubly-integrated
half-field signal intensity against temperature between 4.1 and 90 K leads to 2J = −4.1 K, corresponding
to a singlet ground state. From the temperature dependence of the magnetic susceptibility studied with
a SQUID, one obtains 2J = −3.54 K. UB3LYP/6-311G(df,pd) Broken Symmetry calculations revealed a
strong ferromagnetic through-bond interaction via the 1,8-substituted naphthalene bridge and a competing
strong antiferromagnetic through-space interaction via the acetylene groups. Both interactions are of the
same order of magnitude, leading to the weak overall antiferromagnetic coupling observed.

Rajca et al .55 described the synthesis, crystallography, and magnetic characterization of 39, a
stable macrocyclic tetranitroxide composed of a calix[4]arene which is functionalized with four tert-
butylnitroxides at the upper rim. In the solid state, dimerization of one diagonal pair of nitroxides leads
to a pinched cone conformation for 39 with strong intradimer antiferromagnetic coupling (singlet–triplet
energy gap, �EST ≈ 1 kcal/mol).

Several calix[4]arenes with two opposite nitroxide moieties on the upper rims were prepared, and
the influence of different factors on the through-space spin–spin exchange interactions in solution was
investigated by EPR.56

Ishida et al . obtained dinitroxide 40 by oxidation of 9,9’(10 H , 10’H )-spiroacridine with m-
chloroperbenzoic acid, and determined its structure by X-ray crystallographic analysis.57 Magnetic
measurements on a polycrystalline sample of 40 revealed the presence of a dominant antiferromagnetic
(J ≈ −69.9 K) interaction, which was ascribed mainly to intermolecular interactions due to close
contacts between two aminoxyl groups. However, the temperature dependence of the EPR peak
heights approximately obeyed the Curie law, suggesting a triplet ground state for a free 40 molecule.
UB3LYP DFT BS calculations supported this result with a calculated J value of +12.0 K. In the solid
state, the ferromagnetic intramolecular spin–spin coupling is hidden by the stronger antiferromagnetic
intermolecular coupling.

Remarkably strong intermolecular antiferromagnetic couplings were also observed by Ishida et al .28d

in the usual crystallographic allotrope of biphenyl-3,5-diyl bis(tert-butyl nitroxide) 41 (α-41). X-ray crys-
tallography revealed strong head-to-tail intermolecular dimeric interactions of the aminoxyl groups, with
N. . .N and O. . .O contacts shorter than the sum of the van der Waals radii. These interactions can be
considered as partly bonding, however the contribution of mesomeric form C (Scheme 5.13) is very small,
since 41 has still a radical character in the solid state. As a result of these intermolecular interactions
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the N–O nitrogen atoms are significantly pyramidalized and the N–O bonds are elongated. More recently
Ishida et al .58 succeeded to obtain a new crystallographic allotrope of 41 (β-41). X-ray data show that
for β-41 the intermolecular N–O. . .N–O distances are very long, and, as expected, magnetic susceptibility
measurements revealed strong intramolecular ferromagnetic coupling.

5.3.2 Miscellaneous aspects of di- and polynitroxides

EPR studies have been devoted to numerous dinitroxides59; some of the studied species are shown in
Scheme 5.14.

The impact of electron–electron spin interaction on electron spin relaxation of a series of nitroxide dirad-
icals and a nitroxide tetraradical in glassy solvents between 10 and 300 K has been studied.60 Relaxivity
studies on dinitroxides and dendritic nitroxide multiradicals (46, Scheme 5.15) have been performed.61

Dendritic polynitroxides exhibit higher per-nitroxide-based water relaxivity compared to a mononitroxide
model. The higher generation polynitroxide dendrimers exhibit relaxivities exceeding those for gadolin-
ium(III) chloride.

Prefluorescent nitroxides possess a fluorophore tethered by a short covalent link to a nitroxide moiety. The
fluorophores exhibits low fluorescence due to enhanced intersystem crossing from the first excited singlet
state of the fluorophore to its triplet state via electron exchange interactions with the nitroxide moiety.
Upon radical trapping to form a diamagnetic alkoxyamine normal fluorophore emission is restored, and thus
these prefluorescent nitroxides are extremely responsive sensors for the detection of free radical species.
Recently Bottle et al .62 prepared a new prefluorescent dinitroxide based on a 9,10 diphenylanthracene core
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(47, Scheme 5.15). Using 47, the authors were able to image by fluorescence spectroscopy free radical
damage in polypropylene.

The synthesis and characterization of a series of hetero-diradicals containing linked hydrazyl and nitrox-
ide moieties have been reported (48, 49, Scheme 5.15) and their EPR spectra have been discussed.63

5.4 Nitronyl nitroxides (NNOs)

Nitronyl nitroxides (NNOs) are stable paramagnetic species bearing interacting nitronyl and aminoxyl
groups. The unpaired electron is equally delocalized on both N–O groups as demonstrated by theoretical
calculations.64 NNOs are characterized by a five line EPR signal with an intensity ratio 1 : 2 : 3 : 2 : 1 due to
the coupling of the single electron with two equivalent nitrogen atoms (Figure 5.2); the nitrogen coupling
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Figure 5.2 Structure and EPR spectrum of a water soluble NNO: 2-(4-carboxyphenyl)-4,4,5,5-tetramethyl-4,5-
dihydro-1H-imidazole-3-oxide-1-oxyl (2-carboxyNNO).
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constant is about half the value of a dialkyl nitroxide such as TEMPO. NNOs are mainly used for building
magnetic materials and for trapping nitric oxide (to form imino-nitroxide, INO), a ubiquitous molecule
involved in many biological processes.

5.4.1 Synthesis of nitronyl nitroxides

Generally, nitronyl nitroxide radicals are synthesized following a procedure based on Ullman’s work
(Scheme 5.16).12 Usually, a precursor aldehyde is condensed with a bis-hydroxylamine in methanol. The
resulting bis-hydroxyimidazolidine is then converted to the nitronyl nitroxide radical by oxidation using
sodium periodate (NaIO4) in either a two-phase mixture of water/dichloromethane or manganese dioxide
in dichloromethane. Some new NNOs recently synthesized are reported in Scheme 5.16.65–69

In 2007, Dooley et al .70 reported a new synthetic route leading to various substituted spin delocalized
benzonitronyl nitroxides (Scheme 5.17).

5.4.2 Nitronyl nitroxide as a nitric oxide trap

Furchgott, Ignaro and Murad received the Nobel Prize in Medicine in 1998 for their “discoveries concerning
nitric oxide as a signaling molecule in the cardiovascular system”.∗ Apart from being responsible for the
vascular smooth muscle vasorelaxation,71 nitric oxide has other important physiological roles, such as
a cytotoxic mediator of the immune system72 or as a neurotransmitter in the central nervous system.73

Nitric oxide is stable in oxygen-free solutions but it reacts with superoxide radical to form peroxynitrite
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Scheme 5.16 Synthetic pathway for nitronyl nitroxide preparation

∗12 October 1998. The Nobel Assembly at Karolinska Institutet has decided to award the Nobel Prize in Physiology or Medicine for
1998 jointly to Robert F. Furchgott, Louis J. Ignarro and Ferid Murad for their discoveries concerning “nitric oxide as a signalling
molecule in the cardiovascular system”.
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(ONOO−) at a nearly diffusion controlled rate.74 Peroxynitrite is a cytotoxic species implicated in several
pathophysiological conditions like atherosclerosis75 and neurodegenerative diseases.76

To characterize nitric oxide production in living systems, usual EPR spin traps have been evaluated.
Nitrone and nitroso compounds are not suitable because of the instability of the resulting spin adduct.77

Other methods, such as trapping using cheletropic traps or exogenous iron chelates, were successfully
developed. Here, after a brief discussion of these two approaches, the approach using NNOs as a nitric
oxide scavenger is introduced.

The concept of a nitric oxide cheletropic trap (NOCT) is based on the addition reaction of nitric oxide
to form a stable indolinoxyl type nitroxide (Scheme 5.18) with a simple and characteristic three line EPR
spectrum. This approach was developed in the 1990s by Korth, Sustmann and Ingold.78 However, the poor
solubility and thermal sensitivity of the NOCT compounds, as well as the bioinstability of the resulting
nitroxides, limited their use to monitor nitric oxide production in cellular systems.

Nitric oxide can bind very easily with Fe2+ chelates, and the diethyldithiocarbamate ferrous com-
plex [(DETC)2Fe2+] (55, Scheme 5.19) is commonly used to trap nitric oxide produced in hydrophobic
conditions.79 The resulting (DETC)2-Fe2+@NO complex is detected as a three line EPR spectrum. Water
soluble Fe2+-dithiocarbamate complexes (N -methyl-D-glucamine (MGD) 56, N -(dithiocarboxy) sarcosine
57, and 2-hydroxyethyl dithiocarbamate 58) were developed and successfully used to obtain evidence
of real time nitric oxide production in septic shock-mice80 or from purified neuronal Nitric Oxide Syn-
thase (nNOS).81 However, the trapping of nitric oxide by (MGD)2.Fe2+ is not selective; Mason showed
that nitrite, an oxidation product of nitric oxide, can react with (MGD)2.Fe2+ to produce nitric oxide.82

N O+ NO

NOCT

Scheme 5.18 Trapping of NO with a NOCT
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Figure 5.3 Trapping of nitric oxide with NNO and EPR signal of the resulting iminyl nitroxide (INO).

Nevertheless, dithiocarbamate complexes are widely used, even though the high quantities of added Fe2+
and dithiocarbamate ligands can initiate unwanted reactions and a high toxicity.

Kalyanaraman et al . were the first to suggest that nitronyl nitroxides could be a viable alternative to
iron(II)-dithiocarbamate complexes83 to characterize nitric oxide. They showed that 2-carboxyNNO reacts
specifically with nitric oxide giving rise to an imino nitroxide (INO) which shows a characteristic EPR
signal83 composed of 7 lines with an intensity close to 1 : 1 : 2 : 1 : 2 : 1 : 1 (aN1 = 4.5 and aN2 = 9.0 G
(Figure 5.3)). The rate constant of the reaction between NNOs and NO in aqueous solutions is in the
region of 104 M−1s−1.84

As shown by Peng et al ., who reported the synthesis of 30 different NNO labeled with amino acid
fragments,85 the possibility to modulate NNO solubility and specificity makes possible the detection of
nitric oxide at different tissue sites. To improve nitric oxide rate trapping, Rosen et al . reported the first
synthesis of dendrimer linked NNOs (from two to eight units of NNO).86 Unfortunately, the EPR spectrum
of the dendrimer-linked NNOs is broadened by spin exchange interactions, and the rate constant of trapping
is similar to that observed with nitronyl nitroxides.

Despite the easy access to various NNOs, their use for specific EPR nitric oxide detection is not without
limitation; it has been reported that NNOs can undergo fast reduction into EPR silent diamagnetic products.
Indeed, Blasig et al . reported that NNOs can react with superoxide anion radical (O2

•−) with a rate constant
of 8.8 × 105 M−1s−1, which is more than two orders of magnitude higher than the value reported previously
for the NNO’s reaction with nitric oxide.87

5.4.3 Nitronyl nitroxides as building blocks for magnetic materials

Since the pioneering work of Cambi and coworkers on spin-crossover magnetic materials in the 1930s,88

it has been a holy grail for chemists and physicists to create pure organic magnetic materials. In 1991,
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Scheme 5.20 p-Nitrophenyl nitronyl nitroxide

Tamura et al . reported the existence of ferromagnetic intermolecular interaction in the crystal structure
(β phase) of p-nitrophenyl nitronyl nitroxide (Scheme 5.20), with a transition temperature to a ferromag-
netically ordered state of 0.65 K.89

Since then, different strategies have been applied to design single molecules or organic free radicals
based metallic complexes to get ferromagnetic interactions at the highest temperature possible. However,
the best result ever achieved was to observe ferromagnetic properties at 35K with a sulfur–nitrogen
radical.90 Much work has been devoted to the pursuit of organic magnetic materials, and relevant reviews
are available.27d,49b,91–94 Herein, some NNOs which are important building blocks for the design of
magnetic materials are mentioned.

Nitronyl nitroxides (NNOs), and to a lesser extent imino nitroxides (INOs), represent the most promising
compounds to be used as bridging ligands for the construction of metal ion-based organic magnets. It is
the approach chosen by Kahn, Caneschi, Rey, and Sessoli who pioneered in this field using nitronyl
nitroxide radicals to bind transition metal ions (M(hfac)2) (Scheme 5.21). They reported the magnetic
behavior of one-dimensional chain metal–nitronyl nitroxide complexes showing the efficiency of such
coordinating system.95–101 The possibility of modeling the architecture of the whole molecule by using
different substituents (R) can modify the arrangement of the molecules in the complex and influence the
ferromagnetic properties.

To observe magnetization at high temperature will require increasing the dimensionality of the
metal–nitroxide network. Two possibilities are currently developed: (1) increase the number of
coordination sites on the nitronyl nitroxide radical by choosing the right substituents and (2) increase the
number of organic free radicals around the metal. In order to add coordination sites on the NNO radicals,
different groups developed the synthesis of multidentate NNOs (Figure 5.4 shows examples) and the
metal–free radical complexes obtained were crystallized.27,102–109

To increase the number of radicals surrounding the transition metal ion, several groups developed the
synthesis of bis-nitronyl nitroxides-based tetradentate ligands, such as 2,2’-bipyridine and phenanthroline
N -oxide N -oxyl biradicals used with copper(II) and nickel(II) (Scheme 5.22, Figure 5.4).110–112 Some
other examples of stable chelate multiradicals used as building blocks for the preparation of molecule
based magnets are reported in Figure 5.4.113–115

Novoa et al . reported recently the analysis of 47 different crystal structures of α-nitronyl nitroxide
radicals and the influence of the relative disposition of the radical centers in the crystals on the magnetic
properties.116 Such theoretical study coupled with experimental data should allow the design of more
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Scheme 5.21 Structure of nitronyl nitroxide radicals-M(hfac)2 complexes
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efficient nitronyl nitroxide radicals to prepare metal–organic free radical complexes exhibiting interesting
ferromagnetic properties.

5.5 Synthesis of nitroxides

An impressive number of different stable nitroxides have been reported in the literature, and there are
several books and reviews which cover early as well as more recent progress of the synthetic aspect of
nitroxide chemistry.9,11a–d,117 The synthesis of nitroxides R1N(•O)R2 are carried out through different
synthetic routes that depend on the nature of the targeted R1 and R2 groups. However, in almost all the
reported preparation of nitroxides, the aminoxyl group is introduced through an oxidation step involving
either an amine or a hydroxylamine.

5.5.1 Oxidation of amines

Peracids,117,118,9 dimethyldioxirane,119 oxone,120 and hydrogen peroxide121 are widely used to oxidize
secondary amines to nitroxides. Direct oxidation of tertiary amines to nitroxides9,30a,122 is generally carried
out with mCPBA or H2O2/sodium tungstate (Na2WO4) (Scheme 5.23).

5.5.2 Oxidation of hydroxylamines

Hydroxylamines can be easily oxidized to nitroxides. The main strategies to form an aminoxyl group
through the oxidation of an N-hydroxy intermediate are shown in Scheme 5.24.123–125 When different
reactions must be carried out before the oxidation step, the hydroxylamine can be protected either by
O-acetylation126 or O-silylation with tert-butylchlorodimethylsilane.28c,127

5.5.3 Chiral nitroxides

Optically active30,128 nitroxides and nitroxides for the control of free radical polymerization22,23,129 have
been also intensively studied and some results concerning their synthesis are presented here.

Tamura et al .130 developed a new synthesis of α-asymmetric bicyclic nitroxide radicals, 64, via the
reduction with samarium diiodide (SmI2) of homoallylic nitroenones and the subsequent addition of
electrophiles (Scheme 5.25). Rychnovsky et al .131 prepared several chiral piperazine and morpholine
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nitroxides (65, 66) using Lai’s protocol to prepare hindered morpholinones and piperazinones. Greci
et al .132 obtained a series of 2-alkyl-2-phenyl-3,3-dimethylindolines by 1,2-organolithium addition to
2-phenyl-3,3-dimethyl-3H -indole. Oxidation of these indolines with mCPBA yielded a series of chiral
indolinic nitroxides (67).

Several C2-symmetrical chiral nitroxides have been prepared (Scheme 5.26), in which the asymmetric
substituents are either immediately adjacent to the nitrogen on a pyrrolidine or piperidine ring.30a,c,d

The asymmetric substituents can also be remote from the nitrogen on an azepine133 or pyrrolidine
ring.134 A 1 : 2 mixture of meso/(±) diastereomers of N -benzyl-2,5-dicarboxymethylpyrrolidine treated
with lithium diisopropylamide (LDA) and then with iodomethane yields 68 as a 1 : 6 mixture of
meso/(±) diastereomers, which are chromatographically separated. Deprotection furnishes the pure
amines, which after oxidation give meso- and (±)69.135 Nitrone 70 is obtained by oxidation of (2R,5R)-
2,5-bis(methoxymethyl)pyrrolidine with MeReO3/urea.H2O2. Without purification 70 is converted to
hydroxylamine 71 by the action of phenylmagnesium bromide in tetrahydrofuran. Oxidation of 71
to a nitrone followed by treatment with two equivalents of phenyllithium in tetrahydrofuran yields a
hydroxylamine which is easily oxidized to 72.136 The total yield of 72 amounts to 20 %, the enantiomeric
excess is higher than 98 %, the stereochemistry of the addition of phenylmagnesium bromide and
phenyllithium agrees with the stereo-course proposed by Keana.137
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Scheme 5.25 Preparation of chiral nitroxides

The bis-phosphorylated pyrrolidine, (±)-73, was obtained in a one-pot reaction (65 % after distillation)
by bubbling ammonia into a mixture of hexane-2,5-dione and diethylphosphite.138 If the reaction mixture is
left for three months at room temperature a mixture (61 : 39) of (±)-73 and meso-73 was formed. Crystals
of meso-73 were obtained and its stereochemistry established by X-ray diffraction. The corresponding pure
nitroxides (±)-27 and meso-27 were obtained by oxidation with mCPBA in dichloromethane.

Tamura et al .29a–d,139 have intensively studied all-organic liquid crystals containing chiral nitroxides
within the rigid core (Scheme 5.27). Like 74 and 20, most of the studied nitroxides were prepared from
the 2,5-dimethylpyrroline-N -oxide using Keana’s protocol.140

5.5.4 Nitroxide design for nitroxide mediated polymerization (NMP)

The Persistent Radical Effect (PRE)129 (Section 5.6.1) established in the presence of a nitroxide has
been widely investigated during the last fifteen years to prepare living polymers with narrow molar mass
distribution, through radical polymerization. The efforts of several groups resulted in the development of
the synthesis of many new nitroxides. Some of these results are illustrated here.

Tordo et al ., using straightforward chemistry, developed the synthesis of a series of original acyclic β-
phosphorylated stable nitroxides (Scheme 5.28).22,141 The synthetic route to SG1 allows the R1,R2,R3

and R4 groups to be changed, thus giving access to a versatile series of SG1 analogs. In order to
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Scheme 5.28 Synthesis of SG1, TIPNO and some derivatives

understand the factors sustaining the very good efficiency of SG1 in the control of radical polymerization
of styrenic and acrylic monomers, Tordo et al .22a tested different α-hydrogen bearing nitroxides and they
found that TIPNO is also an efficient controller for nitroxide mediated polymerization. The chemistry of
TIPNO was subsequently intensively developed,23,142 mainly by Hawker, Braslau and their coworkers, and
an impressive number of interesting derivatives were reported (Scheme 5.28: 75,143 76–78,144 79–80,145

81–82,146 83 and 85–86,147 84148).
The Bond Dissociation Energy (BDE) of the NO–C bond of the dormant alkoxyamine is a key factor to

reach a successful controlled living polymerization in the course of nitroxide mediated polymerization. If
the bond dissociation energy is too high (around 540 kJ/mol for many monomers), at usual temperatures
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of polymerization (100–130 ◦C), the nitroxide will behave as an inhibitor of polymerization. The bond
dissociation energy of the NO–C bond can be decreased by increasing the steric hindrance around the
nitrogen atom of the nitroxide moiety. Studer et al . prepared a series of TEMPO and seven-membered
ring nitroxides, introducing a high steric crowding by the substitution of methyl groups with bulkier
substituents. (Scheme 5.29: 87a–e,149 88a–c,150 89–93151).

Many other new nitroxides have been tested to control the radical polymerization of different vinylic
monomers. Some examples (94,152 95,153 96,154 97,155 98156) are shown in Scheme 5.30. Before closing
this partial survey of recent developments in the synthesis of nitroxides, it is worth mentioning DPAIO
(Scheme 5.30), the only nitroxide capable of controlling the radical polymerization of methyl methacrylate
(MMA).157 During MMA polymerization in the presence of TEMPO, TEMPO abstracts a hydrogen atom
from MMA polymeric radicals to form a dead chain with a terminal double bond. In the case of DPAIO,
due to the delocalization of the unpaired electron, hydrogen atom abstraction is disfavored and DPAIO is
able to partially control the MMA polymerization.

5.6 Chemical properties of nitroxides

Nitroxides possess an interesting chemical reactivity that to some extent is characteristic of free radicals,
with the exception of dimerization (homocoupling) and reactions with oxygen. The stability of nitroxide
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radicals makes it possible to carry out reactions selectively on functional groups not involving the unpaired
electron. This topic has been thoroughly reviewed and further information can be found in the articles of
Volodarsky,158,11c Rozantsev,9 Keana,117a and Hideg.159

5.6.1 The Persistent Radical Effect

Another interesting feature of nitroxides is their involvement in kinetic situations controlled by the Persis-
tent Radical Effect (Scheme 5.31).

The transient carbon-centered radical generated by the thermal decomposition of a sterically crowded
alkoxyamine decays rapidly to yield various products through self reactions. However, the stable nitroxide
accumulates in the medium and after a very short time (depending on the values of kd and kc) its concen-
tration is much higher than that of the transient radical. At this point, the self-reactions of the transient
radicals are stopped and if they do not participate to other fast chemical reactions, for example, cycliza-
tions, addition to olefins, and so on, the only occurring reaction is the cross-coupling to regenerate the
starting alkoxyamine. This phenomenon, also observed with other persistent free radicals, was explained
by Fischer and Ingold in the 1980s.129,160

5.6.2 Redox reactions

Nitroxides are redox active species and they can undergo one-electron reduction or oxidation (Scheme 5.32).
Their interesting redox properties have led to a wide range of applications extending their use in biology
as SOD mimics (Chapter 17) and redox probes, and to materials sciences with the development of organic
batteries (Chapter 14).

The redox potentials of nitroxides have been studied (bio)chemically,161–164 electrochemically,165–167

and theoretically.168,169 Nitroxides can be reduced to the corresponding hydroxylamines and in some cases
the reaction is irreversible. For cyclic nitroxides, the rate of reduction by ascorbate depends mainly on
the ring size and correlates with reduction potentials.170,171 The order of increasing favorability172 for the

N O
C

R3 R2

R1 N O CR3

R2

R1
+

Dimerization Disproportionation

Products

Alkoxyamine

kd

kc

(after few seconds)

Scheme 5.31 Illustration of the Persistent Radical Effect

N

O

N

O

N

OH

−1 e−
+ 1 e−

+ H+

hydroxylamine aminoxyl radical oxo-ammonium cation
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reduction is the following: pyrrolidine (PROXYL) < pyrroline < acyclic (DBN) < isoindoline (TMIO)
 piperidine (TEMPO) < oxazolidine < azaphenalene (TMAO) (Scheme 5.33). The rate constant for the
pyrrolidine nitroxide radicals may be 30 to 40 times less than for similar piperidine nitroxide radicals.

Most nitroxides undergo reversible oxidation to the corresponding oxo-ammonium cation. The trend of
oxidation potentials is not the inverse of the trend for reduction potentials. Generally, the lowest oxidation
potentials are observed for the azaphenalene derivatives and the highest for the isoindoline derivatives.
Piperidine and pyrrolidine derivatives have intermediate oxidation potentials. Oxazolidine derivatives are
not easily oxidized due to the electro-withdrawing effect of the oxygen atom in the ring that destabilizes
the positive charge of the resulting oxo-ammonium cation.

As a general rule, the principal factor affecting the redox potentials of a nitroxide is the nature of the
ring. The substituents on the ring have a relatively small effect, except for azaphenalene-type nitroxides.
It can be assumed that the ability of nitroxides to be oxidized or reduced can be related to the flexibility
of the molecule, that is, how easily the nitrogen atom can be pyramidalized in the hydroxylamine and
planarized in the oxo-ammonium cation. It is also observed that changing the groups surrounding the
nitroxide moiety can have an effect on the oxidation and the reduction potentials. For instance, replacing
the methyl groups by ethyl or cyclohexyl groups in the isoindoline, imidazoline, or piperidine series led
to a decrease of the reduction rate by weak reductants.173–175

5.6.3 Approaches to improve the resistance of nitroxides toward bioreduction

Nitroxides are interesting probes and reporters in biological systems. However, their reduction by biore-
ductants, such as ascorbate anion, thiols and enzymatic pools, has limited their use in vivo. To circumvent
this limitation, two approaches have been developed that are based on the synthesis of sterically hindered
nitroxides and on the inclusion of nitroxides into host molecules.

Replacing the methyl groups by ethyl or cyclohexyl groups in the isoindoline,176 imidazoline,177 or
piperidine178 (Schemes 5.34 and 5.35) series led to a significant decrease of the reduction rate in in vitro
experiments, in blood or in liver homogenates.

In the late 1970s, Rassat et al .179 reported the partial protection of TEMPO to ascorbate reduction by
adding β-cyclodextrin in the media. This approach has been successfully expanded to the spin trapping

N O

N

O

N

N

O
N

O

OO

Scheme 5.34 Sterically hindered nitroxides with improved resistance to bioreduction
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technique180 and recently a [1]rotaxane based on a TEMPO unit linked to a β-cyclodextrin moiety has
been synthesized and exhibited significant resistance to glutathione (GSH) reduction (Scheme 5.36).246

The strong association constant (K > 104 M−1 at 298 K) and the perpendicular orientation of TEMPO in
the TEMPO@CB[7] inclusion complex have shown to be interesting features to protect the paramagnetic
probe against ascorbate reduction, with a half-life time increased by a factor of 60 (Scheme 5.36).181

5.6.4 Hydrogen abstraction reactions

Nitroxide radicals such as TEMPO and PROXYL derivatives are able to abstract hydrogen atoms only
from weak hydrogen bonds, including thiols, phenols, allylic positions, and metal hydrides.182 Electron-
poor nitroxides, such as bis(trifluoromethyl)nitroxide, Fremy’s salt,183 acyl nitroxides, and phthalimide
nitroxides (PINO), are more reactive as hydrogen abstractors and can abstract inactivated hydrogen atoms
under ambient conditions. This reactivity is due to the higher oxygen–hydrogen bond dissociation energies
of their corresponding hydroxylamines. Interesting discussions on these reactions can be found in recent
review articles.184–186

TEMPO was shown to react at 80 ◦C with tributyltin hydride (Bu3SnH) and triphenylgermanium hydride
(Ph3GeH) by hydrogen atom abstraction to yield the corresponding hydroxylamine and the stannyl or
germyl radical, respectively. No reaction was observed with Et3SiH or Ph3SiH under the same conditions.
Using (Me3Si)3SiH (tris(trimethylsilyl)silane), the reaction yields the corresponding hydroxylamine and
amine in a 1 : 1 ratio.187

Using 2H isotope labeling, a study for distinguishing between the allylic hydrogen atom
abstraction/addition and addition/abstraction mechanisms in the reaction of TEMPO with cyclohexene
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at 70 ◦C demonstrated that both pathways occur, the more important being the allylic hydrogen atom
abstraction/addition process (80 %).188 This work was undertaken to sort out the different mechanisms
reported in the literature concerning the reaction of nitroxide with cyclohexene (Scheme 5.37).

Under photoirradiation, the surprising hydrogen atom abstraction by TEMPO from acetonitrile and
toluene was reported with nearly quantitative yield.189 Because the O–H bond energy in TEMPO hydrox-
ylamine is known, TEMPO has been also used to confirm the Bond Dissociation Energy (BDE) of O–H
bonds in non-heme iron and manganese complexes as model of metalloproteins.190

5.6.5 Cross-coupling reactions

Nitroxides have often been used as radical scavenging agents, due to their fast reaction with other free rad-
icals, such as carbon- and nitrogen-centered radicals191–194 and protein radicals.195,196 Due to their efficient
radical trapping behavior, nitroxides have been used for many years as stabilizers and inhibitors in plastics
and rubber manufacture, as regulators in controlled/living radical polymerization, and as antioxidants in
the biomedical field.197,198

Absolute rate constants for the cross-coupling of various nitroxides with several carbon-centered radicals
have been determined and are in the range 5 × 107 to 2 × 109 M−1s−1 at room temperature, the nature of
the trapped radicals and of the nitroxide affecting mainly the rate value.199 As a result, trapping of carbon-
centered radicals with nitroxides is an important and effective method for the synthesis of alkoxyamines.
When stabilized carbon-centered radicals are formed, the alkoxyamine O–C bond undergoes facile and
clean thermal homolysis (Scheme 5.31).

Recently, it has been reported that photoinduced homolysis of alkoxyamines is possible, opening up
possible applications of alkoxyamine free radical initiation at low temperature.200 Indeed, the photolysis of
an alkoxyamine bearing a quinoline antenna proceeds via intramolecular energy transfer from the quinoline
moiety leading to the homolysis of the C–O alkoxyamine bond.

5.6.6 Nitroxides in synthetic sequences

The use of nitroxides in organic synthesis has been more and more important in the last decade, as
illustrated by the growing number of review articles201–204 and book chapters.205 Nitroxides have often
been used for the oxidation of primary and secondary alcohols as well as sulfides to the corresponding
aldehydes and ketones, and sulfoxides respectively. A chapter of the book is devoted to this topic.

5.6.6.1 Trapping of carbon-centered radicals

In various radical initiation methodology, radical carbon–carbon bond formation has been successfully
combined with subsequent nitroxide trapping reactions,206–212 allowing the introduction of a functional
group after removal of the alkoxyamine. For instance, Scheme 5.38 describes the reaction of an aryl iodide
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derivative with tributyltin hydride in the presence of TEMPO leading, after fast 5-exo-cyclization, to an
alkoxyamine that can be cleaved to afford an alcohol in a high overall yield.213

Addition of an olefin to catecholborane followed by the reaction of the resulting B-alkylcatecholborane
with TEMPO is a very interesting method to generate selectively alkyl radicals. B-alkylboranes (and
not trialkylboranes) react with two equivalents of TEMPO to afford in good yield the corresponding
alkoxyamine (Scheme 5.39).214

Radical hydroxylation reactions of alkenes via the corresponding B -alkylcatecholboranes in the presence
of TEMPO are an interesting alternative to the classical hydroboration followed by oxidative work-up pro-
cedure (Scheme 5.40).215 For instance, the hydroboration of α-pinene affords with high diastereoselectivity
the alkoxyamine, which can then be cleaved to afford the alcohol.

With specific substrates, the radical-mediated oxidation of organoboranes leads to products differing
from those obtained using the classical oxidation reaction due to rearrangement of the intermediate radical.
This strategy was also used for tandem process; however, this reaction is limited to radical addition to
highly reactive olefins to avoid the TEMPO trapping of the initial radical.

The reaction of TEMPO with ketenes to give the 1,2-bis adducts (Scheme 5.41) has been extensively
studied on a variety of ketenes and by theoretical calculations.216–218 It was found that the first TEMPO
addition occurs at the carbon–carbon double bond, leading to the most stabilized radical.
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Scheme 5.40 TEMPO-mediated oxidation of α-pinene
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Scheme 5.42 N-Heterocyclic carbene-catalyzed oxidation of aldehydes by TEMPO

Diphenylcarbene reacts with TEMPO with a rate constant of 2.7 × 108 M−1s−1 at room tem-
perature leading to benzophenone and 2,2,6,6-tetramethylpiperidinyl radical in nearly quantitative
yields.219

N-Heterocyclic carbene-catalyzed oxidation of aldehydes by using TEMPO as oxidant affords carboxylic
acids in good to very good yields, even with sensitive aldehydes such as 2-thiophenecarboxaldehyde, 2-
pyridinecarboxaldehyde, phenylglyoxal monohydrate or crotonaldehyde (Scheme 5.42).220 The suggested
mechanism implies the reaction of the N-heterocyclic carbene catalyst with an aldehyde to give the corre-
sponding enamine that is oxidized by SET by two equivalents of TEMPO, followed by further reaction of
the TEMPO hydroxylamine as a nucleophile to yield the corresponding ester, leading finally to the acid
after hydrolysis.

Reactions of chiral nitroxides with prochiral carbon-centered radicals can yield two diastereomeric
alkoxyamines (Scheme 5.43). Rigid C2-symmetric nitroxides have shown to be the most efficient stereos-
elective trapping agents; however, low diastereoselectivities were observed.221

A tandem anionic/oxidative reaction sequence terminated by a TEMPO trapping reaction was developed
and has shown to be an interesting strategy for the efficient preparation of functionalized chiral pyrrolidines
in a one-pot sequence222 and for the synthesis of 15-F2t- isoprostane223 (Scheme 5.44).

Recently, an enantioselective radical-mediated α-oxygenation of aldehydes using organocatalysts has
been successfully developed (Scheme 5.45).224 The methodology proceeds by oxidation of a chiral enamine
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Scheme 5.43 Trapping of a prochiral radical with a chiral nitroxide
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by a SET reagent (such as Cp2Fe, BF4 or FeCl3) and subsequent stereoselective trapping of the intermediate
radical by TEMPO with good enantioselectivity.

5.6.6.2 Persistent Radical Effect in alkoxyamine addition reactions

Alkoxyamines have been also prepared as carbon-centered radical precursors in tin-free radical reactions.
This approach is made possible and efficient because of the Persistent Radical Effect-mediated reversible
alkoxyamine homolysis.225 Isomerization, cyclization, and intermolecular additions (e.g., Scheme 5.46)
and library expansion226 have been performed successfully using this strategy.

Indeed, the use of the thermally-induced homolysis of activated alkoxyamines has been shown to be
an easy and efficient procedure for the generation of carbon-centered radicals, leading to various clean
reactions in good yields (Scheme 5.47).227–232
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Scheme 5.46 Alkoxyamine addition on β-pinene
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Scheme 5.48 Thermal homolysis of SG1-based alkoxyamine affording spiro-lactone with high stereoselectivity

However, TEMPO-based alkoxyamines present some drawbacks, such as high temperature of cleavage,
long reaction times, and hydrogen abstraction side reactions. To overcome these limitations, it has been
shown that steric effects from the nitroxide part play an important role on the reaction outcome and that
by using hindered nitroxides, such as SG1 (Scheme 5.48), such drawbacks can be overcome.233,234

5.6.6.3 Reactions with organometallic compounds

The reactions of several classes of organometallic species with two equivalents of nitroxides have been
reported since the 1970s.235 The treatment of various organometallic compounds RM (with M = Li, Mg,
Zn, Cu, Sm, Ti, Zr) with TEMPO was demonstrated to proceed through the initial attack of TEMPO on
the metal atom to generate a carbon-centered radical that is subsequently trapped by the second equivalent
of TEMPO (Scheme 5.49).

TEMPO was also used as oxidant in transition metal-catalyzed reactions. Copper-catalyzed C–N and
C–O bond cross-couplings of secondary amines and phenols with arylboronic acid using TEMPO as oxidant
were successfully developed (Scheme 5.50).236
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Scheme 5.49 Generation of radicals from organometallic species and subsequent trapping by TEMPO
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Scheme 5.51 TEMPO-catalyzed Pauson–Khan reaction

An acceleration of the Pauson–Khand reaction was found by using TEMPO, especially with sterically
demanding alkynes (Scheme 5.51). DFT calculations supported the hypothesis that TEMPO promotes the
decarbonylation of the cobalt complex through single-electron activation of the cobalt–carbon bonds, thus
providing a low energy, radical pathway.237

For many years, TEMPO has also been used as ligand for transition metals and main group elements.
It has been shown that Ti–O bonds in titanium nitroxide complexes are weaker than those of titanium
alkoxides, and they can be cleaved at moderate temperature (60 ◦C) to generate titanium(III) complexes
and aminoxyl radicals (Scheme 5.52). This result and DFT calculations have demonstrated also that the
strength of these Ti–O bonds can be tuned by ancillary ligand modifications on titanium.238

Recently, “transition metal free” oxidative homocoupling reactions of aryl, alkenyl, and alkynyl based
Grignard reagents have been reported using TEMPO as the stoichiometric oxidant.239 The method appears
to be versatile and very efficient. Reaction of TEMPO with Grignard reagents usually affords the cor-
responding alkoxyamines, as illustrated in Scheme 5.53. However, due to the destabilized character of
aryl, alkenyl, and alkynyl radicals, the reaction outcome is different, and this is presumably due to the
non-generation of free aryl, alkenyl, and alkynyl radical intermediates.

The oxidative rhodium-catalyzed coupling reaction of arenes and heteroarenes with various aryl-
boronic acids via direct C–H arylation and using TEMPO as the oxidant has been reported recently
(Scheme 5.54).240 In the proposed mechanism, it is assumed that TEMPO acts as an oxidant (two
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Scheme 5.52 Thermal homolysis of Ti–O bonds derived from titanium–TEMPO complex and subsequent ring
opening mediated by the Cp2Ti(III)Cl complex followed by TEMPO trapping
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equivalents) of the rhodium(I) complex to the rhodium(III) complex, and can also act as a base through
the deprotonated (anionic) form of the corresponding hydroxylamine.

5.7 Nitroxides in supramolecular entities

The component structural units of supramolecular entities are typically held together by a variety of weak
(non-covalent) interactions, including hydrogen bonding, π−π stacking, dipolar interactions, London and
van der Waals forces. The resulting host–guest complexes are thermodynamically weak and kinetically
labile, making the kinetics of association and dissociation processes, which occur in the microsecond and
submicrosecond time range, difficult to measure. In most cases the experimental NMR spectra appear as
averages of those from the free and complexed species and only the equilibrium of association can be
reached. However, EPR spectroscopy is characterized by a shorter time scale than NMR, so if a free radical
is used as guest and the radical shows sensitivity to the embedding medium, different EPR signals can be
detected for its complexed and uncomplexed forms. The stability of many nitroxides and the sensitivity of
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their EPR parameters to the polarity of the embedding medium41,46,47 make them ideal guests to investigate
various supramolecular assemblies.31,241

5.7.1 Interaction of nitroxides with cyclodextrins

Rassat242 et al . were the first to show that EPR spectroscopy is well suited to study the association of
nitroxides with cyclodextrins. When nitroxide 99 (Scheme 5.55) was used as a guest for β-cyclodextrin
(β-CD) in water, the free and included (99@β-CD) species showed separated high field EPR lines. The
spectrum with the smaller nitrogen hyperfine splitting (aN) was assigned to the complexed nitroxide, which
inside the β-CD cavity resides in a less polar environment than pure water. On the other hand, on using
TEMPO as guest, no clear distinction between the free and included species can be observed, the formation
of the host–guest being evidenced only by an increase of the EPR high-field line width.

Kotake and Janzen studied a series of nitroxide@β-CD complexes.243 They were the first to show that
a nitroxide radical with more than one relatively bulky functional group can form two distinct host–guest
complexes (Scheme 5.55). Using a high-pressure EPR system, Sueishi et al .243f established that the external
pressure either increases or decreases the equilibrium constant of group-in complexes, depending on the
sizes of the included group relative to that of the cyclodextrin cavity.

Lucarini et al .31,244 studied the association of benzyl tert-butyl nitroxide, 100 (Scheme 5.56), with α-, β-,
and γ -cyclodextrin. In the presence of cyclodextrins they observed additional lines on the EPR spectrum
of 100 that were assigned to the radical included in the host, in equilibrium with the free species. The
significantly smaller nitrogen hyperfine coupling (Table 5.4) found with β- and γ -CD with respect to water
suggests that the N–O group is deeply included in the cavity of the CDs. On the other hand, with α-CD,
which has a smaller (≈ 5.2 Å) internal diameter than β-CD (≈ 6.6 Å) and γ -CD (≈ 8.4 Å), the very similar
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Table 5.4 EPR parameters and binding constants for the inclusion
complexes of 100 with cyclodextrins

Host aN/G aHβ (2H)/G g K/M−1 (294 K)

none 16.69 10.57 2.0056
α-CD 16.56 9.44 2.0058 14.3
β-CD 15.74 7.88 2.0058 1281
γ -CD 15.97 8.02 2.0058 50.7

value of aN observed for the free and bound 100 indicates that also in the loose 100@γ -CD complex the
N–O group is exposed to the bulk water. Simulation of experimental EPR spectra recorded at different
temperatures and host concentrations allowed the authors to determine the kinetic and thermodynamic
parameters for association and dissociation of the inclusion complexes (Table 5.4).

Thanks to the significant difference of the EPR parameters of 100 in water, β-CD (Table 5.4) and SDS
micelles (aN = 16.04 G, aHβ = 8.84 G, g = 2.0057), the partitioning rate of 100 in β-CD/SDS micelles
systems was determined.245

EPR spectroscopy has been employed244c to investigate the formation of complexes between heptakis-
(2,6-O-dimethyl-β-cyclodextrin) (DM-β-CD) and different enantiomeric pairs of chiral nitroxides of gen-
eral structure PhCH2N(O•)CH(R)R’. Inclusion by the DM-β-CD chiral cavity of the (R) and (S) enan-
tiomers gave rise to diastereomeric inclusion complexes characterized by different EPR spectroscopic
parameters. The corresponding complex stability constants were obtained by plotting the ratio between
the concentrations of the complexed and free species as function of the DM-β-CD concentration in water.
With the help of NMR studies on the complexes between DM-β-CD and the structurally related amine
precursors of nitroxide, together with molecular dynamics, the factors responsible for chiral recognition
by DM-β-CD were identified.

The binding behaviour of β-CD and 2,6-O-dimethyl-β-CD toward 100 in the presence of different
alcohols has been studied by EPR.244d Data were found consistent with the formation of a binary complex
alcohol@CD competing with the EPR monitored complex 100@CD.

Lucarini et al . prepared246 the first nitroxide-based [1]rotaxane by reacting a TEMPO derivative with
6-mercapto-βcyclodextrin (β-CD-SH) using alkaline water as reaction medium (Scheme 5.57). They
demonstrated that the TEMPO moiety is irreversibly trapped inside the β-CD cavity, resulting in the
efficient protection of the reduction of the aminoxyl group by GSH.
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Formation of inclusion complexes between several cyclodextrin derivatives and TEMPO and DOXYL-
based spin probes was studied by EPR spectroscopy.247 Competition between alkyl chains and nitroxide
functionalities for cyclodextrin cavities leads to different types of complexation.

Complexation of β-cyclodextrin with flexible nitroxide diradicals linked by a polyethylene glycol chain
was monitored by EPR spectroscopy.248 Complexation with cyclodextrin reduces dramatically the flexibility
of the biradicals and leads to the disappearance of the lines due to electron spin–spin exchange in their
EPR spectra. In a different kind of spin exchange experiment, two TEMPO moieties were attached on the
same rim of the cavity of two isomers of partially methylated β-cyclodextrins. The host–guest properties
of these bis spin labeled cyclodextrins were investigated.249 The nitroxides form inclusion complexes in
the presence of unlabelled β-CD.

Greci et al .250 have shown that the water solubility of 1,2-dihydro-2-methyl-2-phenyl-3H-indole-3-one-
1-oxyl 101 (Scheme 5.56) is dramatically increased (1312-fold) in the presence of randomly methylated
β-cyclodextrin (RM-β-CD). The decrease of aN for the included 101 is particularly high (�aN = 1.66 G)
and, when included in the cavity of a RM-β-CD, radical 101 keeps its antioxidant activity towards the
peroxidation of methyl linoleate and it is protected against photodegradation.

The formation of β-CD self-assembled structures in water above a critical aggregation concentration
(3 mM) was established251 from the EPR study of the interaction of β-CD with amphiphilic spin probes
which contain a cyclic nitroxide moiety linked to different positions of their long aliphatic chain.

Tordo et al .252 investigated the association of tert-butyl 2-methyl-1-phenylpropyl nitroxide (TIPNO,
Scheme 5.5) with either 2,6-O-dimethyl-β-CD or permethylated-β-cyclodextrin (TRIMEB). They also
prepared 236CDTIPNO composed of a TIPNO moiety covalently bound to TRIMEB and studied its self-
association in water (Scheme 5.58). The results are consistent with a weak complex showing the TIPNO
moiety capping the small cavity entrance.

5.7.2 Interaction of nitroxides with calix[4]arenes

The benzyl tert-butyl nitroxide probe 100 was also used to study inclusion phenomena in aqueous solution
by two water soluble calix[4]arenes, 102 and 103253 (Scheme 5.59). With 102, the value of the affinity
constant is small (K ≈ 12.5 M−1 at 298 K). Moreover, the hyperfine splitting at nitrogen remains essentially
unaffected by complexation, indicating that the aminoxyl group in the complexed radical is exposed to
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bulk water. In the case of 103 it was not possible to detect separate signals from the free and bound
nitroxide, thus suggesting that a time-averaged spectrum is observed; this could be due either to fast rates
of association and dissociation or to small differences in the EPR parameters of the free and bound species.

The capsular inclusion complex of para-hexanoyl calix[4]arene, 104 (Scheme 5.59), with N-tert-butyl-N-
(1-diethylphosphono-2,2-dimethylpropyl)nitroxide (SG1, Scheme 5.5) was shown to precipitate as yellow,
large, square-like crystals. Single crystal X-ray diffraction showed how SG1 is inserted into the calixarene
pocket.254 EPR studies revealed a strong electron dipole–dipole interaction between guests entrapped in
neighbouring capsules.

An inclusion complex of 104 with 4-methoxy-2,2,6,6-tetramethylpiperidine-N -oxyl, 105 (Scheme 5.59),
was also crystallized and studied by X-ray diffraction and multi frequency EPR.255

5.7.3 Interaction of nitroxides with curcubiturils

Cucurbit[n]urils (CBn, n = 5–8, 10) are cyclic molecules consisting of n glycouril units and characterized
by the presence of a hydrophobic cavity that is accessible through two identical carbonyl fringed portals.256

Benzyl tert-butyl nitroxide 100 and TEMPO were used as probes to investigate host–guest interactions
with cucurbit[7]uril, (CB[7]).257a,183 With 100, the EPR results demonstrate the formation of a stable
inclusion complex 100@CB[7], but no more information was accessible due to the interaction with CB[7]
of the chemicals (parent amine and magnesium salt of monoperoxyphthalic acid) used to generate water
solutions of 100.

TEMPO was shown to form a strong inclusion complex with CB[7] (K = 25000 ± 2000 M−1), the
aminoxyl group being deeply immersed in the CB[7] cavity. The binding constant is one order of magnitude
larger than that measured with β-CD; this huge enhancement was attributed to the larger equatorial width
of CB[7] (7.3 Å against 6.5 Å for β-CD), which allows total inclusion of TEMPO inside the cavity of
the host. In the presence of cations M+, the formation of CB[7]@M+ decreases the concentration of free
CB[7], giving rise to a reduction of the apparent binding constant KEPR for the host@nitroxide complex.
With both nitroxides, EPR showed the formation of a ternary complex nitroxide@CB[7] (M+). Also, it
was shown that the combination of nitroxide radicals and EPR spectroscopy can be used to directly observe
the concentration-dependent aggregation of CB[7] and CB[8] in water.181,257b

Crystals were obtained from a solution of 105 and CB[8].183 The asymmetric unit of 105@CB[8] contains
six cucurbiturils, and the nitroxide inside each appeared to be disordered. The host–guest couples are
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arranged in supramolecular equilateral triangles. In each triangle, the distances between the oxygen atoms
of the three nitroxides are in the range 8.4–9.0 Å, with an average value of 8.7 Å. When 105@CB[8] crystals
were dissolved in pure water, an X-band EPR signal composed of the superposition of the expected three-
line spectrum from free 105 and a seven-line spectrum were observed. This additional spectrum exhibited
a 1 : 3 : 6 : 7 : 6 : 3 : 1 seven-line pattern with a hyperfine coupling constant (aN) of 5.13 G, corresponding
to one-third of the value observed for an included TEMPO-like nitroxide (aN ≈ 15.5 G). This spectrum is
characteristic of a system composed of three identical nitroxide moieties coupled through spin exchange
with J12, J23, J13 � aN in agreement with the “trinitroxide” supraradical {105@CB[8]}3 crystal structure.

5.7.4 Interaction of nitroxides with micelles

Two dynamic processes take place in micellar solutions: the faster process is the association–dissociation
process involving the exchange of individual surfactant molecules between the micelles and the water
phase, while the slower process is identified as the rearrangement of the system involving the creation
and destruction of micelles.258 When the micelles contain hydrophobic solutes, another type of dynamic
process takes place, namely, the exchange of solute molecules between the micellar and the water phases.
Monitoring of nitroxide probes with EPR has been used to obtain useful information on their interaction
in micellar environments.259

Tordo et al .260 investigated the interaction of a series of stable β-phosphorylated cyclic aminoxyl radicals
with SDS micelles by EPR spectroscopy. The hyperfine coupling constant with the phosphorus atom (aP)
proved to be very sensitive to the environment; as a result, two distinct spectra corresponding to the
nitroxide in bulk water and in micelles were observed (Scheme 5.60).

EPR investigation of the kinetics of the exit and re-entry processes in SDS micelles of 100 and various
para-substituted benzyl tert-butyl nitroxides and para-substituted benzyl hydroxyalkyl nitroxides was also
reported.261 Micellar aggregation of sulfonate surfactants and alkyltrimethylammonium bromide surfactants
[CH3(CH2)n−1N(CH3)3Br; n = 6, 8, 12, 16] was investigated by EPR of TEMPO-choline and the sodium
salt of 3-carboxy-PROXYL, respectively.262

There is limited information related to the participation of free radical processes and the antioxi-
dant mechanism involved in biological membranes. A prefluorescent hydrophobic TEMPO derivative
has been used to evaluate local reactivity of phenolic antioxidant in micellar systems263 (Scheme 5.61).
An apparent rate constant that directly reflects the relevance of antioxidant hydrophobicity on the reac-
tion toward the nitroxide has been defined. Dramatic differences in the apparent rate constant were found
on moving from methanol to micellar media (90- and 230-fold enhancements for SDS and Triton X100
micelles respectively).
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An interesting analysis tool for the selective detection of local water inside soft molecular assemblies
suspended in bulk water has been developed.264 The 1H NMR signal of water interacting with specifically
localized stable nitroxides is amplified through Dynamic Nuclear Polarization.

The quenching of fluorescence of pyrene derivatives by nitroxides has been used to investigate the
properties of different micelles.265

The partition isotherms and exchange rates of para-substituted benzyl hydroxyalkyl nitroxides between
an aqueous solution and the monolayer of water soluble protected gold nanoparticles have been determined
by EPR (Scheme 5.62).266

5.7.5 Fullerene-linked nitroxides

The synthesis and properties of fullerenes bearing nitroxide moiety(ies) have been reported in the last
decade. Electron transfer, spin coupling in di-, trinitroxide–fullerene adducts, and interactions between the
nitroxide unpaired electron and the fullerene excited triplet state have been studied (Scheme 5.63).267–269
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Scheme 5.63 A fulleropyrrolidine nitroxide and a fulleropyrrolidine dinitroxide

The inner environment of single-walled carbon nanotubes has been investigated by EPR using a fullerene
nitroxide probe that was inserted using supercritical carbon dioxide.270

5.8 Nitroxides for dynamic nuclear polarization (DNP) enhanced NMR

NMR spectroscopy is a widely used analytical technique, and Magnetic Resonance Imaging (MRI) is
one of the most powerful clinical imaging methods, due to a number of advantages including excellent
resolution, versatility, non-invasive nature, and the use of low-energy frequency irradiation. However, the
inherently low sensitivity of NMR is a major limitation and hampers the extension of its applications. The
lack of sensitivity results from the low magnetic energy of nuclear spins compared to thermal energy at
room temperature.

Improvements in instrumentation by the development of magnets operating at very high fields and of
cryogenic probes have led to significant but still limited enhancement of sensitivity. In recent years, large
NMR signal enhancements were obtained through different approaches based on spin polarization transfer.
Among these approaches, experiments involving hyperpolarized noble gases,271,272 parahydrogen-induced
polarization (PHIP),273,274 photochemical reaction centers (photoCIDNP),275,276 or stable free radicals
(Dynamic Nuclear Polarization, DNP)277 are very appealing. From this set of methods, DNP appears
to be the most versatile and permits a large number of applications both in solid and liquid states.

5.8.1 DNP for biological NMR and real-time metabolic imaging

In the last decade, the achievements of Griffin’s group gave a strong emphasis to the development of DNP
for enhancing the spin polarization in high field MAS NMR experiments,278–280 and signal enhancement
values up to 330 were reported.

Figure 5.5 shows the clear improvement in signal-to-noise ratio obtained using DNP SSNMR at 90 K
and 5 T in the active site of bacteriorhodopsin (bR), a membrane protein acting as a light-driven ion
pump.281 The obtained enhancement of 50 provided sufficient resolution and shorter data acquisition to
gain 2-D spectra with high quality.

More recently, the generation of hyperpolarized spin systems in the solid state at very low temperatures,
followed by a rapid dissolution process and sample transfer to the NMR/MRI apparatus, has been developed
by the Ardenkjær-Larsen and Golman groups. This technique gained a tremendous interest in the MRI field
allowing real-time metabolic studies and improved spatial distribution of hyperpolarized molecules.282–284

In Figure 5.6 (left part) are shown two 13C NMR spectra of urea at 9.4 T, in water at room temperature.
Spectrum (a) (1 scan), was obtained after DNP (20 % polarization), spectrum (b) was obtained at the
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Figure 5.5 DNP improvement of the 1D 1H decoupled 15N MAS spectrum of light adapted ζ -15N-Lys-bR.
(Reprinted from [281], Copyright 2001, with permission from Elsevier.)

thermal equilibrium after 65 hours of acquisition. After the injection of 13C1-enriched pyruvate in a rat
(Figure 5.6, right), 13C NMR spectra were acquired with a time interval of three seconds at 1.5 T on a
clinical MRI. This experiment showed the capability of in vivo monitoring the fate of pyruvate in a rat
using clinical MRI and opens up the way to clinical molecular imaging with MRI.

5.8.2 Nitroxides as polarizing agents for DNP

In 1953, Overhauser proposed an experiment where the large Boltzmann polarization of unpaired electrons
could be transferred to surrounding nuclei by saturating the corresponding electron paramagnetic resonance
(EPR) transition.287 DNP is the extension of the original Overhauser effect from metals to frozen liquids288

and liquids. A prerequisite for DNP is the presence of paramagnetic centers in the sample at concentration
low enough to limit the paramagnetic broadening of the NMR spectrum. On irradiation close to the
frequency of the EPR transition, the large polarization of the electron spin system can be transferred to
the nearby nuclei through the dipolar interaction between the electron and nuclear spins.

Since the early 1960s, the DNP process was first demonstrated experimentally and intensively studied at
low magnetic field.289–294 The maximum theoretical enhancement achievable is given by the gyromagnetic
ratio (γe/γi ), being ∼ 660 for 1H nuclei and ∼ 2600 for 13C nuclei. However, extending DNP to higher
fields proved to be challenging. Hyperpolarization processes can be performed in the liquid or in the solid
states, at low or very low temperatures, and at 0.34 T or up to 5 T. Several different and even potentially
multiple processes can then be involved in DNP experiments. To date, this has prevented the complete
DNP mechanistic understanding for paramagnetic centers with broader EPR spectrum than the Larmor
frequency of the nuclei that are polarized.

Different kinds of paramagnetic species (chromium(V) complexes, char, BDPA, trityls, nitroxides)295–298

have been employed, and it appears that TEMPO-like nitroxides are among the most promising polarizing
agents.299,300 Nitroxides have been shown to have strong dipolar coupling to water, which can result in
large DNP enhancement. Nitroxides have the additional advantages of being easily available and non-toxic
at the concentration used for in vivo applications. It has been shown in 1H-DNP experiments in aqueous
solution and pumping at 9.7 GHz microwave frequency, that using 2H and 15N isotope-labeled nitroxides
the effective saturation factor can be increased.301
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Figure 5.6 (Left) 13C NMR spectra at 9.4 T and room temperature of (A) urea (59.6 mM in water) hyperpolarized
by the DNP-NMR method and (B) urea (59.6 mM in water) at thermal equilibrium (acquisition time: 65 h)
(Reprinted from [285], Copyright 2003, with permission from National Academy of Sciences, U.S.A.)285 (Right)
In vivo metabolic production of lactate and alanine after the injection of hyperpolarized 13C1 pyruvate in a rat.
13C NMR spectra were acquired with a time interval of 3 s at 1.5 T on a clinical MRI. (Reprinted from [286],
Copyright 2003, with permission from National Academy of Sciences, U.S.A.)286



216 Stable Radicals: Fundamentals and Applied Aspects of Odd-Electron Compounds

O

ON
O

N
O O N

H
OH

N
O

N
O

N

O

O

O

O

N OO
2

106
107 108

Scheme 5.64

At high magnetic field in the solid state (90 K) and pumping at 260 GHz microwave frequency, Griffin
reported that using biradicals as polarizing agents, the Cross Effect (CE) mechanism leads to improved
polarization enhancements when comparing with Solid Effect (SE) and Thermal Mixing (TM) mechanisms.
The more efficient biradicals (Scheme 5.64) consist of two TEMPO nitroxides tethered by an ethylene
glycol chain (106),302 a more water soluble TEMPO-based dinitroxide bearing a propan-2-ol tethering chain
(Totapol, 107),303 and a rigid binitroxide bearing orthogonal TEMPO moieties (bTbK, 108).304 Compared
with that obtained with TEMPO, the signal enhancement observed with biradical dinitroxides 106, 107
and 108 increased by factors of about 4, 5.5 and 7.5 respectively.

Immobilized TEMPO-based nitroxides on agarose gel were prepared and studied as possible polarizing
medium for liquid DNP experiments at 0.35 T and room temperature for the preparation of radical-free
steady state injection solutions.305 However, the signal enhancement (–38) obtained using the TEMPO
agarose gel is lower than with TEMPO (–110) dissolved in water at the same concentration. This effect
was attributed to a lower coupling factor for the agarose-bound TEMPO.

5.9 Nitroxides as pH-sensitive spin probes

Local pH value is one of the most important parameters in the biochemistry of living systems and pH
changes have been associated with many physiological and pathological processes. Current methods for
assessing local pH involve invasive procedures or transparent samples, and typically can assess pH values
from a limited numbers of locations. In vitro and in vivo measurements of pH in a non-invasive way
would provide useful information in clinical diagnostic applications. In the last two decades, imidazoline
and imidazolidine-based stable nitroxides306–308 have shown to be interesting candidates as pH spin probes
due to the effect of pH changes on their EPR spectra (Scheme 5.65).309 The change in AN between the
protonated and the unprotonated forms can reach values close to 0.1 mT.

Along with progress in low-frequency EPR, such as Longitudinally-Detected EPR (LODEPR), Proton
Electron Double-Resonance Imaging (PEDRI), and Field-Cycled Dynamic Nuclear Polarization (FC-DNP),
the design of efficient pH-sensitive nitroxide spin probes is a key goal in the successful development of
such diagnostic methods.
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5.10 Nitroxides as prefluorescent probes

Nitroxides are efficient excited state quenchers, and thus they have been associated to dyes in inter- and
intramolecular systems to form responsive fluorescent probes. Several mechanisms have been proposed
for quenching by free radicals, for example, exchange induced relaxation processes (intersystem crossing
and internal conversion), electron transfer, and energy transfer interactions.310

The nitroxide–fluorophore systems have been mostly employed to investigate dynamic processes in
biochemical systems,311 to evaluate the reactivity or the concentration of antioxidants in homogeneous
or micellar systems (Scheme 5.66),312,313 for the detection of free radicals,314 and to study polymer
degradation processes due to oxidative damages such as observed in polypropylene for instance.315

Recently, the development of free radical sensors based on TEMPO functionalized quantum dots has also
been reported.316,317

5.11 EPR-spin trapping technique

A chapter dealing with stable nitroxides and their applications cannot avoid mentioning EPR-spin trapping
(EPR-ST), a technique which was first introduced in the 1970s by Janzen and Blackburn.318 In the last
20 years, oxygen-centered free radicals have been recognized to be of particular biomedical importance, due
to their role as critical mediators in various physiological and pathophysiological processes.319 However,
the combination of rapid decay and low steady state concentration prevents the direct EPR detection of
most biological relevant radicals under physiological conditions. The use of EPR-ST allows detecting
low concentrations of short-lived radicals. Indeed, a short-lived radical (Y•) reacts specifically with a
diamagnetic molecule (mainly a nitrone or a nitroso compound) to produce a nitroxide spin adduct persistent
enough to be detected by EPR spectroscopy (Scheme 5.67). The study of the spin adduct EPR signal,
characterized by its spectral pattern and its hyperfine coupling constant(s), brings information about the
nature and the structure of the radical species trapped.
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This technique has been used to trap and study short-lived free radicals, either in organic solvents for
mechanistic purposes320 or in aqueous media, using nitrones as traps, to study the oxidative stress and, more
specifically, the superoxide anion radical.321 Superoxide is produced by one-electron reduction of molecular
oxygen during mitochondrial respiration. It constitutes the main source of various reactive oxygen species
in vivo, like peroxynitrite (ONOO−), hydrogen peroxide (H2O2) and hydroxyl radical (HO•).

The study of transient free radicals in biological systems with EPR-ST is still limited by various draw-
backs: (i) the reduction of nitroxide spin adducts to EPR silent compounds,322 (ii) the small rate constants
observed for the trapping of superoxide compared to the rates of its reactions with various endogenous
biocomponents (superoxide dismutase (SOD), ferricytochrome c, thiols, nitric oxide), and (iii) the very
low steady state concentration of radicals.

PBN (α-phenyl tert-butylnitrone) (109) and DMPO (5,5-dimethyl 1-pyrroline N -oxide) (110) were the
first nitrones to be used as spin traps but their superoxide spin adducts exhibit a poor half-life (Scheme 5.68).
To improve the efficiency of the trapping of superoxide, numerous spin traps were prepared; DEPMPO
(111),323 EMPO (112),324 and numerous analogues reported by Nohl’s group (115),325 BMPO (113),326

AMPO (114),327 and NHS-DEPMPO (116),328 from which different DEPMPO derivatives like Mito-
DEPMPO (117)329 and β-CD-DEPMPO (119)330 were synthesized.

The half-lives of the superoxide spin adducts of these new nitrone spin traps ranges from 7 to 45 minutes,
while for PBN and DMPO it barely reaches one minute (Scheme 5.68).
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In vivo, the nitroxide spin adducts can be rapidly reduced to the corresponding EPR silent hydroxy-
lamines, due to the presence of relatively high concentrations of reducing agents like reduced glutathione
(GSH), L-ascorbate anion, and so on. The protection of spin adducts toward bioreduction is one of the
most important current challenges for the EPR-ST study of free radicals released in biological systems and
also to other important biological applications of nitroxides.

As already mentioned in Section 5.7, inclusion of nitroxides in the cavity of various hosts appears as a
promising approach to achieve their protection in biological milieu. When cyclodextrin is used in buffer
solutions to encapsulate superoxide adducts of various pyrroline-N -oxides, a sevenfold enhancement in sta-
bility and a partial protection against glutathione peroxidase- and L-ascorbate anion-induced reduction were
reported.331 The same enhancement was observed during the trapping of glutathiyl radical with PBN.332

Bardelang reported the first synthesis of a nitrone grafted to a permethylated β-cyclodextrin.333 Villamena
published the synthesis of β-CD-AMPO, a cyclic nitrone grafted on a cyclodextrin (Scheme 5.68).334

A DEPMPO-appended β-cyclodextrin (β-CD-DEPMPO 119,333 Scheme 5.68) was synthesized using
NHS-DEPMPO (116) as versatile building block. Very promising preliminary in vitro results have been
obtained with 119: its superoxide adduct has a half-life of about 36 minutes and showed a greatly improved
resistance to bioreduction processes compared to what was observed with DEPMPO in the presence of
cyclodextrins.333

5.11.1 Immuno spin trapping

Mason and coworkers have developed a new highly specific and sensitive technique capable of detecting
protein335 and DNA radicals.336 This technique was named “immuno spin trapping” and associates EPR
spin trapping with immuno assays. DMPO (110) is used as the spin trap (Scheme 5.69). After a protein
radical has been trapped by DMPO, the nitroxide spin adduct goes to one-electron oxidation, converting
it to an EPR silent DMPO-protein adduct.

Then, this DMPO-protein adduct can be detected by polyclonal antibodies (anti-DMPO). This immuno
technique was initially reported for the study and the identification of protein-derived free radical
species generated during the reaction of myo-338a and hemoglobin338b,337 with hydrogen peroxide.
Since the first paper by Mason et al . in 2002 reporting the advantages of this technique, more than
20 papers have been published investigating free radical intermediate production during cell protein
damaging processes.338,339

5.11.2 Conclusion

The goal of getting spin traps that afford nitroxide spin adducts exhibiting half-lives from 15 to 40 minutes
has actually been achieved. However, combining a higher persistency for the nitroxide spin adducts and a
faster addition of the free radical species on the nitrone should lead to higher steady state concentrations in
solution, facilitating the free radical detection. Associated with an improved protection against bioreduction
and the high performance EPR equipments available today, EPR-spin trapping should represent a unique
tool to investigate the fate of free radicals in biological systems.
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5.12 Conclusions

Nitroxides and di- or polynitroxides continue to arouse great interest in a large number of research top-
ics: organic synthesis, Nitroxide Mediated Polymerization (NMP), Magnetic Resonance Imaging (MRI),
free radical biology, supramolecular assemblies, Dynamic Nuclear Polarization (DNP), organic batteries,
antioxidants, organic magnets, and so on. These different domains of research need suited nitroxides or
polynitroxides exhibiting appropriate characteristics (redox potential, rate of trapping of free radicals, relax-
ivity, biocompatibility, ferromagnetic interactions, etc.). The unique advantage of nitroxides compared to
other classes of stable free radicals is that the aminoxyl group can resist the experimental conditions needed
to perform various organic reactions. As a consequence, the chemistry of nitroxides is very rich, offering
access to an almost unlimited number of molecules suited for specific applications.
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162. L. Marx and B. Schöllhorn, New J. Chem ., 30, 430–434 (2006).
163. C. Mathieu, A. Mercier, D. Witt, et al ., Free Radic. Biol. Med ., 22, 803–806 (1997).
164. W. R. Couet, R. C. Brasch, G. Sosnovsky, et al ., Tetrahedron, 41, 1165–1172 (1985).
165. S. Manda, I. Nakanishi, K. Ohkubo, et al ., Org. Biomol. Chem., 5, 3951–3955 (2007).
166. J. L. Hodgson, M. Namazian, S. E. Bottle and M. L. Coote, J. Phys. Chem. A, 111, 13595–13605 (2007).
167. Y. Kashiwagi, T. Nishimura and J. Anzai, Electroch. Acta , 47, 1317–1320 (2002).
168. S. D. Rychnosky, R. Vaidyanathan, T. Beauchamp, et al ., J. Org. Chem ., 64, 6745–6749 (1999).
169. J. P. Blinco, J. L. Hodgson, B. J. Morrow, et al ., J. Org. Chem ., 73, 6763–6771 (2008).
170. N. Kocherginsky and H. M. Swartz, Nitroxide spin labels, reactions in biology and chemistry , CRC Press, Boca

Raton, 1–265 (1995).
171. A. A. Bobko, I. A. Kirilyuk, I. A. Grigor’ev, et al ., Free Radic. Biol. Med ., 42, 404–412 (2007).
172. J. F. Keana, S. Pou and G. M. Rosen, Magn. Reson. Med ., 5, 525–536 (1987).
173. L. Marx, R. Chiarelli, T. Guiberteau and A. Rassat, J. Chem. Soc. Perkin Trans 1 , 1181–1182 (2000).
174. I. A. Kirilyuk, A. A. Bobko, I. A. Grigor’ev and V. V. Khramtsov, Org. Biomol. Chem., 2, 1025–1030 (2004).
175. S. Okazaki, M. A. Mannan, K. Sawai, et al ., Free Rad. Res ., 41, 1069–1077 (2007).
176. L. Marx, R. Chiarelli, T. Guiberteau and A. Rassat, J. Chem. Soc. Perkin Trans 1 , 1181–1182 (2000).
177. I. A. Kirilyuk, A. A. Bobko, I. A. Grigor’ev and V. V. Khramtsov, Org. Biomol. Chem., 2, 1025–1030 (2004).
178. S. Okazaki, M. A. Mannan, K. Sawai, et al ., Free Rad. Res ., 41, 1069–1077 (2007).
179. C. Ebel, K. U. Ingold, J. Michon and A. Rassat, Tetrahedron Lett ., 26, 741–744 (1985).
180. H. Karoui, A. Rockenbauer, S. Pietri and P. Tordo, Chem. Commun ., 24, 3030–3031 (2002).
181. D. Bardelang, K. Banaszak, H. Karoui, et al ., J. Am. Chem. Soc., 131 (5), 5402–5404 (2009).
182. C. Jones and R. P. Rose, New. J. Chem., 31, 1484–1487 (2007).
183. K. A. Parker and D. S. Su, in Encyclopedia of Reagents for Organic Synthesis (ed. L. A. Paquette), Vol. 6, John

Wiley & Sons, Inc., New York, 4271–4272 (1995).
184. F. Recupero and C. Punta, Chem. Rev ., 107, 3800–3842 (2007).
185. C. Galli, P. Gentili and O. Lanzalunga, Angew. Chem. Int. Ed ., 47, 4790–4796 (2008).
186. Y. Ishii, S. Sakaguchi and T. Iwahamab, Adv. Synth. Catal ., 343, 393–427 (2001).
187. M. Lucarini, E. Marchesi, G. F. Pedulli and C. Chatgilialoglu, J. Org. Chem ., 63, 1687–1683 (1998).
188. S. Coseri and K. U. Ingold, Org. Lett ., 6, 1641–1643 (2004).
189. L. J. Johnston, M. Tencer and J. C. Scaiano, J. Org. Chem ., 51, 2806–2608 (1986).
190. R. Gupta and A. S. Borovik, J. Am. Chem. Soc., 125, 13234–13242 (2003).
191. A. L. J. Beckwith, V. W. Bowry and K. U. Ingold, J. Am. Chem. Soc., 114, 4983–4992 (1992).
192. V. W. Bowry and K. U. Ingold, J. Am. Chem. Soc., 114, 4992–4996 (1992).
193. (a) A. Samuni, S. Goldstein, A. Russo, et al ., J. Am. Chem. Soc., 124, 8719–8724 (2002). (b) S. Goldstein and

A. Samuni, J. Phys. Chem. A., 111, 1066–1072 (2007).
194. E. Amiani, R. Castagna, P. Astolfi and L. Greci, Free Rad. Res ., 39, 325–336 (2005).
195. P. J. Wright, and A. M. English, J. Am. Chem. Soc., 125, 8655–8665 (2003).
196. M. A. Lam, D. I. Pattison, S. E. Bottle, et al ., Chem. Res. Toxicol ., 21, 2111–2119 (2008).
197. A. T. Hoye, J. E. Davoren, P. Wipf, et al ., Acc. Chem. Res ., 41, 87–97 (2008).
198. M. C. Krishna, W. DeGraff, O. H. Hankovszky, et al ., J. Med. Chem ., 41, 3477–3492 (1998).
199. J. Sobek, R. Martschke and H. Fischer, J. Am. Chem. Soc., 123, 2849–2857 (2001).
200. A. Goto, J. C. Scaiano and L. Maretti, Photochem. Photobiol. Sci ., 6, 833–835 (2007).



226 Stable Radicals: Fundamentals and Applied Aspects of Odd-Electron Compounds

201. N. Naik and R. Braslau, Tetrahedron, 54, 667–696 (1998).
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6.1 Introduction

Radicals can be divided into classes both on the basis of the kinetics of their bimolecular self-reactions and
on the basis of their structural/electronic properties. Three kinetic classes are recognized:1 (i) Transient rad-
icals undergo their bimolecular self-reactions at, or close to, the diffusion-controlled limit; (ii) Persistent
radicals undergo much slower bimolecular self-reactions and slow, or no, unimolecular decay reactions
(such as β-scissions); (iii) Stable radicals do not undergo such reactions at ambient temperatures (or, if
they do, the rates are negligible). The present author applies the following pragmatic test as to whether a
radical should be described as stable or persistent . Only if the radical can be isolated, handled, and stored
(for prolonged periods) as the pure compound under normal laboratory conditions, should the radical be
described as stable. This means that the adjective stable should be confined to those radicals that do not
react with oxygen or moisture and, from a practical perspective, can be “put in a bottle” and kept on a
lab bench.1

There are two main structural/electronic classes of radicals. The vast majority of organic radicals have
their unpaired electron occupying an orbital perpendicular to the local molecular framework. Such species
are classified as π radicals . A few families of organic radicals have their unpaired electron occupying an
orbital lying in the plane of the local molecular framework. Such species are classified as σ radicals .

Not surprisingly, most stable radicals are π radicals. Examples include, amongst many others2: perchloro-
triphenylmethyl; Koelsch’s radical; N, N -diphenyl-N ′-picrylhydrazyl (DPPH•); di-tert-alkyl nitroxides
(e.g., TEMPO, 2,2,6,6-tetramethylpiperidin-N-oxy); and pyridinyl.3 A few types of σ radicals have
been rendered persistent by steric protection of the radical center. Examples include: various phenyls1,4;
various vinyls5; a cyclopropyl6; and various iminyls7; but none of these radicals could be rendered stable.
The only stable organic σ radicals are certain iminoxyls, R,R′C=NO•, the subject of this chapter.
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6.2 The discovery of stable iminoxyls

As Hicks2 has pointed out: “From Gomberg’s seminal report of the triphenylmethyl radical at the turn of
the twentieth Century up to relatively recent times, essentially every new stable/persistent radical class was
an accidental discovery”. This, however, was not the case for the discovery of stable iminoxyl radicals.
Their discovery was the goal of a 1972 comprehensive investigation of structural effects on the kinetics,
mechanisms, and products of decay of a wide variety of alkyl- and aryl-substituted iminoxyls.8 This
particular study was one part of a much more general survey of structural effects on the kinetics and
mechanisms of decay of all the more important classes of free radicals (such as peroxyls,9 nitroxides,10

alkyls,11 etc.) that was undertaken in the author’s laboratory in the 1960s and 1970s.
Iminoxyls were first identified in solution by Thomas12 in 1964 using electron paramagnetic resonance

(EPR) spectroscopy. He also described the Z–E isomerization of non-symmetrically substituted iminoxyls
(Scheme 6.1).

On this basis, and on the basis of their large nitrogen hyperfine splittings (aN ∼ 28–33 G; cf., acyclic
dialkyl nitroxides, aN ∼ 14.0–15.5 G), which indicates the presence of significant spin density on nitrogen
in an orbital with considerable s-character, Thomas concluded that in iminoxyls the unpaired electron
resides in a π -type orbital lying in the plane of the local molecular framework. That is, Thomas12 concluded
that iminoxyls are σ radicals. They can be represented by the canonical structures shown in Scheme 6.2.

The structural/electronic conclusions of Thomas12 were quickly confirmed,13,14 particularly by Symons13

who estimated that 41 ± 5 % of the spin density in R2C=NO• was on the nitrogen atom in an orbital with
a p/s ratio of 6.1 ± 0.7, independent of the nature of the R groups. More recently, the Mulliken spin
densities on the oxygen and nitrogen have been calculated to be: O/N = +0.57/+0.45 for H2C=NO•,
+0.57/+0.46 for Me2C=NO•, and +0.53/+0.48 for (Me3C)2C=NO•.15 The oxygen and nitrogen spin
densities for aromatic iminoxyls have been computed to be very similar,16 for example, +0.58/+0.46 for
PhCH=NO• and +0.57/+0.46 for Ph2C=NO•.

For the 1972 survey of iminoxyl radicals’ decay kinetics,8 the radicals were generated by oxidation of
their parent oximes. Most of the kinetic work involved generation of the iminoxyls, usually at initial concen-
trations in the range 10−5 –10−6 M, using photochemically produced tert-butoxyl radicals (Equations 6.1
and 6.2):

Me3COOCMe3
hv−→ 2 Me3CO• (6.1)

Me3CO• + R,R′C=NOH → Me3COH + R,R′C=NO• (6.2)
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The solvent was generally benzene and the temperature was normally 25 ◦C. The radicals were generated
in the cavity of an EPR spectrometer and decay was monitored after shuttering the light. Diaryliminoxyls
and alkylaryliminoxyls decayed with the expected second order kinetics, for example, Equation 6.3:

2Ph2 C=NO• → products (2 k3
298K = 2.5 × 103 M−1s−1) (6.3)

Surprisingly, most of the dialkyliminoxyls decayed with first order kinetics and with remarkably similar
decay rate constants (Equation 6.4), for example,8 k4

298K = 4 × 10−2 s−1 for R,R′ = (CH3)2; (CD3)2;
(PhCH2)2; CH3,PhCH2; c-C5H10; and others.

R,R′C=NO• → products (6.4)

However, the concentrations of these dialkyliminoxyls under steady UV irradiation was proportional to
the square root of the light intensity. The first order decay kinetics arose because the iminoxyls were
in equilibrium with their dimers and (most probably)8 the decay of the dimers was rate controlling,
Equation 6.5:

2 R,R′C=NO• � {R,R′C=NO}2 → products (6.5)

The existence of these radical/dimer equilibria was demonstrated by showing that during the decay of
an iminoxyl radical, the iminoxyl concentration could be temporarily increased by rapidly raising the
temperature of the sample by 10 ◦C. Following this temperature-induced increase in concentration, the sub-
sequent decay rate of the iminoxyl was faster than at the initial, lower temperature.8 Di-isopropyliminoxyl
decayed with first order kinetics (k4 = 7 × 10−3 s−1) at low concentrations (2 × 10−7 –1 × 10−5 M) but
with second order kinetics (2 k 298K = 1.9 × 102 M−1s−1) at high concentrations (1 × 10−4 –1.3 × 10−3 M).
A blue “head-to-tail” dimer of this iminoxyl was isolated (together with other products) by oxidation of
di-isopropyl ketoxime with silver(I) oxide (Ag2O), Equation 6.68:

2 {(CH3)2CH}2C=NOH + Ag2O → {(CH3)2CH}2C=NOC{(CH3)2CH}2N=O + H2O + 2Ag (6.6)

Similar kinetic behavior was found for the decay of tert-butylmethyliminoxyl.8

The foregoing kinetic results encouraged the synthesis of di-tert-butyl ketoxime. This was no trivial
task because the only reported synthesis17 required extremely high pressures, 125 000 psi (8300 atm) at
room temperature, which increased to 136 000 psi (9000 atm) at the reaction temperature of 75 ◦C. Fortu-
nately, the equipment required for such high pressure chemistry was available at the National Research
Council, though the amount of oxime that could be synthesized was very limited owing to the small size
of very high pressure reaction vessels. Di-tert-butyliminoxyl, generated from the ketoxime (Equations 6.1
and 6.2) in benzene in an EPR spectrometer at concentrations from 1 × 10−6 –1 × 10−2 M, underwent
no measurable decay over the course of several days.8 We therefore set out to synthesize a much larger
quantity of the ketoxime in order to prepare sufficient di-tert-butyliminoxyl to determine whether or not it
could be isolated, purified, and “put in a bottle”. This was made practicable by Hartzler’s timely demon-
stration that hindered nitriles readily undergo nucleophilic attack.18 The following synthetic procedure
was developed.19

6.2.1 Synthesis of di-tert-butyl ketoxime

Into 40 ml of 1.25 M tert-butyl lithium in n-pentane under nitrogen was added, drop-wise and with magnetic
stirring, 4.1 g (50 mmol) of pivalonitrile. After standing for one hour at 25 ◦C, there was added, successively:
5 ml absolute ethanol, 3 ml acetic acid, and 3.5 g hydroxylamine hydrochloride. An additional 65 ml of
absolute ethanol was used to transfer the mixture to a flask with an attached condenser, and the mixture
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was refluxed for five hours. About 25 ml of water was then added and the mixture was cooled in ice.
Colorless crystals formed and were filtered off, sucked partially dry, and sublimed at about one Torr. Yield
of di-tert-butyl ketoxime: 3.3 g (46 %).19

Some 24 years later, a simpler and more elegant synthesis of this ketoxime (and other symmetric di-tert-
alkyl ketoximes) was developed by Mendenhall and coworkers (Equation 6.7).20 In their new procedure the
alkylating agent was generated in situ from sodium and the tertiary chloride, thus conveniently avoiding
expensive, pyrophoric reagents.

2 Na + t-RCl + t-RCN → NaCl + t-R2C=NNa → → t-R2C=NOH (6.7)

6.2.2 Synthesis of di-tert-butyliminoxyl19

The ketoxime (0.3 g) in 30 ml benzene was shaken 90 min with 0.7 g silver oxide. The resulting blue
solution was filtered and the filtrate was concentrated at 25 ◦C to a blue oil (0.22 g, 74 %) which was
distilled twice in vacuo by the bulb-to-bulb procedure with the receiver immersed in liquid nitrogen.
Di-tert-Butyliminoxyl is a blue liquid, freezing point −21 ◦C, n294KD 1.4452, d295K 0.824, with a weak
absorption extending from about 530 nm to beyond 800 nm, ε(800 nm) = 5.1 in benzene, 5.0 in 95 %
ethanol, and 4.7 in cyclohexane.19

The IR spectrum shows an intense absorption at 1610 cm−1 from C=N and/or N–O stretching vibrations.
A peak at 1650 cm−1 in the parent ketoxime (C=N vibration) does not appear in the spectrum of the radical.
However, peaks at 2960, 1480, 1390, and 1366 cm−1 are also present in the IR spectrum of di-tert-butyl
ketone and can, therefore, be assigned to C–H vibrations.

The EPR spectrum of di-tert-butyliminoxyl in dilute solutions is split into a triplet due to interac-
tion of the unpaired electron with the 14N nucleus. The magnitude of the 14N splitting shows a very
much smaller dependence on the solvent than is the case for the 14N splitting of di-tert-butyl nitrox-
ide. For example, at 23 ◦C (Me3C)2C=NO• has aN = 31.32 G in benzene and 31.55 G in acetic acid,
whereas (Me3C)2NO• has aN = 15.44 G in benzene and 16.46 in acetic acid.19 The lack of a sig-
nificant solvent effects on both the EPR and visible spectra can be rationalized by noting that the
nitrogen atom in the iminoxyl is approximately sp2 hybridized and is, therefore, less polarizable and
less basic than the sp3 hybridized nitrogen atom in the nitroxide. The orbital energies and electron dis-
tribution in the iminoxyl are, therefore, less affected by a change in solvent polarity than is the case for
the nitroxide.

The three main lines in the EPR spectrum of (Me3C)2C=NO• show additional hyperfine splittings by
the hydrogen atoms. At 23 ◦C, the relative intensities of these lines are not consistent with 18 equivalent
protons. However, the multiplet structure at −50 ◦C was simulated using two groups of nine protons with
aH (9H) = 0.481 and 0.772 G; these correspond to the protons on the anti and syn tert-butyl groups,
respectively.21 As the temperature was increased above −50 ◦C, the multiplet structure changes because
inversion of the C=NO• moiety becomes faster and the distinction between the anti and syn tert-butyl
protons becomes blurred. At 72 ◦C, inversion is rapid on the EPR time scale (kinv = 1.3 × 106 s−1) and
all eighteen protons become equivalent. Under these conditions, aH = 0.627 G, which is the mathemat-
ical average of the anti and syn proton hyperfine splittings given above. This proves that the spin on
both sets of protons has the same sign. This sign was determined by taking the 1H NMR spectrum of
neat (Me3C)2C=NO•.21 At room temperature this spectrum shows a single broad peak (�H ∼ 1600 Hz)
shifted to low field.21 The average spin density on the tert-butyl protons is therefore positive in sign.
The paramagnetic shift relative to (Me3C)2C=NOH is −45.7 ppm, which yields aH(av) = +0.61 G, in
excellent agreement with the EPR results. This positive spin on the tert-butyl protons in (Me3C)2C=NO•

contrasts with the π radical, (Me3C)2NO•, where the spin on the protons is negative, aH = 0.11 G.21
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The following experiments demonstrated that di-tert-butyliminoxyl is monomeric in solution19:

(i) The molecular weight, measured by vapor pressure osmometry in benzene at 37 ◦C, was 160, a value
in satisfactory agreement with the calculated molecular weight of 156.

(ii) A plot of the doubly integrated EPR signal intensity in cyclohexane at 25 ◦C against [(Me3C)2C=NO•]
was linear from 0.01 to 0.29 M.

(iii) A plot of optical density (800 nm) in benzene at 25 ◦C against [(Me3C)2C=NO•] was linear from
0.015 to 0.16 M.

(iv) The EPR signal intensity increased by a factor of 2.70 on cooling a 0.2 M solution of (Me3C)2C=NO•

in isopentane from +25 to −150 ◦C. This increase is due to the Boltzmann factor plus solvent
contraction and, within experimental error, it corresponds to the intensity increase of 2.84 found for
a 10−4 M solution of DPPH• under the same conditions.

The results described above all show that di-tert-butyliminoxyl does not undergo dimerization in solution,
even at low temperatures. This behavior contrasts with the behavior of less sterically crowded dialkylimi-
noxyls for which there is abundant kinetic evidence for reversible dimerization at room temperature.8

Magnetic susceptibility measurements on di-tert-butyliminoxyl down to 5 K showed no sign of a para-
magnetic to ferromagnetic transition.22

6.2.3 Stability of di-tert-butyliminoxyl

Disappointingly, pure (Me3C)2C=NO• undergoes significant decomposition in a few hours at room
temperature19 (at 100 ◦C it detonates!). However, the pure radical can be stored indefinitely at −78 ◦C, at
which temperature it is a solid. (This observation lead us to synthesize di-(1-adamantyl)iminoxyl in the
expectation, fulfilled, that it would be a solid at room temperature and in the further expectation, also
fulfilled, that it would therefore be a genuinely stable σ radical at ambient temperatures, see below.)
At −20 ◦C, pure (liquid) (Me3C)2C=NO• slowly developed several new IR bands at the expense of its
strong 1610 cm−1 band.19 This sample had partially solidified after nine weeks and was only weakly
paramagnetic, though it remained blue. A diamagnetic, unstable dimer was isolated as a blue solid, melting
point 48–53 ◦C, λmax (benzene) 698 nm (ε 9.5). This dimer was assigned the same “head-to-tail” structure
as the dimer obtained from di-isopropyliminoxyl (see above), that is: (Me3C)2C=NOC(Me3C)2N=O.
Surprisingly, heating an air-free solution of this dimer to 50 ◦C does not yield the EPR signal of
di-tert-butyliminoxyl but it does produce a small yield (1–3 %) of a nitroxide radical, most probably
di-tert-butyl nitroxide. Much less of this nitroxide is formed if the reaction is carried out under air. The
molecular products identified after (Me3C)2C=NO• was allowed to decompose at room temperature
for a week included di-tert-butyl ketone (42 %), di-tert-butyl nitrimine (20 %), and pivalonitrle (4 %).
These products are consistent with the decomposition mechanism shown in Equations 6.8–6.12 (products
identified are given in boldface).19

2 (Me3C)2C=NO• → (Me3C)2C=NOC(Me3C)2N=O → (Me3C)2C=N• + (Me3C)2C=O + •NO (6.8)

(Me3C)2C=NO• + •NO → (Me3C)2C=NONO → (Me3C)2C=N• + •NO2 → (Me3C)2C=NNO2 (6.9)

(Me3C)2C=N• → Me3C• + Me3CCN (6.10)

Products ← Me3COO• ← O2 + Me3C• + •NO → Me3CN=O (6.11)

Me3C• + Me3CN=O → (Me3C)2NO• (6.12)
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Table 6.1 Values of 2k13 for iminoxyls
RR ′C =NO• at 24 ◦C

R R′ 2k13 (M−1s−1)

Me3C Me3C 2.1 × 10−5

Me3C Me2CEt 6.3 × 10−5

Me2CEt Me2CEt 6.9 × 10−5

Me3C Et3C 1.4 × 10−5

Me3C Me2CH 5.0 × 10−2

Me2CH Me2CEt 0.17
Me3C PhCH2CMe2 0.56
Me3C PhCMe2 0.65

Me2CH Me2CH 1.9 × 102

Me3C Me 2.0 × 103

The decay of (Me3C)2C=NO• at 24 ◦C, both neat and in benzene, follows second order kinetics. This is
also true for other hindered dialkyliminoxyls (Table 6.1).8,19,23

2 R,R′C=NO• → products (6.13)

However, in dilute solution in degassed n-hexadecane the EPR spectrum of (Me3C)2C=NO• could
easily be recorded at 150 ◦C.19

In view of the foregoing, and until precise definitions are available, it is a matter of personal choice as
to whether di-tert-butyliminoxyl should be classified as a stable, or as an extremely persistent, free radical.

6.3 Hydrogen atom abstraction by di-tert-butyliminoxyl

6.3.1 The O–H bond dissociation enthalpy (BDE) in (Me3C)2C=NOH

The rates of hydrogen atom abstraction by (Me3C)2C=NO• are largely determined by thermodynamic
factors and these are, of course, related to the O–H bond dissociation energy (BDE) in (Me3C)2C=NOH.
This bond dissociation energy was determined calorimetrically in 1973 by measuring the heat evolved in
the rapid, exothermic reaction that occurs upon the addition of a small quantity of solid hydrazobenzene
to a large excess of di-tert-butyliminoxyl dissolved in 25 ml of well stirred benzene at room temperature
(Equation 6.14).24 The hydrazobenzene was quantitatively converted to E -azobenzene with a measured
heat of reaction of −6.5 ± 0.5 kcal/mol.24 This heat of reaction, combined with the heats of forma-
tion of E -azobenzene and hydrazobenzene, and with the heat of solution of azobenzene, yielded: BDE
[(Me3C)2C=NO–H] = 80.9 kcal/mol in benzene.24

2 (Me3C)2C=NO• + PhNHNHPh → 2 (Me3C)2C=NO−H + E -PhN=NPh (6.14)

In 2004 the O–H bond dissociation energy in (Me3C)2C=NOH was revised25 downward by 1 kcal/mol to
take account of a revision in the heat of formation of E -azobenzene26 and by an additional 0.7 kcal/mol
to correct for hydrogen bond formation between this oxime and a molecule of the benzene solvent. That
is, the “best” gas phase value for BDE [(Me3C)2C=NO–H] is 80.9 − 1.7 = 79.2 kcal/mol.25

During the 1973 work, some oxime O–H bond dissociation energies were also determined in benzene
by the EPR radical-equilibrium technique, rather than by calorimetry.24 For Me3C(Me2CH)C=NOH and
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Me3C(1-adamantyl)C=NOH, the O–H bond dissociation energies were found to be 84.3 and 80.0 kcal/mol,
respectively, (which today would be corrected to 82.6 and 78.3 kcal/mol.)25 Space filling molecular mod-
els suggested that in Me3C(Me2CH)C=NOH there would be little steric repulsion between the hydroxyl
group and a suitably orientated syn isopropyl group, an observation that lead to the prediction that sim-
ple, unhindered oximes, R,R′C=NOH with R,R′ = alkyl, hydrogen, or aryl , would have O–H bond
dissociation energies of about 86 kcal/mol.24 This conclusion was later disputed by Bordwell on the
basis of oxime O–H bond dissociation energies determined by an electrochemical procedure.27 However,
Bordwell failed to appreciate the fact that all known iminoxyls are σ radicals and that, therefore, their
unpaired electron cannot delocalize into the π electron systems of neighboring aromatic rings, that is,
even Ph2C=NO• and other aryliminoxyls are σ radicals.8,12–14,16,25 As a consequence, the fact that
Bordwell’s experimental technique yielded considerably lower O–H bond dissociation energies for arylim-
inoxyls than for unhindered alkyliminoxyls did not cause Bordwell concern, instead it was used to argue
that aryliminoxyls had π -radical structures!27 However, in 2004 “order was restored” and the correct-
ness of the 1973 prediction24 (revised downward by about 2 kcal/mol, vide supra) was confirmed both
by experiment and by theory.25,16 For example, the following R,R′C=NO–H bond dissociation energies
have been recommended25: 83.4, 84.6, and 81.6 kcal/mol for R = R′ = hydrogen, methyl, and phenyl,
respectively.

The hydroxylamines derived by reduction of stable nitroxides in the TEMPO class have O–H bond
dissociation energies of about 70 kcal/mol.24 The stable (or highly persistent) di-tert-butyliminoxyl radical
is, therefore, a considerably stronger oxidizing agent than stable dialkyl nitroxides and it has seen some
limited use in synthesis, vide infra .

6.3.2 Oxidation of hydrocarbons with di-tert -butyliminoxyl

Benzylic hydrogen atoms are abstracted quite readily at elevated temperatures. For example,19 104 ×
k15/M−1s−1 = 0.75, 4.7, and 11.5 at 120 ◦C for toluene, ethylbenzene, and isopropylbenzene, respectively
(Equations 6.15 and 6.16).

(Me3C)2C=NO• + RH → (Me3C)2C=NOH + R• (6.15)

(Me3C)2C=NO• + R• → (Me3C)2C=NOR (6.16)

The rate constant for reaction of this radical with diphenylmethane has also been reported (9 × 10−6 M−1s−1

at 28 ◦C).23 These reactions have a large deuterium kinetic isotope effect, for example, replacement of
the tertiary (benzylic) hydrogen atom in isopropylbenzene by a deuterium atom yielded: k H

15/k D
15 = 14.4

(±1.8) at 120 ◦C.19 The temperature dependence of hydrogen atom abstraction from isopropylbenzene can
be described by Equation 6.1719:

k H
15/M−1s−1 = 106.3 × exp(−16.8 kcal/mol/RT ) (6.17)

The reactions of di-tert-butyliminoxyl with alkenes are much faster than with alkyl aromatic hydro-
carbons, for example,23 105 × kobs/M−1s−1 = 2.0, 3.3, 4.0, and 5.1, at 28 ◦C for 2-methylpent-2-ene,
2,3-dimethylbut-2-ene, cyclohexene, and cyclopentadiene, respectively. These reactions are complete in
about 90 minutes at room temperature.28 With 1,4-cyclohexadiene there is a rapid, exothermic reac-
tion at room temperature that yields stoichiometric amounts of the oxime and benzene according to
Equation 6.1819:

2 (Me3C)2C=NO• + c-C6H8 → 2(Me3C)2C=NOH + C6H6 (6.18)
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The reactions of this iminoxyl with mono-alkenes are of particular interest because they occur by two
parallel, but mechanistically distinct, processes that give the same final products (!), the (Me3C)2C=NO–
alkene oximes.28 These two processes are:

(i) Initial abstraction of an allylic hydrogen atom followed by (Me3C)2C=NO• addition to either end of
the resulting allylic radical.

(ii) Initial addition of (Me3C)2C=NO• to the double bond, followed by hydrogen atom abstraction from
the resulting alkyl radical.

These two reaction mechanisms were identified by selectively deuterating the alkenes at the two vinylic
positions and then using 2H NMR spectroscopy to identify the position of the double bond and of the
added (Me3C)2C=NO– moiety.28 As is shown for cyclohexene in Scheme 6.3, the addition + abstraction
mechanism (Equation 6.20) yields a single deuterated product, whereas the abstraction + addition mecha-
nism (Equation 6.19) yields both this same product and a product unique to this mechanism (the product
containing Dd and De).

(Me3C)2C NO +

D

D

abstraction
D

D

addition Da

Db

ON C(CMe3)2

+

(Me3C)2C NO +

D

D

addition Da

Db

ON C(CMe3)2

abstractionD

D

ON C(CMe3)2

Dd

Dc

NO(Me3C)2C

(6.19)

(6.20)

Scheme 6.3

The abstraction + addition process (Equation 6.19) is dominant in the three alkenes examined, cyclo-
hexene, cyclooctene, and 3-hexene, with 90–92 % of the overall reaction occurring by this mechanism.28

(As an aside, both mechanisms were also identified in the reactions of these three di-deuterated alkenes
with 4-hydroxyTEMPO and with phthalimide-N -oxyl and, for all six of these reactions, about 90 % of the
overall process occurs by the abstraction + addition mechanism.)28

6.3.3 Oxidation of phenols with di-tert-butyliminoxyl

These oxidations are faster than the hydrocarbon oxidations described above. The observed rate constants
for the loss of (Me3C)2C=NO• (measured by EPR) in the presence of 4-YC6H4OH in acetonitrile at
22 ◦C increase dramatically as the Y substituent is changed from an electron withdrawing group to an
electron donating group: for example,29 kobs/M−1s−1 (Y ) = <5 × 10−4 (NO2), 0.03 (H), 0.2 (methyl),
> 0.5 (MeO). This rate accelerating effect of electron donating substituents is normal for hydrogen atom
abstractions from 4-YC6H4OH because 4-YC6H4O–H bond dissociation energies decrease dramatically as
Y becomes more strongly electron donating,30 for example, a decrease of about 10 kcal/mol on changing
from a 4-NO2 group to a 4-MeO group.30

The products of these reactions are highly dependent on the phenol’s structure. For example,29 para-
hydroquinones and catechol were oxidized to the corresponding quinones in good yields (70–99 %);
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Figure 6.1 4-methyl-4-iminoxycyclohexadiones, A, and 4,4-bis-oximes, B.

4-methyl-4-iminoxycyclohexadiones, A (Figure 6.1), were formed with para-cresol and 2,6-di-tert-butyl-
4-methylphenol (BHT) in yields of 43 and 78 %, respectively; phenol and 1-naphthol gave the 4,4-bis-
oximes, for example, B (Figure 6.1), in 58 and 87 % yields, respectively; whereas 2-naphthol gave 1,2-
naphthoquinone in 82 % yield.

6.3.4 Oxidation of amines with di-tert-butyliminoxyl

Primary and secondary amines were converted into imines in good yields in a few hours at room temperature
in pentane or hexane.31 Due to the high inherent reactivity of most imines, the majority of the imine
products were transformed in situ into the 2.4-dinitrophenylhydrazine derivatives of the corresponding
carbonyl compounds. For example,31 the isolated yields of 2,4-dinitrophenylhydrazones from Ph2CHNH2,
PhCH2NH2, and (PhCH2)2NH were 79, 68, and 78 %, respectively. However, N -benzylidinemethylamine,
PhCH=NMe, was actually isolated from the reaction of PhCH2NHMe with (Me3C)2C=NO• in yields
(reaction time) of 49 % (30 min), 64 % (4 hours), and 76 % (24 hours) from reactions carried out at 69, 25,
and −5 ◦C, respectively.31 In retrospect, it seems likely that other imines could probably also have been
isolated by a careful choice of reaction conditions and work-up procedures.

6.3.5 Oxidation of di-tert-butylketoxime with di-tert-butyliminoxyl

This hydrogen atom abstraction reaction is a self-exchange, or identity , reaction. Self-exchange reactions
are precisely thermoneutral and their study has provided a wealth of understanding about reaction mecha-
nisms, “intrinsic” activation energies, and so on. One remarkable series of observations has been that the
self-exchange reactions of oxygen-centered π radicals (Equation 6.21), and other thermoneutral (or near
thermoneutral) reactions involving the destruction and formation of oxygen-centered π radicals (Equation
6.22), have remarkably low activation energies (typically ∼2 ± 1 kcal/mol)15 in comparison with the activa-
tion energies for self-exchange reactions involving carbon-centered π radicals, for example, 14.6 kcal/mol
for the CH3

• + CH4 → CH4 + CH3
• reaction.32

π -RO• + ROH → ROH + π -RO• (6.21)

π -RO• + R′OH → ROH + π -R′O• (6.22)

A detailed theoretical study of the π -phenoxyl + phenol self-exchange by Mayer et al .33 revealed an
exciting fact. This self-exchange is not a ‘simple’ hydrogen atom transfer (HAT) with the proton being
transferred together with one of its bonding electrons. Instead, the PhO• + PhOH self-exchange is a
proton-coupled electron transfer (PCET), with the proton and electron being transferred between different
sets of orbitals. There is an initial formation of a PhO•---HOPh complex in which the phenol forms a
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hydrogen bond with a lone pair on the phenoxyl oxygen atom, O•. This complex was computed to be
9.9 kcal/mol lower in energy than the separated reactants.33 The transition state for the self-exchange was
also computed to be lower in energy by 1.3 kcal/mol than the separated reactants. These computational
results imply that the PhO• + PhOH self-exchange is essentially a diffusion-controlled process. This
accounts for the very low activation energy found for PhO• + PhOH and for related self-exchange and
near thermoneutral π -RO• + R′OH reactions. In the PhO• + PhOH reaction, the proton was involved in
a four electron, three center hydrogen bond and was computed to be transferred nearly in the plane of the
two phenoxyls.33 Accompanying this proton transfer between σ lone pairs is an electron transfer from the
doubly occupied 2p-π atomic orbital on the oxygen in PhOH to the singly occupied 2p-π atomic orbital
of PhO•. This intriguing mechanistic insight, which provides such a simple explanation for the much
lower activation energies for the self-exchange reactions of oxygen-centered π radicals compared with the
self- exchange reactions of carbon-centered π radicals, has been supported and expanded in subsequent
computational work.34

An experimental study, using EPR spectroscopy, of the reaction of (Me3C)2C=NO• with three oximes,
RR′C=NOH (R = R′ = Me; R = Ph, R′ = H; R = Me3C, R′ = Me2CH) revealed that all three reactions
were surprisingly slow.35 The self-exchange reaction was therefore investigated, also by EPR, using a
17O-labeled iminoxyl generated from di-tert-butyliminyl, (Me3C)2C = N•, as shown in Equations 6.1 and
6.23–6.25 below.

Me3COOCMe3
hv−→ 2 Me3CO• (6.1)

Me3CO• + (Me3C)2C=NH → Me3COH + (Me3C)2C=N• (6.23)

(Me3C)2C=N• + 34O2 → → (Me3C)2C=N−17O• (6.24)

(Me3C)2C=N−17O• + (Me3C)2C=NOH → (Me3C)2C=N−17OH + (Me3C)2C=NO• (6.25)

At 25 ◦C, k25 was only 1.3 (±0.3) M−1s−1 and the activation energy (measured only from 7 to 37 ◦C)
was 7 ± 2 kcal/mol.35 This rate constant was orders of magnitude smaller and the activation energy was
considerably greater than for all known self-exchange reactions involving oxygen-centered π radicals.15

Because iminoxyls are σ radicals with their unpaired electron residing in an orbital coplanar with the
local molecular framework, their self-exchange reactions (Equation 6.25) cannot occur by Mayer et al .’s33

“classic” (PhO•/PhOH) PCET mechanism with the proton moving “in-plane” between two electron pairs
and its accompanying electron moving between orbitals perpendicular to the molecular plane, vide supra .
It was, therefore, a genuine surprise when a theoretical investigation of Equation 6.26 for R = hydrogen,
methyl and Me3C, revealed that these hydrogen atom transfers also occur by a PCET mechanism.15

R2C=NO• + R2C=NOH → R2C=NOH + R2C=NO• (6.26)

These reactions occur via a counter-intuitive cisoid transition state in which the seven atoms,
>C=NO---H---ON=C<, lie in one plane (R = H and methyl), while for R = Me3C these atoms lie in
two planes twisted at 45 ◦ to relieve steric compression forces.15 The planar transition state has the two
N–O dipoles close to each other and pointing in almost the same direction with an O---H---O angle of
165◦. A transoid transition state was also found but it lies several kcal/mol higher in energy than the
cisoid despite a more favorable arrangement of the two N–O dipoles and the O---H---O atoms being
almost linear. It was concluded15 that the iminoxyl/oxime self-exchange occurs by a five center, cyclic
PCET mechanism with the proton being transferred between electron pairs on the two oxygen atoms
and the electron migrating between in-plane orbitals on the two nitrogen atoms, (Scheme 6.4) (N–N
distance = 0.265 nm).
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6.4 Other reactions and non-reactions of di-tert-butyliminoxyl

The reaction of this iminoxyl with nitrogen monoxide, •NO, goes through the colorful sequence: blue →
green → yellowish brown → colorless, and the final product is the nitrimine, (Me3C)2C=NNO2.19 There
is, presumably, an initial coupling to form (Me3C)2C=NONO, and this is followed by decomposition to
•NO2 and the iminyl, (Me3C)2C=N•, which then couple to the nitrimine (Equation 6.9). In contrast to this
facile radical + radical reaction, (Me3C)2C=NO• does not react with the DPPH• radical, nor with stable
nitroxides.19 This iminoxyl is also unreactive towards styrene, vinyl acetate, methyl iodide and triphenyl
phosphine, but it does react with triethyl phosphate, potassium iodide-starch paper, bromine vapor, and
ceric ammonium nitrate.19 None of these last reactions has been examined in any detail.

6.5 Di-tert-alkyliminoxyls more sterically crowded than di-tert-butyliminoxyl

Since (Me3C)2C=NO• decays via an irreversible head-to-tail dimerization, it was hypothesized that the
replacement of one or both tert-butyl groups by sterically more demanding substituents would hinder
dimer formation and, hence, yield much more persistent, and possibly stable, iminoxyls.20 Unfortunately,
this was not the case.20

The total steric effect associated with a substituent, relative to the steric effect of a methyl group,
is best quantified by Taft’s (logarithmic) steric substituents constants, Es.36 Values of Es for some
of the alkyl substituents of the iminoxyls listed in Table 6.1 (which gives the rate constants for
their second order decay) are: Me, 0.00; Me2CH, −0.47; Me3C, −1.54; EtCMe2, −1.9537; PhCMe2,
−2.0637; Et3C, −3.8. The following sterically-protected iminoxyls have been isolated as blue liquids:
Me3C(EtCMe2)C=NO•, (EtCMe2)2C=NO•, and Me3C(Et3C)C=NO•.20 Although they are more
sterically congested than (Me3C)2C=NO•, the second order rate constants (2k13) for the decay of two
of them, Me3C(EtCMe2)C=NO• and (EtCMe2)2C=NO•, are about three times as great as 2k13 for
di-tert-butyliminoxyl23 (Table 6.1). Only Me3C(Et3C)C=NO• decayed at a slightly lower rate than
(Me3C)2C=NO• (Table 6.1). However, the kinetics of decay of this iminoxyl did not correspond to a
simple second order process and gave between 9 and 11 products (HPLC) with traces of pivalonitrile
and triethylacetonitrile, but no detectable (<1 %) 4,4-diethyl-2,2-dimethylhexan-3-one.23 In contrast,
the decay of (Me3C)2C=NO• gave 4 % pivalonitrile and 40 % di-tert-butyl ketone (vide supra).19

At high concentrations of Me3C(Et3C)C=NO• (0.2 M) decay followed reasonable first order kinetics
(kobs = 2.3 × 10−5 s−1 in acetonitrile at 23 ◦C), probably via an intramolecular hydrogen atom abstraction
(Equations 6.27 and 6.28):

Me3C(Et3C)C=NO• → Me3CC(=NOH)CEt2(C
•HCH3) (6.27)

Me3CC(=NOH)CEt2(C
•HCH3) + Me3C(Et3C)C=NO• →

Me3CC(=NOH)CEt2(CHCH3ON=C(Me3C)CEt3) → → → 9 to 11 products (6.28)
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This interesting attempt to prepare kinetically more stable di-tert-alkyliminoxyls radicals by increasing
the steric bulk of the alkyl groups failed because of the appearance of a new decomposition mechanism,
intramolecular hydrogen atom abstraction.38

6.6 Di-(1-Adamantyl)iminoxyl: a truly stable σ radical

This radical was synthesized39 by the (atmospheric pressure) method used to prepare (Me3C)2C=NO•,
and with the hope that it would be crystalline and would fit the present author’s definition of a “stable”
radical, vide supra . This hope was realized, pale blue crystals (Figure 6.2), melting point 121–122.5 ◦C.39

In a potassium bromide pellet, this iminoxyl showed a strong, sharp IR band at 1595 cm−1 (C=N stretch),
its EPR spectral parameters in benzene were: a14N = 31.14 G, g = 2.00481 and, at natural abundance,
a15N = 43.3 G, a13C = 8.0 and 13.6 G, and its extinction coefficient was 5.7 (800 nm).39 The 1H NMR of
a 0.8 M solution of (1-Ad)2C=NO• in C6D6 at 23 ◦C showed three peaks, all at low field, which indi-
cates, surprisingly, that there was positive spin density on all three groups of protons.21 The paramagnetic
shifts relative to (1-Ad)2C=NOCH3 in C6D6, were: −1.6 (width ∼120 Hz), −14.2 (width ∼650 Hz), and
about −41 ppm (very broad), shifts that correspond to the EPR parameters aH = +0.02, +0.19, and +0.55
(±04) G, respectively.21 The largest aH was assigned to protons at the 2-position of the adamantine skele-
ton and the others to protons at the 3- and 4-positions.21 For comparison, in the nitroxide, (1-Ad)2NO•,
aH = −0.405 (2-CH2), +0.54 (3-CH), and −0.035 and −0.015 G (axial and equatorial 4-CH2). In ben-
zene at 30 ◦C, the dipole moment of (1-Ad)2C=NO• is 2.90 D, while those for (1-Ad)2C=NH and
(1-Ad)2C=NOCH3 are 2.49 and 0.79 D, respectively.39

One reason for synthesizing a solid iminoxyl in 197439 was to determine its structure by X-ray crystal-
lography. Disappointingly, (1-Ad)2C=NO• always crystallized in extremely thin plates that were unsuitable
for X-ray analysis. Fortunately, structural determinations by X-ray analysis are, today, much less impor-
tant thanks to modern computational procedures which have produced accurate structural information for
several iminoxyl radicals.25

Figure 6.2 The Di(1-Adamantyl)iminoxyl Radical. A full-colour version of this figure appears in the Colour
Plate section of this book.
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Verdazyls and Related Radicals Containing

the Hydrazyl [R2N–NR] Group

Robin G. Hicks

Department of Chemistry, University of Victoria, Victoria, Canada

7.1 Introduction

The three most famous organic stable1 radicals are triphenylmethyl (trityl, 1), 2,2,6,6-tetramethylpiperidine-
N -oxyl (TEMPO, 2), and N,N -diphenyl-N ′-picrylhydrazyl (DPPH, 3). The first two of these are the
quintessential examples of triarylmethyl and nitroxyl (nitroxide) radicals, respectively – two classes of
stable radicals which continue to receive intense interest (and not coincidentally which are the subject
of two other chapters in this book). Similarly, DPPH is by far the best known derivative of a hydrazyl
radical 4. In fact, DPPH actually stands out as an exception among hydrazyls in terms of its practical
stability; while most generic hydrazyls are persistent (lifetimes ranging from minutes to days), only a very
small number of these radicals qualify as stable (i.e. isolable), and most of these tend to closely resemble
the structure of DPPH itself.
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Hydrazyl radicals,2 including the ubiquitous DPPH,3 were discovered in the 1920s by Goldschmidt;
hydrazyl radical chemistry was comprehensively reviewed in Forrester et al . 1968 book on stable free
radicals.4 The scientific activity associated with hydrazyl radicals has become completely dominated by
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DPPH itself, mainly owing to its widespread use as (i) an Electron Paramagnetic Resonance (EPR) standard,
(ii) a radical scavenger in polymer chemistry, and (iii) an indicator for antioxidant chemistry. However,
outside of these areas, in the intervening 40+ years developments in the fundamental aspects of hydrazyl
radical chemistry – particularly in hydrazyls other than DPPH – have been rare.

In contrast to the relatively poor stability (compared to DPPH) of most hydrazyls, there are several kinds
of stable radicals in which the hydrazyl subunit (R2NNR′) is incorporated into a delocalized (and often
cyclic) π system. Neugebauer reviewed the field of so-called “hydrazinyl” radicals (nearly all of which
was his own work) in 1973; in the approximately 35 years since there have been significant developments
in the synthesis, chemical and physical properties of hydrazyl-containing radicals, particularly verdazyls;
these topics are the principal foci of this chapter.5

7.2 Verdazyl radicals

Verdazyl radicals (general structure 5) were discovered in the 1960s by Kuhn and Trischmann.6 Their
chemistry has grown steadily – largely enabled by their outstanding chemical stability – to the point where
they are now one of the larger families of stable radicals. Verdazyls can be categorized according to the
nature of the C6 ring carbon atom. Verdazyls with structure 6 (hereafter referred to as “Kuhn verdazyls”)
have a saturated carbon at C6 and nearly always have aromatic substituents on each of the nitrogen atoms
(R′ and R′′). Verdazyls containing a carbonyl (7) or thiocarbonyl (8) group at C6 were developed in
the 1980s by Neugebauer. General aspects of verdazyl radical chemistry have not been reviewed in over
30 years,7 although two reviews of the magnetic properties of verdazyls have appeared recently.8,9 As
such, verdazyl-based magnetism will not be discussed in detail here.
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7.2.1 Synthesis of verdazyls

7.2.1.1 Verdazyls from formazans

Formazans 9 are a venerable class of compounds10 which are used principally as redox indicators in cell
chemical biology.11 In 1963 Kuhn and Trischmann reported that the reaction of triphenylformazan (9,
R = R′ = R′′ = phenyl) with methyl halides yields the corresponding 1,3,5-triphenylverdazyl radical 6
(R = R′ = R′′ = phenyl; R′′′ = R′′′′ = H) (Scheme 7.1) instead of the alkylated formazan 10. This
reaction proceeds via cyclization of 10 to give the so-called “leuco” verdazyl 11, which is subsequently
oxidized to give the radical; the isolation of the leuco compound is not necessary, and the verdazyl is often
obtained directly from the formazan reaction using air as the oxidizing agent (though other oxidants such
as Fe(CN)6

3− and FeCl3 have been used12,13). The most common alkylating agents are methyl bromide or
iodide, although secondary alkyl halides have been successfully used as well; there is one example of a
verdazyl with two C6 substituents derived from a tertiary alkyl bromide. The N-alkylated formazan 10 can



Verdazyls and Related Radicals Containing the Hydrazyl [R2N–NR] Group 247

N

N N

N

R

R"R'

R'''' R'''

6

NH

N N

N

R

R"R' R'''R''''CHX
base [ox]

9

N

N NH

N

R

R"R'

R'''' R'''

11

N

N N

N

R

R"R'

R'''' R'''

10

Scheme 7.1

N

NN

N

R

"R R'

HR'''

5

HN

NN

N

R

"R R'R'''CHO
base

9

N

N N

N

R

R"R'

H NR'''2

5

H2CO
R'''2NH

Scheme 7.2

occasionally be isolated, and then heated to proceed to the leuco verdazyl and, ultimately (in the presence
of an oxidant), the verdazyl.12,14,15

A variation on the formazan synthesis involves their reactions with forma1dehyde or aliphatic aldehy-
des under basic conditions (Scheme 7.2). This reaction presumably also proceeds via a leuco intermediate,
based on the observation that oxygen is required for radical formation. If formaldehyde is used with an
equivalent amount of a secondary amine (e.g., pyrrolidine, piperidine) then 6-aminoverdazyls are produced
(Scheme 7.2).16,17 Reactions of formazans with formaldehyde under acidic conditions give cationic ver-
dazylium salts 12, which can then be reduced to the radicals (Scheme 7.3).15,18–20 The verdazylium salts
can be generated in situ12,21 and reduced or they can be isolated.22 The reduction step can be carried
out with formaldehyde and base,21,23 or with ascorbic acid22; the latter reagent can, depending on the
solvent system, reduce the cation either to the radical 5 or to the leuco compound 11, which can then be
air-oxidized to the radical.

An alternative route to verdazyls from formazans was reported by Kuhn, Neugebauer et al . in which
triphenyltetrazolium cation 13 (R = R′ = R′′ = phenyl; the product of oxidation of the correspond-
ing formazan10) was converted to triphenylverdazyl by reaction with diazomethane (Scheme 7.4).16 This
interesting transformation has not been further exploited.
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Collectively, the methods for making Kuhn verdazyls from formazans are broadly applicable, facilitated
in large part by the availability of a large number of the precursor formazans.10 The R group in the 3-
position of the radical can be hydrogen, alkyl, aryl, cyano, nitro, sugars, carbonyl compounds, and so on.
The nitrogen substituents R′ and R′′ are usually aromatic. A variety of Kuhn verdazyl-based di-, tri-, and
tetra-radicals have been prepared (Table 7.1) wherein the point of verdazyl attachment can be C3, C6 or
one of the nitrogen atoms. The formazan methodologies have also been used in the synthesis of polymers
containing verdazyls, either as pendant groups or incorporated into the polymer backbone (Figure 7.1).

7.2.1.2 Verdazyls from hydrazides and bis-hydrazides: 6-oxoverdazyls

Neugebauer developed the synthesis of so-called “6-oxoverdazyls” 7 in which the C6 carbon is part of
a carbonyl group (Scheme 7.5). 2,4-Disubstituted bis(carbohydrazides) 1640 condense with aldehydes to
give 1,2,4,5-tetrazane-6-ones 17 which can then be oxidized to the 6-oxoverdazyls 7.41,42 Several oxidants
can be used in the final step, including silver(I) oxide (Ag2O), tripotassium hexacyanoferrate (K3Fe(CN)6),
lead(IV) oxide (PbO2), periodate, and benzoquinone.

Certain bis(hydrazides) 16 (R = methyl, CH2Ph) were later found to be accessible directly from the
monoalkylhydrazines (eliminating the need to prepare the hydrazone 14 and subsequent NH2 deprotection
of bis-benzylidene intermediate 15) either by performing the reaction at low temperatures43 and/or by
using triphosgene (bis(trichloromethyl)carbonate) as a phosgene alternative (Scheme 7.6).44

Neugebauer has made 6-thioxoverdazyls 8 by using thiophosgene in place of phosgene (Scheme 7.7).43

Thus, dehydrogenation of the 6-thioxotetrazanes 18 gives 6-thioxoverdazyls 8.42 An additional feature of
the thioxotetrazanes 18 consists of their desulfurization to the corresponding tetrazanes 19 with a saturated
carbon at C6. Subsequent oxidation gives the only example of verdazyls of structure 6 in which the two
substituents on the nitrogen atoms are alkyl groups. Although radicals 6 are persistent they cannot be
isolated.45

The main limitation of the syntheses described in Schemes 7.5–7.7 is the range of bis-hydrazide reagents,
which until recently was confined to R′ = methyl or benzyl. Brook has recently developed a method for
making 2,4-bis(isopropyl)hydrazide 23 as shown in Scheme 7.8, which provides entry into N,N-diisopropyl
substituted 6-oxoverdazyls.46

Neugebauer47 and Milcent48 have expanded the repertoire of verdazyl N-substituents by constructing
the tetrazane ring in a step-wise manner (Scheme 7.9). Careful reaction of a hydrazone 24 with phosgene
or thiophosgene gives the N-chloroformylhydrazone 25 (X = O, S), which is subsequently treated with
a monosubstituted hydrazine to give tetrazane 26; oxidation using standard protocols gives 6-oxo or 6-
thioxoverdazyls. This synthetic route considerably expands the possible derivatives of 7 and 8 by allowing
for (1) aromatic substituents and (2) differential substitution on the two nitrogen atoms.

Overall, a wide range of 6-oxo (and thioxo)verdazyl derivatives has been prepared. All three substituents
(R, R′, R′′) can be alkyl or aryl and the Milcent procedure offers the opportunity to prepare radicals with
different N1/N5 substituents. Some diradicals based on 6-oxoverdazyls have been studied in which the
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Table 7.1 Di-, tri-, and tetraradicals based on verdazyls 6
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Figure 7.1 Polymers containing verdazyls 6.

two radicals are linked (via the C3 carbon) by alkyl42,49 or aromatic spacers (e.g., 1,3- or 1,4-phenylene
or 2,5-thienyl)50,51, or by nothing at all.42,50,52

7.2.2 Stability, physical properties and electronic structure of verdazyls

As a general class, verdazyls are among the most robust of radicals. Nearly all verdazyls that have been
synthesized are isolable and can be handled and stored indefinitely without decomposition; derivatives
with very small groups at C3 (e.g. R = H, methyl) gradually decompose, but this occurs over a period
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of weeks. The lone general exception is the family of 6-oxoverdazyls 7 with methyl substituents on
each of the two nitrogen atoms, which disproportionate (Section 7.2.3.3) – although this process can be
sufficiently slow to render some derivatives stable as opposed to long lived/persistent. Verdazyls are air
and water stable and remain monomeric in solution and the solid state; there are no examples of verdazyl
dimerization in solution (the electronic spectrum of verdazyl 27 is concentration dependent, but in this
instance the association-driven spectral changes arise from the amphiphilic nature of the molecule rather
than radical–radical association53). The lone solid state example of a verdazyl dimer is the intramolecularly
associated ferrocene-linked diradical 28.54 In the solid state the two verdazyl rings are eclipsed and have
a centroid-to-centroid distance (∼3.18 Å) which is well within van der Waals separation (and significantly
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shorter than the Cp-to-Cp distance of 3.30 Å). The molecule is diamagnetic, indicating that spin pairing
is complete via π dimerization. Notably, the solution characterization data indicate that the two verdazyls
are very weakly interacting, suggesting that in solution the diradical does not adopt the π -dimer structure.
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Not surprisingly, verdazyl radicals are highly coloured compounds. Kuhn verdazyls 6 are typically
green, with low energy absorptions between 700–750 nm (extinction coefficients ∼103 M−1 cm−1).12 In
comparison, 6-oxoverdazyls have their longest wavelength absorption maximum (λmax) between 400 and
560 nm and thus are yellow to red in solution.42,47 For both of these verdazyl types the C3 substituent has
a significant influence on the absorption wavelength: radicals with R = hydrogen or alkyl generally have
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λmax values about 50 nm lower than the corresponding species with a C3 phenyl group. Electron donating
groups on the C3 phenyl cause further red shifts,55 suggesting that the lowest energy absorption involves
a transition from an occupied orbital to the singly occupied molecular orbital (SOMO). The substituents
on the nitrogen atoms are also important: 6-oxoverdazyls with N-alkyl groups (e.g., R′, R′′ = methyl,
isopropyl) have absorption bands near 400–450 nm and appear yellow to dark orange, whereas N-aryl
substituted 6-oxoverdazyls are deep red with λmax ranging from 500 to 550 nm.

X-ray crystal structures of many derivatives of verdazyls have been reported. Structurally characterized
6-oxoverdazyls 7 include N,N ′-dialkyl49,51,52,56–59 and N,N ′-diaryl47,60 derivatives: In all cases the N4C2
ring is planar, with N–N and C3–N bond lengths (1.34–1.37 Å and 1.32–1.35 Å, respectively) indicative
of a delocalized π system. In N,N ′-diaryl substituted oxoverdazyls (Figure 7.2a) the aromatic substituents
are moderately twisted with respect to the verdazyl plane (torsion angles ∼30◦). In the lone example of a
crystallographically characterized 6-thioxoverdazyl (Figure 7.2b) the N-phenyl rings are twisted to become
nearly perpendicular to the verdazyl.47 Kuhn verdazyls 6 in which C6 is a methylene (CH2) group adopt
a half-chair conformation; C6 is displaced from the verdazyl plane by ∼0.6 Å (Figure 7.2c).61,62 In cases
in which one of the two C6 substituents (R′′′, R′′′′) is not hydrogen, the larger group occupies the axial
position.62,63

EPR spectroscopy has provided many insights into the electronic structure of these radicals. The majority
of these studies are solution EPR experiments, but the spectra are typically complex because of the large
number of spin active nuclei to which the unpaired electron can couple. Isotopic labeling studies (2H, 15N)
and related spectroscopic techniques, such as ENDOR,42,47,65 ELDOR,66 and NMR,13,67,68 have been
commonly employed to obtain more precise/complete pictures of hyperfine coupling (magnitude and sign)
to all nuclei, including the protons on all substituents and the skeletal methylene group of the Kuhn
verdazyls.

The EPR spectra of Kuhn verdazyls 6 are typically dominated by a nine-line pattern, which arises from
hyperfine coupling to the four heterocyclic nitrogen atoms. Although there are two chemically inequivalent
pairs of nitrogen atoms (N1/N5 and N2/N4), the hyperfine coupling constants for the two pairs are usually
close in magnitude, and as such the four nitrogen atoms can occasionally appear to be “equivalent” within
the resolution limits of the spectrum. The resonance structures shown in Figure 7.3 can be invoked to
rationalize the presence of spin density on all four nitrogen atoms; structures a and b are diazaallyl-type
resonance forms, whereas c and d are zwitterionic contributors. EPR data for verdazyls with electron

(a) (b) (c)

Figure 7.2 X-ray crystal structures of (a) 1,3,5-triphenyl-6-oxoverdazyl,47 (b) 3-t-butyl-1,5-diphenyl-6-
thioxoverdazyl,47 and (c) 1,3,5-triphenylverdazyl 64 (H atoms except for the ring CH2 protons omitted for
clarity).
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Figure 7.3 Resonance structures for Kuhn verdazyls 6.

donating or electron withdrawing aromatic substituents on the nitrogen atoms show predictable changes
in the hyperfine couplings: more electron poor groups (e.g., nitrophenyl) have relatively smaller hyperfine
couplings to the N1/N5 pair as the electron withdrawing groups compete for the nitrogen’s lone pair.12,15,20

The EPR spectra of 6-oxoverdazyls 7 and 6-thioxoverdazyls 8 differ in subtle but systematic ways
from those of the Kuhn verdazyls 6. For 7 and 8 the N1/N5 constants are consistently smaller than
N2/N4; typical values for N1/N5 are 5.1–5.4 G if R′/R′′ = alkyl and ∼4.5 G if the R′/R′′ = aryl; the
N2/N4 constants are consistently 6.3–6.6 G.42,47 The differences between these and the Kuhn radicals can
be understood in the context of the resonance structures of Figure 7.3 as applied to the 6-oxoverdazyl
framework: the electron withdrawing carbonyl group adjacent to N1/N5 competes for electron density
from these atoms, thereby decreasing the relative importance of resonance structures c and d (compared to
a and b). From a practical perspective, the EPR spectra of 1,5-dialkyl-6-oxoverdazyls are rendered more
complex by additional hyperfine coupling: alkyl group α-protons hfc’s of between 5.2–5.8 G, 2.9–3.0 G,
and 1.2–1.5 G are typical ranges for R′ = R′′ = methyl, CH2Ph, and isopropyl, respectively.

Verdazyl radicals have been subjected to a large number of computational investigations. Kuhn verdazyls
6 have been studied computationally, mainly with semi-empirical (McLcachlan,15,67,69 INDO/PNDO70)
methods, although a more recent density functional theory (DFT) study has been reported.71 In con-
trast, calculations on 6-oxoverdazyl derivatives have been principally based on DFT or hybrid (HF/DFT)
methods,51,56,72–75 and occasionally multiconfigurational methods (CASSCF) have been employed.75,76 In
general terms, the unpaired electron in all verdazyl types is part of a 7π -electron system delocalized over
the N1-N2-C3-N4-C5 portion of the heterocycle; C6 is not formally conjugated because it is either a
saturated carbon (in 6) or part of an exocyclic double bond (7, 8). The singly occupied molecular orbital
(SOMO) in all cases is a π* orbital based on the four nitrogen atoms (Figure 7.4a shows the SOMO
for a derivative of 6 with R = phenyl and R′ = R′′ = isopropyl)51. One of the nodal planes of this
orbital passes through both C3 and C6, which consequently prevents direct conjugative overlap with any
π framework which may exist on the C3 substituent. However, spin polarization effects (i.e., electron
correlation) produce a small amount of spin density on C3 (as well as N1 and N5 when appropriate) sub-
stituents. The trends in calculated spin density distributions for the Kuhn and 6-oxoverdazyls corroborate
the experimental nitrogen hyperfine coupling constants (Table 7.2). Overall, the spin density is more or
less equally shared by the four nitrogen atoms in the Kuhn verdazyls, with slightly higher spin found on
N1/N5. In contrast, for the oxoverdazyls the N2/N4 pair carries substantially more spin than N1/N5. In all
cases the four ring nitrogen atoms carry the majority of the spin density.



Verdazyls and Related Radicals Containing the Hydrazyl [R2N–NR] Group 255

(a) (b)

Figure 7.4 (a) SOMO and (b) spin density plot for 1,5-diisopropyl-3-phenyl-6-oxoverdazyl (blue = positive
spin density, green = negative spin density).51 (Reprinted with permission from [51]. Copyright 2007 American
Chemical Society.) A full-colour version of this figure appears in the Colour Plate section of this book.

Table 7.2 Summary of ranges of EPR nitrogen hyperfine coupling constants and DFT calculated
spin densities for verdazyls

Verdazyl general 
structure

N1/N5 hyperfine coupling (G)
N1/N5 calculated spin density 

N2/N4 hyperfine coupling (G) 
N2/N4 calculated spin density 

N

N N

N
ArAr

R

5.7–6.2
0.24

5.4–6.1
0.16

N

N N

N
R'R'

R

O

5.1–5.4
0.18–0.21

6.4–6.6
0.34–0.40

N

N N

N
ArAr

R

O

4.4–4.5G
—

6.3–6.5G
—

To summarize, verdazyls are delocalized radicals in terms of the unpaired electron distribution within
the verdazyl ring, but delocalization onto the ring substituents is relatively ineffective. This feature of
their electronic structure is manifested in a number of different ways. For example, verdazyl-substituted
cyclophanes 29 and 30 were designed to probe the extent of through-space spin perturbation. Detailed EPR
and NMR analyses indicate no through space (transannular) spin transfer in 29 to the “remote” aromatic
group, a consequence of the small amount of spin density on the N-aromatic substituent comprising the
other half of the cylophane.77 Analogous cyclophane-bridged diradicals 30 have correspondingly very weak
intramolecular spin–spin interactions,78 which contrasts the relatively strong through-space interactions in
cyclophane-based triplet dicarbenes, such as 31.79
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The localized electronic structure attenuates the “communication” of verdazyl radicals with other
covalently-linked chromophores. Experimental and computational52,73,80–82 studies on a variety of
C3-linked verdazyl di- (or tri- or tetra-) radicals 32 or their N-linked19,27,83 counterparts 33 show the
two radicals to invariably be fairly weakly electronically coupled, irrespective of whether the diradical
in question is based on a Kuhn19,24–26,28,84 or 6-oxoverdazyl42,49–52 structure. Even the 6-oxoverdazyl
diradical, in which the two radicals are directly linked, remains an open shell singlet diradical in its
ground state, with the triplet excited state some 760 cm−1 higher in energy.52 Electronic and magnetic
communication has been investigated in polyradicals of general structure 34, in which a verdazyl is linked
by a π -conjugated spacer “X” to a different open shell chromophore, for example, nitronyl nitroxide,82

tetrathiafulvalene radical cation,81 triplet nitrene (generated by photolysis of the corresponding azide),63,85

or triplet excited states of organic compounds, such as pyrene or anthracene.74,86 In all of these cases,
where spin–spin interactions were probed quantitatively (using EPR spectroscopy and/or computational
studies) the exchange coupling energies remain on the order of a few hundred wavenumbers.
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7.2.3 Verdazyl radical reactivity

Verdazyls are stable radicals but are also species with a substantial and varied chemistry. The general
stability of verdazyls is sufficient for chemical transformations on other parts of the molecule to take
place without affecting the radical itself. For example, amino-substituted verdazyl 35 can be converted
into amide 36 or imine 37 derivatives (Scheme 7.10),21 and 1,3,5,-triphenylverdazyl 38 can be sulfonated
to give a water soluble derivative 39 (Scheme 7.11).87 Many of the verdazyl-containing polymers shown
in Figure 7.1 were made via multistep syntheses in which the pre-assembled verdazyl is carried through
reactions which do not affect the radical center.
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7.2.3.1 Electrochemical properties and electron transfer reactions

There have been several reports on the electrochemical characterization of specific verdazyl
radicals,44,50,51,88,89 as well as more systematic studies of structure/property relationships.90,91 Verdazyl
radicals undergo reversible one-electron oxidation and one-electron reduction processes, thereby providing
a triad of stable oxidation states (Scheme 7.12). The oxidation and reduction potentials are strongly
influenced by the verdazyl structure and substituents. For example, Kuhn verdazyls 6 are oxidized in the
range of −0.2 to −0.4V vs. ferrocene in acetonitrile, whereas introduction of a carbonyl group at C6 (i.e.,
6-oxoverdazyls 7) raises the oxidation potential by approximately half a volt (for equivalent R groups).91

Reduction potentials for verdazyls fall in the range of −1.0 to −1.3 V. Electron withdrawing and donating
substituents have predictable effects on the oxidation and reduction potentials – but the effects of the C3
substituent (R) are somewhat attenuated compared to the effects of the N1 and N5 substituents (R′, R′′),
due to the former substituent being attached to the verdazyl ring on a SOMO nodal plane.
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While the redox chemistry of verdazyls is fairly extensive, there are only a few reports in which the
redox activity of verdazyls is exploited in electron transfer reactions (i.e., without bond making/breaking).
Nakatsuji prepared charge transfer salts of verdazylium cations (5+) and radical anions of the acceptor
molecules TCNQ 40, tetrafluoroTCNQ 41, and DDQ 42 by reaction of the two neutral reagents.89 Hynes
has studied the kinetics of outer sphere electron transfer reactions between Kuhn verdazyl radicals and
coordination complexes of Co3+, Ru3+, Fe3+ and Fe3 clusters.92
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Reactions of verdazyls 6 with oxidizing agents (halogens,12 metal-based reagents such as FeCl3, AuCl3,
PtCl4,

93 tetranitromethane93) normally give the corresponding verdazylium cations 12. Oxidations with
peracids94 or peroxides,95 or heating verdazyls in oxygenated solutions containing activated charcoal,96

induce ring opening to form either 1,2,4-triazoles 43 or N-formylformazans 44 (Scheme 7.13). 1,2,4-
Triazoles are also produced by simple thermolysis of verdazyls, either by heating the radical as a solid to
200 ◦C12 or in solution at 80 ◦C.97

There have been a few studies on the chemistry of verdazylium cations. They undergo a complex reaction
with hydroxide to ultimately give the corresponding radicals and N-formyl formazans 44 (Scheme 7.14).23

Heating mixtures of verdazylium cations and verdazyl radicals produces C6–N2 coupled products 45 along
with one equivalent of leuco verdazyl (Scheme 7.15).98

7.2.3.2 Hydrogenation and related reductions

Leuco verdazyls 11, the initial cyclic product from formazan alkylation reactions (Schemes 7.1
and 7.2) are oxidized (most commonly by atmospheric oxygen) to produce radicals 6. The reverse
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reaction – reduction of verdazyls to leuco compounds – has been documented extensively as well.
The N–H bond in the leuco compounds is relatively weak (∼70 kcal/mol)99; accordingly, many of the
hydrogenating reagents – hydrogen/palladium,12 sodium dithionite,12 thiols,12,100 1,4-dihydropyridines,101

hydrazines,102 secondary phosphines,103 and ascorbic acid104 – are good hydrogen atom donors/reducing
agents.

Leuco versions of 6-oxoverdazyls (47) are relatively rare. They have been made by hydrogen reduction
of the radicals,41,42 and there is one report of oxidation of a tetrazane 17 to give a leuco compound
(Scheme 7.16).44 As is the case with the leuco compounds 11, 47 are readily converted to radicals by
atmospheric oxygen. 6-Oxoverdazyls can also be reduced to the leuco compounds with ascorbic acid,
although the reaction is rather sluggish compared to the reduction of nitroxides by this method.105

1,3,5-Triphenylverdazyl 38 undergoes redox reactions with a variety of organometallic reagents
(Scheme 7.17; M = Mg, Li, Al).106 The verdazyl is initially reduced by the carbanion, producing a
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metallated (reduced) radical 48 and an alkyl radical. The latter couples with more verdazyl to give the
N-alkylated species 49, while 48 is protonated upon work-up to initially give the leuco derivative 46, which
is subsequently oxidized in the presence of air (also introduced during work-up) back to the radical 38.

7.2.3.3 Disproportionation reactions

One of the very first reactions reported for triphenylverdazyl 38 was its reaction with HCl, which leads to
verdazylium cation 38 and leuco verdazyl 46 as the two products (Scheme 7.18).6,12 This redox dispro-
portionation reaction can be induced by other protic acids107 as well as Lewis acidic metal ions such as
Zn2+ and Cd2+.108,109

Dvorko and Ponomareva have developed a method for studying heterolysis kinetics of alkyl halides
based on their reactions with verdazyls. According to their work, the initial reaction between the solvent-
separated ion pair of, for example, t-butyl chloride with 1,3,5-triphenyl verdazyl produces an N-alkylated
verdazyl 50 and a verdazylium halide salt 38+ (Scheme 7.19). The alkylated verdazyl can fragment to
give a leuco verdazyl 46 and isobutene via hydrogen atom transfer, or alternatively undergo a solvolysis
reaction (which produces the same leuco product). The verdazyl is employed as an indicator for kinetic
purposes: small concentrations of verdazyl (∼10−4 M) are employed compared to substrate (often) and
the consumption of radical or the appearance of verdazylium cation can be monitored by UV-Visible
spectroscopy. This reaction is quite general and a massive amount of data has been compiled on substrate,
solvent, and salt effects on alkyl halide heterolysis chemistry based on this scheme.110 However, the
validity of this reaction scheme has been seriously challenged by Serebryakov et al .111 The basis for their
objection is that, under typical reaction conditions in which the verdazyl concentration is low and the alkyl
halide is in a large excess (often 103 − 104-fold or more), traces of water present can affect the same
reaction with verdazyls – that is, formation of a verdazylium cation and a leuco verdazyl (see above).

The redox disproportionation of 6-oxoverdazyls has yet to be reported. However, 1,5-dimethyl-6-
oxoverdazyls (e.g., 51) undergo a disproportionation reaction involving hydrogen atom transfer from an
N-methyl proton, which initially produces a leuco compound 52 and an azomethine imine intermediate
53. The latter is not observed but dimerizes in a [3+3] cycloaddition reaction to give the novel tricyclic
structure 54 (Scheme 7.20).42 The leuco compound is ultimately air-oxidized to regenerate the radical.
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This reaction lies at the heart of the lack of long-term stability of many 1,5-dimethyl-6-oxoverdazyls.
Interestingly, the recently synthesized 1,5-diisopropyl 6-oxoverdazyl analogues (Scheme 7.8) appear to be
indefinitely stable with respect to disproportionation even though they still possess an α-CH proton.46

Georges has harnessed this disproportionation reaction of 1,5-dimethyl-6-oxoverdazyls for synthetic
purposes. Alkenes serve as effective trapping agents for the azomethine imine intermediates 53, leading to
bicyclic structures 55 via a 3+2 cycloaddition; running the reactions in the presence of oxygen significantly
improves the yields of 55 by converting the leucoverdazyl byproduct 52 back to a radical, whereupon the
radical can react with more alkene (Scheme 7.21).112

7.2.3.4 Radical coupling reactions of verdazyls

The reactions of verdazyls with Grignards, organolithiums, and so on (Scheme 7.17) includes a coupling
reaction between a verdazyl radical and an alkyl radical, the latter of which is generated by electron transfer
from the initial alkyl anion. Alkylated verdazyls can be made by treatment of the corresponding leuco
compound with an alkyl halide and base,19,42 but verdazyls also react cleanly with carbon-centered radicals
to give tetrazine compounds of general structure 49 (cf. Scheme 7.17). For example, heating verdazyls
in the presence of AIBN (2,2-azobisisobutyronitrile) generates the 2-cyanopropyl-substituted tetrazines
56 – which can be reverted back to radicals in high yield upon heating to 150 ◦C (Scheme 7.22).42,83,113
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N-alkyl tetrazines can also be made using another radical–alkyl adduct as the alkyl radical source. Thus,
heating mixtures of 6-oxoverdazyls 7 and the alkoxyamine 57 leads to transfer of the substituted benzyl
radical from the TEMPO radical 59 to the verdazyl (Scheme 7.23).105 The thermal lability of both the
C–N bond in 58 as well as the C–O bond in 57 sets up an equilibrium situation, but in some examples the
N-alkyl verdazyls can be isolated in high yield. The addition of ascorbic acid also pushes the equilibrium
towards the N-alkylverdazyl as it was shown that ascorbic acid reduces the TEMPO radical more rapidly
than verdazyls.

The rapid reaction of verdazyls with reactive carbon-centered radicals was exploited early in the devel-
opment of verdazyl chemistry as polymerization inhibitors. Much like DPPH, the addition of verdazyls
to free radical polymerization processes by reacting with the polymer radical chain.114 The fact that the
tetrazine N–C bond can be homolyzed at high temperatures has led to investigations of verdazyl radicals
as reagents for the control of free radical polymerization – a field of study which has been dominated
by nitroxide radicals (and which is discussed in detail in Chapter 11 of this book). Yamada studied the
ability of 1,3,5-triphenylverdazyl to control the radical polymerization of styrene. Although some degree
of molecular weight control was realized, the process could not be considered living due to relatively high
polydispersities.115 More recently, Georges and Hicks employed 1,5-dimethyl-6-oxoverdazyl as the radical
agent (as well as the alkylated species 58 (Scheme 7.23) as a ‘masked’ radical) and showed that these ver-
dazyls can control the polymerization of styrene and n-butyl acrylate in a pseudo-living manner.105,112 The
difference in behavior between 1,3,5-triphenylvedazyl and the 6-oxoverdazyls has been attributed to the
gradual decomposition of the latter radicals (see above), which keeps radical concentration from building
up in too much excess as inevitable termination steps of polymerization lower chain concentrations.

7.2.3.5 Verdazyl radical coordination chemistry

The first reports of the interaction of verdazyl radicals with metals focused on electron transfer or decom-
position processes of the radicals, although metal complexes of the radicals were not isolated or observed
directly.108,116 The first genuine coordination complex containing a verdazyl ligand was Brook’s one-
dimensional coordination polymer 60 (X = Cl, Br, I) based on a bis(1,5-dimethyl-6-oxoverdazyl) diradical
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coordinated to copper(I) halide salts.117 In this structure the two verdazyls create a chelating environment
for the metal ions – a structural feature which has dominated the rapid growth of verdazyl coordina-
tion chemistry in the past decade. Structures 61–65, all of which have bidentate or tridentate binding
sites for metals, have been the most commonly used verdazyl ligands. Many complexes of first row d-
block metals have been made including copper(I),118 the divalent ions of manganese,59,119,120 cobalt,121,122

nickel,59,119–121,123 copper,57,120 and zinc,120,124 as well as cadmium(II),124 mercury(II),124 ruthenium(II),125

silver(I),126 and lanthanide (III) ions.127 In all of these complexes the radicals remain as such upon coor-
dination, that is, no electron transfer takes place. The magnetic properties of metal–verdazyls has been
the biggest focus of research in this area, and has been discussed elsewhere.8,128 Reaction chemistry and
other uses of metal–verdazyl complexes remain wholly uncharted territory.
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A subset of verdazyl coordination chemistry consists of complexes in which the verdazyl ring is not
directly bound to the metal. This includes ferrocene-based bis-verdazyl 28 and the corresponding ferrocene-
monoverdazyl, where the verdazyl is simply a substituent on the η5-cyclopentadienide ring(s).54 The
verdazyl–lanthanide complexes mentioned above consist of imidazole-verdazyl 63 (R=H) asymmetrically
bridging two lanthanide ions. One metal binds to the conventional bidentate site while the other is attached
at the carbonyl oxygen.127 Finally, verdazyls have been bound to metals using deliberately designed remote
donor sites, for example, 4-pyridyl substituted radical 66.129 In this vein Fujita has employed 1,3,5-tris(4-
pyridyl)verdazyl 67 as an exotridentate ligand building block for so-called “spin cages” such as the
hexanuclear structure 68 (Scheme 7.24).130,131 Self-assembled metal–verdazyl based structures based on
direct verdazyl–metal coordination have yet to appear, although several key ligand building blocks have
been described.132
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7.2.4 Inorganic verdazyl analogues

There are a few examples of radicals based on the verdazyl template in which one of the two ring car-
bon atoms (C3 or C6) is replaced by another element. 6-Phosphaverdazyls 71133–135 have been made
based on adaptation of the “bis-hydrazide” route (Scheme 7.25): phosphonic acid bis(1-methyl hydrazide)s
69 can be made from the corresponding phosphonic acid dichloride and methylhydrazine. The bis-
hydrazides condense with orthoesters to give phosphatetrazines 70 (i.e., phosphorus-containing “leuco”
verdazyls compounds), which, in contrast to the all-organic leuco verdazyls, are air stable. Oxidation
to the phosphaverdazyl is achieved with lead dioxide or periodate. In an analogous manner, reaction of
2,4-dimethylcarbohydrazide 72 with trichlorophosphoranes gives 3-phosphatetrazines 73, which can be
oxidized (I2) to yield 3-phosphaverdazyls 74 (Scheme 7.26).134
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NMe2).135 (c) Structure of 6-phosphaverdazyl/cyclotriphosphazene spirocycle 75.136
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Phosphaverdazyl radicals are persistent in solution but slowly decompose, most likely due not to the
presence of phosphorus but due to disproportionation via hydrogen atom transfer from the N-methyl
groups (Scheme 7.20). The electronic structures of these radicals have been probed through EPR133–136

and computational135,137 studies and fundamentally resemble verdazyls in their electronic structure. The
small 31P hyperfine couplings (<5 G) are indicative of small spin density at the heteroatom. Some 6-
phosphaverdazyl derivatives have a nitrogen atom attached directly to the 6-phosphaverdazyl phosphorus
(e.g., 71, R′ = NMe2 and phosphazene-verdazyl spirocycle 75 (Figure 7.5c)), and the non-negligible
spin density on these nitrogen atoms has been suggested to arise from a through-space, spiroconjugation
mechanism (Figure 7.5a, 7.5b for 71, R′ = NMe2).135,136

The only other inorganic verdazyls are boron-containing verdazyl radical anions. Reactions of formazans
with “diboron tetraacetate”138 (more likely boron triacetate; generated in situ from boric acid (B(OH)3)
and acetic anhydride) gives formazan/B(OAc)2 complexes 76 (“boratatetrazine”) (Scheme 7.27), which
can be reduced with cobaltocene to give highly reactive, but persistent borataverdazyl radical anions.139

7.3 Tetraazapentenyl radicals

Reactions of triethyl orthoformate with N,N -diarylhydrazines (Ar = substituted phenyl or carbazolyl)
produces 1,2,4,5-tetrazapentenes 78, which can be oxidized (PbO2) to the corresponding tetraazapentenyl
radicals 79 (Scheme 7.28).140 These radicals can be considered as hydrazyls in which a hydrazyl-type
radical center is conjugated to a hydrazone (R2N–N=C) moiety, permitting the unpaired electron to delo-
calize between two structurally equivalent fragments. Radicals 79 are persistent enough to be isolated
as crystalline, monomeric radicals, although in solution they gradually decompose. Heating solutions of
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these radicals accelerates the decomposition process, affording diarylamines, azo compounds 80, and other
unidentifiable products. Dissolving the radicals in formic acid causes disproproportionation to the parent
tetrazapentene 78 and a cyanine-like cation 81 (Scheme 7.28).

The EPR spectra of radicals 79 are quite complex; assignment of hyperfine coupling constants required
isotopically enriched (2H on some/all of the aryl positions, 15N on the “inner” nitrogen atoms) samples.141

These labeling studies, coupled with McLachlan molecular orbital calculations, permitted assignment of
the larger spin density values to the “inner” nitrogen atoms (ρ ∼ 0.26 each) and the smaller spin density
to the “outer” nitrogen atoms (ρ ∼ 0.14 each); the outer nitrogen substituents possess a small amount of
spin and the central methine carbon carries a small negative spin density (ρ ∼ −0.08) which arises from
spin polarization effects.

7.4 Tetrazolinyl radicals

Photolysis of 2,3-diaryltetrazolium cations (13) causes an intramolecular aryl–aryl coupling reaction to
occur, resulting in the fused “phototetrazolium” cations 82 in high yield (Scheme 7.29).142 The aromatic
groups include substituted phenyl143,144 and pyridyl,145 the latter leading to azabiphenylene–tetrazolium
salts. These cations can be reduced to stable radicals 83 (“Kuhn–Jerchel” radicals146) with
sodium/ammonia, sodium amalgam, dithionite, hypophosphite, or tin(II) chloride (SnCl2).143–145 Harsher
reducing agents (e.g., Raney nickel) or acid fragments the radical to a diazaphenanthrene 84, but otherwise
many of these fused tetrazolinyl radicals are stable and isolable as crystalline compounds.

Kuhn–Jerchel radicals 83 are a subset of the more general class of tetrazolinyl radicals 85 whose obser-
vation and elucidation were developed independently. The formazan–tetrazolium redox couple10 has found
widespread use as a redox indicator in cell biology.11 Both species can give rise to unusually strong EPR
signals, in solid form as well as in solution, which were shown to arise from a paramagnetic impurity.147

The EPR active species was later identified as a tetrazolinyl radical 85, essentially a redox form intermedi-
ate between formazan and tetrazolium salt.148 Accordingly, tetrazolinyls 85 can be made by (i) reduction
of the corresponding tetrazolium salts (by analogy to Kuhn–Jerchel radicals 83) (Scheme 7.30),148–150

(ii) oxidation of formazans (oxygen and base; diarylaminyl radicals generated from a tetraarylhydrazine;



Verdazyls and Related Radicals Containing the Hydrazyl [R2N–NR] Group 267

NN

N N

R

NN

N N

R

82

83

NN

84

13

NN

N N

ArAr

R

hν

R' R'

R' R'
R' R'

[red][ox]

red or H+

Scheme 7.29

13

NN

N N

ArAr

R

NH

N N

N
Ar Ar

R

9

85

N2 N3

N4N1

Ar Ar

R

[red]/H+

[red]/H+

[ox]

PbO2

[red]

ox

Scheme 7.30

PbO2) of a formazan,148,149,151–153 or (iii) a comproportionation reaction between a formazan and tetra-
zolium salt.149,151 Electrochemical studies of tetrazolium salts show that the initial one-electron reduction
to the radical is reversible, but addition of a second electron leads to irreversible (electrochemically) N–N
bond cleavage and formation of the formazan anion.154

Most tetrazolinyl radicals 85 are long-lived in solution, but only one derivative (R = tBu, Ar = p-
nitrophenyl) has been isolated as a pure compound.152 There appears to be a general correlation between
the persistence of these radicals and the presence of electron withdrawing groups on the N-aromatic rings.
The electron withdrawing/donating capabilities of Ar also strongly influence the N2/N3 EPR hyperfine
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coupling constants, which range from 8.3 G for electron donating groups (e.g., p-methoxyphenyl) to 6.1 G
for p-nitrophenyl.148,151,155 The N1/N4 hyperfine coupling constants remain constant (5.6–5.7 G) for all
derivatives. Kuhn–Jerchel radicals 83 appear to be somewhat more stable as several of these are pure
crystalline solids.144 The nitrogen hfcs for 83 are significantly smaller for these radicals compared to 85
(a(N1/N4) = 3.8 G, a(N2/N3) = 5.6–7.5 G).146

7.5 1,2,4-Triazolinyl radicals

In 1989, Neugebauer discovered that leuco verdazyls 11 undergo ring contraction upon either oxidation or
thermolysis to give a triazoline ring.156 Oxidation (TCNE (tetracyanoethylene) or iron(III) chloride) affords
the 1,2,4-triazolinyl radical 86 directly (and not the radical cation of 11 as was initially proposed157),
whereas the thermolysis product (made using phenylhydrazine as a reducing agent) is the parent triazo-
line 87. The two five-membered rings can be interconverted by redox reactions shown in Scheme 7.31.
Alternative methods for making the triazolines 87 are based on condensation reactions of amidrazones 88
or hydrazones 89.158

Triazolinyls 86 with N-aryl substituents and with R′′′ = Aryl are stable, isolable species, one of which
has been crystallographically characterized156; derivatives in which either R′ or R′′′ are methyl groups can
be spectroscopically observed but not isolated as pure compounds.158 Extensive EPR studies – including
ENDOR and complemented by NMR – have facilitated the assignment of hyperfine coupling to the
three distinct nitrogen atoms: the hyperfine coupling constant ranges for N1, N2, and N4 are 7.4–7.6 G,
6.2–6.5 G, and 3.8–4.0 G, respectively. Very small proton hyperfine coupling constants are observed
for C3-phenyl substituents, implying very small spin density at the C3 ring carbon of the radical
SOMO.

The only reactivity studies involving these radicals involves their use in controlled/living radical poly-
merization (cf. verdazyls, Section 7.2.3.4; see also Chapter 11).159 One interesting aspect of their chemistry
involves the thermal decomposition of the triazolinyl to a triazole and a phenyl radical (Scheme 7.32);
as was the case for verdazyls, this radical decomposition is believed to have beneficial implications for
controlling polymerization.
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Closely related to the triazolinyls are 1,2,3,5-thiatriazolinyls 95 and 1-oxo-1,2,3,5-thiatriazolinyls 96, in
which the saturated ring carbon (C6) of 86 is replaced by a divalent or tetravalent sulfur respectively. Both
radicals are accessed from 1,2,3,5-thiatroazoline-1-oxides 93, which can be made from amidrazones 92 and
thionyl chloride (Scheme 7.33). Oxidation of 93 with diarylaminyl radicals gives the oxothiatriazolinyl
96,160 while reaction with phosphorus pentahalides gives the thiatriazolium cations 94, which can be
reduced to the corresponding radicals 95.161 These radicals are reported to be monomeric in solution
down to 230 K, but none were isolated. EPR parameters (deduced from a combination of ENDOR studies
and isotopic (2H, 15N) labeling) suggest somewhat different spin distributions between the two types of
radicals, that is, for 95 (R′ = phenyl) a(N2) = 7.85 G, a(N3) = 4.15 G, a(N5) = 5.10 G whereas for
96 a(N2) = 8.19 G, a(N3) = 4.03 G, a(N5) = 2.35 G. These differences have been interpreted in the
context of the involvement of the sulfur atom in the π framework of the radical: in 95 the sulfur atom
is a component of a cyclic 7π -electron radical, whereas the S-oxide unit interrupts conjugation in 96 and
produces a non-cyclic, 5π -electron system more akin to the 1,2,4-triazolinyls 86.160,161

7.6 1,2,4,5-Tetrazinyl radicals

Oxidation of 1,4-dihydrotetrazines 97 with diarylaminyl radicals gives solutions of the persistent 1,2,4,5-
tetrazinyl radicals 98 (R′ = methyl, CH2Ph; R = R′ = H, phenyl) (Scheme 7.34).162 The low symmetry of
their structure leads to rather complex EPR spectra, but a combination of isotopically enriched derivatives
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Figure 7.6 Experimental (EPR; top) and computational (McLachlan; bottom) spin densities in a 1,2,4,5-tetrazinyl
model radical 98.

(2H, 15N) permitted full assignment of all of the nitrogen and proton hyperfine coupling constants. The
spin density distribution picture which emerges (Figure 7.6) is qualitatively not unlike that of the verdazyl
radical system. These radicals were not isolated.

7.7 Benzo-1,2,4-triazinyl radicals

The benzo-1,2,4-triazinyl radical system 99 was first reported by Blatter et al .163 in 1968 and was sub-
sequently developed principally by Neugebauer.164 The most effective synthetic route to these radicals
starts from diaryl amidrazones 100 (Scheme 7.35). Oxidation with mercuric oxide affords azo compounds
101, which can be ring-closed a number of different ways to give either the radical 99e directly (heat,
mercury(II) oxide), the corresponding benzo-1,4-dihydro-1,2,4-triazine 103 (thermolysis) or its hydrobro-
mide salt (HBr) 104. The latter two species can be interconverted by acid/base chemistry; both can be
converted to the corresponding radical with strong base – a reaction which presumably initially yields the
deprotonated triazine anion which is air (O2) oxidized to give the radical.

A few other methods are known to produce benzo-1,2,4-triazinyl radicals (Scheme 7.36). Blatter et al .
showed that heating hydrazide derivatives 104 followed by treatment with base (and presumably air) gives
the corresponding radical. Low yields of radicals have been obtained from the reactions of nitrilimines 105
with reagents of general structure 106 (e.g., iminophosphoranes (E = PPh3),165 sulfimides (E = SMe2),166

nitrosobenzene (E = O)).167

Benzo-1,2,4-triazinyl radicals are extremely stable – most of the derivatives prepared to date are isolable
and do not decompose over time. The radicals possess substantial hyperfine coupling constants to all three
nitrogen atoms (a(N1) = 7.0–7.5 G, a(N2) = 5.1 G, a(N4) = 5.1 G) and smaller 1H hyperfine coupling
can be observed (by EPR or NMR) to aromatic protons on the N1 and C3 substituents as well as the
benzannulated ring protons (C5–C8).164 The EPR data, in conjunction with ENDOR168 and semi-empirical
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molecular orbital calculations, produce a spin distribution picture in which 60–70% of the spin density
resides on the three nitrogen atoms; the rest is shared among the benzo ring carbons, that is, each position
possesses a small proportion (4–7% per site) of spin density.

Neugebauer has explored some reaction chemistry of the benzotriazinyls (Scheme 7.37).164 One of
their more interesting reactions is with acid. Whereas other related radicals (verdazyls, tetraazapentenyls)
undergo disproportionation upon protonation, the benzotriazinyls appear to be stable with respect to dis-
proportionation. Stable solutions of benzotriazinyl radical cations 107 can be generated by treatment of the
neutral radical with strong acid (trifluoroacetic acid CF3CO2H).169 The identity of the radical cations was
confirmed principally by EPR spectroscopy; radical protonation led to changes to the nitrogen hyperfine
couplings as well as an additional large coupling (4.8–5.0 G) to the added proton. Other reactions of the
radicals include oxidations either to cations 108 or to quinoidal type compound 109 (by boiling in charcoal
in air). As mentioned above, the radicals can be hydrogenated to the leuco compounds 103, which can be
alkylated – though a mixture of N2 and N4 alkylated compounds 110 and 111 respectively are produced.

The outstanding stability of benzotriazyls has enabled a few investigations of their solid state (materials)
properties. Intermolecular magnetic exchange interactions have been examined in crystalline derivatives
of these radicals170,171 Wudl et al . reacted a benzotriazinyl (99, Ar = R = Ph; R′ = H) with the good
electron acceptor TCNQ (tetracyanoquinodimethane) 40 to give a pressure-sensitive semiconducting charge
transfer complex (99)2(TCNQ)5.172 Analysis of the crystal structure of the complex (and comparison with
the structure of the neutral structure171,173) lead to the conclusion that the benzotriazine was oxidized to its
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corresponding cation (i.e., 108) whereas the TCNQ is only partially reduced, in accord with the unusual
stoichiometry.

An interesting class of putative benzotriazinyl-based diradicals was developed by Wudl et al .174

Intramolecular cyclization of the bifunctional bis(amidrazone) 112 based on a modified version of
the Blatter/Neugebauer synthesis affords the hexaazaanthracene compound 113, which can formally
be described as a diradical (113••) (Scheme 7.38).174 However, many of the characteristics of this
compound (for example it has a normal NMR spectrum, is EPR silent, and is strongly fluorescent) argue
against a diradical formulation and in favour of a closed shell configuration. X-ray structural analysis
and DFT calculations indicate that the zwitterionic formulation (113+−), with two parallel cyanine-like
chromophores, is the best description of the ground state. The diradical triplet state is calculated to
be relatively low-energy excited state (18.9 kcal/mol higher than the ground state), and the strong
fluorescence exhibited by this molecule has been attributed to an intramolecular electron transfer process
to generate an excited state diradical species.175
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Schreiner et al . have explored heptaaza-anthracenes 114, which are pyridine-based analogues of
113.176,177 These compounds are synthesized in a manner analogous to the one used to make the hex-
aazaanthracene and have similar electronic structures (ground state zwitterions, low lying triplet diradical
excited states). These derivatives are strongly solvatochromic and can be protonated (trifluoroacetic acid)
to give stable cations 115 in which the central (pyridine) nitrogen is the site of protonation (Scheme 7.39).
The influence of donor and acceptor groups on the aromatic substituents on the singlet–triplet energy
separation was explored computationally. Although the changes are modest within a series where R1 and
R2 are both substituted phenyl (15–20 kcal/mol), more dramatic changes in the electron configurational
energetics are predicted for derivatives with donor (R1 = NMe2) and acceptor (R2 = NO2) groups
attached directly to the polycyclic skeleton.177

7.8 Summary

Verdazyl radicals have enjoyed steady attention over the past four and a half decades, and stand out as the
dominant species among hydrazyl-based radicals. A range of other species have received far less attention
but add to the collection of stable radicals based on the hydrazyl (R2NNR•) functional group. As such,
hydrazyl deserves to be considered as another pre-eminent “building block” for stable radicals, both in
terms of variety and stability, along with the nitroxyl (R2NO•) moiety (Chapter 5) and the thiazyl (NS•)
unit (Chapter 9).
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8.1 Introduction

The term “phenoxyl” radical was first introduced in 1914 by Pummerer1 to designate species involved in
the oxidation of naphthols and phenanthroles. It was not until the 1960s that the existence of phenoxyls was
demonstrated by Electron Paramagnetic Resonance (EPR). The term “stable” is commonly used to designate
radicals such as nitroxides, trityls, and so on. Although the term “stable” had been associated with some
phenoxyl radicals in 1967,2 it must be realized that phenoxyl radicals exhibiting stabilities comparable
to those of nitroxides were rather rare at this time. During the 1970s, Reichard et al .3 demonstrated
that radicals related to phenoxyls could also arise from mono-electronic oxidation of the phenolic side
chain of tyrosines in some proteins, and thus could be involved in biological processes. The new term
“tyrosyl” was then introduced to designate these residues, and many other biological systems involving
such radicals have been described.4,5 One of the more important recent advances in tyrosyl radical history
was achieved in the 1990s with the characterization of the galactose oxidase (GO) active site.6–8 For the
first time it was demonstrated that tyrosyls could exist coordinated to a metal ion. To better understand
this association, chemists have subsequently developed many complexes involving coordinated phenoxyl
radicals.9–13 Elucidation of the properties of coordination compounds involving redox active ligands,
especially those involving sterically hindered phenolates, is one of the most recent and fascinating topics
of interest in bioinorganic chemistry. The challenge in this kind of chemistry is the right description of the
electronic structure of the Mn+ –OPh entity (where OPh represents a phenolate group) once it has been
oxidized by one electron. In principle, either the M(n+1)+ –OPh, that is the oxidation is metal based, or
the Mn+ –•OPh form, that is the oxidation is ligand based, could be obtained. The right description is thus
not obvious and, as will be shown below, it strongly depends on the nature of the metal ion, the denticity
of the ligand, the substituents of the phenolate precursor and even the temperature. Coordination is also
found to improve the radical stability, and exerts an extraordinary control on their magnetic properties and
reactivity (regio- and stereoselective oxidations are promoted by a radical).
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An exhaustive description of all the coordinated phenoxyl radicals reported so far is a very difficult
task, as this chemistry has bloomed during the last decade. Historically, complexes involving first row d
transition metals were the first to be described, and they are certainly the most well known. For this reason,
this chapter is limited to these complexes. It is also important to mention that semiquinonate radicals can
be related to phenoxyls. This class of compounds was intensively investigated in the 1980–1990s and
excellent reviews are available for readers interested in these systems.14–16 Only the most recent advances
in metal–semiquinonate complexes that deal with the modeling of the GO active site are covered here.

The general properties of phenoxyl radicals (coordinated or not) are briefly presented prior to the
description of the structural, spectroscopic and electrochemical properties of their complexes. For the sake
of clarity, complex chemistry will be classified by metal, from the left to the right of the periodic table.
Vanadium complexes, for which the redox chemistry is rather metal-centered, and chromium complexes,
which exhibit pure ligand-centered redox chemistry, are presented first. Subsequent sections are devoted
to manganese, iron, cobalt, nickel and, finally, of course, copper complexes, that is those for which the
electronic structure is the most difficult to describe, as both the metal and the ligand(s) are redox active. A
special emphasis is given to copper and nickel complexes that have created a great interest recently. The
last section deals with complexes of the redox-innocent zinc ion. Scandium and titanium ions are omitted,
since very few results concerning them have been reported.17,18

8.2 General properties of phenoxyl radicals

8.2.1 Electronic structure and stabilization

Phenoxyl radicals are electron deficient, making them highly reactive.2,19 Even though specific techniques
such as flash photolysis or pulsed radiolysis (and UV-Vis or EPR monitoring) have been successfully used
for their detection, simple phenoxyls are rather uncommon. Chemists have thus developed strategies in order
to stabilize them enough to allow their handling and characterization by conventional techniques. This has
been achieved by following rules that are inherent to the specific electronic distributions in these radicals.

Phenoxyl radicals are usually viewed with an electron localized at the oxygen atom. This representation
is not entirely true since the spin density is not exclusively located at this atom. As a matter of fact they are
better described in terms of the canonical structures depicted in Figure 8.1. From this representation it is
evident that a significant amount of spin density is located at the ortho and para positions, thus enhancing
their reactivity. Stabilization thus implies substitution at these positions. Some examples of stable phenoxyl
radicals that do not have any para substituent exist but they are very rare.20,21

To enhance stabilization, the substituents must be also able to compensate efficiently for electronic
deficiency by resonance or inductive effects. To date, the most stable phenoxyl radicals are those substituted
at their ortho and para positions by aromatic, O,N,S-alkyl and sterically hindered alkyl groups. Among
them, tert-butyl is the most common substituent, probably because of the commercial availability of
many precursors for organic synthesis. Figure 8.2 shows selected copper(II) radical species classified by
decreasing stability.22,23 The increased lifetime of (a) relative to (b) is explained by the more electron

O O O O

Figure 8.1 Canonical forms of phenoxyl radicals.
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Figure 8.2 Relative stabilities of copper(II)–radical complexes (Py denotes pyridine). (See Table 8.6 for
references and nomenclature).

donating properties of the methoxy compared to the tert-butyl group (σ+ Hammet = −0.778 vs −0.256).
The same would hold for (b) relative to (d), but the opposite is experimentally observed. This paradox is
explained by the increased bulk provided by the tert-butyl group around the oxygen atom, thus decreasing
its reactivity, and enhancing the overall stability of the molecule.

8.2.2 Electrochemistry of phenoxyl radicals

Phenoxyl radicals are usually obtained by oxidation of a phenol precursor. In the absence of a metal,
the oxidation has to be performed under alkaline conditions for two reasons. The first reason is that the
oxidation potential of phenols is high. For example, the oxidation potential of one of the most easily oxi-
dizable phenols, the tri-tert-butylphenol, is +1.07 V vs Fc+/Fc.24,25 When electrochemical measurements
are performed in the presence of a strong base, such as sodium hydroxide, this value falls to −0.68 V26;
the base deprotonates the phenol (pKa ≈ 12.2 for the tri-tert-butylphenol in water),27 thus affording a
phenolate that is electron enriched and, consequently, easier to oxidize.

The second reason is mechanistic. Oxidation of a phenolate is a very simple process from an elec-
trochemical point of view, as it is a simple electron transfer. In contrast, oxidation of phenols involves
several elemental steps (except under certain particular conditions, as noted below).19 The first step is
electron removal, which affords a phenoxyl radical cation. Its pKa has been estimated to be −9.5 in ace-
tonitrile for the tri-tert-butylphenoxyl,24 meaning that such species could only be detected in highly acidic
media (H2SO4 12 M). In moderate acids, the radical cation is deprotonated to give a phenoxyl radical
(proton transfer coupled to electron transfer). Since the phenoxonium/phenoxyl redox potential is lower
than the oxidation potential of the initial phenol, the phenoxyl is again one-electron oxidized giving rise
to a phenoxonium ion. The overall mechanism is thus a two-electron oxidation, affording a phenoxonium
and a released proton. A particular case often encountered in biological systems concerns phenols that are
hydrogen bonded to an adjacent weak base (amine for instance).28–32 The overall mechanism also implies
a proton coupled electron transfer but it is, in these cases, a single kinetic step. As a result the oxidation
potential is much lower and the oxidation product in this case is a phenoxyl radical hydrogen bonded to
a neighboring ammonium proton and not a phenoxonium ion.

The electrochemistry of coordinated phenols has not been well studied, presumably because of their
high oxidation potentials due to the positive charge of the metal located in the vicinity of the oxygen atom.
Oxidation of coordinated phenolates is more interesting, as this takes place at potentials intermediate
between those of coordinated (or not) phenols and free phenolates, and the mechanism involves a single-
electron transfer process, affording phenoxyl radicals.
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Figure 8.3 Bond distances in: (a) the tri-tert-butylphenoxyl radical; (b) the tri-tert-butylphenol; and (c) the
di-tert-butylquinone. The numbering used in the text is indicated in (d). ([34] Reproduced by permission of the
Royal Society of Chemistry.)

8.2.3 Structure of non-coordinated phenoxyl radicals

Although phenoxyl radicals have been known for over six decades, very few X-ray crystal structures
have been reported to date.33,34 This is the consequence of the low stability of these molecules, combined
with their high solubility in most conventional solvents. Until very recently, structural aspects were only
investigated by computational methods. The first high resolution X-ray crystal structure was reported
in 2008 for the well known tri-tert-butylphenoxyl radical. The bond lengths observed in the tri-tert-
butylphenoxyl radical are compared to those of the tri-tert-butylphenol precursor in Figure 8.3. The C1–O
bond length in the radical is significantly shorter than in the phenol, and is quite similar to the C1=O bond
length in the 2,6-di-tert-butyl-1,4-benzoquinone.35 The carbon–carbon bond lengths in the phenoxyl ring
are inequivalent, with a C2–C3 bond length that is shorter than the C3–C4, itself shorter than the C1–C2
bond length. This alternance compares well with that found in asymetrical quinones such as 2,6-di-tert-
butyl-1,4-benzoquinone and reflects the significant double bond character of the C1–O, C2–C3 and C3–C4
bonds, as expected for the canonical forms depicted in Figure 8.1.

8.2.4 UV-Vis spectroscopy

As long as 80 years ago it was reported that phenoxyl radicals exhibit an intense color, in contrast with
the precursor phenols that are usually colorless.36,37 The first visible spectra of phenoxyl radicals were
reported in the 1950s. A feature common to most of these species is the intense bands in the 370–440 nm
range along with a less intense transition at higher wavelengths (600–800 nm), as illustrated in Figure 8.4.
The position of these bands is slightly (but significantly) dependent on the substituent’s properties, as
well as the protonation state of the radical. As an example, the λmax for the tri-tert-butylphenoxyl radical
at ≈400 nm is shifted to 419 nm in 12 M sulphuric acid (protonation of the oxygen).38 As shown below,
metal coordination can also shift these transitions and enhance their intensities. These bands originate from
π –π* transitions, although their exact attribution has been debated, sometimes controversially, for several
years.39 In the presence of a metal ion, complication of the UV-Vis spectra is often observed. This is
mainly due to the presence of additional bands corresponding to charge transfer (CT) and d–d transitions.

8.2.5 EPR spectroscopy

The free phenoxyl radicals are paramagnetic (S = 1/2) species that could be easily characterized by
EPR and related magnetic spectroscopies. From the g-tensor and the hyperfine coupling constants the
electronic distribution in the radical can be elucidated. Most of the non-coordinating phenoxyl radicals
exhibit isotropic g-tensor values ranging between 2.003 and 2.007.40 Resolution of the anisotropy can be
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Figure 8.4 UV-Vis spectra of: solid lines: complex (b) depicted in Figure 8.2 (0.11 mM in acetonitrile)
(see Table 8.6 for references and nomenclature). Dotted lines: the radical of the free ligand (0.24 mM in
dichloromethane). For this latter species the absorbance is underestimated because of its instability (unpublished
results).

achieved by increasing the frequency (higher than 95 GHz).41,42 As an example, the three principal g-tensor
components of the tri-tert-butylphenoxyl radical are 2.0072, 2.0043 and 2.0024 (gaverage = 2.0046). While
the gy and gz values are usually similar in all the phenoxyls (and close to the free electron ge value of
2.0023 for gz), the gx values are strongly dependent on the electrostatic environment around the oxygen
atom; when it is hydrogen bonded to a positively charged ammonium group, the gx component can be as
low as 2.0064.43,44

Coordination to a metal ion strongly affects the EPR spectrum of phenoxyls. Diamagnetic metals lead to
(S = 1/2) systems. For phenoxyl radicals containing diastereotopic benzyl hydrogen atoms, strong hyperfine
coupling to one hydrogen atom is usually observed, together with an additional interaction with the metal
nuclear spin if this latter is different from zero. In the presence of a paramagnetic metal ion, the system
has to be described by a total spin state, St, arising from exchange and dipolar interactions between the
metal and radical electron spins. That results in profound changes in the EPR spectra, as shown below.

8.3 Occurrence of tyrosyl radicals in proteins

Since the 1970s it has been recognized that stable radicals exist in enzymes and that they are involved
in numbers of biological processes. Cysteinyl (RNR class I and II), glycyl (anaerobic RNR class III) and
tryptophanyl (cyt c peroxydases) radicals are all known, but the most representative family is that of the
tyrosyl radicals (photosystem II, Prostaglandine synthase, galactose oxidase, glyoxal oxidase etc.).45 It is
noteworthy that nearly all of these proteins are metalloenzymes, and so the organic cofactor is believed to
complete or assist the metal-driven electron transfer. While most of the above mentioned enzymes involve
a free or hydrogen bonded radical, galactose oxidase (GO) and glyoxal oxidase are unique in that the
radical is coordinated to a metal ion.46

Galactose oxidase catalyses the oxidation of a wide range of primary alcohols to their corresponding
aldehydes, with concomitant reduction of molecular oxygen to hydrogen peroxide. The active site of
GO comprises a copper atom in a distorted square pyramidal geometry with Tyr495 occupying the axial
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position (Figure 8.5). His581, His496, Tyr272 and an exogenous ligand (H2O or acetate, replacing the
substrate) coordinate to the copper in equatorial positions.47,48 A striking feature of this complex is the
cross-linking of Tyr272 to Cys228 through a thioether bond at the ortho position of the hydroxly group,
presumably to lower the tyrosyl/tyrosine redox potential. The enzyme can exist in three well defined
oxidation levels: the copper(II)–tyrosyl radical oxidized form, an intermediate copper(II)–tyrosinate form
and the reduced copper(I)–tyrosine form, with only the former and the latter being catalytically active.
The tyrosyl/tyrosinate redox couple has been estimated at +0.01 V vs Fc+/Fc at pH 7 and extensive
spectroscopic studies on the active oxidized form have shown that the radical is mainly harbored by the
equatorially-bound Tyr272 residue. The enzyme is found to be relatively stable in this radical form with a
t1/2 of 7.2 days for its self-decomposition in absence of substrate.49 The radical leads to an unusual optical
spectrum for GO, with intense bands at 445 nm and 800 nm50 mainly attributed to charge transfer and
π –π* transitions of the tyrosyl group. Strong antiferromagnetic exchange coupling between the tyrosyl
radical and the paramagnetic copper(II) ion induces a diamagnetic ground state, with a singlet–triplet
splitting greater than 200 cm−1.51,52

Catalysis of galactose oxidase proceeds in a ping-pong turnover reaction (Figure 8.5).53–55 In the first
half-reaction the alcohol binds to the active site and the tyrosyl radical abstracts a hydrogen atom from the
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substrate (the thermodynamic affinity of a tyrosyl radical for a hydrogen atom is high).56 The metal ion then
reduces the transient ketyl radical in a single electron transfer mechanism.57,58 Large non-classical kinetic
isotope effects have been reported, as expected for the tunneling of a hydrogen atom in the rate limiting
step.50 In the second half-reaction, the aldehyde is released into the medium and the copper(I)–tyrosine
site binds oxygen and reduces it very quickly to H2O2, thus regenerating the initial copper(II)–tyrosyl
radical state.

8.4 Complexes with coordinated phenoxyl radicals

To create stable metal–phenoxyl complexes, each of the phenol(ate)s has either to be incorporated into
elaborate polydentate ligands, or the metal:ligand stoichiometry has to be strictly controlled. These are
important aspects to consider as each metal ion exhibits specific preferences in the terms of geometry
and/or kind of coordinating atom. Solvent molecules can also be involved in coordination if the donor set
of the ligand is not sufficient for a given metal ion. Most of the ligands studied belong to the four main
classes briefly described in the next section. As all the ligands having at least one coordinating phenol,
that is a huge number of molecules, are a priori precursors of phenoxyl radicals, the following is limited to
ligands specifically designed to stabilize coordinated phenoxyl radicals, that is for which the phenols are
ortho and para protected by electron donating and/or bulky groups. The nomenclature used to present the
complexes is: HxLy for a ligand y possessing x acido-basic sites and [M(HxLy)(X)z] for the M complex
of HxLy bearing z coordinated exogenous ligands X. Following the general discussion on the architecture
of the ligands, the radical complexes will be presented in distinct parts, each being devoted to a specific
first row d transition metal. Reported electrochemical potentials for complexes of each metal are tabulated
at the beginning of each metal-specific section.

8.4.1 General ligand structures

The macrocyle 1,4,7-triazacyclononane (TACN) is a modulable scaffold with high complexing ability.
TACN coordinates to a metal ion by three amine groups, and can be further derivatized to incorporate one,
two or three additional coordinating groups such as phenols. This modularity makes them good chelators
for metals requiring four, five or six ligands, that is metals of the first row. Some representative structures
are shown in Figure 8.6.

Tripodal ligands possess a pivotal nitrogen on which one phenol and two pyridines, or two phenols
and one pyridine, can be introduced (Figure 8.7). Their copper complexes are excellent structural and
sometime functional models of the GO active site. The phenols have been diversely substituted, as well
as the pyridine, and the length of the linker can also be modulated. The solution chemistry of their copper
complexes is the most extensively studied of the four classes of ligands.

Tetradentate Schiff bases are famous catalysts for oxidation (Jacobsen’s catalyst for example) that involve
two salicylidene moieties joined together with a linker that modulates the geometry around the metal
ion (Figure 8.8): binaphthyl linkers constrain the metal ion in a tetrahedral environment whereas o-
phenylenediamines make the ligand almost planar and highly conjugated, thus favoring a square planar
environment around the metal ion. As will be shown, the phenoxyl/phenolate redox potentials in this series
are usually high, due to the conjugation of the imine with the phenolate, but the radical species are rather
stable again due to conjugation. Phenol-benzimidazole are not strictly speaking Schiff bases but they will
be included in this section for clarity, as they coordinate in a six-membered chelation ring with one oxygen
and one sp2 nitrogen.
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The last ligand family is that of sterically hindered o-iminobenzosemiquinones. For synthetic reasons
mainly the di-tert-butylated form of the o-iminobenzosemiquinone is used. Although this bidentate ele-
mental unit has been used to get number of metal radical complexes simply by controlling judiciously the
ligand:metal stoichiometry, it has been also incorporated into tri- and tetradentate architectures in order
to make efficient catalysts. Although phenoxyl and o-iminobenzosemiquinonate radicals exhibit closely
related structures, the former are more intimately related to GO from a reactivity point of view. Neverthe-
less, phenoxyl radical stability is not always high, and most of the time the compounds are solely isolated
on their metal phenolate form (and then oxidized into radicals species), meaning that structural data are
generally missing. The o-iminobenzosemiquinonate radicals offer the advantage of very high stability of
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Figure 8.9 Representative aminophenol ligands.

the radical species. Many of them can be isolated and crystallized in their radical form thus contributing
widely to their success. Some representative ligands are depicted in Figure 8.9.

8.4.2 Vanadium complexes

Among the metals presented in this section, the vanadium ion is the most subject to a metal-centered redox
activity in the usual potential range. As an example, the oxidative chemistry of vanadium–phenolate com-
plexes of the TACN ligands H3L3

tBu or H3L3
tBu,OMe involves exclusively the VIII/VII, VIV/VIII, VV/VIV

redox couples.59,60 The electrochemical behavior of complexes of ligands involving aminophenolate moi-
eties (i.e. moieties that could be oxidized much more easily than other phenolates into radicals), such as
H2L15

S and H2L15
Se, also suggests metal-centered oxidations to VV or VIV = O.61 H2L14

AP is an excep-
tion, since the radical species [VV(L14

AP)2(L14
ISQ)•] has been evidenced by X-ray diffraction.62 Although

the classical phenoxyl radical band at ≈400 nm (see above) is absent in the visible spectrum of this species,
the EPR spectrum is classical for an S = 1/2 system with a g-value of 2.0045 (the VV ion is diamagnetic).
The absence of hyperfine splitting with the 51V ion further precludes the formulation as a paramagnetic d1

VIV ion. Oxidation at −0.10 V affords the diradical [VV(L14
AP)(L14

ISQ)••2]+, whereas at lower potentials
reduction of the o-iminobenzosemiquinone radical followed by reduction of the metal ion is observed
according to Equation 8.1:

[VIII(L14
AP)3]3− [VIV(L14

AP)3]2− [VV(L14
AP)3]− [VV(L14

AP)2(L14
ISQ)•]

[VV(L14
AP)(LISQ)••2]+ (8.1)



Metal Coordinated Phenoxyl Radicals 291

t-Bu

OCH3

N

N

N

O

O t-BuCr

O

t-Bu

H3CO

OCH3

O
t-Bu

O

Cr3+

1.396

1.3831.377

1.406

1.416 1.415

1.335

1.920

1.387

O
t-Bu

O

Cr3+

1.366

1.4001.406

1.372

1.445 1.433

1.290

1.943

1.348

Figure 8.10 Structure and selected bond distance in the first metal–phenoxyl radical complex crystallized
([CrIII(L3

tBuOMe)•]+). ([63] Reproduced by permission of the Royal Society of Chemistry.)

8.4.3 Chromium complexes

The chromium(III) ion is redox innocent in the classical potential range. It is paramagnetic (SCr = 3/2)

and favors an octahedral geometry. Historically, the chromium complex [CrIII(L3
tBu,OMe)•]+ was the first

metal–radical compound to have its X-ray crystal structure solved (1996).63 Its structure (Figure 8.10)
shows a quinoid distribution of bond lengths in the phenoxyl ring, as observed in the structure of the tri-
tert-butylphenoxyl radical. As expected the metal–oxygen bond in the phenoxyl ring is weakened (longer)
compared to the free phenolate. It is noteworthy that the presence of inequivalent metal–oxygen bonds
suggests that the electronic hole is located on a single ring. Cyclic voltammetry exhibits one cathodic wave
(reduction of the phenoxyl) at −0.03 V vs Fc+/Fc, as well as two anodic waves showing that the di- and
triphenoxyl radical species are also accessible (Equation 8.2):

[CrIII(L3
tBu,OMe)] [CrIII(L3

tBu,OMe)•]+ [CrIII(L3
tBu,OMe)••]2+ [CrIII(L3

tBu,OMe)•••]3+ (8.2)

The ground state of [CrIII(L3
tBu,OMe)•]+ is (St = 1) (but it is X-Band EPR silent), whereas the diradical

[CrIII(L3
tBu,OMe)••]2+ exhibits an (St = 1/2) signal at g = 1.97, and the triradical [CrIII(L3

tBu,OMe)•••]3+ is
diamagnetic. This indicates that the coupling between the chromium(III) ion (SCr = 3/2) and each (Srad =
1/2) radical is antiferromagnetic. Interestingly, the UV-Vis spectra of chromium(III)–phenoxyl radicals are,
in general, rich and particular, due to an admixture of the SOMO of the ligand radical and the d orbitals of
the metal ion. As a consequence, the expected phenoxyl bands at ≈400 nm could be distinguished only for
the mono- and dications [CrIII(L3

tBu,OMe)•]+ and [CrIII(L3
tBu,OMe)••]2+. The [CrIII(MeL1

OMe)(Bu2acac)]+
complex formed with a ligand involving a single phenolate (Table 8.1)64 is comparatively harder to oxidize
into a monoradical than [CrIII(L3

tBu,OMe)], likely due to its positive charge. The coupling between the metal
and the radical in [CrIII(MeL1

OMe)•(Bu2acac)]2+ is antiferromagnetic as in [CrIII(L3
tBu,OMe)•]+. Q-Band

Table 8.1 Redox potentials of representative chromium complexes

Complex E1/2
[V vs Fc+/Fc] Ref.

[CrIII(MeL1
OMe)(Bu2acac)]+ 0.31 [64]

[CrIII(iPrL1
tBu)(acac)]+ 0.51 [64]

[CrIII(L3
tBu)] 0.09, 0.55, 0.77 [63]

[CrIII(L3
tBu,OMe)] −0.03, 0.24, 0.45 [63]

−1.77, −1.26, −0.10, 0.64,
[CrIII(L14

ISQ)•••3] 1.10 [62]
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EPR data are available for the former, showing that the (St = 1) system is in the limit of strong coupling
(|D| = 0.52 cm−1, E/D = 0.05).

As pointed out in the introduction, amino substituents are known to greatly stabilize phenoxyl radicals.
For instance the triradical [CrIII(L14

ISQ)•••3] could be prepared from H2L14
AP and chromium without

specific experimental conditions. This is due to the very low redox potentials of this class of ligands.
The first iminobenzosemiquinone/aminophenolate redox couple is, for example, too low to be measured in
dichloromethane, whereas the di and tri-radicals are successively formed at −1.77 and −1.26 V (remember
that the first phenoxyl/phenolate redox wave of [CrIII(L3

tBu,OMe)] is observed at −0.03 V).62 The redox
activity of [CrIII(L14

ISQ)•••3] is summarized below (Equation 8.3):

[CrIII(L14
AP)2(L14

ISQ)•]2− [CrIII(L14
AP)(L14

ISQ)••2]− [CrIII(L14
ISQ)•••3]

[CrIII(L14
ISQ)••2(L14

BQ)]+ [CrIII(L14
ISQ)•(L14

BQ)2]2+ [CrIII(L14
BQ)3]3+ (8.3)

The magnetic orbitals of the radical ligands in [CrIII(L14
ISQ)•••3] adopt an arrangement relatively similar to

those found in [CrIII(L3
tBu,OMe)•••]3+. As a consequence, antiferromagnetic coupling between the radicals

and the metal ion also exists in [CrIII(L14
ISQ)•••3], which is consequently diamagnetic (J = −436 cm−1).

The X-ray crystal structure of [CrIII(L14
ISQ)•••3], as well as those of many other complexes involv-

ing o-iminobenzosemiquinonate ligands, has been solved. A quinoid distribution of bond lengths is
observed in the o-iminobenzosemiquinonate ring (as for the tri-tert-butylphenoxyl) with shortening of
the carbon–oxygen bond, thus emphasizing its double bond character, and elongation of the adjacent
carbon–carbon bonds. Interestingly no substantial change in these bond lengths is observed upon substi-
tution of the chromium by other metal ions. The mean bond distances given in Figure 8.11 are thus valid
for most of the complexes described below.

8.4.4 Manganese complexes

The manganese ion normally adopts an octahedral geometry, as chromium, but in contrast it is redox
active, and can exist at the (+II, +III and +IV) redox states in the usual potential range. The study of
manganese complexes is, therefore, much more complicated than that of the chromium analogues.

The complex [MnIII(MeL1
OMe)(Bu2acac)]+ has been prepared from the monophenolate TACN ligand

HMeL1
OMe.64 It exhibits both a metal-centered reduction wave at −0.61 V and a ligand-centered oxidation

one at +0.42 V (Table 8.2) according to Equation 8.4:

[MnII(MeL1
OMe)(Bu2acac)] [MnIII(MeL1

OMe)(Bu2acac)]+ [MnIII(MeL1
OMe)•(Bu2acac)]2+ (8.4)
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Figure 8.11 Schematic representation and metrical parameters for the coordinated o-iminobenzosemiquinone
unit under different redox states: (a) aminophenol (H2L14

AP ); (b) deprotonated aminophenolate (L14
AP ) complex;

(c) o-iminobenzosemiquinonate (L14
ISQ) complex; and (d)o-iminobenzoquinone (L14

BQ) complex. ([67] Repro-
duced by permission of the Royal Society of Chemistry.)
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Table 8.2 Redox potentials of representative manganese complexes

Complex E1/2
[V vs Fc+/Fc] Ref.

[MnIII(MeL1
OMe)(Bu2acac)]+ −0.61,* 0.42, 0.89(irr) [64]

[MnIV(L3
tBu,OMe)]+ −0.92,* −0.55,* 0.56, 0.74 (irr), 0.89 (irr) [17]

[MnIII(et,pyL10)]+ −0.65, 0.36, 1.15 [65]
[MnIV(quiL14

AP)2] −1.10, −0.33, 0.09 [67]
[MnIV(mPhL16

ISQ)••(mPhL16
N,ISQ)••2] −1.23, −1.02 (red), −0.34, −0.12, 0.10 (irr) [70]

[MnIII(L15
Se)2]− −0.05# [68]

∗: metal-centered process; irr: irreversible couple, Epa is given #: E◦ value attributed to the phenoxyl/phenolate redox wave

The manganese(III)–radical – rather than manganese(IV)–phenolate – character of the dication is evident
from UV-Vis spectroscopy (bands at 428 and 1015 nm) and resonance Raman (rR) measurements. Upon
excitation in resonance with the π –π* transition of the phenoxyl (380–430 nm), the rR band originat-
ing from the mode ν8a (C=C stretching) is observed at the expected value (1619 cm−1) for phenoxyl
radicals. The ground state is St = 3/2 as a result of a strong antiferromagnetic coupling between the rad-
ical and the octahedral paramagnetic metal ion (SMn = 2). The zero field splitting parameters are E/D
= 0.33 cm−1, Dt = 5 cm−1, with gx = gy = 2.05 and gz = 1.85. It is instructive to compare the prop-
erties of [MnIII(MeL1

OMe)(Bu2acac)]+ with those of [MnIII(L3
tBu,OMe)]. In both cases the first electron

removal is reversible; however, while the former complex affords a manganese(III)–phenoxyl radical
species, oxidation of the latter affords a manganese(IV)–phenolate species. An increasing number of phe-
nolate oxygens in the metal coordination sphere thus favors metal-centered rather than ligand-centered
redox process, as also observed for [MnIII(et,pyL10)].65 The additional redox wave observed at +0.56 V for
[MnIII(L3

tBu,OMe)] is attributed to the formation of the Mn(IV)–phenoxyl species [MnIV(L3
tBu,OMe)•]2+

according to Equation 8.5:

[MnII(L3
tBu,OMe)]− [MnIII(L3

tBu,OMe)] [MnIV(L3
tBu,OMe)]+ [MnIV(L3

tBu,OMe)•]2+ (8.5)

From the aminophenolate ligand H2L14
AP, two diradical complexes, namely [MnIII(L14

ISQ)••2(L14
AP)] and

[MnIV(L14
ISQ)••2(HL14

AP)] can be isolated.66 Interestingly, the redox state of the metal center is evident
in the structure, not only from the shortening of the mean Mn–N/O bond lengths (2.017 and 1.934 Å
in the manganese(III) and manganese(IV) complexes, respectively) but also from the deformation of the
coordination polyhedron, because high spin d4 ions (such manganese(III)) are known to exhibit a strong
Jahn–Teller distortion, whereas the d3 (manganese(IV)) configuration does not exhibit such distortion.
The coupling between the radical spins and the manganese ion is, as expected, antiferromagnetic, due to

x

y

zz

x

y

Figure 8.12 Overlap between the π and selected d orbitals in octahedral and square planar complexes.
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an optimal orbital overlap in these octahedral complexes (Figure 8.12). The ground state is consequently
(St = 1) for [MnIII(L14

ISQ)••2(L14
AP)] (J = −300 cm−1 and Dt = 3.4 cm−1), whereas it is (St = 1/2) with

a stronger J of −470 cm−1 in the case of [MnIV(L14
ISQ)••2(HL14

AP)].
Other octahedral manganese complexes have been obtained from the two tridentate ligands H2

quiL14

and H2L15
Se/S in the presence of one metal,67,68 or three tetradentate ligands H4

mPhL16
N in the presence

of two equivalents of manganese.69 One-electron oxidation of [MnIII(L15
Se)2]− affords the correspond-

ing o-iminobenzosemiquinonate radical, but only as a transient species (its existence has been evidenced
indirectly by cyclic voltammetry measurements) in the course of formation of the thermodynamically
stable manganese(IV) complex [MnIV(L15

Se)2]. In contrast, a manganese–radical complex could be iso-
lated from H2

quiL14
AP, in particular as crystals. The structures of [MnIV(quiL14

ISQ)•(quiL14
AP)]+ and

[MnIV(quiL14
AP)2] are very interesting, as no significant change in the bond distances is observed in spite

of changes in oxidation state of one subunit. This shows that the unpaired π -radical electron is delocalized
over both ligands, in contrast with [CrIII(L3

tBuOMe)•]+ for which the unpaired electron is localized on a
single ring.

[MnIV(mPhL16
ISQ)••(mPhL16

N,ISQ)••2] is a dimetallic complex in which each manganese ion is coor-
dinated to two o-iminobenzosemiquinonate radical moieties. Its electronic structure is complicated and
can be summarized by strong antiferromagnetic interactions between the radicals and each metal, which
in turn coupled weakly antiferromagnetically (intermetallic distance of 6.7 Å).70 It is noticeable that
[MnIV(mPhL16

ISQ)••(mPhL16
N,ISQ)••2], as [MnIV(L14

ISQ)••2(L14
AP)], exhibits a significant catalytic activity

for the aerobic oxidation of catechols into quinones, with 500 turnovers achieved within 24 hours for the
former. [MnIV(mPhL16

ISQ)••(mPhL16
N,ISQ)••2] also catalyses the aerobic oxidation of hindered phenols to

diphenoquinones in a mechanism that involves an exclusively ligand-based redox chemistry.

8.4.5 Iron complexes

In the usual potential range, iron can exist both at the +II and +III redox state (and even redox states as
high as +VI have been described).71 Hence, in iron phenolate complexes, the redox processes could be
either metal-centered or ligand-centered according to Equation 8.6:

FeII(phenolate) FeIII(phenolate) or FeII(phenolate) FeII(phenoxyl) (8.6)

In fact, coordination of the phenolate moieties to the iron center lowers the iron(III)/iron(II) redox potential,
and thus stabilizes the (+III) redox state. Consequently, the iron(II) ion is oxidized prior to the phenolate,
and all the phenoxyl radical complexes of iron involve a metal at the +III redox state at least.

Depending on the ligand properties, different spin states can be attained for the iron(III) ion: SFe = 1/2,
3/2 or 5/2. Furthermore, because the radical and the metal ion spins are magnetically interacting, the
number of possible ground states is even higher. This versatility, combined with the fact that only the
total (and not local) spin state is accessible by techniques such as EPR or magnetic measurements, creates
challenges in obtaining the correct description of the electronic structure of these complexes. As it turns
out, determination of the local spin state is much easier than expected, since iron exhibits a Mössbauer
effect. The local state of the iron can, therefore, be easily and specifically probed with this technique, thus
greatly facilitating the chemist’s task.

Historically, the first coordinated phenoxyl radical described was generated from an iron complex of a
tris-phenolate TACN ligand in 1993.72 The expected spin state for a iron(III) ion in the N3O3 octahedral
environment provided by the tris-phenolate TACN ligand is (SFe = 5/2). This can be confirmed by the
X-ray crystal structures of some complexes like [FeIII(L3

tBu,OMe)], which show the typical Fe–O and Fe–N
bond lengths of 1.92 and 2.22 Å, respectively. In addition, EPR reveals a typical signal at g = 4.3 and
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isomer shifts of 0.49–0.54 mm s−1 are observed in the Mössbauer spectra. [FeIII(L3
tBu,OMe)], as well as its

derivatives, exhibits ligand-centered electrochemical activity, as summarized in Equation 8.7 (L denotes
any ligand of this family). The mono- and diradicals are usually stable enough to be characterized, whereas
the triradicals are found to be poorly stable in solution.17,73

[FeIII(L)] [FeIII(L)•]+ [FeIII(L)••]2+ [FeIII(L)•••]3+ (8.7)

All of the mono- and diradical complexes display the typical π –π* phenoxyl band at ≈400 nm and an
additional phenolate-to-iron charge transfer transition at 500–600 nm. As with the chromium complexes,
a strong antiferromagnetic coupling is observed between the metal and the radical spins (Srad = 1/2).
The ground state is consequently (St = 2) for [FeIII(L3

tBu,OMe)•]+ (J = −80 cm−1, E/Dt = 0.28 and Dt =
+0.46 cm−1) and (St = 3/2) for [FeIII(L3

tBu,OMe)••]2+ with E/Dt = 0.07 and Dt = +0.51 cm−1.
Iron radical complexes are rare in the Schiff base series.74 Nevertheless, the tris(phenolate) complex

[Fe(L12)] has been described. This complex exhibits two reversible oxidation waves at +0.20 and +0.55 V
(Table 8.3), corresponding to the successive oxidation of coordinating phenolates into phenoxyl radicals
(the trication is unstable). Oxidation of [Fe(L12)] to [Fe(L12)

•]+ and [Fe(L12)
••]2+ is accompanied by the

appearance of the π –π* band of the phenoxyl radicals at 405 nm and a loss of intensity of the phenolate
to iron charge transfer transition as above.

Several X-ray crystal structures of iron complexes (with SFe = 5/2, 3/2 and 1/2) involving o-
iminobenzosemiquinones are available. While they all exhibit similar C–C, C–O and C–N bond lengths
(Figure 8.11), the metal–oxygen and metal–nitrogen bond lengths were found to be significantly affected
by the spin state of the iron. As an example, the metal–oxygen and metal–nitrogen bond distances in
[FeIII(L14

ISQ)•••3] (high spin metal ion) are 2.014 and 2.057–2.149 Å, respectively,62 whereas they are
only 1.892(2) and 1.920(3) Å in [FeIII(L14

ISQ)•(cyclam)]2+, in which the increased number of coordinating
nitrogen atoms favors a low spin state (doublet at δ = 0.33 mm s−1 in the Mössbauer spectra).

The [FeIII(L14
ISQ)•••3] complex exhibits redox potentials much lower than those of tris-phenolate TACN

complex [FeIII(L3
tBu,OMe)], thus attesting that the triradical species formed from aminophenolates are more

stable (thermodynamically). Nevertheless, despite that its cyclic voltammetry curve exhibits four reversible

Table 8.3 Redox potentials of representative iron complexes

Complex E1/2
[V vs Fc+/Fc] Ref.

[FeIII(L3
tBu)] −1.78,* 0.38, 0.65, 0.96(irr) [73]

[FeIII(L3
tBu,OMe)] −1.81,* 0.14, 0.38, 0.64 [73]

[FeIII(L3
OMe,tBu)] −1.79,* 0.30, 0.50, 0.71 [73]

[FeIII(L3
OMe)] −1.77,* 0.11, 0.28, 0.46 [73]

[FeIII(L12)] −1.88,* 0.20, 0.55, 1.07(irr) [74]
[(tmtacn)FeIII(oxmL13

tBu)3FeIII] 0.31, 0.47, 0.89 [80]
[FeIII(et,pyL10)]+ −1.2,* 0.73, 1.07 [65]
[FeIII(L14

ISQ)•(cyclam]2+ −0.42, 0.80 [75]
[FeIII(L14

ISQ)•(tren]2+ −1.33 (irr), −0.52, 0.67 [76]
[FeIII(L14

ISQ)•••3] −1.51 (irr), −1.31, −1.12, −0.35, 0.27 [62]
[FeIII(tBuL14

ISQ)•••3] −1.29, −0.42, 0.29 [79]
[FeIII(FL14

ISQ)•••3] −1.57,* −1.27, −0.87, −0.10, 0.53 [79]
[FeIII

2(EtL16
oxm)Cl4]2– 0.16, 0.45 [81]

∗: metal-centered process; irr: irreversible couple, Epa is given.
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redox waves attributed as depicted below in Equation 8.8, the fully oxidized and reduced forms are rather
unstable due to the lability of the ligands.

[FeIII(L14
AP)(L14

ISQ)••2]− [FeIII(L14
ISQ)•••3] [FeIII(L14

ISQ)••2(L14
BQ)]+

[FeIII(L14
ISQ)•(L14

BQ)2]2+ (8.8)

The three o-iminobenzosemiquinonate ligands of [FeIII(L14
ISQ)•••3] couple antiferromagnetically

(J = −120 cm−1) to the high spin metal center as in [CrIII(L14
ISQ)•••3] due to geometrical analogies.62

[FeIII(L14
ISQ)•••3] also exhibits the typical bands for the o-iminobenzosemiquinonate radical at 423 nm

(6000) and 746 nm (8400 M−1 cm−1). [FeIII(L14
ISQ)•(cyclam)]2+75 as well as [FeIII(L14

ISQ)•(tren)]2+76 are
diamagnetic due to the antiferromagnetic coupling between the (SFe = 1/2) metal spin and the (Srad = 1/2)

radical spin. These complexes exhibit the typical bands for the o-iminobenzosemiquinonate radical at ≈420
and 650 nm with somewhat weaker intensities compared to [FeIII(L14

ISQ)•••3] because of the decreased
number of o-iminobenzosemiquinonate subunits. It can be noticed that the o-iminobenzosemiquinonate
moiety of [FeIII(L14

ISQ)•(cyclam)]2+ and [FeIII(L14
ISQ)•(tren)]2+ could be either oxidized into a

benzoquinone or reduced into an aminophenolate affording species with closed shell ligands that are
consequently paramagnetic (St = SFe = 1/2).

In the diradical complex [FeIII(L14
ISQ)••2(X)] the iron atom exhibits a square pyramidal geometry, where

the axial coordination site is occupied by an exogenous anion (halogen X, SCN−, N3
−).77–79 This fifth

ligand is of prime importance in the stabilization of a particular metal spin state rather than another.
When X = SCN− or Cl− the iron(III) ion is high spin (SFe = 5/2), and consequently the total spin state
is (St = 3/2) (antiferromagnetic coupling with the two o-iminobenzosemiquinonate radicals). When X =
Br−, I− or N3

− the iron can exist either at the low (SFe = 1/2) or intermediate (SFe = 3/2) spin state in a
temperature-dependent spin crossover behavior. It is noticeable that a (St = 1/2) ground state is attained in
both cases. The EPR spectrum of [FeIII(L14

ISQ)••2(I)] is characterized by signals at g = 2.189 and 2.134 �
ge, confirming that the unpaired electron resides in a d orbital, thus (SFe = 3/2).

In the diradical complex [FeIII(quiL14
ISQ)••2]+ the iron is octahedral and low spin.67 Remarkably, despite

that the ground state is (St = 1/2), that is similar to that of [FeIII(L14
ISQ)••2(I)], its EPR spectrum differs

significantly with a rather isotropic signal at g = 1.9905. Therefore, the SOMO of [FeIII(quiL14
ISQ)••2]+ has

a marked organic radical character, which can only be explained by considering that the iron is (SFe = 1/2)

and not (SFe = 3/2).
Homobimetallic complexes were isolated from several kinds of ligands. In the [(tmtacn)FeIII(oxmL13

tBu)3

FeIII] complex, the imine nitrogen and phenolic oxygen of the tridentate Schiff base ligand bind one metal
ion, whereas the terminal oxamate oxygen binds another metal (the coordination sphere of this latter is
completed by the tmtacn ligand).80 Three oxidation waves attributed to the successive oxidation of the
phenolates into phenoxyl radicals were observed but the radicals could not be quantitatively generated.
In [FeIII

2(
EtL16

oxm)•(Cl)4]−, the iron atom does not exhibit an octahedral but rather a square pyramidal
geometry in which three coordinating atoms are provided by the bis(tridentate) ligand and two other from
chloride anions.81 The EPR spectrum of this complex displays a rhombic (St = 1/2) signal at gx = 1.998,
gy = 1.944, and gz = 1.825. This ground state is attained via an intramolecular antiferromagnetic coupling
between an o-iminobenzosemiquinonate radical and a high spin ferric ion (J of ≈−100 cm−1), yielding
a (S∗ = 2), which in turn couples weakly antiferromagnetically to the second high spin ferric ion (J ≈
−10 cm−1). [FeIII

2(
mPhL16

N)3
6•] has been obtained by two independent teams from the same ligand.69,82

Compared to [MnIV(mPhL16
ISQ)••(mPhL16

N,ISQ)••2] it is a hexaradical complex with a singlet ground state
resulting from both ferro- and antiferromagnetic exchanges that will not be detailed here.
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8.4.6 Cobalt complexes

The cobalt ion is commonly encountered at its paramagnetic (+II) and (often) diamagnetic (+III) redox
state in the usual potential range. Depending on the geometry (tetra or hexacoordinated), and the ligands,
either one or the other redox state could be stabilized.

Cobalt(III) complexes have been synthesized from mono- and tris-phenolate TACN ligands.60,64 Inter-
estingly, they are mainly obtained by reacting the cobalt(II) and not the cobalt(III) salt with the ligand
in the presence of air. The cobalt complex [CoIII(MeL1

OMe)(Ph2acac)]+ exhibits strong structural and
electrochemical analogies with the chromium complex [CrIII(MeL1

OMe)(Ph2acac)]+ described above. The
phenolate moiety is, for example, oxidized into a phenoxyl radical at roughly the same potential (0.24 vs
0.30 V, Table 8.4) and its UV-Vis spectrum exhibits the typical absorption band at 405 nm (Figure 8.13). The
phenoxyl species is, nevertheless, paramagnetic (S = 1/2), since the cobalt(III) ion is diamagnetic. Hyperfine
interactions with a benzylic hydrogen and also the cobalt nucleus (I = 7/2) unambiguously show that the
metal remains coordinated upon oxidation in [CoIII(iPrL1

tBu)•(acac)]2+. Interestingly, [CoIII(iPrL1
tBu)•(Cl4-

cat)•], a complex involving two coordinated radicals ((Cl4-cat)• denotes the tetrachlorosemiquinonate
radical), could be prepared. The two paramagnetic centers interact ferromagnetically with each other with
J = +12 cm−1.

The complexes [CoII(L13
Ph)2] and [CoII(L13

Bz)2] contain two bidentate N,O-ligands (donor set similar
to that of H2L14

AP) coordinated to a tetrahedral cobalt(II) ion (and not to an octahedral cobalt(III) ion).83

[CoII(L13
Ph)2] can be reversibly oxidized at +0.16 V to the monoradical species [Co(L13

Ph)(L13
Ph)•]+,

whose ground state is (St = 1) as a result of antiferromagnetic coupling (J < −250 cm−1, DCo = −24.5 ±
2 cm−1) between the radical and the paramagnetic cobalt(II) ion (SCo = 3/2). Surprisingly, cyclic voltamme-
try of a closely related complex, [CoII(L13

Bz)2], revealed a chemically irreversible process at Ea
p = 0.35 V.

Interestingly, another cobalt complex, [CoIII(L13
Bz)3], which contains an octahedral central cobalt(III) ion,

could be isolated from HL13
Bz. In contrast to [CoII(L13

Bz)2] its cyclic voltammetry exhibits a reversible

Table 8.4 Redox potentials of representative cobalt complexes

Complex E1/2
[V vs Fc+/Fc] Ref.

[CoIII(MeL1
OMe)(Ph2acac)]+ −1.06 (irr), 0.24 [64]

[CoIII(iPrL1
tBu)(acac)]+ 0.46 [60]

[CoIII(iPrL1
tBu)(Cl4-cat)] 0.16, 0.62 [60]

[CoIII(L3
tBu)] 0.01, 0.41, 0.75 [60]

[CoIII(L4
tBu)(acac)]+ 0.51 [84]

mer-[CoIII(L4
tBu)(SQ)]+ 0.50 [84]

fac-[CoIII(Me2L4
tBu)(SQ)]+ 0.27 [84]

[CoII(L13
Ph)2] 0.16, 0.51 [83]

[CoII(L13
PhOMe)2] 0.12, 0.49 [83]

[CoII(L13
Bz)2] 0.35(irr) [83]

[CoIII(L13
Bz)3] 0.08, 0.52 [83]

[CoIII(L14
ISQ)•(tren)]2+ −1.36 (irr), −0.58, 0.27 [76]

[CoIII(L14
ISQ)•••] −1.31, −0.99, −0.34, 0.20 [62,86]

[CoII(quiL14
ISQ)•(quiL14

BQ)]+ −0.97, −0.53, 0.31, 0.64 [67]

irr: irreversible couple, Epa is given.
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Figure 8.13 UV-Vis spectra of: (a) [CoIII(MeL1
OMe)•(acac)]2+ in dichloromethane; (b) [CoIII(L4

tBu)•(acac)]2+ in
acetonitrile; and (c) [CoIII(L14

ISQ)•(tren)]2+ in dichloromethane. (Adapted from [64], [84] and [76].) (a) and (c):
ε value in 104 M−1 cm−1 (b): Absorbance of a 0.5 mM solution. (Reprinted from [64], copyright 2000, with
permission from Elsevier.)

redox couple at the lower value of 0.08 V. Bulk electrolysis of [CoII(L13
Bz)2] at 0.35 V or [CoIII(L13

Bz)3]
at 0.08 V affords a similar oxidized species that has been identified as [CoIII(L13

Bz)2(L13
Bz)•]+. There-

fore, [CoII(L13
Bz)(L13

Bz)•]+ is likely formed as a transient species upon oxidation of [CoII(L13
Bz)2], and

rearranges into [CoIII(L13
Bz)2(L13

Bz)•]+. The increased steric bulk of the diphenylimidazole relative to the
benzimidazole moiety has been proposed to account for the different behavior observed for [CoII(L13

Ph)2]
and [CoII(L13

Bz)2].
A series of octahedral cobalt(III) complexes has been prepared from tetradentate N3O tripodal ligands.84

The octahedral coordination sphere of the metal is completed with an additional bidentate ligand, either
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acetylacetonate (acac) or the semiquinone (SQ) radical. The phenolate complex [CoIII(L4
tBu)(acac)]+ can

be oxidized to the corresponding phenoxyl radical species [CoIII(L4
tBu)•(acac)]2+, which is characterized

by an absorbance maximum at 412 nm and an (S = 1/2) EPR signal at g ≈ 2.00. Oxidation of the
paramagnetic mer-[CoIII(L4

tBu)(SQ)]+ complex occurs at Ea
p = 0.50 V, and also affords a radical species,

namely mer-[CoIII(L4
tBu)•(SQ)]2+. In contrast, oxidation of fac-[CoIII(Me2L4

tBu)(SQ)]+ does not afford
a phenoxyl radical, but instead a fac-[CoIII(Me2L4

tBu)(quinone)]2+ species with two closed shell ligands,
illustrating that the isomerism and the steric bulk around the pyridine nitrogen are non-innocent in the
redox process.

Complexes isolated from aminophenolate ligands are mainly [CoIII(L14
ISQ)•(tren)]2+ (monoradical),76

[CoIII(L14
ISQ)••2X] (diradical)85 and [CoIII(L14

ISQ)•••3] (triradical).62,86 Of these, [CoIII(L14
ISQ)•(tren)]2+

exhibits in its EPR spectrum an (S = 1/2) signal at g = 1.997 with hyperfine splitting due to the inter-
action of the electron spin with the diamagnetic 59Co (14 G) and the 14N (8.8 G) nuclei. Its UV-Vis
spectrum (Figure 8.13) reveals o-iminobenzosemiquinonate bands at 476 (3100), 497 (3200) and 851 nm
(980 M−1 cm−1). As [FeIII(L14

ISQ)•(tren)]2+ it could be one-electron oxidized or reduced according to
Equation 8.9:

[CoIII(L14
AP)(tren)]+ [CoIII(L14

ISQ)•(tren)]2+ [CoIII(L14
BQ)(tren)]3+ (8.9)

In [CoIII(L14
ISQ)••2X] (where X = iodine or chloine) the metal ion adopts a square pyramidal geometry,

similarly to [FeIII(L14
ISQ)••2X]. The UV-Vis features of these two complexes are also similar, with a strong

band at ≈670 nm.85 Nevertheless, the ground state remains (St = 0) (antiferromagnetic coupling between
the radicals) regardless of the identity of X and no temperature dependence of St has been reported, unlike
[FeIII(L14

ISQ)••2X].
In contrast to [CoIII(L14

ISQ)••2X], the ground state of the triradical [CoIII(L14
ISQ)•••3] is (St = 3/2),

that is the radicals couple ferromagnetically rather than antiferromagnetically in the former case.86 What
is the reason for the difference in magnetic coupling? The three π* magnetic orbitals of the radical
ligands in [CoIII(L14

ISQ)•••3] are orthogonal to one each other (octahedral metal) and consequently cannot
couple antiferromagnetically one to each other (Figure 8.12). A new question then arises: Why does the
isostructural [FeIII(L14

ISQ)•••3] exhibit a (St = 1) ground state resulting from strong antiferromagnetic
coupling? The reason is obvious, as the interactions involve both the ligands and the paramagnetic iron in
this complex, and not solely the ligand radical spins. The subsequent orbital overlap is higher, resulting in
a stronger and antiferromagnetic coupling. The redox chemistry of [CoIII(L14

ISQ)•••3] is summarized by
Equation 8.10:

[CoIII(L14
AP)2(L14

ISQ)•]2− [CoIII(L14
AP)(L14

ISQ)••2]− [CoIII(L14
ISQ)•••3]

[CoIII(L14
ISQ)••2(L14

BQ)]+ [CoIII(L14
ISQ)•(L14

BQ)2]2+ (8.10)

A surprising example in this series is the complex formed with the H2
quiL14

AP ligand.68 No X-ray crystal
structure could be obtained, but its magnetic properties suggest the presence of a cobalt(II) ion rather
than cobalt(III) antiferromagnetically coupled to a ligand radical (|J|> 200 cm−1). This complex, namely
[CoII(quiL14

ISQ)•(quiL14
BQ)]+ shows a rich redox chemistry, as does [CoIII(L14

ISQ)•••3] but attribution of
the oxidation/reduction sites is less detailed.

8.4.7 Nickel complexes

The nickel ion is a redox active metal that can exist either in the (+II) or (+III) redox state in the usual
potential range. In the former state the nickel can be either paramagnetic (octahedral) or diamagnetic
(square planar).
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Until the beginning of 2000, only a few nickel–radical complexes had been reported. The TACN
complex [NiII(MeL1

OMe)•(Ph2acac)]+ is one such example, in which the octahedral ligand field stabilizes
the high spin state of the nickel(II) ion.65 Its ground state is (St = 3/2) as a result of a ferromagnetic
coupling between the high spin nickel(II) (SNi = 1) and the phenoxyl radical (Srad = 1/2). The zero field
splitting parameters obtained by EPR are |D|> 1 cm−1 and E/D = 0.13 (only a lower limit is obtained for
D since its absolute value is higher that the quantum of the X-Band EPR), with a low g tensor anisotropy
(gx = gy = 2.10, gz = 2.12).

Nickel complexes of tripodal ligands involving a single di-tert-butylphenol were described four years
later. These complexes consist of a high spin nickel ion within a square pyramidal geometry, the coor-
dination sphere being completed to five with an exogenous ligand.87 The cyclic voltammetry curves of
[NiII(L4

tBu)(Cl)] and its derivatives exhibit a single reversible ligand-centered redox couple attributed to
the formation of nickel(II)–radical species (Table 8.5). These species are characterized by strong absorp-
tion bands at ≈405 nm, 700 and 1100 nm, whereas their EPR spectra display isotropic signals at g =
2.23. This value is rather unusual and corresponds to an (St = 1/2) system arising from antiferromagnetic
coupling (>100 cm−1) between the (SNi = 1) and (Srad = 1/2) spins. Interestingly, the N-donor character
of the pyridines has been shown to significantly influences the stability of the radical species, with a t1/2 of
45 minutes at 20 ◦C for [NiII(L4

tBu)(Cl)], whereas it is only 5.9 minutes at −20 ◦C for [NiII(Me2L4
tBu)(Cl)].

In 2003, Shimazaki et al . published a key article concerning the oxidative behavior of diamagnetic
pseudo square planar nickel salen complexes.88 They showed that the nickel(II)–phenolate complex
[NiII(hxL8)] could be oxidized into a paramagnetic (S = 1/2) species, and that the oxidation site could
be shifted by solvent and/or temperature changes. EPR measurements revealed that a metal-centered
process is achieved in DMF, whereas a thermal equilibrium between the nickel(II)–radical and the
nickel(III)–phenolate form is observed in dichloromethane. For instance, the EPR spectrum recorded
in dichloromethane at −40 ◦C exhibits a radical signal at g ≈ 2.04 that splits below the solvent freezing
point into g1 = 2.30, g2 = 2.23, g3 = 2.02, that is an anisotropy that is typical for nickel(III)–phenolate
complexes.

Table 8.5 Redox potentials of representative nickel complexes

Complex E1/2
[V vs Fc+/Fc] Ref.

[NiII(MeL1
OMe)(Ph2acac)] −0.36 [64]

[NiII(L4
tBu)(Cl)] 0.04 [87]

[NiII(Me2L4
tBu)(Cl)] 0.14 [87]

[NiII(hxL8)] 0.46, 0.80 [88]
[NiII(etL8)] 0.59, 1.05 [95]
[NiII(L9)] 0.58, 0.80 [92]
[NiII(MeL9)] 0.49, 0.78 [91]
[NiII(L9

OMe)] 0.36 [90]
[NiII(L9

NMe)] −0.14, 0.00 [90]
[NiII(et,pyL10)] 0.09, 0.36 [95]
[NiII(et,meL10)] 0.41* [95]
[NiII(L11)]2– −0.25, 0.31, 0.71 [92]
[NiII(L14

ISQ)••2] −1.64, −1.07, 0.04* [96]
[NiII(PrL16

ISQ)••] −1.84, −1.18, 0.00, 0.26 [97]
[NiII(L14

ISQ)•(tren)]+ −1.28, −0.36, 0.97 [76]

∗: two-electron process.
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The metal-centered oxidation process in coordinating solvents is not surprising: The nickel(III) ion is
known to adopt an octahedral geometry, thus solvent molecules likely complete the metal coordination
sphere from four to six upon oxidation. The “valence tautomerism” observed in dichloromethane is more
interesting, as it implies an electronic redistribution induced by temperature changes, despite the fact that
the nickel(III) ion could not be, in principle, tetracoordinated. Interestingly, one-electron oxidized triple-
salen complexes also exhibit a temperature dependent EPR spectrum.89 Lately it has been reported in some
related salen complexes that although the nature of the spacer (phenyl, cyclohexyl, ethyl)90,91 does not sig-
nificant influence the phenomenon, changes in the solvent quality could dramatically affect it. For instance,
replacing the conventional dichloromethane (distilled prior to measurements) by high quality anhydrous
>99.8% dichloromethane results in the formation of solely the nickel(II)–radical species, irrespective of
the temperature. In order to explain these results, the binding constants of an exogenous ligand, pyridine,
were determined for a series of nickel(II)–radical complexes. An important conclusion is that pyridine
binds tightly to the Schiff base complex, and that the affinity increases by lowering the temperature.92

For the equilibrium [NiII(L9)
•]+ + 2 Py [NiIII(L9)(Py)2]+, the K values are 108.8 at 243 K and 106.7 at

298 K. It has thus been proposed that weak exogenous ligands present in dichloromethane (impurities or
supporting electrolyte) could coordinate sufficiently at low temperature to promote the pseudo-square pla-
nar Ni(II)–radical ↔ octahedral Ni(III)–phenolate conversion. This hypothesis has been further confirmed
by three facts. Firstly, the nickel(II)–radical complex of a salen derived ligand involving amidates instead
of imines [NiII(L11)

•]−, which presents a much lower binding constant for pyridine (105.4 at 238 K), does
not exhibits any temperature-dependent valence tautomerism. It is interesting to note that usually amidates
stabilize the nickel(III) ion, which were not observed in that case. Secondly, variable temperature EPR
measurements on a powder sample of the nickel(II)–radical species [NiII(hxL8)

•]+ revealed that this species
remains a ligand-centered radical in the solid state regardless of the temperature.93 Finally, the X-ray crystal
structure of [NiII(hxL8)

•]+ was solved in 2007,94 definitely confirming the radical state of the complex.
A remarkable feature in the structure of [NiII(hxL8)

•]+ is the contraction in the metal–oxygen and
metal–nitrogen bonds upon oxidation (in other phenoxyl radical complexes these bond distances increase):
the Ni–O bonds shorten from 1.856 to 1.827 and 1.830 Å, whereas the M–N bonds decrease from 1.861 to
1.825 and 1.843 Å. An explanation is the removal of an electron from a primarily ligand-based antibonding
orbital that results in an increased M → L back donation. Another peculiarity in this structure is the absence
of a quinoid distribution of bond lengths, likely because of delocalization of the radical over both ring
systems. The same year, a series of nickel(II)–phenoxyl radical complexes was obtained from salen ligands
involving phenolate p-substituents with different electron donating properties (Figure 8.14).91 Of course the
more electron donating substituents give rise to complexes that are easier to oxidize. More interestingly,
solution EPR measurements revealed a shift of giso from 2.006 (typical value for zinc(II)–phenoxyl radical
complexes of salen ligands) for the strong electron donating N(CH3)2 substituant to 2.017 for the interme-
diate methoxy substituent and 2.034 for the weaker electron donating tert-butyl group. The N(CH3)2 group
is so electron donating that it could easily compensate for the electron deficiency on the phenoxyl ring. The
SOMO thus has a strong radical character. In contrast, the less electron donating tert-butyl group does not
compensate so easily the electron hole and the metal orbitals take over. The SOMO thus exhibits a more
marked metal character. It is noteworthy that all the complexes exhibit several absorption bands in the visible
spectrum, thus making attribution of the oxidation site ambiguous solely on the basis of this spectroscopy.

Although an octahedral environment around the metal ion in salen-derived complexes seems to stabilize
the nickel(III)–phenolate valence tautomer, octahedral radical complexes of nickel(II) have also been
reported. They are, however, only obtained by oxidation of complexes of reduced hexadentate salen
ligands in which the nickel(II) ion is octahedral. [NiII(et,PyL10)

•]+ exhibits the intense radical absorption
bands at 391 (3160), 405 (3140) and 611 nm (2160 M−1 cm−1), and an isotropic EPR signal at giso = 2.22,
suggesting an antiferromagnetic coupling between the nickel ion (SNi = 1) and the radical spin. It is
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Figure 8.14 Isotropic EPR spectra of 1 mM dichloromethane solutions of: (a) [NiII(L9)•]+; (b) [NiII(L9
OMe)•]+;

and (c) [NiII(L9
NMe)•]+. ([90] Reproduced by permission of the Royal Society of Chemistry.) A full-colour version

of this figure appears in the Colour Plate section of this book.

noteworthy that the kind of coupling depends on geometrical parameters, as the octahedral nickel complex
of the tetradentate ligand H2

et,MeL10 in the presence of pyridine, namely [NiII(et,MeL10)
•(Py)2]+, is a

(St = 3/2) system.95 An important conclusion in this series of octahedral complexes is that the imine
nitrogens of classical Schiff bases tend to favor a metal-centered oxidation process, whereas amines favour
a ligand-centered process.

o-Iminobenzosemiquinone radical ligands have been incorporated both in square planar and octahe-
dral nickel(II) complexes. The trans-[NiII(L14

ISQ)••2] complex is planar within experimental error, and
the metal ion is consequently diamagnetic.96 In this geometry the overlap between the π orbitals of the
radicals and one of the filled t2g metal orbital is significant (Figure 8.12), leading to a strong antiferro-
magnetic coupling. [NiII(L14

ISQ)••2] is therefore a singlet diradical. Its cyclic voltammetry curve exhibits
two cathodic waves attributed to the reduction of each of the o-iminobenzosemiquinone moieties, and a
single bielectronic anodic wave that corresponds to the simultaneous one-electron oxidation of the two
o-iminobenzosemiquinone moieties according to Equation 8.11:

[NiII(L14
AP)2]2− [NiII(L14

AP)(L14
ISQ)•]− [NiII(L14

ISQ)••2] [NiII(L14
BQ)2]2+ (8.11)

Trans-[NiII(L14
ISQ)••2] exhibits a remarkable feature in its UV-Vis spectrum, a very intense absorption at

890 nm (37 000 M−1 cm−1) assigned to the spin- and dipole-allowed ligand-to-ligand transition shown in
Figure 8.15. Similar bands have been also reported for square planar complexes of other metals (copper,
palladium). As expected the band loses most of its intensity in the monoradical [NiII(L14

AP)(L14
ISQ)]−

with an ε value of only 7500 M−1 cm−1 at 880 nm. Interestingly no redox process leading to a nickel(III)
ion has been reported in this series.

In the diradical complex [NiII(PrL16
ISQ)••], the O,N o-iminobenzosemiquinone moieties are forced to

be cis one to each other.97 Like [NiII(L14
ISQ)••2], this complex is a singlet diradical characterized by

an intense ligand-to-ligand transition at 854 nm (30 000 M−1 cm−1). The one-electron reduced form of
[NiII(PrL16

ISQ)••)] has been characterized by EPR, revealing that it is a mixed-valent (S = 1/2) species
where the unpaired electron is delocalized over both ligands.

The [NiII(L14
ISQ)•(tren)]− complex is different from the others of the series in the sense that the nickel

ion is octahedral, and thus paramagnetic. Consequently, the eg orbitals that host the metal unpaired electrons
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Figure 8.15 Intraligand charge transfer transition in [NiII(14LISQ)••2]. ε in mM cm−1. (Adapted with permission
from [96]. Copyright 2001 American Chemical Society.)

are orthogonal to the half-filled ligand π orbitals. Then, the coupling between the o-iminobenzosemiquinone
moieties and the metal is expected to be strongly ferromagnetic. EPR spectroscopy confirms this assign-
ment, an (St = 3/2) signal being detected at gx = gy = 2.10 and gz = 2.06 with |D]3/2 = 10 ± 5 cm−1 and
E/D = 0.21. Interestingly, this complex is the only one in the H2L14

AP series that could be finally oxidized
into a (S = 1/2) nickel(III) complex, perhaps due to its octahedral preorganization (Equation 8.12):

[NiII(L14
AP)(tren)] [NiII(L14

ISQ)(tren)]+ [NiII(L14
BQ)(tren)]2+ [NiIII(L14

BQ)(tren)]3+

(8.12)

8.4.8 Copper complexes

The copper complexes were those that attracted the greatest and earliest interest due to the
occurence of the copper-radical entity in Galactose Oxidase. The copper(II)-phenolate complex
[CuII(iPrL1

tBu)(CH3CN)]+ 98,99 exhibits in its cyclic voltammetry curve a reversible signal at 0.18 V
attributed to the phenoxyl/phenolate redox couple (Table 8.6). The electrogenerated radical species is
relatively stable and EPR silent, with absorption bands at 410 (4000) and 672 nm (1000 M−1 cm−1) typical
for phenoxyl radicals. Interestingly, the copper(II)–phenolate complex could also be isolated as a benzyl
alcoholate adduct [CuII(iPrL1

tBu)(OCH2Ph)]. The electrochemical behavior of this complex is characterized
by a total loss of reversibility of the redox wave corresponding to the phenoxyl/phenolate couple, as
expected for an electrocatalytic process. In addition, bulk electrolysis of [CuII(iPrL1

tBu) (benzyl alcoholate)]
affords benzaldehyde in a 46% yield showing that the catalyst is only active as its CuII-phenoxyl radical
form as galactose oxidase. The TACN scaffold has been developed concomitantly by Wieghardt et al .100:
from HMeL1

OMe and in the presence of acetylacetonate, a copper(II)–phenolate complex in which the metal
is six-coordinate was isolated.101 Interestingly, the CuII –O–C bond angle (α) and the dihedral angle (β)
between the x,y plane at the copper(II) ion and the phenyl ring of the phenolate ligand differ significantly
when the coordination number increases to six (Figure 8.16). This results in changes in orbital overlap that
are sufficient to invert the sign of the magnetic coupling between the metal and the radical. For instance,
it is antiferromagnetic in [CuII(iPrL1

tBu)•(Cl)]+ whereas it is ferromagnetic in [CuII(MeL1
OMe)•(Ph2acac)].
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Table 8.6 Redox potentials of representative copper complexes

Complex E1/2
[V vs Fc+/Fc] Ref.

[CuII(MeL1
OMe)(Ph2acac)] −0.33 [100,101]

[CuII(iPrL1
tBu)(CH3CN)]+ 0.31 [98,99]

[CuII(EtL2
OMe)] −0.10, 0.14 [102]

[CuII(HMeL2
OMe)]+ 0.14 [102]

[CuII(HL3
tBu,OMe)] −0.06, 0.12 [101]

[CuII(H2L3
tBu,OMe)]+ 0.26 [100]

[CuII(HL3
tBu)] 0.15, 0.38 [100]

[CuII(H2L3
tBu)]+ 0.44 [100]

[CuII(L4
OMe)(CH3CN)]+ 0.02 [22]

[CuII(L4
tBu)(CH3CN)]+ 0.15 [22]

[CuII(L4
F)(CH3CN)]+ 0.2 [22]

[CuII(LNO2
4 )(CH3CN)]+ 0.7 [22]

[CuII(MeL4
tBu)(Cl)] 0.14 [103]

[CuII(Me2L4
tBu)(Cl)] 0.19 [103]

[CuII(L4
SMe)(OAc)] 0.01 [105]

[CuII(MeL4
SMe)(OAc)] 0.03 [105]

[CuII
2(LOMe2

4 )2]2+ 0.45 [23]
[CuII(LOMe2

4 )(Pyr)]+ 0 [23]
[CuII

2(L4
OMe,tBu)2]2+ 0.66 [23]

[CuII(L4
OMe,tBu)(Pyr)]+ 0.14 [23]

[CuII(L5
SMe)(OAc)] 0.05 [104]

[CuII(L5
tBu)(CH3CN)]+ 0.35 [104]

[CuII
2(L6

H)2] 0.70(irr) [20]
[CuII(L6

H)(CH3CN)] 0.11, 0.49(irr) [20]
[CuII(HL6

tBu)(OAc)] 0.2 [107]
[CuII(L6

OMe)]2 −0.14, 0.12 [22]
[CuII(L6

OMe)(Pyr)] −0.16 [22]
[CuII(HLNO2

6 )(OAc)] 0.08 [22,108]
[CuII(L6

NO2)(Pyr)] −0.08 [108]
[CuII(imL6

H)(CH3CN)] −0.07 [21]
[CuII(L7

SMe)(Pyr)] 0.10, 0.33 [109]
[CuII

2(L7
tBu)2] 0.12, 0.26 [112]

[CuII(naL8
SPr)] 0.62 [113]

[CuII(etL8)] 0.31, 0.79 [116]
[CuII(hxL8)] 0.45, 0.65 [115,116,118]
[CuII(L9)] 0.65, 0.83 [116]
[CuII(hxL10)] 0.08, 0.21 [115,118]
[CuII(etL10)] 0.11, 0.45 [116,119]
[CuII(PhL12)] 0.34, 0.58 [124]
[CuII(L13

Ph)2] 0.17, 0.51 [126,128]
[CuII(L13

Bz)2] 0.36, 0.58 [128]
[CuII(L13

PhOMe)2] 0.11, 0.44 [128]
[CuII(L14

ISQ)••2] −1.32, −1.02, −0.26, 0.37 [96]
[CuII(L14

ISQ)•(tmtacn)]+ −0.06, −0.77 [87]
[CuII

2(L15
S)••2] −1.26, −0.29 [129]

[CuII(APL15
ISQ)•(NEt3)] −1.06, −0.14 [130]

[CuII(PhL16
AP)]2– −1.42, −0.66, −0.06, 0.41 [133]

[CuII(PhL16
S)] 0.62(irr), 0.99(irr) [135]

[CuII(Ph2L16
AP)]2− −0.98, −0.61, −0.16, 0.35 [134]

irr: irreversible couple, Epa is given.
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Figure 8.16 Ground state modulation by changing the CuII –O–C angle. (Reproduced with permission from
[101]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.)

Using tris-phenol ligands, copper(II) complexes can be isolated with different protonation states, that is
1 phenolates + 2 phenols or 2 phenolates + 1 phenol. The cyclic voltammogram of the former species
exhibits a single reversible redox wave whereas two waves are observed in the latter compound, both of
which are attributed to the phenoxyl/phenolate couples. It is notable that the potential values associated
to the first electron transfer are dependent on the protonation state, as expected for changes in the global
charge of the complexes. The copper complex of H2

EtL2
OMe was also found to be the precursor of stable

bis(phenoxyl) radicals.102 Formation of such species can be easily monitored by UV-Vis spectroscopy:
[CuII(EtL2

OMe)••]2+ exhibits a band at 410 nm whose intensity is about twice that of the monoradical
[CuII(EtL2

OMe)•]+. Its 4 K EPR spectrum is characterized by signals distributed over the entire spectral
width indicating a dominant ferromagnetic coupling between the CuII and each of the radicals yielding a
(St = 3/2) system with large D values.

The properties of copper(II) complexes of tripodal ligands involving either a bis(pyridyl)alkylamine
connected to a single phenol (N3O donor set), or a mono(pyridyl)alkylamine attached to two phenols
(N2O2 donor set) have been extensively studied. For instance, the ligand properties have been modulated
by modifying (i) the length of the alkyl chain linking the pyridine and the pivotal nitrogen, (ii) the steric
bulk provided by the ortho substituent of the phenol, (iii) the electronic properties of the para substituent
of the phenol, and (iv) the basicity of the pyridine donors. Using different copper(II) salts, a large number
of phenolate complexes, monomeric or dimeric, have been prepared (Figure 8.17). Many of them have been
structurally characterized by X-ray crystallography, but structural data concerning the copper(II)–phenoxyl
species are still missing.22,23,103–111

Mononuclear copper(II)–phenolate complexes of general formula [Cu(L)(X)] are obtained from N3O
ligands in the presence of triethylamine if steric bulk (e.g. tert-butyl group) is provided by the ortho
substituent of the phenol. The copper(II) ion in these complexes is square pyramidal, with a solvent or
exogenous anion that completes the N3O donor set of the ligand. The cyclic voltammograms of these
complexes exhibit single one-electron redox waves that correspond to the oxidation of the phenolate moi-
ety to a phenoxyl radical. The oxidized species exhibit the typical π –π* transitions of phenoxyls at
≈410 and 600 nm, and their ground state is either (St = 0) or (St = 1) depending on the ligand (and the
axial or equatorial positioning of the phenolate). Both the oxidation potentials and the chemical stability
of the copper(II)–phenoxyl radical species correlate with the σ+

Hammet of the phenolate p-substituent,
with the most electron donating substituent affording the most stable radical.22 In addition, a depen-
dence of the radical stability on the N-donor properties was observed: The weaker N-donor ability of the
2-methylpyridine or quinoline group compared to pyridine strongly destabilizes the radical complex. As
an example, the half-life of [CuII(MeL4

tBu)•(Cl)]2+ is 65 minutes at −20 ◦C whereas it is only 9 minutes at
−40 ◦C for [CuII(Me 2L4

tBu)•(Cl)]2+.103 Interestingly, it has been shown for [CuII(L4
tBu)•(CH3CN)]2+ and

some other complexes that the radical quickly comproportionates in the presence of Cu+ and an excess of
ligand, according to Equation 8.1323:

[CuII(L4
tBu)•(CH3CN)]2+ + Cu+ + HL4

tBu NEt3−→ 2[CuII(L4
tBu)(CH3CN)]+ (8.13)
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Figure 8.17 Solution and oxidative chemistry of representative tripodal ligands.

The catalytic activity of some of these complexes has been tested using benzyl alcohol as substrate.
For example, [CuII(L5

SMe)•(NO3)]+ oxidizes stoichiometrically benzyl alcohol into benzaldehyde in a
mechanism similar to that observed in galactose oxidase (GO): the substrate binds to the metal on its
alcoholate form, then the radical performs the rate limiting hydrogen abstraction and the transient ketyl
radical reduces the copper(II) center according to Equations 8.14 and 8.15111:

[CuII(L5
SMe)•]+ + PhCH2OH [CuII(L5

SMe)•(OCH2Ph)]+ + H+ (8.14)

[CuII(L5
SMe)•(OCH2Ph)]+ → [CuI(HL5

SMe)]2+ + PhCHO (8.15)

Dimeric species of general formula [CuII
2(L)2] are obtained from N3O ligands bearing a phenol with-

out steric bulk at the ortho positions, or N2O2 ligands irrespective of the bulkiness of the phenolate
o-substituent, and a copper(II) salt that does not contain a strong monoanionic donor. Nevertheless, addi-
tion of donors such as pyridine or acetate in the medium easily promotes the dimer to monomer conversion
according to Equation 8.16:

[CuII
2(L)2] + 2Py 2[CuII(L)(Py)] (8.16)

In the dimers formed with N3O ligands, the copper ions are bridged by one phenolate oxygen of
each ligand. The prototypical complex [CuII

2(LOMe2
4 )2]2+ exhibits an irreversible anodic peak Ea

p in its
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cyclic voltammetry curve at +0.45 V, associated with a cathodic peak Ec
p at the much lower potential

values +0.03 V. Ea
p is found to be higher than E1/2

of the corresponding mononuclear complex obtained
in pyridine [CuII(LOMe2

4 )(py)]+ (E1/2
= 0.00 V). This is not surprising as coordination to two instead

of one positively charged metal ion makes the oxygen less electronegative. In contrast, Ec
p is close

to E1/2
of [CuII(LOMe2

4 )(py)]+, thus showing that [CuII
2(LOMe2

4 )2] is likely converted into a monomer
upon oxidation. As bulk electrolysis of [CuII

2(L4
OMe,tBu)2] produces species that are characterized by

strong absorption bands at ≈410 and 600 nm, it has been proposed that the monomer is the radical
[CuII(LOMe2

4 )•(CH3CN)]2+.23

The dimers formed with N2O2 ligands are very interesting as the ligand exhibits two distinct phe-
nolates, one bridging and one (presumably easier to oxidize) non-bridging. The radical species remain
dimeric in this case as the phenoxyl is generated on the non-bridging phenolate. The protypical complex
[CuII

2(L6
OMe)••2]2+ (Figure 8.17) exhibits the expected phenoxyl band at 416 nm (3370 M−1 cm−1) and is

found to be EPR silent as the result of antiferromagnetic exchange coupling between the two copper ions
(separated by 2.8–3 Å) mediated by the µ-phenolato bridges. It is noteworthy that the stability of these
dimeric radicals is low compared to the monomers. For instance the half-life of [CuII

2(L6
OMe)••2]2+ is five

minutes at 298 K, that is much lower than that of the monomer [Cu(L4
OMe)•(Py)]2+ (154 minutes at 298 K)

although the former possesses a similar 2-tert-butyl-4-methoxyphenoxyl moiety.22 The sole exception is
[CuII

2(
imL6

H)••2]2+ , which was found to be exceptionally stable.21 In some cases, dissolution of the
dimers in coordinating solvents results in the formation of monomers, as observed for [CuII

2(L6
H)2]. The

oxidation product is then the radical monomer [Cu(L6
H)•(CH3CN)]+ characterized by an unusual broad

EPR signal at g ≈ 2. This signal likely arises from a weak ferromagnetic or a dipole–dipole interaction
between the copper(II) and the phenoxyl radical, suggesting an axial positioning of the phenoxyl radical.20

[CuII
2(L7

tBu)2] was also shown to dissociate upon oxidation into the radical monomer [CuII(L7
tBu)•(H2O)]+

that quickly decomposes.112

There are only two examples of dicopper(II) complexes in which the bridging atom is a phenoxyl
oxygen (only one being stable enough to be characterized).110 Both examples were isolated from the
dinucleating ligand HdiL4

OMe, depending on the amount of triethylamine added during the synthesis.
[CuII

2(
diL4

OMe)(CH3CN)2]3+, which is the precursor of the most stable radical species, contains two
metal ions that are separated by 4.06 Å (an exogenous acetonitrile completes to five the metal coordi-
nation sphere). The radical [CuII

2(
diL4

OMe)•(CH3CN)2]4+ has a (St = 3/2) ground state, with a D value
of −0.056 cm−1 intermediate between that of triradicals and that of copper(II) coordinated bis-phenoxyl
radicals.

Radical complexes of salen ligands were first described in 1996. The phenolate moieties of
[CuII(naL8

SPr)] are ortho substituted by the electron donating SCH3 group, thus mimicking the thioether
bond in GO.113 Oxidation at +0.62 V results in the formation of [CuII(naL8

SPr)•]+. Although the expected
π –π* transitions of the phenoxyl radicals were obscured by intense charge transfer transitions, the
copper(II)–radical rather copper(III)–phenolate redox state of the one-electron oxidized complex was
unambiguously established by EXAFS and X-ray absorption spectroscopy. [CuII(naL8

SPr)•]+ is EPR
silent as the result of antiferromagnetic coupling between the coordinated radical and the metal spins.
Interestingly, this complex exhibits a significant GO-like catalytic activity, with 1300 turnovers in 20
hours for the aerobic oxidation of benzyl alcohol to benzaldehyde (at 295 K).114 This may be explained
by the significant tetrahedral distortion induced around the copper atom by the binaphthyl linker, thus
stabilizing the reduced copper(I) form of the catalyst. Other salen complexes were synthesized in order
to modulate the flexibility of the linker, and the geometry around the metal ion. These complexes
usually exhibit two reversible oxidation waves on their cyclic voltammetry curves that are attributed to
the successive formation of mono- and diradical species (Equation 8.17).115–117 Interestingly, the rigid
scaffold of [CuII(L9)] enhances the electronic communication between the two phenolate moieties. As a
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consequence the �E1/2
(= E2

1/2
− E1

1/2
) is the highest in the series.

[CuII(L9)] [CuII(L9)•]+ [CuII(L9)••]2+ (8.17)

NIR spectroscopy reveals a remarkable feature for [CuII(HxL8)
•]+: it exhibits a high intensity band at

1750 nm attributed to a phenolate–phenoxyl charge transfer.115 Recently, the X-ray crystal structure of
this complex was solved.118 In contrast to the results of X-ray absorption spectroscopy, the copper atom
was found to be in the (+III) oxidation state, whereas the ligand remains on its closed shell phenolate form.
These results have been rationalized by considering the existence of the following temperature dependent
equilibrium in solution (Equation 8.18):

[CuIII(HxL8)]
+ �

[CuII(HxL8)
•]+ (8.18)

Several diradical complexes were obtained from salen ligands. The electronic structures of [CuII(HxL8)
••]2+

and [CuII(L9)
••]2+ compare well with that of [CuII(EtL2

OMe)••]2+. In contrast, the EPR spectrum of
[CuII(EtL8)

••]2+ is the superposition of two spectra, one typical of an organic radical (narrow signal at g
= 2.005), and the other corresponding to a mononuclear copper(II) complex, thus showing that the ethyl
linker is too flexible to maintain both phenoxyl moieties coordinated to the metal ion.116

Copper(II) complexes of reduced salen ligands are much more readily oxidizable than the correspond-
ing “true” salen, the first electron transfer being for example observed at 0.02 V for [CuII(EtL10)],119

and their copper(II)–phenoxyl complexes exhibit UV-Vis spectra more typical with bands at ≈410 and
600 nm.119–122 From a reactivity point of view, [CuII(HxL10)

•]+ stoichiometrically oxidizes benzyl alcohol
in the absence of base. Despite the fact that this complex is a weaker oxidizer than [CuII(HxL8)

•]+, an
acceleration of the rate of reaction is observed and attributed to substrate preorganization upon binding.123

On the other hand, [CuII(EtL10)
•]+ oxidizes several unactivated primary alcohols into aldehydes in the

presence of base with turnover numbers up to 32.119

[CuII(PhL12)] is a particular salen complex in the sense that the copper resides in a square pyramidal
geometry as in GO. Unlike GO, which has a four-atom donor set, leaving the fifth position vacant for
substrate binding, no position is available in [CuII(PhL12)] for substrate binding and subsequent catalytic
activity. Nevertheless, this complex oxidizes benzyl alcoholate in the presence of base.124,125 This paradox
is explained by a pentacoordinated copper(II)–radical → hexacoordinated copper(III)–phenolate conver-
sion induced by coordination of the alcoholate substrate. Catalysis then proceeds by subsequent electron
transfer to the metal.

A series of phenol–imidazole copper complexes has attracted a lot of interest,126–128 as
[CuII(L13

Ph)(L13
Ph)•]+ was the first phenoxyl radical coordinated to a copper(II) ion that could

be crystallized. In its X-ray crystal structure the C–O distance of 1.264(5) Å emphasizes the C=O
character of this bond (it is 1.322(5) Å in the corresponding bis-phenolate complex [CuII(L13

Ph)2]). As
expected, the metal–ligand bonds in [CuII(L13

Ph)(L13
Ph)•]+ are significantly longer than in [CuII(L13

Ph)2].
All these bond lengths compared well with those obtained in the chromium(III)–radical complex
[CrIII(L3

tBuOMe)•]+.
The first functional model of GO involving an o-iminobenzosemiquinone was obtained from H2L15

S.129

Mixing this tridentate ligand with copper(II) in the presence of triethylamine and air affords the dinuclear
copper(II)–phenoxyl complex [CuII

2(L15
S)••2], which is characterized by an absorption band at 404 nm

(8000 M−1 cm−1) and no signal in its EPR spectrum. Under similar conditions, by replacing H2L15
S

by H3
APL15

AP, the diamagnetic mononuclear copper(II)–phenoxyl complex [CuII(ISQL15
AP)•(NEt3)] was

obtained and structurally characterized130 (Figure 8.18; a similar complex involving two pyridines instead
of the triethylamine ligand has been reported previously).131 The magnetic coupling between the metal and
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Figure 8.18 Oxidative behavior of H3
APL15

AP in the presence of metal.

the radical spin has been estimated to be −137 cm−1. It could be reduced into [CuII(APL15
AP)(NEt3)]− at

−1.06 or oxidized at −0.14 V into [CuII(APL15
BQ)(NEt3)]+.

Both [CuII
2(L15

S)••2] and [CuII(APL15
ISQ)•(NEt3)], and [CuII(L15

Se)•(NEt3)] (the selenium analogue
of the latter complex), are efficient catalysts for the aerobic oxidation of alcohols. For instance
[CuII(APL15

ISQ)•(NEt3)] oxidizes aerobically a 0.125 M ethanol solution in an overall yield of 55%
(2.65 × 10−5 M in catalyst) with release of H2O2. The mechanism is very similar to that performed by GO,
the reduced catalyst being a copper(I)–phenol species. Interestingly, this is not its sole catalytic activity
of the complex of H2

PhL15
Se, as it also reacts with benzylamine to form benzylidinebenzylamine.132 The

reaction is believed to be initiated by aerobic oxidation of the dimer [CuII
2(L15

Se)2(NH2CH2Ph)2] into
a radical complex. A simplified mechanism is depicted below (Equations 8.19–8.21), but note that for
clarity only one half of the dimeric complex is shown. The reaction product PhCHO reacts with PhCH2

NH2 to form benzylidinebenzylamine, whereas the reduced form of the catalyst (copper(I) complex) is
oxidized by air into the radical dimer.

[CuII(L15
Se)(NH2CH2Ph)] → [CuII(L15

Se)•(NH2CH2Ph)2] in the presence of O2 and NH2CH2Ph
(8.19)

[CuII(L15
Se)•(NH2CH2Ph)2] → [CuII(HL15

Se)(NH2CH•Ph)(NH2CH2Ph)](H abstraction as GO)
(8.20)

[CuII(HL15
Se)(NH2CH•Ph)(NH2CH2Ph)] → [CuI(HL15

Se)(NH=CHPh)(NH2CH2Ph)]

+ H2O → [CuI(HL15
Se)(NH3)(NH2CH2Ph)] + PhCHO (8.21)

The copper complex of the tetradentate ligand H4
PhL16

N could be obtained in five oxidation states
(Figure 8.19).133 [CuII(ISQL16

N)•]− and [CuII(BQL16
N,ISQ)•]+ are diamagnetic species due to antiferro-

magnetic coupling of the copper unpaired electron in a dx2−y2 orbital and the radical, whereas the other
compounds are paramagnetic with (St = SCu = 1/2). [CuII(ISQL16

N)•]− can be oxidized by oxygen to give
[CuII(BQL16

N,ISQ)•]+ and one equivalent of H2O2, whereas [CuII(BQL16
N,ISQ)•]+ reacts in the presence of

triethylamine with alcohols to give the corresponding aldehyde and [CuII(ISQL16
N)•]−. Oxidation of alco-

hols by these complexes is thus catalytic in the presence of oxygen (and base), with 5000 turnovers achieved
in 50 hours for the oxidation of ethanol (turnover frequency of 0.03 s−1). Interestingly, the first half-
reaction involves substrate binding and further rate limiting hydrogen abstraction (Equations 8.22–8.23),
as observed in GO. Nevertheless, in contrast with GO the reduced form of the catalyst is a copper(II)
coordinated radical and not a copper(I) complex.

[CuII(BQL15
N,ISQ)•]+ + RCH2OH [CuII(BQL15

N,ISQ)•(RCH2O−)] + H+

→ [CuII(ISQL15
N)•]− + RCH2O + 2H+ (8.22)

[CuII(ISQL15
N)•]− + 2H+ + O2 → [CuII(BQL15

N,ISQ)•]+ + H2O2 (8.23)
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Efficient oxidation of benzyl alcohol was also achieved under basic medium with the derivative dirad-
ical complex [CuII(Ph2L16

ISQ)••],134 whereas the radical form of [CuII(PhL16
S)], the sulfur analogue of

[CuII(PhL16
AP)] could not be prepared due to its high unstability.135

From the prototypical ligand H2L14
AP two complexes were isolated. In [CuII(L14

ISQ)•(tmtacn)]+ the
half-filled dx2−y2 metal orbital and the π orbital of the ligand radical are orthogonal: a strong ferromag-
netic coupling is thus observed (J = 195 cm−1) and the ground state is (St = 1).96 The diradical complex
[CuII(L14

ISQ)••2] exhibits strong similarities with [NiII(L14
ISQ)••2] both from a structural and electrochem-

ical point of view. A strong antiferromagnetic coupling (≈ −400 cm−1) is operative between the two
ligand radicals as in [NiII(L14

ISQ)••2], and dominates the ferromagnetic interaction between the copper(II)
and its adjacent radical ligand. The EPR spectrum of [CuII(L14

ISQ)••2] consequently exhibits parameters
close to those of isolated (SCu = 1/2) copper(II) ions with a dx2−y2 magnetic orbital. From a catalytic point
of view, some derivatives like [CuII(CF3L14

ISQ)••2] efficiently oxidize benzyl alcohol.
Many other complexes of interest involving none of the previous general structures have been reported as

the tris(3-arylpyrazolyl)hydroborate copper(II) complexes involving 2-hydroxy-5-methyl-3-methylsulfanyl-
benzaldehyde or 5-tert-butyl-2-hydroxy-3-methylsulfanyl-benzaldehyde as co-ligand. Surprisingly, a coor-
dinated phenoxyl radical can be generated only by using the former co-ligand, thus showing that in some
instances the methyl substituent can significantly stabilize radicals.136,137 Some other scaffolds such as
calix[6]arenes functionalized with one di-tert-butylphenol and three N -methylimidazole groups have been
tested. They give rise to relatively stable copper(II)–phenoxyl radicals (E1/2

= 0.32 V)138 able to mediate
the stoichiometric two-electron oxidation of benzyl alcohol.

8.4.9 Zinc complexes

The zinc ion has been widely used as structural analogue of copper in complexes mimicking the GO active
site. The phenolate–zinc complexes are colorless (d10 configuration of the metal ion) and diamagnetic,
whereas the monoradicals are paramagnetic (S = 1/2) and intensely colored.
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Table 8.7 Redox potentials of representative zinc complexes

Complex E1/2
[V vs Fc+/Fc] Ref.

[ZnII(iPrL1
tBu)(Cl)] 0.21 [99]

[ZnII(iPrL1
SMe)(Cl)] 0.18 [99]

[ZnII(MeL1
tBu)(Ph2acac)] −0.09 [139]

[ZnII(MeL1
OMe)(Ph2acac)] −0.28 [139]

[ZnII(iPrL2
tBu)] 0.17, 0.50 [99]

[ZnII(EtL2
OMe)] −0.10, 0.15 [102]

[ZnII(L3
tBu,OMe)]− −0.63, −0.28, −0.06 [139]

[ZnII(HL3
tBu,OMe)] −0.28, −0.05, 0.80(irr) [139]

[ZnII(H2L3
tBu,OMe)]+ 0.17, 0.94(irr) [139]

[ZnII(H2L3
tBu)]+ 0.39, 1.40(irr) [139]

[ZnII(L5
SMe)(CH3CN)]+ 0.42 [104]

[ZnII(L5
tBu)(CH3CN)]+ 0.41 [104]

[ZnII(L7
SMe)(Pyr)] 0.41(irr) [109]

[ZnII
2(L7

tBu)2] 0.20, 0.37 [112]
[ZnII(L9)(EtOH)] 0.45, 0.67 [140]
[ZnII(Het,pyL10)]+ 0.39 [121]
[ZnII(L13

Ph)2] 0.23, 0.51 [127]
[ZnII(L13

Bz)2] 0.41, 0.58 [128]
[ZnII(L13

PhOMe)2] 0.18, 0.47 [128]
[ZnII(APL15

ISQ)•(NEt3)] −1.28, −0.29 [141]
[ZnII(APL15

BQ)2] −1.28, −1.06, 0.43, 0.83 [141]
[ZnII(PhL16

AP)] −1.29, −0.64, 0.03, 0.37 [133]

irr: irreversible couple, Epa is given

The first zinc(II)–phenoxyl radical complexes to be described were those from TACN ligands.99,102,139

As with their copper(II) analogues, the complexes can be isolated with different protonation states. The
electrochemically generated zinc(II)–radical species (Table 8.7) usually exhibit a green-blue color, with
the π –π* transitions of the phenoxyl radicals being observed at ≈400 nm (their intensities increase with
the number of coordinated phenoxyl moieties). Interestingly, the λmax is only slightly shifted when it is
compared to that of the copper analogue. The monoradicals exhibit in their EPR spectra an (S = 1/2) signal
at the expected giso value of ≈2.005. A strong hyperfine coupling with one of the benzylic hydrogens (up
to 6 G) evidences a rigid six-membered coordination ring, thus demonstrating that the radical remains
coordinated. The diradical [ZnII(EtL2

OMe)••]2+ can be obtained, and the two unpaired electrons interact
one with each other via exchange and weak dipolar coupling. The magnitudes are −3 and 0.01 cm−1

respectively (with D = 0.014 cm−1 and E/D = 0), thus the ground state is diamagnetic.102

Tripodal ligands involving a 2-methylthio-4-tert-butylphenolate (with a N3O or N2O2 coordination
sphere) have been developed in order to better understand the influence of the Cys-Tyr cross-link
in GO.104,109 While the monoradical species generated from the zinc(II) bis-phenolate complex
[ZnII

2(L7
SMe)2]2+ is poorly stable in solution, [ZnII(L5

SMe)(CH3CN)]+ and [ZnII(L5
tBu)(CH3CN)]+,

which contain a single phenolate moiety, can be oxidized to stable monoradical species. Both radicals
exhibit the typical π –π* phenoxyl bands at ≈ 410 nm, but there is a remarkable difference between
[ZnII(L5

SMe)(CH3CN)]+ and [ZnII(L5
tBu)(CH3CN)]+ in that only the former exhibits a transition at

887 nm (510 M−1 cm−1) similar to that reported in GO. This transition has been attributed to an
intramolecular charge transfer from the benzene ring to the methylthio group. [ZnII(L5

SMe)•(NO3)]+,
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as its copper analogue, mediates the two-electron oxidation of benzylalcohol. Although the reaction
proceeds under first order conditions for the copper complex, it obeys second order kinetics with respect
to substrate concentration for the zinc one. The active species is thus different, likely a dimer instead of a
monomer for the zinc complex (Equations 8.24–8.25)111:

[ZnII(L5
SMe)•]+ + PhCH2OH 1/2[ZnII(L5

SMe)•(OCH2PhCH2)]2
2+ + H+ (8.24)

[ZnII(L5
SMe)•(OCH2Ph)]2

2+ → 2[ZnII(HL5
SMe)]2+ + PhCHO + PhCH2OH (8.25)

The diradical [ZnII
2(L7

tBu)••2]2+ was also obtained. In this complex the radicals are not bridging (see
copper complexes) and well separated, leading to very weak interactions between each of them. Its EPR
spectrum thus contrasts sharply with that of [ZnII(MeL2

OMe)••]2+ as it is constituted by a single (S = 1/2)
signal at g = 2.006.112

Zinc(II)–phenoxyl radical complexes derived from salen ligands are rare.140 Although the metal ion is
tetracoordinated in the corresponding copper complexes, the zinc ion in [ZnII(L9)(EtOH)] is pentacoordi-
nated and square pyramidal, with a solvent molecule that occupies the apical position. This complex can be
oxidized into the radical species [ZnII(L9)

•(EtOH)]+ characterized by an isotropic EPR signal at g ≈ 2.005.
No hyperfine splitting with the benzylic hydrogens could be resolved, as a consequence of their orientation
parallel to the phenoxyl ring. The diradical [ZnII(L9)

••(EtOH)]2+ has a diamagnetic ground state, with an
exchange interaction J of −34 cm−1 stronger than that observed for diradicals of TACN-type ligands. This
highlights the contribution of the rigid planar scaffold in the exchange. The zero field splitting parameters
for the excited (St = 1) state are |D| = 0.0113 cm−1 and E = 0.11 cm−1. The zinc(II)–phenoxyl radical
complexes of penta- and hexadentate reduced Schiff bases such as [ZnII(Het,pyL10)

•]2+ have been reported,
but their low chemical stability at room temperature precluded detailed investigation on its properties.120,121

The complexes [ZnII(L13
Ph)2], [ZnII(L13

PhOMe)2] and [ZnII(L13
Bz)2] are isostructural with their copper

analogues, and exhibit a similar redox chemistry (although the monoradicals are paramagnetic). The X-ray
crystal structure of the zinc(II) radical complex [ZnII(L13

Ph)(L13
Ph)•]+ is available, although it could be

only partially determined, presumably due to disordered solvent molecules within the crystal lattice.127

The main point is an elongation of the M–O and M–L bonds upon oxidation of the phenolate into the
phenoxyl radical similar to that observed in the copper analogue. The large uncertainties in the C–C, C–N
and C–O bonds preclude further detailed structural investigations.

The oxidative chemistry of the zinc complexes of o-iminobenzosemiquinonate ligands is illustrated
below through two main studies. One study deals with the zinc complex of the tetradentate ligand
H4

PhL16
N.133 Similar to its copper(II) analogue, the zinc compounds can be obtained in five different

forms stable enough to be characterized, three of which are radicals. The monoradicals [ZnII(ISQL16
N)•]−

and [ZnII(BQL16
N,ISQ)•]+ exhibit the classical transitions at 385 (4200), 401 (4000) and 392 (2900), 411 nm

(3800 M−1 cm−1) respectively. The EPR spectrum of the monoanion [ZnII(ISQL16
N)•]− displays a signal

at g = 2.0045 with hyperfine splittings from only one nitrogen atom and one proton, as expected for a spin
density mainly located at the phenylene diamine bridge. In contrast, the spectrum of [ZnII(BQL16

N,ISQ)•]+
shows hyperfine splittings from two nitrogen atoms and four different protons, indicating delocalization
of the unpaired electron over the iminoquinone and both phenolate rings. Finally, [ZnII(BQL16

ISQ)••]2+ is
EPR silent has a result of strong magnetic coupling between each of the o-iminobenzosemiquinonate rings.
From a reactivity point of view, [ZnII(BQL16

N,ISQ)•]+ reacts aerobically in the presence of triethylamine
with alcohols similarly to its copper analogue (for which no metal-centered redox activity was observed),
although it is less efficient (170 turnovers in 24 hours).

The paramagnetic (S = 1/2) [ZnII(APL15
ISQ)•(NEt3)] complex was crystallized in 1999.141 It is found to

be isomorphous and isostructural with its copper(II) analogue [CuII(APL15
ISQ)•(NEt3)]. More interestingly,

in the presence of two equivalents of ligand, two species in which the zinc ion is octahedral could be
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crystallized. One is the unstable diradical species [ZnII(APL15
ISQ)•(ISQL15

BQ)•], in which the spins are
essentially uncoupled as in [ZnII

2(L7
tBu)••2]2+. It converts into its valence tautomer that could be also

crystallized, the stable diamagnetic [ZnII(APL15
BQ)2] complex (Figure 8.18).

8.5 Conclusions

The coordination chemistry of phenoxyl radicals is a main topic in bioinorganic chemistry which emerged
in the middle of the 1990s. Many complexes involving the Mn+ –PhO− entity (PhO− denotes the phenolate
precursor) have been developped and oxidized, giving insights onto the influence of the metal, ligand field,
and so on, on the localization of the oxidation site. Which parameters favor a ligand-centered (affording
Mn+ –PhO• species) rather than a metal-centered process (affording M(n+1)+ –PhO−)? Clearly the nature of
the metal has an influence as metal-centered processes are, for example, usually observed for the vanadium
ion. The ligand has also a profound influence, as aminophenols are more prone than Mannich or Schiff
bases to stabilize radicals. In some instances, the kind of coordinating atoms affects the oxidation locus,
as observed in manganese complexes, whereas in some nickel and copper species the energy gap between
the Mn+ –PhO• and M(n+1)+ –PhO− forms is so low that external stimuli could promote shifts in the
oxidation site.

Close inspection of the geometrical parameters in structurally characterized radicals or spectroscopic
data also reveals that the delocalization of the spin density could differ notably with respect to the metal
complex. For instance, while it is localized in [CrIII(L3

tBuOMe)•], it is fully delocalized in [NiII(HxL8)
•].

The geometry of the complex (dictated by the ligand and metal) also obviously affects the orbital overlap
between the paramagnetic centers, and thus the magnitude of the magnetic coupling.

Clearly this metal–radical chemistry covers many different aspects of coordination and organic radical
chemistry. The work described here shows how it is fascinating, and lots more remains to be done to better
understand the fundamentals of this chemistry.

8.6 Abbreviations

Acac: acetylacetonate; Bu2acac: dibutylacetylacetonate; Ph2acac: diphenylacetonate; tacn: triaza-
cyclononane; dmtacn: dimethyltriazacyclononane; tren: tris(2-aminoethyl)amine; GO: galactose
oxidase; DTBC: Di-tert-butylcatechol; DTBQ: Di-tert-butylquinone; SQ: Semiquinone; Cl4-cat•:
Tetrachlorosemiquinonate radical; Py: pyridine. Ton: turnover number.
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31. M. Sjödin, T. Irebo, J. E. Utas, et al ., J. Am. Chem. Soc., 128, 13076–13083 (2006).
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9.1 Introduction

Many radicals which qualify as stable (isolable) or persistent (lifetime of hours or days in solution) are
based on first row elements, particularly carbon, nitrogen, and oxygen. Examples include simple inorganic
species (NO, NO2, O2) and a wide range of organic or “organomain group” radicals, such as nitroxides,
hydrazyls, phenalenyls, and many others. The stability of these compounds arises from a combination of
effects endemic to the chemistry of the first row p-block elements. Firstly, these elements are capable
of engaging in effective π bonding, which can provide a framework for the stabilization of the unpaired
electron in a delocalized π framework. In addition, the elements nitrogen and oxygen often have additional
electron lone pairs. The well known “alpha effect” – the enhanced reactivity of nitrogen- and oxygen-based
nucleophiles when catenated to a second lone-pair-containing heteroatom1 – is believed to be based on
repulsive interactions between lone pairs on adjacent atoms. This effect almost certainly also contributes
to the inherently low strength of N–N, N–O, and O–O σ bonds. When the bond in question is between
fragments which are themselves already part of another N–N, O–O, or N–O bond, the longer chain
of catenated chain of lone-pair-rich heteroatoms becomes thermodynamically unstable. For example, the
peroxide-type dimers R2NOONR2 of nitroxide radicals R2NO• are non-existent. In short, stable radicals
based on the first row elements benefit from efficient π delocalization and the low (often negligible) σ

bond strength in the putative dimers.
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The stabilizing effects of delocalization and lone pair repulsion are significantly diminished beyond
the first row of the periodic table. In the second row of the p-block and beyond, the larger size of the
valence orbitals makes for more diffuse lone pairs; the alpha effect in heavier atom chemistry is not well
documented but is anticipated to be less important than is known for nitrogen and oxygen. In addition,
most heavy main group elements show a strong preference for σ over π bonding.2 As a result, the many
different examples of stable (isolable) radicals based on heavy p-block elements rely heavily on bulky
substituents for their kinetic and thermodynamic stability.3 In the absence of steric bulk, most radicals in
which substantial spin density is located on a heavy main group element are not stable or even persistent.

The lone and dramatic exception is sulfur, specifically when linked to nitrogen. To be sure, the differences
in atomic properties of sulfur and oxygen (atomic radius, electronegativity, σ/π energetic) do produce
distinctive chemistries in many respects, including in the structures and stabilities of radical species. The
most fundamental distinction can be found in the common forms of the two elements (O2 vs S8), and the
stable open shell species O2, NO, and NO2 have no counterparts in sulfur analogues as stable entities. The
dissimilarities between the two chalcogens is further demonstrated by the fact that while stable nitroxides
R2NO• are ubiquitous, the corresponding thionitroxides R2NS• are not stable and dimerize to disulfides
R2NSSNR2.4

However, the thiazyl (herein defined as an unsaturated SN unit in which both sulfur and nitrogen
are two-coordinate) π bond is of considerable strength and it is instructive to compare this fundamental
building block of thiazyl chemistry with a carbon–carbon π bond (Figure 9.1).5 The –S=N–moiety has a
three-electron π bond, with the third electron in a π* orbital. Conjugated species containing multiple SN
units have often been referred to as “electron rich” because as they have more π electrons than atoms.6

However, the higher electronegativity of both sulfur and nitrogen relative to carbon provides some stability
to these “electron rich” species. For example, the cyclic S3N3 anion (Section 9.2.2) is a perfectly stable,

C C S N

(a) (b)

Figure 9.1 Qualitative π molecular orbital diagrams for C2H4 (left) and HSNH (right).
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π -conjugated six-membered ring with ten π electrons; the corresponding isovalent (10π ) hydrocarbon
would be the exceedingly reactive benzene tetra-anion.

The collective properties of the thiazyl moiety are the foundation behind an incredibly diverse array
of structure types which have open shell configurations and yet qualify as persistent or stable. Moreover,
as a consequence of the differences between the elements noted above, NS- and NO-containing radical
chemistries are entirely different from one another. Thiazyl radicals have been actively studied since the
1970s and are now well established from both fundamental and applied (materials) perspectives. This
chapter has as its central focus the many classes of stable neutral radicals built from the thiazyl (SN)
unit. The synthesis, electronic, molecular structures, and reactivity of different thiazyl radical types is the
central focus; a separate section introducing the reader to the various uses of these radicals in advanced
materials design is also presented.

The scope of thiazyl radical chemistry has grown tremendously over the past 30 years. The field is
now very large and there are many general and specific reviews relevant to this chapter. Reviews on spe-
cific aspects of thiazyl radicals are cited in the appropriate sections. For general aspects of π -conjugated
sulfur–nitrogen compounds, readers are directed to the older reviews of (among many others) Heal,7

Gleiter,8 Chivers,6 and Oakley.5 The recent book by Chivers provides the most up-to-date coverage
of sulfur–nitrogen chemistry.9 Among more topic-specific reviews, the electron paramagnetic resonance
(EPR) spectroscopy of thiazyl radicals was reviewed some 20 years ago by Preston and Sutcliffe10; the
electrochemical characterization of cyclic thiazyl radicals (among other species) was compiled in 2000 by
Boeré,11 and the relatively new area of thiazyl radical coordination chemistry has been recently reviewed
by Preuss.12 Kaszynski has compared the ability of ab initio and DFT computational methods to predict
a variety of spectroscopic and structural parameters for thiazyls.13

9.2 Radicals based exclusively on sulfur and nitrogen

So-called “binary” sulfur–nitrogen compounds (those only containing sulfur and nitrogen) were historically
one of the more structurally intriguing – and difficult to understand – classes of main group systems.
Many compounds of this type are thermally unstable and shock sensitive, features which arise from the
thermodynamic driving force of N2 and S8 formation. Furthermore, reactions of sulfur–nitrogen compounds
often involve extensive skeletal rearrangements which proved challenging to understand from a mechanistic
perspective. Nonetheless, this field has matured considerably in the past three decades, to the point where
the geometric and electronic structures and reactivity patterns of sulfur–nitrogen compounds are now
reasonably well understood.9 Within the context of radical species, the few stable binary sulfur–nitrogen
radicals are quite different in nature from their nitrogen oxide counterparts. The sections below cover
the structurally important SN radicals, although some do not qualify as stable. Boeré and Chivers have
compiled calculated and (where available) EPR spectroscopic characterization of a wide range of binary
SN compounds, both neutral and charged.14

9.2.1 NS• and SNS•

The NS• and SNS• radicals, sulfur analogues of the ubiquitous NO• and •NO2, are mentioned briefly
here even though they are not stable radicals in any practical sense. The electrochemical reduction of
the thionitrosonium cation [NS]+ is irreversible, leading to the S3N2

•+ radical cation and other radical-
containing species, indicating that radical associations and rearrangements take place upon reduction.15

A variety of spectroscopic and computational studies have been reported for the NS•16 and SNS•17,18

radicals. Interestingly, condensed phase studies (Ar matrix, cryogenic temperatures) on SNS• indicate the
presence of an asymmetric isomer, NSS•.17 Thionitrosyl complexes [M]–NS, though less well developed
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than the corresponding nitrosyl metal chemistry,19 have received some attention,20 although the source of
the thionitrosyl ligand is invariably something other than NS• itself.

9.2.2 S3N3
•

The cyclic radical S3N3
• (1) has long been recognized as an important, but elusive, binary species. This

radical is one of the main gas phase species (detected using photoelectron spectroscopy) from the vapor-
ization of poly(thiazyl), (SN)x (see below) or from the pyrolysis of the cage molecule S4N4 (2).21,22 The
prediction of a planar, cyclic structure for 1 was supported by calculations using varying levels of theory
(ab initio HF,22 DFT14 and multiconfigurational23 studies), although the ring structure is predicted to be
slightly distorted from the ideal D3h structure; the incomplete occupancy of the upper degenerate π molec-
ular orbitals is predicted to lead to a Jahn–Teller distortion to a C2v symmetry structure (Figure 9.2). The
corresponding closed shell anion S3N3

− is a stable species whose structure and reaction chemistry have
been explored,24,25 but the seemingly facile entry into the neutral radical via one-electron oxidation of
S3N3

− – either chemically or electrochemically – has failed to lead to detectable quantities of the neutral
radical in solution.14,15,25,23
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9.2.3 S3N2
•+ and related radical cations

Although not a neutral species, the S3N2 radical cation 3 deserves mention because it is the chronological
and conceptual forerunner to a large number of 7π electron heterocyclic (carbon-containing) thiazyl radicals

Figure 9.2 Qualitative π -molecular orbital diagram illustrating the first order Jahn–Teller distortion for S3N3
•.

The magnitude of the structural change indicated is exaggerated.



The Synthesis and Characterization of Stable Radicals Containing the Thiazyl (SN) Fragment 321

(a) (b)

(c) (d)

Figure 9.3 (a) structure of S3N2
•+ 3; (b) π SOMO of 3; (c) π dimer of 3; (d) HOMO of the π dimer.

discussed in subsequent sections. Salts of this cation are produced from the reaction of S4N4 with a variety
of reagents, including oxidants,26,27 protic acids,27,28 and Lewis acids.29,30 Several X-ray structures of S3N2

radical ion salts have been reported,26,27,29,31,32 all of which consist of five-membered rings associated into
dimers (Figure 9.3a,c). The S–N bond lengths within the rings (typically ∼1.6 Å for the disulfide S–N
bonds and ∼1.56 Å for the SN bond to the unique S) are consistent with a delocalized π system, for which
the singly occupied molecular orbital (SOMO) is a π* orbital with a2 symmetry (Figure 9.3b). EPR28,33,34

and computational35 studies corroborate this electronic structure description.
The S3N2 radical cations associate reversibly in solution; the dimerization enthalpy has been measured

to be −11 kcal/mol.33 In the solid state the rings associate into centrosymmetric dimers (Figure 9.3c).
The closest contacts within the dimer are between the disulfide sulfur atoms, which are approximately
3 Å apart – a distance which is intermediate between a typical S–S covalent bond (∼2.1 Å) and a van
der Waals contact distance (∼3.6 Å). The nature of the interaction between the S3N2 rings was discussed
initially in terms of a four-center, two-electron bond29,31; these can now be regarded as the first structurally
characterized examples of “π dimers”, which are now known to be pervasive in the structural chemistry
of many different kinds of stable, flat, delocalized radicals. The radical–radical interaction involves σ -type
overlap between two π SOMOs (the bonding combination of SOMOs, i.e., the HOMO of the dimer, is
depicted in Figure 9.3d) but noncovalent interactions between the S3N2 cations and counter-anions (Cl−,
AsF6

−, etc.) are also believed to contribute to the stability of the dimers of 3 in the solid state.
Several selenium-containing variants of S3N2

•+ (3b–3e) are also known.36 The structures of all of these
radical cations are isostructural to that of S3N2

•+, that is, centrosymmetric π dimers. The Se–Se and Se–S
inter-ring “bonds” within the dimers for 3c, 3d and 3e are all approximately 3.1 Å, that is, much longer
than normal E–E′ σ bonds but much shorter than non-bonding contact distances.
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9.2.4 Poly(thiazyl), (SN)x

The discovery in the 1970s of the metallic and superconducting properties of poly(thiazyl), (SN)x, is often
cited as the catalyst behind the resurgence of interest in sulfur–nitrogen chemistry, particularly radical-
based compounds. The preparation and properties of (SN)x have been comprehensively reviewed first by
Labes et al .37 and subsequently by Banister and Gorrell38; an overview of the chemical and structural
aspects are presented here, while the physical properties are discussed in Section 9.4.

(SN)x was originally made by the solid state polymerization of S2N2 4 (the mechanism of which
has received significant attention39), which in turn is synthesized by heating S4N4 over silver wool
(Scheme 9.1). This method produces the highest quality polymeric material, though the S2N2 polymeriza-
tion can also be triggered photochemically in solution.40 These methods suffer from the shock sensitivity
of both S4N4 and S2N2. Although some improvements have been made to this procedure,41 effort has
gone into the development of alternative synthetic routes to the polymer which bypass these capricious
compounds. The most effective methods (Scheme 9.1) involve reactions of thiazyl halides with azides,42

or the reduction of sulfur–nitrogen cations.43

The polymer is, in fact, a highly crystalline substance, forming (from the solid state polymerization of
S2N2) as fibrous golden needles.44 The structure of (SN)x (Figure 9.4) is comprised of planar, puckered
(cis–trans) SN chains. The two distinct SN bonds are very close in length (1.59 and 1.63 Å) and are
indicative of significant and delocalized π bonding. There are also contacts between chains which are
substantially below van der Waals contact distances (∼3.1 Å from the originally published X-ray diffraction
study45; a subsequent neutron diffraction study produced somewhat longer interchain contacts46). (SN)x,
like its precursors S4N4 and S2N2, is not reactive to water but, unlike its molecular precursors, the polymer
is not shock sensitive. Perhaps mot interestingly the polymer can be vaporized (depolymerized) and re-
condensed; in the gas phase several small molecules have been detected, including the S3N3 radical (see
above), S2N2 and S4N4.
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Figure 9.4 Schematic of the structure of (SN)x. Dashed lines indicate interchain S–S contact; see text for
details.45

9.3 “Organothiazyl” radicals

Many different classes of thiazyl radicals exist in which “SN” units are combined with carbon – often
(but not always) in cyclic structures – and, as such, lie at the interface of organic and inorganic chemistry.
These “organothiazyl” radicals generally do not suffer from the shock sensitivity which plagues many binary
sulfur–nitrogen compounds, and the synthetic routes tend to be less mechanistically complex. Moreover,
the organic components of many of these radicals – either carbon as a constituent of a π conjugated radical
or as a substituent on nitrogen, sulfur or carbon – open up the possibility of making several derivatives of
a particular radical class, and therefore of controlling the chemical and physical properties of these radical
classes.

9.3.1 Thioaminyl radicals

Thioaminyl radicals [RNSR′]• 5 are the simplest thiazyl-based “organic” radicals. First made in the 1970s,
these radicals have been studied predominantly by Miura. Thioaminyls are normally made by oxidation of
sulfenamides 6, which are in turn made from the condensation of amines (RNH2) and sulfenyl chlorides
(ClSR′) (Scheme 9.2). The radicals can also be made by photolysis of dimercaptoamines 8 RN(SR′)2.47
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Most derivatives of 5 have alkyl or aryl substituents, though other R groups have also been pursued (see
below). In general, these radicals qualify as persistent, having lifetimes of at least a few hours, and many
persist for days or longer. Many, but not all, thioaminyls appear to be unreactive to oxygen. The longest
lived of these radicals have relatively large aromatic groups on nitrogen and electron withdrawing aromatic
groups on sulfur. In particular, N-arylthioaminyls, which have either an N-aryl group with two large ortho
substituents such as t-butyl48 or phenyl,49 or is a substituted pyrene,50 can be isolated as pure materials,
and several of these have been structurally characterized (see below). Derivatives with smaller substituents
reversibly associate in solution to dimers which can in some cases be isolated. The dimers are most likely
(based on characterization data) NN bonded, hydrazine-type structures 7 (Scheme 9.2). The dimerization
enthalpies (�Hdim) for a few derivatives have been determined through variable temperature EPR studies.
When R = alkyl, �Hdim is approximately 20 kcal/mol,47 but when R = aryl the delocalization of spin
density into the aromatic substituent (see below) weakens the dimer bond to 13–14 kcal/mol.51

Among the radicals labeled as ‘persistent’, detailed studies of the decomposition products of two
thioaminyl derivatives have been reported. A deoxygenated benzene solution of thioaminyl 5a (in equilib-
rium with its hydrazine-like dimer) was left for three months, after which no radical remained.52 The major
products (Scheme 9.3) were the corresponding sulfenamide 6a, bis(arylthio)amine 8a, and other products
(9, 10) lacking sulfur altogether. Collectively the array of products implicates S–N bond scission (among
other things) in the decomposition process. In contrast, heating a solution of the nominally stable thioaminyl
radicals 5b and 5c gives in high yield (Scheme 9.4) two products – sulfenamide 6b and the ortho-phenyl
cyclized product 11 – which strongly suggest a radical disproportionation (hydrogen atom transfer).

EPR spectroscopy has been employed extensively to probe the electronic structure of thioaminyls (many
of the early thioaminyls were generated exclusively for EPR studies and were not explicitly synthesized or
isolated). From the large collection of available spectroscopic data the following trends can be identified:
(1) the nitrogen hyperfine coupling constant a(N) is sensitive to the nitrogen substituent R and, to a much
smaller extent, the sulfur substituent R′; (2) The largest a(N) values – between 12.0 and 12.5 G – are
achieved when there is no possibility of delocalization onto the N–R group, for example, R = alkyl47,53

or aromatic derivative such as 2,4,6-tri-t-butylphenyl, in which the bulk of the t-butyl groups forces
the N-phenyl ring to be nearly perpendicular to the N–S bond48,54; (3) N-aryl substituents, which are
able to maintain some degree of coplanarity with the thioaminyl unit, permit spin density to delocalize
onto the substituent, as evidenced by smaller a(N) values (8–10 G) and often measurable, even substantial,
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hyperfine coupling to ortho and para N-phenyl protons49,55; (4) semi-empirical calculations, in conjunction
with EPR spectral analyses, lead to a picture of the spin distribution which places the highest spin density
on nitrogen (∼0.50–0.60 for R = alkyl, ∼0.4 for R = aryl) and relatively small but still substantial spin
on sulfur (∼0.25–0.30 when the NR substituent is alkyl, ∼0.15–0.20 when NR = aryl).47,51 The first two
resonance structures in Scheme 9.5 are typically invoked to describe the delocalization of spin onto sulfur;
structure 5c is less often depicted, but reflects the (partial) S–N π bond (with the odd electron in an S–N
π* orbital, the overall S–N bond order is 1.5).

The bond order formulation described above is supported by several thioaminyl radical X-ray crystal
structures, for which the S–N bond length is consistently between 1.60 and 1.63 Å – significantly shorter
than S–N single bonds, for example, in sulfonamides for which bond length is closer to 1.70 Å. All
of the crystallographically characterized thioaminyls have electron-deficient aromatic substituents on sul-
fur (nitrophenyl, chlorophenyl, pyridyl, etc.) and bulky N-aromatic groups containing two ortho-phenyl
substituents.54,56,57 All of these structures have similar structural features, namely: (i) a trans-coplanar dis-
position of the nitrogen and sulfur substituents (the CNSC torsion angle is close to 180◦); (ii) an N-phenyl
ring which is essentially coplanar with the N–S bond; and (iii) flanking ortho phenyl groups which are
twisted with respect to the central N-phenyl ring. Figure 9.5 shows the structure of one representative
example.

The reactivity of thioaminyl radicals has received sporadic attention. The reactions of one derivative
with several phenols have been reported.58 These reactions are fast (10–30 minutes) and a number of

Figure 9.5 X-ray structure of N-(2-pyridylthio)-(2,4,6-triphenylphenyl)aminyl.57
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different reaction paths are evident, including hydrogen abstraction from the phenol, radical coupling
between the thioaminyl and the resulting phenoxyl, and S–N bond scission. In contrast, thioaminyls react
relatively slowly (5–14 hours at 50 ◦C) with olefins to give 1,2-addition products.59 Finally, the electron
transfer properties of a few closely related derivatives (R = 2,4,6-triphenyl- or 2,4,6-tri-t-butylphenyl,
R′ = chloro- or nitrophenyl) have been examined using cyclic voltammetry.60 The radicals undergo reduc-
tion and oxidation processes, both of which are reversible – although the reversibility of the oxidation
process is scan rate dependent, implying a reactive cation species. The reductions to give sulfenamide
anions occur in the potential range −0.75 to −0.95 V vs SCE in acetonitrile, while the oxidation potentials
lie between +0.42 and 0.45 V.

There are a handful of thioaminyl radicals with substituents other than simple alkyl or aryl groups.
N-acylthioaminyl radicals 12 can be obtained by oxidation of the corresponding N-acylsulfenamides
either by photolysis or by reaction with t-butoxyl radicals obtained from the thermolysis of di-t-butyl-
diperoxyoxalate. These radicals are strongly persistent, with minimal decay over a period of a few days,
although the radicals were not isolated. The carbonyl group adjacent to nitrogen opens up the possibility
of delocalization of spin and/or charge, that is, through resonance structures 12c and 12d in addition to
the conventional thioaminyl resonance structures 12a and 12b (Scheme 9.6). Analysis of EPR spectra of
derivatives of 12, including studies using 33S and 17O enriched samples,61 indicate that the sulfur atom
in these radicals carries substantially more spin density (∼0.47) than in N-alkyl or N-aryl thioaminyls,
and the nitrogen atom has correspondingly smaller amount of spin as evidenced by smaller a(N) values
(6.8–8.5 G). However, the very small a(17O) values obtained indicate that there is negligible spin density
on the oxygen, that is, resonance structure 12d is not an important contributor. Cyclic analogue 13 has a
much larger a(17O) value, indicating that the corresponding resonance structure d for radical 13 is now
significant, that is, tying the radical into a cyclic, conjugated framework enables π delocalization into the
carbonyl group.62

There have been a few reports of sulfinyl- and sulfonylaminyls 14 and 15, respectively, once again
generated from the corresponding amides.63 The g-values for these radicals (∼2.003) are significantly
lower than for thioaminyls (∼2.006), suggesting much less spin density on the sulfur atom in derivatives
of 14 and 15. This can be understood based on the much more electron poor nature of the sulfur atom
in these radicals, which attenuates the sulfur’s ability to carry spin and charge (cf. resonance structures
in Scheme 9.6). These radicals also dimerize to hydrazines more readily than thioaminyls, and in fact
solutions of the dimers of 15 are EPR silent at room temperature; only on heating to 60 ◦C can the radical
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be detected.64 One selenoaminyl radical 16 has been spectroscopically (EPR) characterized; analysis of
the hyperfine coupling suggest an electronic structure qualitatively similar to the thioaminyls.65
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Aside from the aforementioned thiocarboxamidyl radicals 13, other examples of cyclic radicals contain-
ing a lone thiazyl unit are rare. Kaszynski has described the synthesis and spectroscopic characterization of
polycyclic systems 17 and 18.66 The EPR parameters (a(N) = 8.5 and 8.7 G, respectively) are qualitatively
similar to acyclic thioaminyls with N-aryl groups, although the general stability of 17 and 18 (half lives
of a few days in solution) are substantially improved compared to “simple” unsubstituted thioaminyls 5
(R = R′ = phenyl).50 Oakley has spectroscopically characterized benzene-fused cyclic thioaminyl and
selenoaminyl radicals 19 (E = S, Se) by reduction of the corresponding cations, which were accessed by
alkylation of the benzochalcogenadiazole.67 EPR spectroscopic and DFT computational studies reveal sub-
stantial spin density on both the di- and tricoordinate nitrogens (spin densities ∼ 0.42 and 0.14 respectively
for both E = S and Se) as well as on the chalcogen (∼0.2 for E = S and Se).
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9.3.1.1 Dithioaminyl radicals

Dithioaminyl radicals [RSNSR]• 20 are a subclass of thioaminyls 5 in which the substituent (R) on
nitrogen is also a sulfenyl (SR) group. These radicals can be made using methods analogous to those
for simple thioaminyls, that is, oxidation of the corresponding bis(sulfenyl)amines 21 (Scheme 9.7).68–70

EPR characterization and semi-empirical calculations indicate that the nitrogen atom is the predominant
site of spin density with smaller amounts of spin on the two flanking sulfur atoms. Dithioaminyls with
trifluoromethyl groups on sulfur,71 and a related derivative (F5S)2N•72 have been generated by heating
solutions of the corresponding hydrazines 22. These radicals have slightly higher a(N) values (13.2 and
13.5 G) than the bis(arylthio)aminyls (a(N) 11.3–11.5 G). The hydrazine N–N bond dissociation energy
(BDE) of (F3CS)2NN(SCF3)2 was determined to be only 7.7 kcal/mol, that is, somewhat lower than the
corresponding BDE for thioaminyls 5.

S4N4 1 and (bi)cyclic olefins, for example, norbornene, react to give (among other products) 2 : 1
adducts of structure 23 (Scheme 9.8).73 Photolysis of these adducts (which can be generated in situ)
produce solutions with strong and long-lived EPR spectra. The radicals responsible for the EPR signal
were originally assigned the aziridylthyl (thionitroxide) structure 25.74 Subsequent studies showed the
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correct structural assignment to be 1,3,2-dithiazolidinyl radicals 24, which are cyclic analogues of 20.75

EPR-active solutions of these radicals can be generated made more directly by the reaction of S4N2 26
with (bi)cyclic alkenes.76 Several different derivatives of 24 have been characterized by EPR spectroscopy
(a(N) is consistently ∼13 G), but no derivatives have been isolated. These radicals reversibly dimerize in
solution; dimerization enthalpies are in the range 7–11 kcal/mol.77

9.3.1.2 Delocalized thioaminyl radicals

The reaction of benzamidine with arylsulfenyl chlorides gives, depending on stoichiometry, bis- or
tris(arylthio)benzamidines 27 and 28 respectively (Scheme 9.9). Both of these species can be converted
into thioaminyl radicals 29 in which a sulfenimide fragment (=NSAr) is conjugated directly to the
thioaminyl radical (–N•–S–Ar)component.78 These radicals are highly persistent and insensitive to
oxygen, and dimerize reversibly to give N–N bonded dimers 30 which are even more weakly bound
(BDE ∼ 6–7 kcal/mol) than simple thioaminyl radical derivatives 5. The increase in radical stability (with
respect to dimerization) can be ascribed to delocalization over two structurally equivalent RSNR units.
The delocalization is supported by the EPR spectra of 29 which consist of a dominant five-line pattern
arising from hyperfine coupling to two equivalent nitrogen atoms (a(N) = 6.0 − 6.1G).

In related work, Miura reported the reaction of arenesulfenyl chlorides with imidoylamidines 31 to give
bis- and tris-arylsulfenyl compounds 32 and 33, respectively.79 Oxidation (of 32) or photolysis (of 33)
produces radicals 34 as long lived and oxygen-insensitive species (Scheme 9.10). EPR characterization of
the radicals, coupled with semi-empirical molecular orbital calculations, indicate that the spin is highly
delocalized, shared predominantly between the two equivalent nitrogens (∼19 % each), the central nitrogen
(∼17 %), and both sulfur atoms (∼15 % each). The radicals associate reversibly into diamagnetic dimers
in solution. Interestingly, one of the dimers was reported to have a genuine N–N bond at the terminal
nitrogens based on X-ray crystallographic studies, but no crystallographic information was given.79
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9.3.2 1,2,3,5-Dithiadiazolyl radicals

First discovered in the 1970s, the 1,2,3,5-dithiadiazolyl radical 35 is one of the most heavily studied thiazyl
radical systems; Rawson and Banister comprehensively reviewed their chemistry in 1995.80 Synthetic routes
to 1,2,3,5-dithiadiazolyl radicals nearly always proceed through the corresponding dithiadiazolium cation
36 (Scheme 9.11). The lone alternative route is the rearrangement of isomeric 1,3,2,4-dithiadiazolyl radicals
37 (this reaction is discussed in Section 9.3.5). The cations were first made from the reactions of S3N3Cl3
with nitriles81 or diazenes,82 or from the reactions of nitriles with a mixture of sulfur dichloride, ammo-
nium chloride, and chlorine.83 A more recent use of S3N3Cl3 in the synthesis of dithiadiazolium chlorides
involves the cycloaddition reaction of the NSCl monomer (obtained by heating S3N3Cl3) with in situ gen-
erated nitrile sulfides.84 The reaction of amidines or their hydrochloride salts with sulfur dichloride (SCl2)
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produces dithiadiazolium chlorides in low yields85; the use of N,N,N ′-tris(trimethylsilyl) derivatives,86

or N -lithio-N ′,N ′-bis(trimethylsilyl)amidines87 improves yields significantly and permits the synthesis of
selenium analogues (Section 9.3.2.1). Other routes have been reported but tend to be substrate-specific (for
example Mews has developed routes to the 4-halogeno-1,2,3,5-dithiadiazolium cations starting from N,N ′-
bis(trimethylsilyl)carbodiimide).88 Reduction of the dithiadiazolium cations 36 to the radicals 35 can be
carried out with metals (sodium,89 zinc, mercury, potassium, zinc/copper couple90) organic/organometallic
reagents (tetramethyl-p-phenylenediamine, triphenylverdazyl,89 triphenylantimony91,92), or reducing anions
(SCN−, I−, Grignard reagents, CN−, N3

−).90

The electronic structure of 1,2,3,5-dithiadiazolyl radicals 35 has been thoroughly probed. The π* SOMO
(38) has a nodal plane at the ring carbon atom, which prevents direct electronic conjugation of the sub-
stituent R with this orbital. Consequently, many of the spectroscopic methods used to probe these radicals
reveal minimal sensitivity of spectral parameters to substituent effects: (1) The EPR spectra of 1,2,3,5-
dithiadiazolyls consist of a 1 : 2 : 3 : 2 : 1 pentet arising from coupling to two equivalent nitrogen atoms
with a(N) values lying within a very small range (4.9–5.3 G); hyperfine coupling to 33S, when observed,
is also relatively insensitive (6.1–6.8 G) to the R group.80 (2) The ionization potentials of several deriva-
tives of 35 are substantially less sensitive to R than for, for example, the 1,2,4,6-thiatriazinyl radicals
(Section 9.3.8), for which the substituents’ π system can overlap directly with the SOMO.91,93 (3) Cyclic
voltammetry data for a wide range of radicals (or their corresponding cations) have been collected; the
radicals can be reversibly oxidized to the known cations and reduced to the corresponding anions.11 When
R is a para- or meta-substituted phenyl group, the range of potentials for both oxidation and reduction
fall within a narrow potential window: oxidation potentials of these radicals vary from +0.57 to +0.68 V
vs SCE in acetonitrile.87,94,95 Radicals with electron donating or withdrawing groups directly attached to
the ring show a stronger substituent dependence.96 For example, radical 35 with R = NMe2 is oxidized at
+0.35 V and reduced at −0.96 V, while the derivative with R = CF3 has oxidation and reduction poten-
tials of +0.91 and −0.42 V respectively. The gas phase electronic spectrum of one derivative (R = H) has
been recorded; the transition centered at 617 nm corresponds to excitation into what is essentially an S–S
σ* orbital.97
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A large number of 1,2,3,5-dithiadiazolyl radicals have been structurally characterized by X-ray crys-
tallography. Several different structure types involving radical dimers have been noted (Figure 9.6). The
most common motif is the cis-cofacial dimer structure (Figure 9.6a), in which the two rings are directly
superimposed and nearly parallel. The sulfur–sulfur distances between rings within the dimer (dashed lines
in Figure 9.6a) are typically 3.0–3.1 Å. There are approximately 20 examples of dithiadiazolyl dimers of
this type; nearly all are aromatic92,94,98–101 or heteroaromatic102,103 derivatives, or have R groups which are
small (e.g., R = H,104,105 Cl,106 F,107 CN108). Several derivatives adopt a twisted structure (Figure 9.6b)
in which two rings are rotated by approximately 90◦ with respect to each other. The lone S–S contact is
the shortest one between rings and is typically between 2.8 and 3.1 Å. This structure is adopted by radicals
for which the size of R prohibits the cis-cofacial structure from forming for steric reasons (e.g., R =
CH3,109 CF3,88 Me2N,93 adamantyl84) but also the halogeno (R = Br, F, Cl)106,107,110 and one derivative
with an aromatic substituent.111 There are two possible trans-type dimer structures. One of these has the
two rings slipped along their molecular long axis relative to one another, so that they only interact via
the sulfur atoms (trans-antarafacial, Figure 9.6c), analogous to the structure of the S3N2 radical cation
dimers (Section 9.2.3). There are only two examples of this dimer type; one (R = 2,4,6-CF3)3C6H2-)112

has considerable steric bulk while the other (R = 3-cyanophenyl)92 does not. The other trans associative
mode, also relatively rare, is trans-cofacial (Figure 9.6d), in which the two rings overlap exclusively via
S–N contacts which range from 3.09 to 3.26 Å.113–116 Finally, there are a small number of derivatives

(a)

(b)

(c)

(d)

Figure 9.6 Examples of structural classes of π dimers of 1,2,3,5-dithiadiazolyl radicals 35. (a) cis-cofacial
(R = phenyl),98 (b) twisted (R = CF3),88 (c) trans-antarafacial (R = 3-cyanophenyl),92 (d) trans-cofacial (R =
4-iodophenyl).113
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which are monomeric in the solid state.117,118 The variety of structure types, and lack of correlation with
the nature of the substituent R (aside from steric barriers to adopting the cis-cofacial structure), have been
ascribed to the small differences in dimerization enthalpies between the various isomers,88 coupled with
the fact that the dimers are weakly bound to start with (see below). It is generally understood that inter-
molecular packing effects play a strong role in determining what (if any) dimeric structure is obtained for
a particular derivative. In fact, some derivatives (R = 3-cyanopenyl,92 Cl,106,107,110 H104,105) adopt more
than one kind of structure (i.e., polymorphism), and one compound – a diradical (see below) – has two
different dimerization modes within the same single crystalline phase.119

The solution association thermodynamics of two dithiadiazolyl radicals has been studied quantitatively
using variable temperature EPR. The radical dimerization enthalpies for R = phenyl33 and R = t-butyl120

are quite similar (−8.4 kcal/mol and −7.4 kcal/mol, respectively) despite the fact that they likely adopt
different dimeric structures: the probable cis-cofacial geometry known for the phenyl derivative in the
solid state98 cannot be adopted by the t-butyl compound because of the steric bulk of the butyl group.

Several 1,2,3,5-dithiadiazolyl-based di- and triradicals have also been prepared. The very low solubility
of these materials, coupled with their tendency to dimerize in the solid state and solution, has prevented
examination of the intramolecular spin alignment in these radicals. The electronic state energetics of
diradical 39,121 in which the two CN2S2 rings are directly attached to one another at the carbon atoms,
have been investigated using computational methods.122 The aforementioned nodal plane present in the
dithiadiazolyl SOMO (38) prevents direct (conjugative) coupling of the spins. As such, 39 has two half-
filled molecular orbitals 40a and 40b, which are simply the linear combinations of the SOMOs on each
ring. Calculations on this diradical indicate that it has an open shell singlet ground state, with a triplet state
only 0.5–1.0 kcal/mol higher in energy, that is, the unpaired electrons are very weakly interacting. These
computational studies, coupled with the experimental carbon–carbon bond length of 1.49 Å, indicate that
putative resonance structure 41 (a possible representation of a closed shell formulation) is not an accurate
representation of the structure of this molecule. All of the other dithiadiazolyl diradicals have a ‘spacer’
group between the two rings (i.e., 42), and intramolecular spin interactions are expected to be even weaker
than for 39.
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Solid state structures have been reported for nearly a dozen 1,2,3,5-dithiadiazolyl-based di/triradicals.
Most adopt cis-cofacial dimeric arrangements at each ring, but the presence of two (or three) radicals on
each molecule has consequences for the solid state assemblies. Discrete dimers are often obtained, as in, for
example, the structure of the 1,4-phenylene-bridged diradical123 (Figure 9.7a) among others.102,121,124,125

However, for a few derivatives (the 1,3-phenylene-126 and 5-cyano-1,3-phenylene-127 bridged diradicals
and the 1,3,5-phenylene-128 bridged triradical) each of the radicals within a molecule associate with dif-
ferent neighboring molecules, creating polymeric chains (Figure 9.7b). Two diradical derivatives remain
unassociated in the solid state. The 5-t-butyl-1,3-phenylene-bridged bis(dithiadiazolyl) cannot adopt a cofa-
cial structure because of the t-butyl substituent; instead an antiparallel, but more regularly spaced, stacked
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(a) (b) (c)

Figure 9.7 Solid state association modes for 1,2,3,5-dithiadiazolyl diradicals: (a) discrete dimers for 1,4-
phenylenebis(1,2,3,5-dithiadiazolyl)123; (b) polymeric stacking in 1,3-phenylenebis(1,2,3,5-dithiadiazolyl),126

(c) unassociated diradical stacks in 5-t-butyl-1,3-phenylenebis(1,2,3,5)-dithiadiazolyl.129

array is adopted (Figure 9.7c).129 The other non-cis-cofacially bound diradical is 43, in which one of the
two CN2S2 rings associates in a trans-cofacial manner while the other remains monomeric.119
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The dominant thrust in terms of reactivity studies of 1,2,3,5-dithiadiazolyl radicals (aside from their coor-
dination chemistry12) has been redox-based chemistry. The radicals 35 can be oxidized to dithiadiazolium
cations 36 with chlorine, bromine, sulfuryl chloride (SO2Cl2), thionyl chloride (SOCl2), and other oxidiz-
ing agents.90 In a similar vein dithiadiazolyls can perform reductive coupling chemistry, converting E–X
bonds (E = P, Si, B substrates; X = Cl, Br) into E–E dimers and giving the dithiadiazolium halide salts as
byproducts.130 The redox chemistry between dithiadiazolyls and iodine is more complex. Dithiadiazolium
iodide salts (made by metathesis reactions of corresponding chloride salts with I−) were originally reported
to spontaneously convert to iodine and the radical.90 Oakley later showed that the gas phase reactions of
dithiadiazolyls with iodine lead to partially oxidized, π -stacked species with very high electrical conductiv-
ity (Section 9.4.2).131 Solution or gas phase reactions of the 4-phenyl-1,2,3,5-dithiadiazolyl radical with an
excess of iodine give the corresponding dithiadiazolium cation as its triiodide salt; however, stoichiometric
reactions with iodine produce material of composition [PhCN2S2I] but whose structure is trimeric – that
is, the compound consists of a triple-decker array of dithiadiazole rings and an associated triiodide anion
(Figure 9.8a).131 An analogous structure based on a chloride salt, [p-ClC6H4CN2S2]3Cl, has also been
reported but its synthesis was not described.132 Based on the tri-iodide anion, the triple-decker stack is
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(a) (b)

Figure 9.8 X-ray structure of [PhCN2S2]3I3 (left) and frontier orbital diagram for the [PhCN2S2]3 cation (right).131

cationic and therefore contains (on average) mixed-valent dithiadiazole rings. (i.e., RCN2S2
+0.33). This

formulation is supported by the bonding metrics within the trimeric stacks: neutral 1,2,3,5-dithiadiazolyls
have disulfide bond lengths of ∼2.09 Å, whereas the S–S bond in the corresponding dithiadiazolium cations
is shorter, typically ∼2.00 Å. These structural differences are based on the population of orbital 38, which
is S–S antibonding in nature; in the radical this orbital is singly occupied whereas in the cation it is empty.
The corresponding bonds in the triple-decker structure are intermediate in length but on average closer
to the bond lengths for neutral rather than cationic dithiadiazole rings. (2.06 for the outer rings and 2.08
for the inner one). The S–S distances between rings are on average (3.18 Å) longer than the inter-radical
distances in the neutral dimers (∼3.1 Å), which can be rationalized by considering the frontier molecular
orbital diagram in Figure 9.8b. The trimers are held together by a two-electron, three-ring “bond” (i.e.,
linear combination of three radical SOMOs), as compared to the neutral dimers wherein two electrons are
shared by only two rings.

Reactions of the PhCN2S2 radical with cationic binary sulfur–nitrogen species lead to unusual ring
transformations of the latter (Equations 9.1–9.4) and produce mixed π dimer structures in which one half

(a) (b) (c)

Figure 9.9 X-ray structure of (a) [PhCN2S2][S3N2]Cl, (b) [PhCN2S2][S3N3] and (c) [PhCN2S2]2[S3N3]Cl.133

Black dashed lines indicate short intermolecular S–S contacts and green dashed lines indicate Cl–S contacts.
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of the dimer is a dithiadiazole and the other is a different thiazyl ring, specifically S3N2 or S3N3.133 The
S3N2-containing product (Equations 9.3 and 9.4; Figure 9.9a) is a π dimer between a neutral dithiadiazolyl
radical and trithiadiazolium radical cation. The chloride is loosely associated with the heterodimeric unit
via bifurcated Cl...S contacts, which are quite common in chloride salts of dithiadiazolium cations.80 The
S3N3 containing structure [PhCN2S2][S3N3] (Equations 9.1 and 9.2; Figure 9.9b) is more intriguing as
it harkens to the possible existence of the elusive S3N3 radical (Section 9.2.2) “trapped” as part of a
hetero-π -dimer, although the ionic formulation of PhCN2S2

+S3N3
− cannot be ruled out. Analysis of the

bonding in the CN2S2 ring suggests that dithiadiazole ring is closer to a neutral than a cationic ring (see
analysis above for [(PhCN2S2)3]I3) and (gas phase) calculations also suggest little charge transfer between
the dithiadiazole and S3N3 species. The cationic triple-decker structure [PhCN2S2]2[S3N3]+ (Figure 9.9c)
could be described as an S3N3 anion sandwiched between two PhCN2S2 cations, or alternatively a partial
charge transfer system. The chloride anion is strongly associated with two PhCN2S2 rings, a finding which
may imply a chemical role of the anion, given that the dithiadiazolyl radical reacts with the AlCl4− salt of
S5N5

+ (Equation 9.2) to give exclusively the hetero-π -dimer (Figure 9.9b) instead of the hetero-π -trimer.

PhCN2S2
• + [S5N5

+]Cl− → [PhCN2S2]2[S3N3]Cl + [PhCN2S2][S3N3] (9.1)

PhCN2S2
• + [S5N5

+]AlCl4
− → [PhCN2S2][S3N3] (9.2)

PhCN2S2
• + [S4N3

+]Cl− → [PhCN2S2][S3N2]Cl (9.3)

PhCN2S2
• + [S3N2Cl+]FeCl4

− → [PhCN2S2][S3N2]Cl (9.4)

9.3.2.1 1,2,3,5-Diselenadiazolyls

Selenium analogues of the 1,2,3,5-dithiadiazole ring (45) were first described by Oakley in 1989.86

These radicals are made by reduction (triphenylantimony) of the corresponding 1,2,3,5-diselenadiazolium
cations 44, which are in turn prepared exclusively from the reaction of silylated amidines (either
N,N,N ′-tris(trimethylsilyl)86 or N -lithio-N ′,N ′-bis(trimethylsilyl)92) with selenium dichloride (SeCl2)
(Scheme 9.12). The selenium dichloride is generated in situ from selenium tetrachloride (SeCl4) and a
reducing agent, either triphenylantimony86,123,126 or elemental selenium.92,134

Studies on diselenadiazolyl radicals 45 are more limited compared to their sulfur counterparts 35 owing,
in part, to the lower solubility and thermal stability of the former. The few EPR spectra which have been
reported86,134 consist of a broad featureless singlet; g-values for 45 are consistently higher than for the
sulfur analogues 35, as anticipated for radicals with substantial spin density on selenium. Computational and
experimental studies on the prototypical diselenadiazolyl radical (R = H) point to an electronic structure
analogous to that for the corresponding sulfur-based radical.104 For example the SOMO for the CN2Se2

ring is similar in symmetry and composition to the CN2S2 SOMO 38, and the (computed) spin distributions
are quite similar in the two species.
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R
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Figure 9.10 (a) X-ray structure of 4-(p-chloro-tetrafluorophenyl)-1,2,3,5-diselenadiazolyl. (b) Bonding combi-
nation of two SOMOs.139

Nearly all of the structurally characterized diselenadiazolyl radicals adopt the cofacial π dimer structure,
including R = phenyl,86 cyanophenyl,92,135 2,5-diflurophenyl,99 5-cyano-2-furyl,136 and R = hydrogen.134

The methyl derivative adopts a twisted structure analogous to its sulfur analogue.137 Several diselena-
diazolyl diradicals also adopt the superimposed π dimer structure; the 1,4-,123 1,3-,126 and 5-cyano-1,3-
phenylene-bridged127 diradicals are all isostructural with their dithiadiazolyl counterparts (see above),
and the 1,3-phenylene-bridged diradical also exists as a second polymorph in which the diradicals exist
as discrete dimers instead of the zigzag extended structure.138 Two derivatives (R = p-chloro- and p-
bromo-tetrafluorophenyl) adopt an unusual edge-to-face dimeric structure (Figure 9.10).139 The inter-radical
distances between selenium atoms are 3.115 and 3.187 Å and there are also Se–N contacts (3.064/3.042 Å).
The association of the radicals, and the observed diamagnetism of this material, can be rationalized by
orbital coupling of the two radical SOMOs, as shown in Figure 9.10b.

9.3.3 1,3,2,4-Dithiadiazolyl radicals

1,3,2,4-Dithiadiazolyls 37 are made exclusively by reduction of the corresponding cations; cycloaddition
reactions of the versatile reagent [SNS+]AsF6

−140 46 with a wide range of nitriles or polynitriles gives
the 1,3,2,4-dithiadiazolium salts 47 or poly(dithiadiazolium) salts 48, respectively (Scheme 9.13). The
cations can be reduced (silver, sodium dithionite, triphenylantimony, ferrocene) to the (poly)radicals 37
(49). Alkyl,120,141,142 aryl,143,144 and halogenated145,146 derivatives of 37 have been reported while the di-
and triradicals 49 are mostly of the phenylene-bridge type. The diradical in which the two rings are directly
bound (X = nothing) has received substantial attention (see below).

The EPR spectra of 1,3,2,4-dithiadiazolyl radicals consist of a dominant 1 : 1 : 1 triplet arising from
coupling to the nitrogen atom flanked by both sulfur atoms, with hyperfine coupling constants generally
∼11 G. Coupling to the nitrogen adjacent to the ring carbon is much smaller (0.5–0.6 G). The large
differences in hyperfine coupling to nitrogen can be rationalized by considering the SOMO for these
radicals (50), a π* orbital which is concentrated heavily on the SNS fragment.142 The small coefficient at
the ring carbon attenuates significant substituent effects on the EPR spectra of these radicals.
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The feature of 1,3,2,4-dithiadiazolyl radicals 37 which has garnered the most attention is their ther-
mal or photochemical rearrangement to the isomeric 1,2,3,5- radicals 35. The thermal reaction occurs in
solution120,143,145,146 and the solid state,147 and can also be induced photochemically.143,144 This transforma-
tion is most conveniently monitored in solution using EPR spectroscopy, although UV-Visible spectroscopy
has also been employed.144 The substituent has a significant influence on the rate of this reaction: strongly
electron withdrawing R groups tend to rearrange within minutes while more electron rich substituents
can be isolated without rearrangement and persist for days or even weeks in solution in the dark. The
proposed mechanism for the thermal rearrangement (Scheme 9.14) is based on the observation that the
isomerization rate is concentration dependent, specifically second order in radical.145 The process involves
association (π dimerization) of the 1,3,2,4-radicals (the enthalpy of dimerization has been measured to
be ∼ −4.5 kcal/mol144) followed by a skeletal rearrangement of the dimers 51 to trans-type π dimers 52
of the 1,2,3,5-isomer. The lone X-ray structure of a 1,3,2,4-dithadiazoly (di)radical provides supporting
evidence for this mechanism, as each radical associates in exactly the structure 51 proposed in the original
mechanism (Figure 9.11).148 Interestingly, studies on the photochemical rearrangement suggest that this
process is unimolecular; a mechanism has been proposed involving initial fragmentation of the radical into
a nitrile and the SNS• radical.143,144
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Figure 9.11 X-ray structure of 1,4-phenylenebis(1,3,2,4-dithiadiazolyl) diradical.148
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Several poly(1,3,2,4-dithiadiazolyl) radicals 49 have been explored, with phenylene-based spacers
(derived from di- and tricyanobenzenes) or single carbon spacers (from tricyanomethanide). Reduction
of the polycations leads to the polyradicals, which rearrange slowly in the solid state (or more rapidly
with heating) to the 1,2,3,5-isomers.147,148 Banister has cleverly synthesized dithiadiazolium dications
53 – in which each of the two heterocycles is a different dithiadiazole isomer – by assembling the rings
in stepwise fashion (Scheme 9.15; Ar = 1,4- and 1,3-phenylene).149 Reduction of both rings leads to the
mixed diradicals 54. The EPR spectra of these consist of a superposition of the spectra of each type of
dithiadiazolyl radical, suggesting very weak intramolecular radical–radical interactions. The fact that the
1,3,2,4- cations are reduced at significantly lower potentials (+0.3–0.4 V vs SCE for R = Ar)87,95 than
the corresponding 1,2,3,5- isomers (+0.6–0.7 V vs SCE) permits the selective reduction of the latter ring
to afford radical cations 55.

Attempts to prepare the 1,3,2,4-dithiadiazolyl diradical 59 with the two rings directly attached were ulti-
mately successful, but en route produced a multitude of species of varying oxidation state and dithiadiazole
isomer.108,115,150,151 One-electron reduction of bis(1,3,2,4-dithiadiazolium) dication 56 gives radical cation
58, in which the radical ring has rearranged to the 1,2,3,5- isomer; this product presumably proceeds via
the bis(1,3,2,4) radical cation 57 (Scheme 9.16). The structure of 58 consists of trans-cofacial π dimers
of the 1,2,3,5- radicals. Further reduction of 58 gives the ‘mixed’ diradical 61, which adopts a cofacial but
centrosymmetric dimer in which each π dimer is built from the two different CN2S2 rings (Figure 9.12).
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Figure 9.12 X-ray crystal structure of (NSSNC)-(CNSNS) 61.115,151

The mixed diradical ultimately isomerizes to the bis(1,2,3,5) diradical 39, which had been independently
synthesized.121 Two-electron reduction of the dication 56 gives the bis(1,3,2,4) diradical 59, which has not
been structurally characterized. Attempted sublimation causes 59 to decompose to (among other things)
the cyano-substituted-1,2,3,5-dithiadiazolyl 60.108 High level computational studies indicate that 59108 and
61115 are, like 39,104 biradical in nature with very weakly interacting spins.

9.3.4 1,3,2-Dithiazolyl radicals

The 1,3,2-dithiazolyl radical system also dates back to the 1970s; the benzannelated subset of these
radicals 65 was reviewed by Rawson in 2000.152 1,3,2-Dithiazolyls were originally spectroscopically
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(EPR) identified from the reactions of alkynes with either S4N4 or S4N2
75,153 (cf. the synthesis of 1,3,2-

dithiazolidinyls, Section 9.3.1.1). More rational and general synthetic routes have since been developed. The
cycloaddition of SNS+ 46 with alkynes gives the 1,3,2-dithiazolium cations 62, which can subsequently be
reduced to the radicals 63 (Scheme 9.17).141,142,154 Aromatic ring-fused derivatives 65 can be accessed by
reduction of the cations 64, which themselves are made by the condensation ortho-bis-sulfenyl chlorides
with trimethylsilyl azide.155,156 A third route involves reactions of N-arylsulfonyl dithiazoles 66 with
ammonia157–159; this reaction initially produces the corresponding N–H heterocycle, which is subsequently
oxidized (air, or ferricyanide) to give the radical.

The electronic structure of 1,3,2-dithiazolyls differ in substantial but predictable ways from the (non-
conjugated) 1,3,2-dithiazolidinyl radicals 24. The former, being part of a larger π conjugated skeleton
(particularly if fused to an aromatic ring, i.e., 65) have smaller hyperfine coupling constants to nitrogen
(∼11 G vs ∼13 G for 24) and (where detected) larger coupling to sulfur. The SOMOs 67 and 68 are both
heavily concentrated on the SNS portion of the ring, but there are non-negligible contributions to the
SOMO elsewhere on the molecule.

R

R

67 68

The electrochemical properties of several 1,3,2-dithiazolyl radicals have been reported. In general, these
radicals can be reversibly oxidized to dithiazolium cations; their reduction to dithiazolide anions is, with
few exceptions, irreversible. Unlike the 1,2,3,5-dithiadiazolyls, the redox potentials of these radicals are
highly structure dependent (Table 9.1). Relatively electron rich fused derivatives (69, 74, 76) have very
low oxidation potentials, but more electron poor derivatives (either with electron withdrawing substituents
(72, 73) or incorporation of nitrogen into the annelated ring raise the oxidation potential, (70, 71, 75, 77,
78, 79) in some cases to over +1 V vs Fc/Fc+. There also appears to be a correlation between redox
properties and the amount of spin delocalization away from the dithiazole ring onto the other fused rings:
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Table 9.1 Cyclic voltammetry data for benzo-1,3,2-dithiazolyls. Values are in V vs SCE in acetonitrile

Compound (number) Ered Eox a(N), G Reference

S

S

N

69
−1.20a +0.15 11.27 160

N

S

S

N

70
−1.09a +0.30 11.38 161

N

N S

S

N

71
−0.88a +0.53 11.25 160

S

S

N

72

CN

b +0.49 11.5 162

S

S

N

NC

73

b +0.45 11.1 162

S

S

N

74

S −0.73a +0.25 11.6 163

S

S

N

75

N

N

S −0.66a +0.65 11.15 160

S

S

N

76
−1.08a +0.27 11.40 160

N

N S

S

N

77
−0.73a +0.62 10.89 160

S

S

N

78

N

N

S −0.76 +0.46 10.98 160

N

N S

S

N

79

N

N

S −0.06 +1.06 9.59 160

S

S

N

80

S

S

N −1.3a, −1.8a +0.16, +0.74 b 164

aIrreversible process.
bValue not given.

EPR hyperfine coupling constants to the dithiazole nitrogen are typically in the range 11–11.5 G, but are
noticeably smaller for the radicals which are more easily reduced (e.g., 77, 78, and especially 79).

The solution EPR spectra of 1,3,2-dithiazolyls show no temperature dependence over a wide temperature
range, indicating that the enthalpy of dimerization for these radicals is negligible (in contrast to, e.g.,
1,2,3,5-dithiadiazolyls).154,165 However, the solid state structures of these radicals reveal a number of
different possibilities. Two types of dimer structures have been found. The two structurally characterized
monocyclic derivatives (63, R/R′ = CN158 or CF3

166) both adopt a cofacial arrangement (Figure 9.13a), as
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(a) (b) (c)

Figure 9.13 X-ray structures of 1,3,2-dithiazolyl radical dimers: (a) 4,5-bis(trifluoromethyl) derivative,166

(b) 70,161 and (c) 69.165

does pyridyl-fused radical 70161 (Figure 9.13b) and the radical cation of 80.167 There is substantial variation
in the structural specifics of the dimers: the interplanar separation in the 4,5-dicyano derivative is 3.14 Å but
substantially longer in 80+ (which exists as two different polymorphs, with average S–S distances of 3.35
and 3.26 Å). The two rings are substantially tilted in the bis(trifluoromethyl) structure, such that the N–N
intradimer distance (2.86 Å) is shorter than the S–S distances (average 3.17 Å). The benzo-fused radical 69
is one of two derivatives to dimerize centrosymmetrically, with average d (S–S) of 3.17 Å (Figure 9.13c),165

the other being 78 (the latter of which crystallizes with two radicals in the asymmetric unit – one of which
adopts the centrosymmetric structure with d (S–S) ∼3.23 Å, while the other remains unassociated).160 Other
derivatives remain monomeric in the solid state (73, 76, 78, 80 and the methyl-substituted benzo-fused
radical 81168). Finally, several dithiazolyls have temperature-dependent solid state structures, consisting of
a “high temperature” phase of unassociated radicals and a “low temperature” phase in which the radicals
form cofacial π dimers. These temperature-dependent structures are discussed further in Section 9.4.3.1.

S

S

N

Me

81

Selenium analogues of 1,3,2-dithiazolyls are all but unknown. Attempts to prepare the 1,3,2-diselenazolyl
radicals 82 and 83 were explored by reduction of the corresponding diselenazolium cations, but the radicals
were too unstable to isolate; the major species isolated in both instances was the tetraselenocine 84.169

Se

N

Se

F3C

F3C

Se

N

Se

Se Se
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R

R

R
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82 83 84

9.3.5 1,2,3-Dithiazolyl radicals

Development of the 1,2,3-dithiazolyl radical system took place in two distinct stages. Mayer reported their
generation and identification by EPR spectroscopy,170,171 while in the past decade Oakley has devised
new synthetic strategies and new derivatives which are amenable to more comprehensive characterization.
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As is the case for the isomeric 1,3,2-dithiazolyls, the 1,2,3-radicals can be monocyclic (88) or fused to
another ring (86). Both types are made by reduction of the corresponding dithiazolium cations 85 and
87 respectively (Scheme 9.18). The polycyclic cations 85 can be made either by reactions of anilines
with sulfur dichloride (the Herz reaction) or from o-aminothiophenols and thionyl chloride (SOCl2); the
former route usually leads to partial chlorination of the aromatic ring as a side reaction. The monocyclic
species 87 are synthesized from reactions analogous to the Herz reaction, but using enamines171 or primary
nitriles172–174 instead of anilines as the substrates. In the enamine reactions R1 = a carbonyl group, while
in the reaction with nitriles R2 winds up being a chlorine atom.

The π SOMO of 1,2,3-dithiadiazolyl radicals 89 is antibonding with respect to the four ring atoms
centered on the disulfide linkage. There is effectively no contribution from C4 (adjacent to nitrogen) by
analogy to the 1,2,3,5-dithiadiazolyls, the SOMO of which (38) has a formal nodal plane passing through
its C4 atom. The presence of substantial spin density on C5, however, permits spin delocalization onto
R1 (for 88) or a fused ring (e.g., 86), which has substantial consequences for the electronic structure and
reactivity of these radicals. For example, the EPR nitrogen hyperfine coupling constant for these radicals
are substituent dependent, spanning a relatively large range from 4.5 G up to over 8.0 G. Moreover, many
derivatives cannot be isolated, and this may be due to decomposition pathways arising from substantial
spin density at C5 (adjacent to sulfur). In fact, the reduction of the 4,5-dichloro cation 87 (Appel’s salt)
leads to the fulvalene-based structure 90, most likely via C5–C5 bond formation from the radical 88
(R1 = R2 = Cl) and subsequent reductive elimination of the “extra” chlorides to give the exocyclic doubly
bonded dimer.175

N
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S S

N

Cl

90

SS
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Cl
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(a) (b) (c)

Figure 9.14 X-ray structures of 1,2,3-dithiazolyl radicals (a) 91, (b) 92, and (c) 93.

A total of four 1,2,3-dithiazolyl radicals have been structurally characterized – each of which adopts a
different structure type (Figure 9.14). 2,3-Naphtho-fused derivative 91 has a cis-cofacial dimer structure
(Figure 9.14a) – albeit one in which the two rings are tilted significantly, as evidenced by the disparate
S–S inter-radical distances of 3.053 and 3.309 Å176 – while the tricyclic species 92 adopts a cofacial but
centrosymmetric dimer structure (Figure 9.14b), in which each of the two inter-radical S–S contacts (3.23 Å)
involve the dithiazole S2 and the thiadiazole S (Figure 9.13b).177 The (pentafluorophenyl)(chloro)radical
93 has a twisted (“gauche”) structure (Figure 9.14c) with an intradimer S–S contact distance of 3.299 Å,173

and isothiazole-substituted radical 94 is monomeric and adopts a slipped π stacked structure.174 In all of
the dimerized derivatives, it is noteworthy that the S–S distances between rings are generally longer than
the corresponding S–S interactions in other kinds of thiazyl radical dimers.
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Oakley has attempted to incorporate selenium and even tellurium into the 1,2,3-dithiazolyl frame-
work. The 1,2-naphtho-fused radicals 95a–c – in which one or both of the sulfur atoms is replaced by
selenium – could all be synthesized and spectroscopically characterized; the introduction of selenium in
either or both chalcogen positions (E1, E2) appears to have minor consequences for the radicals’ overall
electronic structure, but isolation of the selenium radicals was thwarted by their thermal instability.176

The same comparative features are true for the benzo fused selenium radical 96a.178 Attempts to gen-
erate tellurium-based radical 96b failed, possibly because the corresponding tellurathiazolium cation is
strongly associated in solid state and solution. Indeed, while the electrochemical reduction of the thiasele-
nazolium cation (96a+) follows closely the behavior of the analogous benzo-1,2,3-dithiazolium cation, the
corresponding thiatellurazolium cation 96b+ is irreversibly reduced at much higher potentials.178

E1

E2

N

95

a E1 = S, E2 = Se
b E1 = Se, E2 = S
c E1 = E2 = Se

S
E

N

96

a E = Se
b E = Te
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9.3.6 Bis(1,2,3-dithiazole) and related radicals

Oakley has developed an extensive series of bis(1,3,2-dithiazole) radicals 97 – including selenium
variants – incorporated into a tricyclic system with mirror plane symmetry. There are over 20 derivatives
with various substituent (R1, R2) and chalcogen atom (E1/E2 = S, Se) combinations. These have been
called “resonance stabilized” bis(1,2,3-dithiazoles) because their general stability is greatly improved
compared to the “parent” 1,2,3-dithiazolyl radical.

97

N
E2

E1

NN
E2

E1

R1

R2

a E1 = E2 = S
b E1 = S, E2 = Se
c E1 = Se, E2 = S
d E1 = E2 = Se

N
E2

E1

N N
E2

E1

R1

R2

This work was prefaced by investigations of compound 99, which was synthesized by deprotonation of
pyridinium salt 98 using proton sponge.179 Although a diradical resonance structure can in principle be
depicted (99••) the experimental and computational data all point to a closed shell, zwitterionic electronic
structure (Scheme 9.19).
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Scheme 9.19

Compound 99 can be alkylated at the pyridine nitrogen, affording N-alkylpyridinium cations 100
which can subsequently be reduced with decamethylferrocene to give the bis(1,2,3-dithiazole) radicals 97a
(Scheme 9.20).180 A more efficient synthetic route involves alkylation of 2,6-diaminopyridine followed by
a Herz-type reaction to give the N-alkylated cation 100 directly.181 This route has the additional advantage
of allowing for R2 groups other than chlorine on C4. Pyrazine-based radicals 101, in which the C4 atom
is replaced by nitrogen, can be made by a modified sequence starting from 2,6-diaminopyrazine.182,183

Methods have been developed for site-specific replacement of either (or both) of the sulfur atom positions
in 97a by selenium. The 2-seleno derivatives 97b were originally made by the reaction of S-protected
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3,5-dithio-2,6-diaminopyridine with a mixture of selenium tetrachloride (SeCl4) and selenium oxychloride
(SeOCl2) (Scheme 9.21).184,185 The resulting NH pyridinium cations 102 can then be converted to N-alkyl
derivatives 103 – through a series of steps analogous to the synthesis of N-alkyl bis(dithiazole) cations
100 – and then reduced to the radical. A more direct route to 103 involves direct substitution of the sulfur
atoms of 100 in the 2-positions by selenium using selenium dioxide (SeO2).186,187
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The 1-selenathiazole-based radicals 97c are made starting from 2,6-diamino-3,5-bis(methylselenyl)
pyridine 104, which reacts with thionyl chloride to give bis(1-selenathiazole) cations 105
(Scheme 9.22).188,189 The metathesis/deprotonation/alkylation sequence gives the N-alkyl cations 106,
which are subsequently reduced to 97c. The N-alkyl cations 106 can be converted to bis(1,2,3-diselenazole)
cations 18 and subsequently reduced to the bis(diselenazole) radicals 97d.188

All four sulfur/selenium variants of the bis(1,2,3-dithiazole) radicals 97a–d have remarkably similar
SOMOs 108; the contributions from each of the two outer C2NE2 rings is reminiscent of the 1,2,3-
dithiazolyl SOMO 89.184 Notably, there is a nodal plane passing through the pyridinium nitrogen and
the carbon trans to it in the central ring, thereby limiting direct conjugative effects of the substituents
R1 and R2. As such, the EPR spectra of these radicals are normally dominated by coupling to the two
outer nitrogens (a(N) ∼3.1–3.2 G), with slightly higher values for selenium-containing radicals. Coupling
to the central nitrogen (a(N) ∼0.6 G), and to protons on the R1 and R2 substituents, is occasionally also
observable. These radicals undergo multiple electron transfer processes – they can be easily oxidized to
cations (Eox

1 between +0.08 and −0.21 V vs SCE) and dications (+1.2 < Eox
2 < +1.6 V) and can be
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reduced to anions (−0.62 > Ered
1 > −1.06 V) although the latter process is not always reversible; when

R1 = hydrogen, subsequent proton transfer events render the electron transfer processes irreversible. The
effects of the substituents (R1 and R2) and chalcogen (E1 and E2) on the redox potentials are qualitatively
predictable based on atom or group electronegativities.

N

R1

108

R2

The majority of bis(dithiazole)s 97, including selenium variants, exist as unassociated radicals in the
solid state. There are a few exceptions whose associated structures are quite different from typical thiazyl
radical dimers. Bis(selenathiazole) 97b (R1 = ethyl, R2 = H) adopts a dimeric structure 109 with a Se–Se
bond length (2.46 Å) close to that of a “normal” sigma bond.185 The S–Se bond within the ring is essentially
ruptured as a consequence of the electronic structure reorganization suggested by the resonance structure
109 (and supported by the bond metrics of the structure). Pyrazine-based bis(dithiazole) 101 (R1 = ethyl)
also adopts this dimeric structure, with the inter-radical S–S bond (2.17 Å) again being very close to that of
a typical disulfide.183 Interestingly, this molecule is bimoprhic; the second isomer is an unusual (for thiazyl
radicals) carbon–carbon σ bonded dimer 110 with a relatively long (1.61 Å) C–C bond. Computational
studies on dimerization processes on all four radical types (98a–d) suggest very low dimerization enthalpies
to form chalcogen based dimers,184 and the C–C dimer 111 is predicted to be weakly endothermic and
as such was described as a kinetic product. Other derivatives of both of these radicals do not form these
unusual dimers, providing further evidence of the subtleties of the dimerization process in these delocalized
radicals.182,186
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9.3.7 1,2,4-Thiadiazinyl radicals

Oxidation of annelated 4H-1,2,4-thiadiazines190 111 with lead oxide or silver oxide affords the correspond-
ing 1,2,4-thiadiazinyl radicals 112.191 The simple benzo-, pyrido-, and pyrazino- fused radicals were not
sufficiently stable to be isolated, but tetrafluorobenzo and tetrachlorobenzo-fused radicals have been struc-
turally characterized (Figure 9.15). Both radicals are monomeric in the solid state. The tetrachloro-based
radical does not adopt a stacked structure, but the tetrafluoro derivative consists of stacks of radicals in
which the orientation of the radicals alternates up and down the stacks, leading to relatively short S–N
contacts of ∼3.2 Å. EPR and computational studies indicate that the dominant contributions to the 1,2,4-
thiadiazine SOMO come from the thioaminyl (SN) unit and the other ring nitrogen atom; there is little
spin delocalization onto the annelated portion of these radicals.

H
N Ph

N
S

N Ph

N
S

Ar Ar

111 112

[ox]

“Resonance-stabilized” bis(1,2,4-thiadiazine) radicals 115 have been developed by Oakley.192 Con-
densation of bis-amidine 113 with disulfur dichloride (S2Cl2) affords the bis(thiadiazinium) cation 114

Figure 9.15 X-ray structure of tetrafluorobenzo-1,2,4-thiadiazinyl.191
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which can be taken through a sequence of steps reminiscent of the bis(1,2,3-dithiazole) radicals 97 (i.e.,
metathesis/deprotonation/alkylation/reduction) to ultimately give the radicals 115 (R = methyl, ethyl)
(Scheme 9.23). These radicals – which are monomeric in the solid state – are, similarly to the bis(1,2,3-
dithiazoles), highly delocalized but with little spin density residing on the two central ring atoms which
lie on the nodal plane of the SOMO (116).

116

9.3.8 1,2,4,6-Thiatriazinyl and -selenatriazinyl radicals

Although not as frequently studied as some of the other thiazyl radical ring systems, the 1,2,4,6-thiatriazinyl
skeleton 117 – along with its selenium and phosphorus-based variants discussed below – offers many key
insights into relationships between molecular and electronic structure in thiazyl radicals. These radicals
have been spectroscopically identified as decomposition products of dithiatetrazocines 119,193 but the
synthetic potential of this route has not been explored. Thiatriazinyls can be synthesized by reduction
of the corresponding S-chlorothiatriazines 118. The first derivative of 118 to be made was the 1,3,5-
trichloro derivative from dicyanamide salts and thionyl chloride194; this substrate can be converted to other
thiatriazines with different substituents on carbon and sulfur through nucleophilic substitution chemistry.195

The two general routes into the S-chlorothiatriazines involve the reaction of amidines with S3N3Cl3,91,196,197

or the condensation of imidoylamidines 120 with sulfur dichloride (Scheme 9.24).198,199 The latter route
permits the synthesis of unsymmetrically substituted derivatives. Reduction of the S-chlorothiatriazines to
the radicals has been achieved with metals or triphenylantimony.

The 3,5-diphenyl derivative was the first 1,2,4,6-thiatriazinyl radical 117 to be studied in detail by
EPR, structural, and computational studies.196,197 The SOMO for this radical (121) has large contributions
from the sulfur and all three nitrogen p-orbitals; the EPR spectrum of this radical has (nearly) equivalent
hyperfine coupling to all three nitrogen atoms. Derivatives with more electron withdrawing groups on
carbon (e.g., 4-O2NC6H4, Cl, CF3) have the effect of lowering spin density on N2 and N6 (the nitrogens
flanking the sulfur atom) relative to N4, as assessed by the changes in EPR nitrogen hyperfine coupling
constants.91,200 The pronounced substituent effect on radical spin distributions and ionization potentials91

contrasts the situation for, for example, 1,2,3,5-dithiadiazolyls for which the symmetry properties of the
SOMO preclude direct conjugative substituent effects.
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Thiatriazinyl radicals are in equilibrium with diamagnetic dimers in solution.196 There is but one solid
state structure of a thiatriazinyl, namely the diphenyl derivative (Figure 9.16).197 The structure consists
of a cofacial dimer with a S–S distance of 2.67 Å – considerably shorter than the S–S inter-ring distances
in other thiazyl radicals. There is also a noticeable tilting of the two rings away from one another, which
has lead to speculation as to whether this structure is best considered as having a weak S–S σ bond or is
better regarded as a π dimer complex.197

The chemistry of thiatriazinyl radicals has been little explored aside from some fundamental redox
chemistry (Scheme 9.25).201 The radicals 117 can be re-oxidized to the S-chlorothiatriazines 118 with
sulfuryl chloride; the use of nitrosonium salts of weakly coordinating anions (BF4

−, PF6
−) produces the

thiatriazinium cations 122. Reduction of the radicals with lithium in liquid ammonia, followed by quenching

Figure 9.16 Structure of the dimer of the 3,5-diphenyl-1,2,4,6-thiatriazinyl radical.197
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with ammonium chloride, gives the imide 123. The experimentally observed site of protonation (N4) in
123 is consistent with the calculated charge distribution in the intermediate thiatriazinide anion.

A single example of a 1,2,4,6-selenatriazinyl radical 124 has been prepared by the imidoylamidine route
previously described for the thiatriazine (Scheme 9.26).199 The ring-forming reaction passes through a
series of isolable intermediates but ultimately gives the Se-chlorothiatriazine 125 upon prolonged heating.
The electronic and molecular structural features of the radical (made by Ph3Sb reduction of 125) mirror
those of the corresponding thiatriazinyl – the spin density is comparable on all three nitrogens, and the
radical exists as a cofacial dimer analogous to the sulfur radical with an Se–Se “bond” length of 2.79 Å.
Comparative solution EPR studies indicate that the selenatriazinyl radicals associate more strongly than
the thiatriazinyls (dimer dissociation constants of 3 × 10−2 M for 117 vs 5 × 10−4 M for 124).

9.3.8.1 Phosphorus-containing thia- and selenatriazinyl radicals

The incorporation of phosphorus into the thia (selena) triazinyl skeleton has significant consequences for
the electronic structure of the resulting radicals. Condensations of the phosphorus-containing imidoylami-
dine 126 with sulfur dichloride or selenium tetrachloride gave the corresponding sulfur- or selenium-
chlorotriazines 127 and 128 respectively, which were subsequently reduced (Ph3Sb) to give phosphathia-
triazinyl and phosphaselenatriazinyl radicals 129 and 130 (Scheme 9.27).202

Whereas the SOMO (121) of radicals 117 and 124 are fairly evenly distributed around the ring, analysis
of the EPR spectra of the phosphorus containing radicals 129 and 130, coupled with semi-empirical
calculations, indicate that their SOMOs mainly reside on the SN unit adjacent to the phosphorus atom
(Figure 9.17a). The phosphorus atom carries very little spin density but has a substantial positive charge in
both radicals; in this context, the phosphorus centers are best regarded as phosphonium cations, with the
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Figure 9.17 (a) SOMO and (b) representation of charge distribution in phosphathiatriazinyl 129. (c) X_ray
structure of 129 (R = Ph, R′ = p-tol). (d) X-ray structure of 130 (R = R′ = phenyl).202

negative charge shared among the remaining atoms in the ring (Figure 9.17b). The heteroatom perturbation
also has ramifications for the nature of the radical dimer structures. Phosphathiatriazinyl 129 (R = R′ =
phenyl) exists as an S–S bound dimer (d(SS) = 2.48 Å) but, unlike the thiatriazinyl 117, has the two
rings are twisted with respect to one another (Figure 9.17c) – probably due to the steric demands of the
two phosphorus substituents. The dimer of phosphaselenatriazinyl 130 is based on a Se–N bond (1.99 Å),
supported by a secondary Se–N contact of 3.11 Å (Figure 9.17d). Accompanying this unusual dimerization
mode is the fact that the bond lengths within the two rings of the dimer are markedly different from
one another. The implications of the bonding are that the dimer consists of anionic (nitrogen-bound) and
cationic (selenium-bound) rings (130− and 130+ respectively) which result from electron transfer from
one radical to another (Scheme 9.28) – in other words, while the inter-ring bond in 129 (and 117) can be
described as covalent, the Se–N interaction in 130 is better formulated as a donor-acceptor bond.

Replacement of both skeletal carbon atoms in 117/124 by phosphorus leads to the “all-inorganic”
diphosphathia-(selena)triazinyl radicals 136/137. S-Chloro-3,5,1,2,4,6-diphosphathiatriazines 131 were
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originally obtained from the reactions of tetranitrogen tetrasulfide (S4N4) with chlorophosphines203 but
can also be made from the reaction of phosphonium salts 132 and bis(trimethylsilyl)sulfur diimide 133
(Scheme 9.29)202; the latter route allows entry into the corresponding Se-chlorodiphosphaselenatriazine
134 by using the analogous selenium diimide reagent 135.202 Reduction of 131 and 134 with
triphenylantimony gives the radicals 136 and 137 respectively.

The electronic structure of the P2N3E• radicals continues the trend established by the introduction of
the first phosphorus (see above). EPR and computational studies indicate that the SOMO 138 is now
totally confined to the NSN portion of the ring and the charge distribution strongly suggests an internal
salt formulation 139.
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P
N RR

R R

139138

The long term instability of selenium-based radical 137 precluded its structural characterization. The
structure of sulfur-based radical 136 consists of a very unusual dimeric structure 140 based on two fused
seven-membered rings sharing a long (2.39 Å) disulfide bond (this structure has also been described as a 12
membered ring with a trans-annular S–S bond) (Figure 9.18).204 The proposed mechanism of (reversible)
formation of this dimer is shown in Scheme 9.30. Two radicals 136 associate and undergo S–N bond
metathesis via transition state 141 to give a putative twelve membered ring “diradical” structure 142, which
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Figure 9.18 Structure of the dimer 140 of the Ph4P2N3S• radical 136.206
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undergoes intramolecular coupling to give the disulfide-bridged bicyclic structure 140. This rearrangement
process – essentially a S–N bond metathesis – is analogous to the scrambling reactions of sulfur diimide
radical anions (Equation 9.5).205

[RN=S=NR]•− + [R′N=S=NR′]•− → 2[RN=S=NR′]•− (9.5)

All of the aforementioned studies on thiatriazinyls are based on the 1,2,4,6-thiatriazine topology. Kaszyn-
ski has performed DFT calculations on other possible six-membered ring radicals with the C2N3S skeleton.
The 1,2,4,6-isomer 117 was found to be at least 20 kcal/mol more stable than the other thiatriazine iso-
mers, for example, the 1,2,4,5-structure 143. Attempts to make 143 – essentially a heterocyclic thioaminyl
radical – were unsuccessful.207
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9.3.9 Larger cyclic thiazyl radicals

Stable thiazyl radicals in seven- and larger-membered rings are rare. Chivers developed routes to
benzodithiadiazepines 144 through reactions of benzenebis(sulfenyl chlorides) with silylated amidines
(Scheme 9.31).208 The remaining N–SiMe3 group can be converted to a phenylselenyl substituent to give
145 which, upon heating, leads to N–Se homolysis and generation of the benzo-1,4,5,7-dithiadiazepinyl
radicals 146. However, these radicals proved to be too unstable to isolate. Attempts to access the radicals
by chlorination of 144 lead to the benzo-1,3,2-dithiazolium cation (cf. 64) which was postulated to form
via elimination of a nitrile (ArCN) from the in situ generated radical 146.

Oakley has reported the EPR characterization of an eight-membered ring radical 147 which was generated
by reduction of the corresponding S-chloro compound.209 The hyperfine coupling parameters suggest that
this radical can be described as an “internal salt” analogous to diphosphathiatriazinyls 139, that is, the NSN
portion of 147 is formulated as a radical anion with the corresponding positive charge delocalized mainly
on the NPN fragment opposite to the sulfur atom. This radical also exhibited unusually large hyperfine
coupling constants to the two flanking phosphorus atoms (24.5 G each), indicative of a non-planar ring
conformation which permits σ /π mixing and thereby increases the Fermi contact terms to these atoms.
The non-planarity of 147, and possible dynamic behavior thereof, is also inferred from its temperature
dependent EPR spectrum.
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9.4 Thiazyl radicals as “advanced materials”

The discovery of the remarkable solid state electronic properties of poly(thiazyl) is generally regarded as
the main catalyst for a resurgence of interest in the chemistry of so-called “sulfur–nitrogen” compounds,
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and particularly those based on radicals.210 The properties of poly(thiazyl) have been comprehensively
reviewed by Labes37 and by Banister and Gorrell,38 and only a short summary of the salient characteristics
of this material is presented here. Poly(thiazyl) is a highly conducting material, with a room temperature
conductivity of approximately 1000 S/cm. Upon lowering the temperature the conductivity increases by as
much as 100-fold and becomes superconducting at 0.26 K (it should be emphasized here that the confirma-
tion of superconductivity in (SN)x predated the discovery of the copper oxide “high TC” superconductors
by about 15 years; at the time of the (SN)x breakthrough, the record superconducting transition tempera-
ture (TC) for any material was only 23 K). Extensive experimental and computational investigations reveal
(SN)x to be an anisotropic, but genuine three-dimensional solid state material. This can be understood
most simply by considering the electronic structure of a single (SN)x chain, which is predicted to undergo
a Peierls distortion and hence be at best a semiconductor. The solid state structure of (SN)x (Figure 9.4)
also provides compelling evidence for significant interactions between SN chains. The multidimensional
electronic structure is crucial to understanding this unique material, and this (along with the benefit of
hindsight) makes it possible to understand why attempts to prepare “hybrid” thiazyl conducting polymers
combining SN units and organic components failed.211

In addition to inspiring number of efforts to make new sulfur–nitrogen-containing polymers, the trans-
port properties of (SN)x had a large impact on the field of inorganic compounds of sulfur and nitrogen,
particularly radical compounds. As a result of nearly three decades of sustained effort, the foundation of
fundamental studies of thiazyl radicals has enabled more targeted studies of intriguing, and possibly tech-
nologically relevant, physical properties such as charge transport and magnetism. This evolution (“from
molecules to materials”) has positioned thiazyl radicals collectively as one of the more important classes
of molecular building blocks for advanced materials. Detailed coverage of the literature in this area would
require a separate (and very large) chapter as a companion to this one. Instead, the following sections pro-
vide a brief introduction to the main physical properties exhibited by thiazyl radicals; subsequent sections
are organized phenomenologically rather than by radical type. Rawson provided a general overview of the
materials properties of thiazyl radicals a few years ago,212 and specific materials-oriented pursuits have
been covered at various stages by Oakley,210,213 Awaga,214 and Rawson.215

9.4.1 Charge transport properties of thiazyl radicals

The pursuit of electrically conducting materials has been a major thrust of molecular thiazyl radical research
for some time. In addition to the general context established by poly(thiazyl), a more specific rationale
for the construction of conducting materials based on neutral radicals was independently developed by
Haddon.216,217 The basic premise was that a π stacked array of neutral radicals, with significant inter-
radical orbital overlap, should give rise to a half-filled conduction band (Figure 9.19d). The presence
of charge carriers (unpaired electrons) and a partly filled band fulfill two requirements for metallic type
conduction. This approach contrasts the more established route to molecular metals in which unpaired
electrons are generated by electron transfer from a donor to an acceptor molecule, that is, conducting
π stacks of radical ions (Section 9.4.2). However, a uniformly spaced stack of uncharged radicals has
some pitfalls. If intermolecular overlap within the stack is poor, the unpaired electrons can simply localize
on each molecule and render the material a Mott insulator (Figure 9.19e). Even with substantial overlap
(i.e., bandwidth in the solid state), a one-dimensional structure of this type is inherently unstable and can
undergo a Peierls distortion, a structural distortion which opens up a band gap and renders the material a
semiconductor at best. In chemical terms this can be described as radical dimerization, leading to small
gap if there is still sufficient interdimer overlap (Figure 9.19c) or, in extreme cases, localized dimers with
little to no interaction with neighboring dimers (Figure 9.19b).
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(a) (b) (c) (d) (e)

Figure 9.19 Qualitative orbital energy diagrams for (a) the SOMO of a single π radical, (b) the HOMO and
LUMO of a radical π dimer, (c) valence and conduction bands for a stack of radical π dimers, (d) a half-filled
conduction band for a stack of uniformly spaced radicals, and (e) a Mott insulator for a stack of uniformly spaced
radicals.

At the time of Haddon’s proposal, no such stacked radical structures existed; in fact, the precious few
examples of stable neutral radicals in existence did not have the flat, delocalized, sterically unencumbered
structure to form any sort of π stack at all (Haddon’s proposal focused on the phenalenyl radical as
the building block of choice for other reasons – see below – but it took over twenty years for stable
versions of these radicals to be realized218). The development of several classes of thiazyl radicals in the
1970s and 1980s set the stage for some of these to be explored as candidates for neutral radical-based
conducting materials. The 1,2,3,5-dithiadiazolyl (35) and diselenadiazolyl (45) radicals were the first to be
seriously pursued in this regard, owing to their relative ease of synthesis, stability, and preponderance of
heteroatoms (sulfur and nitrogen) available for intermolecular interactions. The latter feature was believed
to be of possible use in providing additional orbital overlap which could aid in decreasing the band gap
(Peierls distortions are prevalent for low dimensional (anisotropic) structures).213,219

Extensive investigations into the solid state structures and properties of a wide range of 1,2,3,5-
dithiadiazolyl 35 and diselenadiazolyl radicals 45 produced several small band gap semiconductors (the
sulfur-based radicals are insulators (conductivity >10−8 S/cm) but several of the selenium variants have
room temperature conductivities of up to ∼10−5 S/cm). These efforts also lead to a greater appreciation
of molecular and solid state design principles which guided subsequent efforts. With few exceptions these
radicals formed π dimer structures in the solid state, precluding the possibility of the half-filled band archi-
tecture of Figure 9.19d. However, many of these derivatives adopt π -stacked structures of cis-cofacial π

dimers; the distance between dimers are typically close to the van der Waals contact distances between
sulfur or selenium atoms. The interdimer interactions can, and often do, lead to appreciable band for-
mation in the solid state. Band gaps for these materials range from values as high as 2.0 eV (in cases
where intermolecular overlap is very poor) down to as little as ∼0.5 eV. The 5-cyano-2-furyl substituted
diselenadiazolyl radical (Figure 9.20) is one of the best examples – EHMO band calculations reveal that
valence and conduction bands are due solely to π stacked structure (i.e., one-dimensional in nature), which
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(a) (b)

Figure 9.20 (a) π stacking of cis-cofacial π dimers and (b) variable temperature conductivity for 4-(5-cyano-2-
furyl)-1,2,3,5-diselenadiazolyl.136 (b Adapted with permission from [136]. Copyright 2001 American Chemical
Society.)

was cited as one of the most efficient of all the stacked structures for radicals of this type.136 The room
temperature conductivity is 10−5 S/cm – by far the highest value for a “mono” radical structure92,135 – and
the temperature dependence of conductivity is that of a classic intrinsic semiconductor, that is, linear
log(σ ) vs 1/T plot (Figure 9.20b). The application of external pressure leads to an enhancement of the
conductivity, presumably by compressing the structure, which leads to stronger intermolecular overlap.

However, the one-dimensional stacking of dimers is not always the only contribution to the overall
(three dimensional) solid state electronic structure and transport properties. The EHMO calculated band
structures of the 1,4- and 1,3-benzene-bridged diradicals (whose structures are shown in Figures 9.6a
and 9.6b respectively) both reveal significant isotropic band structures despite the stacking (1,3-diradical)
or pseudostacking (1,4-diradical) motifs.123,126 Although the sulfur-based diradicals are insulators, the sele-
nium analogues show semiconductive behavior, and are superior in this respect to several diselenadiazolyl
monoradicals.92,135 Thus in the absence of very efficient π stacking, both intra- and interstack interactions
help to create bandwidth. In this respect, the fact that the dithia- and diselenadiazolyl di- and triradicals
tend to have smaller band gaps and higher conductivities is probably a consequence of their simply having
“more radical” and “less substituent” in their molecular structures, thereby facilitating more extensive
intermolecular contact networks. This hypothesis is supported by, for example, the smallest possible dise-
lenadiazolyl 45 (R = H), with just a proton as substituent. This compound is a markedly better conductor
than most of the other monofunctional RCN2Se2 radicals.134 Similarly, the dithiadiazolyl diradical 39,
which has “no” substituent, is one of the few dithiadiazolyl radicals with measurable conductivity.121,122

Both of these radical derivatives have π stacks of cofacial π dimers as well as extensive interstack contacts.
The propensity of the 1,2,3,5-dithia- and diselenadiazolyl to dimerize in the solid state remains a

major obstacle to the realization of the regular (monomeric) radical stacked structure (Figure 9.18d).
Moreover, there is another aspect of these radicals which makes them less than ideal candidates for
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molecular conductors. Haddon discussed the importance of minimizing the ionic fluctuation energy (Ueff)
of a molecular conductor, that is, energy associated with disproportionation of two radicals into a cation
and anion.216,217 This quantity – also referred to as the energy of disproprotionation, �Hdisp, an intrin-
sic molecular property – is the difference between the ionization energy (IE) and electron affinity (EA)
of a radical. Semi-empirical calculations suggested that, for the odd alternant hydrocarbon radicals ini-
tially under consideration, the Ueff quantities compared favorably to those determined for the radical ion
constituents of the more well known charge transfer salts.217

Experimentally, Ueff can be determined if both the ionization energy and electron affinity or known,
but more commonly this quantity is estimated from solution electrochemical methods, where the dif-
ference between a neutral radical’s oxidation and reduction potential – referred to as the cell potential ,
“Ecell” – correlates with IP–EA (IP = Ionization Potential). The electrochemical method does not pro-
vide accurate absolute Ueff values, but the correlation between Ecell and either calculated or gas phase
determined (IE–EA) Ueff is very good, as shown by Boeré who investigated the solution electrochemical
properties of a large number of dithia- and diselenadiazolyl radicals.96 These radicals turn out to have
quite large Ecell values (1.43 ± 0.06 V for dithiadiazolyls and 1.25 ± 0.03 V for diselenadiazolyls) which
are not very sensitive to substituent effects (Section 9.3.2). The implications are that, even if the desired
uniform radical π stacked structure based on dithia- or diselenadiazolyl radicals could be realized, effective
(metallic) charge transport would be unlikely because of the high �Hdisp values inherent to these radicals.

Over the past decade Oakley has pursued other types of thiazyl radicals as building blocks for single-
component conductors, using the cell potential (disproportionation energy) as a central consideration in
molecular design. The 1,3,2-dithiazolyl (Section 9.3.4) was identified164 as another candidate radical class;
compared to the 1,2,3,5-dithiadiazolyls, the 1,3,2-dithiazolyls have a lower tendency to dimerize in the
solid state and their redox properties (Table 9.1) are more substrate dependent, and therefore tunable.
However, the Ecell values of most 1,3,2-dithiazolyls are ∼1.2 V, although for one derivative (80) this
value approaches 1 V. Conductivities of 1,3,2-dithiazolyls remain low, even for derivatives which do not
dimerize and π stack in the solid state – that is, these materials are Mott insulators.220,159

The cell potentials of 1,2,3-dithiazolyl radicals (Section 9.3.5) tend to be somewhat smaller than their
isomeric 1,3,2-derivatives. However, among the relatively small collection of structurally characterized
derivatives only two have solid state packing patterns which could facilitate charge transport. The lone
example of a π stack of monomeric 1,2,3-dithiadiazolyls (compound 94) is, in fact, a Mott insulator.174

Radical 92 assembles in the solid state into slipped π stacks of cofacial but antiparallel (centrosymmetric)
π dimers (Figure 9.14b). This material has a room temperature conductivity of nearly 10−4 S/cm, at the
time by far the highest conductivity for a sulfur-based radical.177 The conductivity is thermally activated,
with a band gap of ∼0.4 eV (determined both experimentally and estimated computationally by EHMO
methods). Interestingly, EHMO band calculations reveal that the orbital dispersion in this material is not
significantly higher than that of other radicals with similar solid state architectures (i.e., stacked π dimers.
Instead the low band gap is a direct consequence of the relatively small inherent HOMO–LUMO gap
in the π dimmer, which arises from the head-to-tail mode of association. This is also reflected in the
relatively long inter-radical S–S distances within the dimer.

The most promising thiazyl radical-based conductors to date are based on the resonance-stabilized
bis(1,2,3-dithiazolyls) and their selenium analogues 97a–d (Section 9.3.6). The cell potentials of these
radicals are significantly smaller than all of the other thiazyl radical types; Ecell values are in the range
0.7–0.85 V, with the smallest values belonging to some of the selenium containing derivatives 97b. These
radicals offer the additional advantage of (with a few exceptions, noted in Section 9.3.6) remaining
monomeric in the solid state. The bis(dithiazole) radicals 97a show, with few key exceptions, remark-
ably consistent solid state properties across several derivatives,180,181,187,221–223 namely: (i) relatively
one-dimensional electronic structures arising from slipped π stacks of radicals; the overall bandwidths of
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approximately 0.5 eV (EHMO calculated) arise mostly from intrastack overlap; and (ii) intrinsic semicon-
ductive behavior, with room temperature conductivities between 10−6 –10−5 S/cm and thermal activation
energies of ∼0.4 eV. A significant outlier among the bis(dithiazoles) in terms of properties is a derivative
of pyrazine-containing radical 101 (R1 = methyl).182 This compound adopts a different type of stacking
pattern, one in which the π stacks are not slipped (tilted) but also not cofacially superimposed, the result of
which is a complex network of intra- and interstack overlap. This produces an unusually large bandwidth
(1.5 eV) and exceptionally high conductivity for a thiazyl radical: the room temperature conductivity is
nearly 10−3 S/cm and the activation energy is only 0.19 eV, or half the value of the other bis(dithiazole)
materials. Incorporation of selenium into either (97b, 97c) or both (97d) chalcogen positions of these radi-
cals does not dramatically perturb the molecular features (e.g., spin distributions, ion energetics), but does
lead to substantially better intermolecular interactions, as manifested by larger bandwidths (up to 1 eV),
higher room temperature conductivities (10−6 up to 10−3 S/cm) and smaller activation energies (generally
∼0.3–0.17 eV).184–189221–224

9.4.2 Thiazyl radical-based charge transfer salts

The use of thiazyl radicals as single-component conductors represents an alternative to the more conven-
tional charge transfer (CT) salt based materials. Charge transfer salts consist of donor (D) and acceptor
(A) molecules between which there is partial charge transfer from D to A, that is, one or both com-
ponents have non-integral charge states. The solid state structures of these materials consist of π stacks
of all D and/or all A (as opposed to alternating stacks DADADA. . .), which gives rise to partially filled
conduction bands. In molecular terms the π stacks are formally mixed valent , consisting of a mixture of
neutral (closed shell) molecules and the corresponding radical ions. For example, the prototypical charge
transfer salt TTF–TCNQ (tetrathiafulvalene–tetracyanoquinodimethane) has a degree of charge transfer
of 0.59, that is, on average the TTF and TCNQ π stacks contain 59 % radical cations and radical anions,
respectively.

Thiazyl radicals have also been explored as the donor component in charge transfer type conducting
materials. Phenomenologically, the use of a neutral radical instead of a closed shell species as donor has
the effect of changing the occupancy of the conduction band (Figure 9.21): the unoxidized stack of closed
shell donors has a filled conduction band (Figure 9.21a), whereas the neutral radical stack has a half
filled band (Figure 9.21c; cf. Figure 9.19d). Partial oxidation of the closed shell species creates π stacks
consisting of a mixture of radical cations and neutral molecules, whereas the mixed valent stacks in the
neutral radical case are combinations of closed shell cations and neutral radicals.

In 1984, Wolmershauser reported that the benzo-1,3,2-dithiazolyl radical (69) reacts with TCNQ to give
an insoluble material with 1 : 1 stoichiometry and a room temperature conductivity of ∼1 S/cm.155 Based on
the analogy to the TTF–TCNQ family of charge transfer salts, the authors speculated that the structure of
their material consisted of segregated stacks of partially oxidized dithiazolyl radicals and partially reduced
TCNQ stacks as well. This turned out to be the case, as reported by Awaga in 2008:225 the X-ray structure
indeed consists of the two components in separate π stacks (Figure 9.22), and analyses of the structural
(S–N bond lengths) and spectroscopic (v(CN) in the infrared spectrum) data suggest a degree of charge
transfer of approximately 0.6. This value is remarkably close to the charge transfer in TTF–TCNQ and can
be understood based on the fact that the oxidation potential of 69 is virtually identical to that of TTF. How-
ever, unlike TTF–TCNQ the conductivity of 69:TCNQ is not metallic but instead thermally activated. This
behavior is believed to be based on relatively poor ion energetics (high ionic fluctuation energy) associated
with radical 69.225 A highly conducting charge transfer complex of 69 with an anionic nickel bis(dithiolene)
has also been reported. In this material the 1,3,2-benzodithiazoles do not π stack but the metal dithiolene
fragment does, implicating the latter as the major contributor to the charge transport properties.226
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(a) (b) (c) (d)

Figure 9.21 Schematic conduction band occupancies for π stacks of (a) neutral closed shell donor, (b) partially
oxidized closed shell donor, (c) neutral radical donor, and (d) partially oxidized radical donor.

Figure 9.22 X-ray structure of (benzo-1,3,2-dithiazolyl):TCNQ.225

Several highly conducting charge transfer salts based on 1,2,3,5-dithiadiazolyl radicals and halogens
have been studied. The first, and best studied, of these radicals to be studied in this context was the 1,4-
benzene-bridged diradical (148). Cosublimation of this species with iodine leads to a crystalline material
of composition [148][I].227 The structure of this material (Figure 9.23) consists of diradicals assembled
into perfectly aligned π stacks, with an interplanar distance of 3.415 Å – longer than typical π dimer
distances for these radicals but still significantly shorter than a S–S van der Waals contact (Figure 9.23a).
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(a) (b)

Figure 9.23 Structure of [148][I]. (a) perfectly aligned p stacks of [148]δ+. (b) view of the structure down the
stacking axis. Purple spheres represent linear columns of disordered polyiodide.
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Figure 9.24 (a) Temperature dependence of conductivity and (b) structural model for the metal–insulator
transition below 200 K in [148][I].227,228 (a Reprinted by permission from Macmillan Publishers Ltd [228],
copyright 1993.)

Iodine channels occupy channels between the diradical columns (Figure 9.23b) as (disordered) polyiodide
chains; iodide (I−) anions would be too large to fit into the lattice of the diradical columns. The S–S and
S–N bonds within the rings are intermediate between cation and anion, suggesting that a partial positive
charge is borne by the CN2S2 rings. This material has a room temperature conductivity of ∼100 S/cm
at room temperature; above 200 K the conductivity is metallic in nature (Figure 9.24a) Below 200 K
the conductivity drops sharply, and the material becomes diamagnetic. Low temperature crystallography
studies reveal the presence of a structural distortion – a charge density wave – from which band filling of
the heterocyclic π stacks of 3/8 can be directly inferred.227,228 This, in turn, means that each CN2S2 ring
is one-quarter oxidized, leading to a total charge distribution of [148]+0.5[I]−0.5. In the high temperature
(metallic) regime, the charges are formalisms in a molecular sense; both the dithiazole and iodide chains
are mixed valent in the solid state structure. Below the metal–insulator transition, however, the structure
consists of irregular π stacks, which can be modeled as a combination of dithiazolium cations, two neutral
π dimers, and one cationic π trimer (cf. the triiodide salt of (PhCN2S2)3

+,131 (Figure 9.24b).
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and the diradical 39 with the two dithiadiazolyls directly attached to one another.122 The selenium-based
systems are made by electrochemical reduction of the corresponding dications in the presence of iodine,
because the diselenadiazolyl diradicals are too involatile for the cosublimation chemistry to work. The
structure and electronic properties of [148][I] are qualitatively reproduced in the iodide charge transfer salts
of 149–155, that is, regularly spaced π stacks alongside disordered polyiodide channels, high (>10 S/cm)
room temperature conductivities, and metal–insulator transitions between 200 and 270 K. Band structure
calculations suggest conduction bandwidths of 3–4 eV, based largely on the “perfect” π stacked structures
(i.e., interstack interactions are, in a relative sense, far less significant in these materials). There appears
to be some degree of flexibility in the degree of charge transfer from the diradicals, based on (i) analyses
of the S–S and S–N bond lengths in the charge transfer salts and (ii) in a few instances, the observation
of other stoichiometries: diradicals 152 and 154 afford iodide salts with a diradical:iodine ratio of 2 : 1
in addition to the more common 1 : 1 ratio.230 The 2 : 1 salts have lower conductivities (∼10−5 S/cm)
than the 1 : 1 materials. Bromide-based charge transfer salts of 148 and 149 have also been made by
a comproportionation reaction between the diradical and its corresponding dication (dibromide) salt.228
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charge and are mixed valent. However the oxidized diradicals do not adopt the cofacially aligned π stacked
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The only charge transfer salts based on dithiadiazolyl monoradicals are the (non-conducting) “triple-
decker” structures based on the phenyl derivative (35, R = phenyl; Figure 9.8) and a conducting stacked
structure based on the parent dithiadiazolyl HCN2S2.105 This radical has two crystalline phases,104 one of
which consists of π -stacked π -dimers clustered into cyclic arrays with small void channels (Figure 9.25a).
Cosublimation of this radical with iodine produces the same stacked arrangement, but now with undimerized
radicals (Figure 9.25b,c) and disordered polyiodide in the channels. This material is noteworthy for two
reasons: (i) it is the only dithiadiazolyl charge transfer salt in which the basic packing pattern of radicals
is retained upon reaction with iodine; and (2) the stoichiometry, (HCN2S2)6I1.1, is more iodine-poor than
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(a) (b) (c)

I2(g)

Figure 9.25 (a) Structure of β-HCN2S2 viewed down the π stacks. (b) Stacking of π dimers of β-HCN2S2. c)
Structure of stacks in (HCN2S2)6I1.1.105

the diradical/iodide salts, suggesting a much smaller degree of charge transfer from the radical – which
nonetheless still leads to high conductivity (15 S/cm at room temperature).

9.4.3 Magnetic properties of thiazyl radicals

The magnetic properties of stable radical-based materials have been enthusiastically explored for
over two decades.232 The goals of these pursuits work span fundamental science (the development
of structure–magnetism relationships in radical-based compounds and materials) and more practical
challenges (the creation of molecule-based magnetically ordered materials). The use of molecular
or organic components in the design and construction of new magnetic materials – whether in
radical-based molecular crystals,233,234 incorporated into polymers,235 or combined with metals as
radical ligands236 – offers a number of possible advantages including solubility, processibility, and
multifunctionality.237 Early efforts in this field were dominated by nitroxide radicals234,238 owing to their
excellent stability; triarylmethyl radicals239 and verdazyl radicals240 have also played significant roles.

Thiazyl radicals are relatively new additions to the chemists’ toolkit of paramagnetic building blocks,
largely because the synthesis and characterization of most thiazyl radicals was not fully developed until
the 1980s and 1990s. However, interest in the magnetic properties of thiazyl radicals has steadily grown to
the point where these radicals are now among the most important ones in molecular magnetism. Rawson
reviewed the magnetic properties of thiazyls and outlined many of the general challenges of the field of
designing molecule-based magnets.212,215 In the past decade in particular, a very large number what could
be called “case studies” – that is, papers which report the structural and magnetic characterization of a small
number of closely related thiazyl radicals – have been published. Rather than provide a comprehensive
account of this body of work, this section aims to distill some of the general magnetic trends and the more
important developments in thiazyl radical magnetochemistry.

9.4.3.1 Magnetic properties of thiazyl radical-based π dimers and π stacks

In addition to playing a central role in charge transport properties (Sections 9.4.1 and 9.4.2), thiazyl radical
π dimers and π stacks also lead to a rich array of magnetic properties. A generic orbital interaction diagram
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Figure 9.26 Schematic interaction diagram for π dimer formation from two cyclic thiazyl radicals. The sulfur
and nitrogen atoms are not indicated in the dimer orbitals because the intermolecular overlap can be between
atoms of the same type or not.

for thiazyl radical π dimerization is presented in Figure 9.26. The SOMO–SOMO interaction involves end-
to-end interaction between the atomic p orbitals which constitute the radical SOMO. The weak, diffuse
bonding nonetheless suggests that π dimers should be diamagnetic and, as such, relatively uninteresting
from a magnetism perspective. In fact, this picture of radical association is far from complete. There are a
few examples of thiazyl π dimer structures (e.g., a few dithiadiazolyls115,116 and one thioaminyl radical241)
in which the inter-radical distances are significantly longer (∼3.25 Å). The magnetic susceptibility of these
compounds exhibit notable paramagnetism at higher temperatures, which arises from thermal population
of a triplet excited state which becomes accessible when the radical–radical interaction is sufficiently
weak.115,116

Several π dimer structures based on 1,2,3,5-dithiadiazolyl polyradicals show paramagnetic behavior
at high temperatures, though the origin of this effect is the thermally induced dissociation of the dimer
“bonds”. Figure 9.27a depicts the magnetic susceptibility for 1,3-phenylene-bridged diradical 149, which
adopts a π stacked, π dimer structure (Figure 9.7b).126 This material is diamagnetic up to nearly 400 K,
above which there is a significant increase in susceptibility. This behavior was ascribed to the extensive
uncoupling of π dimers to generate radicals: The susceptibility near 500 K corresponds to approximately
one spin per molecule. If the temperature is lowered prior to the onset of decomposition at 500 K the
susceptibility increase is quasi-reversible – the temperature decrease profile does not follow the temperature
increase profile, suggesting that not all spins re-align into π dimers (i.e., radical “defect” sites remain in
the lattice upon re-cooling). Interestingly, this phenomenon occurs only for the dithiadiazolyl structures
which adopt π stacks of π dimers126–128; radical dimer structures which are not π stacked (e.g., 148,123

see Figure 9.7a, and others124) only show irreversible susceptibility increases at the decomposition point
of the material (Figure 9.27b for 148). The dependence of the pseudo-reversible “spin breakout” on the
presence of a π -stacked structure implies that cooperative (inter-dimer) effects between π dimers are a
prerequisite for this process.
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Figure 9.27 Variable temperature magnetic susceptibility of (a) 149126 and (b) 148.123 (Reprinted with
permission from [123]. Copyright 1991 American Chemical Society.)

The reversible uncoupling of π dimers of 1,3,2-dithiazolyl radicals has been explored more extensively,
facilitated in part by the much lower diamagnetic/paramagnetic transition regimes for these radicals com-
pared to the 1,2,3,5-dithiadiazolyls (probably a reflection of the lower dimerization enthalpies for the
former). The dithiazolyls typically have a relatively sharp transition between a low temperature diamag-
netic state (based on a π -dimer π -stacked assembly) and a high temperature paramagnetic state (consisting
of π stacks of unassociated radicals); in several instances both the diamagnetic and paramagnetic states
have been crystallographically characterized. The most intriguing aspect of the monomer/dimer transition
in 1,3,2-dithiazolyls is the fact that the transition temperature depends on whether the temperature is being
increased or decreased . Thus, there are two transition temperatures (Table 9.2), and the regime in between
the two is one in which the radical can be either dimeric or monomeric, depending on sample history – that
is, these materials possess a form of magnetic bistability . This phenomenon was first observed by Oakley
for radical 79.159 Shortly thereafter Awaga242 – and later Rawson101 – reported the first example (radical
75) in which the bistable regime included ambient temperature, and several other derivatives exhibiting
this unusual “spin transition” behavior have been discovered (Table 9.2).160,162,243,244 Further investiga-
tions into 75 have demonstrated that the bistability can be induced by photolysis,245 and that application
of external pressure shifts both of the transitions to higher temperatures.246

As an illustrative example, Figure 9.28 shows the high and low temperature structures (both of which
were solved at the same temperature (323 K), that is, within the bistable temperature window) and magnetic
susceptibility for pyrazine-fused dithiazolyl radical 71.243 Upon raising the temperature from <250 K the
material is diamagnetic until a sharp transition to a paramagnetic state at 343 K (TC↑). If the sample is sub-
sequently cooled, the material retains its paramagnetism down to 297 K (TC↓). Thus, in the bistable window
the radical can be either diamagnetic or paramagnetic depending on whether the sample was previously
cooled below 297 K or heated above 347 K, respectively. The magnetic susceptibility in the high tempera-
ture regime is much lower than expected for a strict paramagnet, consistent with strong antiferromagnetic
exchange between radicals in the π stacks. Analysis of the magnetism of another derivative (75) in the high
temperature form reveals strong antiferromagnetic interactions within the π stacks, with J = −224 cm−1 (in
addition to significant interstack magnetic interactions, J′ = −42 cm−1).101,242 Other bistable dithiazolyls
have qualitatively similar magnetic properties (that is, strongly antiferromagnetically coupled radicals)



The Synthesis and Characterization of Stable Radicals Containing the Thiazyl (SN) Fragment 367

Table 9.2 π Dimer/monomer transition temperatures for 1,3,2-dithiazolyl radicals. TC↓ and
TC↑ refer to the monomer/dimer transition temperatures whereupon temperature is decreasing
or increasing, respectively, and �TC is the difference between the two transition temperatures

Compound (number) TC↓ TC↑ �TC Reference
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Figure 9.28 (a) Low temperature X-ray structure of 1,3,2-dithiazolyl 71. (b) High temperature X-ray structure.
(c) Temperature dependence of χT for 71.243 (c Reprinted with permission from [243]. Copyright 2004 American
Chemical Society.)

in their high temperature form, although quantitative analyses of their temperature-dependent magnetic
susceptibility were not reported.

Oakley has proposed a mechanism which accounts for the large bistability regime (large �TC) of some
of these radicals (Figure 9.29).243 The hysteretic nature of the phase changes require consideration of
interstack interactions, both between sulfur and nitrogen atoms as well as sulfur and sulfur atoms. For
radical 71 lateral (interstack) interactions must first be broken (Figure 9.29, step A) before the monomeric
radicals can rotate (step B) to position themselves in optimal orientation to form the π dimer structure
(step C). The reverse process (dimer disassociation) analogously requires a prior weakening of interactions
between the π dimer stacks. Thus, while intrastack interactions are clearly a central feature of the hysteretic
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Figure 9.29 Schematic illustration of the conversion of the high temperature (monomeric) to low temperature
(π dimeric) forms of 1,3,2-dithiazolyl radical 71.243 (Reprinted with permission from [243]. Copyright 2004
American Chemical Society.) A full-colour version of this figure appears in the Colour Plate section of this book.

monomer/dimer transitions, the subtleties of interstack interactions provide a means of rationalizing the
large �TC in these systems. This hypothesis is supported by the fact that extensive interstack contacts
are present in the derivatives which have large �TC (71, 75, and 79) whereas the cyanophenyl-fused
dithiazolyls 72 and 73 – which do not have a preponderance of sulfur and nitrogen atoms on their molecular
peripheries – have much smaller �TC values (zero in once case).

Monomer–dimer transitions of a different nature have been reported by Awaga. The radical cation of
the benzobis(1,3,2-dithiazolyl) diradical 80 forms one-dimensional coordination chains with InX4

− anions
(X = Br, Cl) (Figure 9.30a).247 The radical cations are coordinated to cis coordination sites of the pseudo-
octahedral-based indium-centered anions. The nitrogen atoms necessarily are in fairly close contact; at
270 K (X = Br) each of the N–N distances A and B (dashed lines in Figure 9.30a) are equivalent (3.168 Å).
However, a phase transition at 250 K leads to subtle but important structural changes: the N–N distances “A”
shorten to 2.899 Å while d (NN(B)) increases to 3.283 Å, and the coordinate bonds (In–N) change from all
being the same (2.68 Å) in the high temperature regime to alternating in the low temperature structure, with
d (In–N(A) = 2.455 Å and d(In–N(B)) = 2.887 Å. It appears that below the phase transition the electronic
structure of the radical cation evolves to separates the spin and charge at opposite ends of the molecule, as
represented below by 80+. The structural features of one end (containing N(B)) resemble a dithiazolium
cation, whereas the other end (containing N(A)) is best described a dithiazolyl radical which forms a
dimer with the neighboring molecule bound to the same indium ion. Indeed, the local structure around the
N(A)–N(A) interaction resembles that of the dimer of the bis(trifluoromethyl)dithiazolyl, (cf. Figure 9.13a).
Modeling of the magnetic behavior above and below the phase transition suggests dramatically different
magnetic interactions in the two forms (Figure 9.30b); in the low temperature regime the coupling is very
strongly antiferromagnetic as expected for pseudo-π -dimers, while in the high temperature regime the
coupling, though still substantial, is comparatively much weaker.

The majority of bis(1,2,3-dithiazole) and related radicals 97a–d adopt undimerized π -stacked structures
in the solid state. In these systems the stacks are usually “slipped” – that is, when viewed from above,
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Figure 9.30 (a) Structure and (b) temperature dependence of the magnetic susceptibility of 80+.InBr4
−.247

(Reproduced with permission from Wiley-VCH Verlag GmbH.)

neighboring radicals within a stack are translated with respect to one another in the plane perpendicular
to the stack (Figure 9.31b). Oakley has performed DFT calculations to predict the magnetic exchange
interaction between π -stacked radical pairs for all four sulfur/selenium variations of the bis(dithiazole)
radical as a function of the degree of slippage.223 The energy surface plots generated (Figure 9.31a)
provide qualitative, but effective predictive insight into the relationships between the structural nature of a
particular radical π stack and the magnetic interactions (ferro- vs antiferromagnetic) observed within the
stacks. This study is an extremely rare example of predictive magnetostructural correlations in molecular
systems, in sharp contrast to the conventional “case by case” analysis approach; the latter approach is in
part necessitated by the challenges in identifying meaningful structure/magnetism relationships in other
radical classes.248

9.4.3.2 Magnetically ordered thiazyl radicals

The creation of magnetically ordered organic solids has long been one of the biggest challenges in the
general field of molecule-based magnetism. Historically, nitroxide radicals have dominated these studies,
and there are a few dozen examples of magnetically ordered materials based on these radicals.234 The
magnetic ordering temperatures (TC) for these radicals are generally extremely low – the majority of
nitroxide magnets have TC’s below 0.4 K and only a small number are above 0.5 K. Two important landmark
examples are the p-nitrophenyl-substituted nitronyl nitroxide (TC 0.60 K), the first purely organic magnet,249
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Figure 9.31 (a) Surface plot of calculated intermolecular magnetic exchange (Jπ ) between two π stacked
bis(dithiazolyl) radicals 97a (R1 = R2 = H) as a function of displacement of the two radicals along x and y
vectors. (b) Definition of x and y displacement vectors.223 (Reprinted with permission from [223]. Copyright
2009 American Chemical Society.) A full-colour version of this figure appears in the Colour Plate section of
this book.

and Rassat’s adamantyl dinitroxide, which has the highest TC among all nitroxides.250 Among non-nitroxide
radicals, the radical ion salt C60

+•TDAE− (TDAE = tetrakis(dimethylamino)ethylene) deserves mention
as the material with the highest TC (16 K) for a material based exclusively on first row elements.251

The magnetically ordered thiazyl-based radicals are listed in Table 9.3. A diverse range of molecular
structure types are represented, and the magnetic ordering temperatures are generally much higher than
is typically found for the nitroxide-based magnets. The first reported magnetically ordered thiazyl radical
was Rawson’s cyano-substituted perfluorphenyl 1,2,3,5-dithiadiazolyl 155.252 This discovery generated a
great deal of interest, not only as the first example of a thiazyl radical to magnetically order, but also
because the ordering temperature of 36 K was over an order of magnitude higher than the previous record
for neutral radical magnets. The magnetically ordered state in this system is actually antiferromagnetic, but
one in which the ordering is canted – a phenomenon which arises when the antiferromagnetic alignment
of spins in two sublattices is not entirely antiparallel. As a result, the material does exhibit spontaneous
magnetization below TC but the magnetization is much smaller than would be expected for ferromagnetic
ordering. The only other magnetically ordered dithiadiazolyl is the p-nitro-perfluorophenyl analogue 156
which orders ferromagnetically below 1.3 K118

There are a few 1,3,2-dithiazolyl radical based magnets. Benzo-1,3,2-dithiazolyl 69 was initially charac-
terized as a (diamagnetic) π dimer at room temperature.165 The discovery of magnetic bistability in other
1,3,2-dithiazolyls prompted a subsequent investigation of the high temperature magnetic behavior of 69.253

Indeed this radical undergoes a phase transition to a paramagnetic state at 346 K and reforms the diamag-
netic state upon cooling to ∼270 K. However, upon rapid cooling the paramagnetic state (of unknown solid
state structure) remains stable all the way down to 11 K, whereupon antiferromagnetic ordering sets in.

Awaga has also investigated the magnetic properties of salts of the benzobis(1,3,2-dithiazole) radical
cation, 80+. The GaCl4−254,255 and FeCl4−256 salts initially crystallize as solvates (acetonitrile and acetone,



The Synthesis and Characterization of Stable Radicals Containing the Thiazyl (SN) Fragment 371

Table 9.3 Magnetically ordered thiazyl radicals

Compound Ordering type Ordering temperature (K) Reference

N S

SN

155NC

F F

FF

Canted AFM 36 252

N S

SN

156O2N

F F

FF

FM 1.3 118

69 AFM 11 253
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respectively); both solvated structures contain cofacial π dimers of 80+ radical cation, and are thus dia-
magnetic; non-coordinated counterions and solvent molecules complete both lattices. However, the solvent
molecules can be removed by applying a gentle vacuum, leading to materials which are paramagnetic and
ferromagnetically order at the relatively high temperatures of 6.7 K (GaCl4)254 and 44 K (FeCl4).256 The
structure of the desolvated FeCl4 salt is not known but, based on the paramagnetism of the sample, must
consist of monomeric 80+ molecules (the high spin iron(III) most likely makes an important contribution
to the bulk magnetic properties as well). A structure of a desolvated GaCl4− salt (prepared by crystal-
lization from a solvent system not containing acetonitrile) indeed contains monomeric radicals and not π

dimers.255 This material has a TC of 7.0 K and, as such, may well be the same structure as the one obtained
by removal of acetonitrile from the solvated structure. The related GaBr4

− salt of 80+ (no solvent) also
consists of monomeric radical cations; however, the solid state packing in this structure is different from
that of the tetrachlorogallate, and the ferromagnetic ordering temperature is lower (0.4 K).257

Although the bis(1,2,3-dithiazole) radical family 97a–d was initially designed and pursued for possible
uses as conducting materials (Section 9.4.1), their magnetic properties have turned out to be among the
more striking among all molecular radical systems. As can be seen from Table 9.3, several derivatives
have magnetic ordering temperatures above 10 K. Three derivatives (157,189 158,189 161222) order anti-
ferromagnetically but, like 1,2,3,5-dithiadiazolyl 155, are spin-canted and, as such, are described as weak
ferromagnets. Genuine ferromagnetic ordering has been established for four of these radicals (159,221,222,224

160,222 162,224 163224); all four have ordering temperatures which rank among the very highest for molec-
ular systems. Interestingly all of the magnetically ordered derivatives contain selenium (the corollary of
which is that the all-sulfur radicals 97a do not magnetically order). Heavy atom incorporation introduces
significant spin orbit coupling effects, which are believed to contribute to both the spin canting189 in 157,
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Figure 9.32 Magnetization vs magnetic field hysteresis loops for 159 and 160.222 (Reprinted with permission
from [222]. Copyright 2008 American Chemical Society.)
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158 and 161 as well as the extremely high coercivities observed for 159, 162, 163, and particularly the
all-selenium derivative 160 (Figure 9.32). The coercivities of organic magnets constructed exclusively from
lighter elements are normally at least two orders of magnitude smaller than in these systems.

9.5 Conclusions

The field of thiazyl radical chemistry has evolved significantly since its inception in the 1970s. Early
stages necessarily focused on synthetic and electronic structure aspects; the latter aspect is clearly a fertile
area owing to a number of phenomena, such as redox activity and the weak, reversible, intermolecular
associations of many of these radicals. In more recent times the materials thrust has taken center stage
as the fundamental chemistry has matured. Several different kinds of thiazyl radicals are now in play as
molecular conductors, magnets, or switches, and their properties differ sharply from some of the other
“more organic” radicals. Device applications of these systems have not yet been reported, for example, as
components of field effect transistors, although Awaga has recently demonstrated the use of the 1,2,3,5-
dithiadiazolyl diradical 39 as a photoconductor in a thin-film-based device.258 In any event it is clear (to
this author, at least) that thiazyl radical chemistry has flourished and will continue to do so.
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10.1 Introduction

The primary focus of this chapter is on recent developments in the chemistry of stable radicals of the
heavy p-block elements. In the context of the content of the other chapters in this book, the heavy p-block
elements are taken to include all third row elements (i.e., aluminum, silicon, phosphorus, sulphur and
chlorine) and their heavier congeners. However, sulfur–nitrogen and related chalcogen–nitrogen radicals
are not included because they are the topics of Chapters 5 and 14.

The topic “Persistent and Stable Radicals of the Heavier Main Group Elements” has been covered in
a comprehensive review by Power, which comprises the literature up to circa mid-2002.1a Consequently,
the emphasis in the current account is on progress that has been made in the past 6–7 years, although
comparisons with earlier seminal contributions will be made where appropriate. The choice of material to
be discussed is made on the basis of the literature definitions of “stable” and “persistent”. Both terms can be
applied to long-lived radicals. However, the term “stable” is used to describe radicals that can be isolated
and stored under an inert atmosphere for long periods, whereas the designation “persistent” refers to radicals
that have relatively long lifetimes under the conditions that they are generated . For practical purposes,
these definitions imply that the solid state structures of stable radicals can, in principle, be determined
by X-ray crystallography, while the characterization of persistent radicals is limited to the application of
spectroscopic methods (most commonly electron paramagnetic resonance (EPR) spectroscopy) either in
solution or, infrequently, in the gas phase. Although the chemistry of stable radicals is emphasized in
the current chapter, information on persistent radicals will be included when either it is pertinent to the
discussion of the congeneric stable radicals or it introduces important insights into the behavior or properties
of a particular type of radical for which stable analogues are unknown. While the emphasis is on neutral
species, relevant examples of charged species, that is, anion or cation radicals, are also discussed in the
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context of isoelectronic relationships and in cases where they enhance our understanding of the electronic
structures and bonding. In recent years there has been increasing interest in stable biradicals involving the
p-block elements2,3 and the intriguing chemistry associated with these species will also be covered in the
appropriate sections of this chapter.

The principal strategy for conferring stability on heavy p-block element radicals is the use of extremely
bulky substituents to provide a kinetic barrier to oligomerization processes, for example, dimerization. For
cyclic systems, delocalization of the unpaired electron over the entire (or part of) the ring system may also
contribute to stability. For heterocyclic radicals stability may also be enhanced by the presence of highly
electronegative atoms. The primary interest in stable radicals of the heavy p-block elements has focused
on the insights that structural studies, in conjunction with molecular orbital calculations, provide into
the bonding in these paramagnetic systems. From the viewpoint of applications, the major advancements
that have been made in the design and generation of chalcogen–nitrogen radicals with potentially useful
conducting or magnetic properties are covered in Chapters 5 and 14.

The subsequent sections of this chapter are organized sequentially according to groups 13, 14, 15, 16
and 17 in the Periodic Table. For each group, radicals that incorporate the third-row elements will be
discussed before their heavier analogues; boron-containing radicals are also considered in the section on
group 13, since they are not covered elsewhere in this book. Neutral radicals are presented before charged
species, that is, anion or cation radicals. In the case of ring systems, paramagnetic homocycles are described
prior to heterocycles. For the major types of radical the methods of synthesis are illustrated along with
information on their molecular and electronic structures, as revealed by X-ray structural determinations,
molecular orbital calculations and spectroscopic techniques.

10.2 Group 13 element radicals

10.2.1 Boron

10.2.1.1 Radical anions/early studies

The early work on boron-centered radicals was stimulated by the isoelectronic relationship of boron triaryl
radical anions [BR3]•− (1) (Scheme 10.1) and the neutral carbon-centered radicals [CR3]• (R = aryl).4 EPR
studies of [BPh3]•− and its deuterated derivatives, as well as derivatives of the type [B(4-XC6H4)3]•− (X =
Cl, OMe), have revealed that the unpaired electron in 1 is located primarily at boron (a(11B) = 7.84 G).5

The relatively low value of the hyperfine coupling constant (hfcc) indicates that the unpaired electron
density is mainly associated with the 2p orbital and that the geometry of the [BR3]•− radical anions is
planar rather than pyramidal. This conclusion was subsequently corroborated by the crystal structure of the
thermally stable, ion-separated salt, [Li(12-crown-4)2][BMes3], which decomposes only at about 240 ◦C.6

The trigonal planar boron center shows only small deviations from 120◦ in the C–B–C angles; the B–C
bond lengths are elongated by about 0.02 Å from those observed in neutral BMes3.

Another example of early seminal studies on boron-centered radicals is the one-electron reduc-
tion of diboron(4) compounds, R2BBR2 (R = alkyl, aryl). The resulting diborane(4) radical
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anion, [R2BBR2]•− (2) (Scheme 10.1), was first structurally characterized as the contact ion pair,
[Li(OEt2)2][MeO(Mes)BB(Mes)OMe], in which the Li+ cation is bound to the anion by coordination
to the methoxy oxygens.7 The broadness of the electron paramagnetic resonance (EPR) signal of this
paramagnetic species precluded the determination of hfcc values. However, the solvent-separated ion
pair, [K(18-crown-6)(THF)2][Mes2BB(Ph)Mes], which was obtained by one-electron reduction with
potassium in tetrahydrofuran (THF) followed by the addition of 18-crown-6, exhibits a seven-line EPR
pattern (g = 2.0063) with a(11B) = 13 G due to the coupling to two boron centers (11B, I = 3/2, 80.2 %)
consistent with the formation of a π radical.8 A π -bond order of 0.5 was indicated by comparison of the
structural parameters of this radical with those of the neutral precursor, Mes2BB(Ph)Mes.

10.2.1.2 Biradicaloids

A biradicaloid is a closed shell species derived from a singlet biradical by a weak interaction between the
radical centers.2,3 The term biradicaloid is applied to p-block element compounds in which the biradical
character is substantially less than that of organic biradicals.3 The study of such biradicaloids raises
fundamental questions about the nature of chemical bonding, as well as the prospect of generating materials
with unique magnetic properties, as indicated by the following examples involving cyclic B2P2 systems.
The boron-centered biradicaloid, (iPr2P)2(BtBu)2 (3) is prepared by the reaction of the 1,2-dichloroborane,
Cl(tBu)BB(tBu)Cl, with two equivalents of LiPiPr2.9 The biradicaloid 3 is an isoelectronic analogue of the
carbon-centered biradicaloids (RP)2(CR′)2 (Scheme 10.16); it is presumably formed by a rearrangement
of the initially formed acyclic P–B–B–P skeleton (Scheme 10.2).

The thermally stable (> 200 ◦C), air-sensitive yellow crystals of 3 display a perfectly planar P2B2 ring
with a transannular B–B distance of 2.57 Å (cf. 1.76 Å for a B–B single bond), indicative of biradical
character for 3.9 The absence of an EPR signal both in solution and in the solid state from −80 ◦C to
room temperature suggests a singlet ground state for 3. This inference is supported by DFT calculations,
which predict that the singlet state is 17.2 kcal mol−1 lower in energy than the triplet state biradical, thus
suggesting coupling between the two radical sites. The structures of four-membered rings (R2P)2(BR′)2

are markedly influenced by the nature of the substituents on boron and phosphorus. Replacement of the
tert-butyl group on boron in 3 by a 2,3,5,6-tetramethylphenyl group generates a folded structure with
a B–B distance of 2.24 Å, while changing the iso-propyl groups on phosphorus to phenyl substituents
produces an even more folded structure with a B–B distance of 1.99 Å.9c Thus, it seems that the biradical
nature of the P2B2 ring in 3 results from the combination of the steric strain imposed by the substituents
on the phosphorus and boron and the σ donor property of the tert-butyl group at boron.
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In a fascinating recent development it has been shown that inverting the role played by the phosphorus
and boron moieties, for example, in (PhP)2(BCy2)2, produces a four-membered ring with a transannular
P–P bond that is slightly longer than a typical single bond.9d The easily accessible biradical character of
(PhP)2(BCy2)2 is indicated by the facile reaction with tributyltin hydride to give a mixture of cis and
trans-(PhPH)2(BCy2)2.

In the context of producing antiferromagnetic low spin polymers, two four-membered P2B2 biradicaloids
have been linked together via a phenylene spacer group in the derivatives 1,3-[B(iPr2P)2B(tBu)]2C6H4 (4a)
and 1,4-[B(iPr2P)2B(tBu)]2-2,5-R,R′C6H2 (4b, R/R′ = H/H, H/methyl, methyl/methyl) (Scheme 10.3).10

The tetraradical nature of 4a and 4b is dependent on the communication of two biradicaloid units through
the para-phenylene linker. Crystal structure determinations reveal a coplanar arrangement of the C6 and
B2P2 rings in 4b (R = R′ = H) with B–B distances of about 2.57 Å, whereas the steric strain in the meta-
isomer 4a and that imposed by the methyl substituents in 4b (R = R′ = methyl) results in folding of the
P2B2 ring to give bicyclic structures with transannular B–B bond lengths of about 1.88 Å. Similarly to 3,
the tetraradicaloid 4b (R = R′ = H) shows no EPR signal indicating a singlet ground state.

10.2.2 Aluminum, gallium, and indium

10.2.2.1 Neutral radicals: acyclic and homocyclic systems

Investigations of both acyclic and cyclic radicals involving M–M bonds (M = aluminum or gallium) with
bulky substituents on the group 13 metal center have provided insights into the influence of the metal
center on relative stabilities as a result of differences in covalent radii and/or M–M bond strengths.

Thermolysis of the dimer R′
2AlAlR′

2 in heptane leads, via Al–Si bond cleavage, to a persistent acyclic
radical, [R′

2AlAlR′]• (5a), that exists as an intermediate in the formation of the stable three-membered ring
[Al3R′

4]• (R′ = SitBu3) (6a) (Scheme 10.4).11 The isolation of black-green crystals of this homocyclic
neutral radical is a cogent illustration of the ability of bulky substituents to stabilize cyclic radicals of main
group elements.

The planar, three-membered ring in 6a forms an isosceles triangle in which two of the aluminums are
three-coordinate and one is four-coordinate. The Al–Al bond between the two three-coordinate aluminums
is somewhat shorter than those involving the four-coordinate aluminum atom (2.703 vs 2.756 Å, cf. 2.751 Å
for the Al–Al single bond in R′

2AlAlR′
2). The poorly resolved EPR spectrum of 6a in C6D12 precludes a

definitive identification of the radical present in solution. The observed hfcc values of about 3 G and two
inequivalent couplings close to 13 G (g = 2.0053) may indicate cleavage of one of the elongated Al–Al
bonds in solution leading to the acyclic radical [R′

2Al-AlR′-AlR′]•, as suggested by DFT calculations.11

Alternatively, the slight inequivalence of the two larger hfcc values may result from the disparity in the
geometry about the two three-coordinate aluminum atoms in the solid state structure; one of the R′Al units
in 6a is planar while the second adopts a pyramidal arrangement.

The acyclic intermediate 5a was identified only by its EPR spectrum in solution (a(27Al) = 21.8 and
18.9 G).11 In contrast, the heavier gallium congener, [R′

2GaGaR′]• (R′ = SitBu3) (5b), has been isolated
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as blue-black crystals from the reaction between NaR′ and gallium trichloride (GaCl3) in 3 : 1 molar
ratio (Scheme 10.4).12a The structure of 5b exhibits a trigonal planar Si2GaIIGaI unit and a slightly bent
GaIIGaISi chain (� ∠ GaII 359.6◦ and ∠ GaII–GaI–Si 170.3◦) (the superscripts I and II refer to the formal
oxidation states of the gallium centers). The Ga–Ga σ bond is formed by overlap of the sp2- and sp-
hybridized gallium atoms. The odd electron occupies a bonding π molecular orbital formed by overlap of
the pz orbitals on the two gallium atoms resulting in a formal bond order of 1.5 for the Ga–Ga bond. The
EPR spectrum of 5b shows a 64-line signal (g = 1.9947) arising from coupling of the unpaired electron
with the two inequivalent gallium centers (69Ga, I = 3/2, 60.1 %; 71Ga, I = 3/2, 30.9 %).12a The two
different hfcc values (a1(69/71Ga) = 50/64 G and a2(69/71Ga) = 32/41 G) could not be assigned to the two-
and three-coordinate gallium atoms with certainty.

The three-membered ring [Ga3R′
4]• (R′ = SitBu3) (6b), the gallium analogue of 6a, is synthesized either

by oxidation of the acyclic anion [R′
2Ga–GaR′–GaR′]− or by the reaction of [R′

2GaGaR′]− with R′Br
(Scheme 10.4).12b In contrast to the aluminum derivative 6a, the neutral radical 6b exhibits a Ga–Ga bond
length between the two three-coordinate galliums that is about 0.35 Å longer than those involving the four-
coordinate R′

2Ga unit (2.879(1) vs 2.527(1) Å), implying the onset of Ga–Ga bond cleavage. In solution,
the three-membered ring 6b decomposes to give the EPR signal of the acyclic radical [R′

2GaGaR′]• (5b)
either after prolonged standing or upon warming; the initial EPR signal arising from 6b is not sufficiently
resolved to be unambiguously analyzed.12b

The dark crimson neutral radical [Al(AlR3)2]• (R = N(SiMe2Ph)2) (7) is isolated in 15 % yield from the
reaction of a metastable solution of aluminum chloride (AlCl) in toluene/diethyl ether with an equimolar
amount of LiR at −78 ◦C.13 The structure of the D3d -symmetric Al7 cluster is comprised of an aluminum
atom linked symmetrically to two Al3 rings (Figure 10.1). The Al–Al bonds within the three-membered
rings are significantly shorter than those involving the central aluminum atom (2.61 vs 2.73 Å). On the
basis of detailed bonding analysis of 7 and the corresponding monoanion [Al(AlR3)2]− (R = N(SiMe3)2)

(8), this fascinating cluster radical is referred to as a “metalloid” system.13

10.2.2.2 Neutral radicals: heterocyclic systems

Two classes of heterocyclic radicals involving group 13 elements have been thoroughly investigated.
The first involves a series of neutral bis-boraamidinate (bam) radicals, {M[PhB(µ-NtBu)2]2}• (M = B,
Al, Ga, In) (9a–d) (Scheme 10.5), which are obtained by one-electron oxidation of the corresponding
monoanions. The aluminum (9b) and gallium (9c) derivatives form thermally stable dark red and green
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Figure 10.1 Crystal structure of [Al(Al3R3)2] (7, R = N(SiMe2Ph)2). (Reproduced with permission from [13].
Copyright Wiley-VCH Verlag GmbH & Co. KGaA.)
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crystals, respectively, which exhibit a spirocyclic arrangement of the two bam ligands.14 The comparable
N, N ′-chelated bis-diazabutadiene system, {M[(CH)2(µ-NtBu)2]2}• (M = B, Al, Ga, In) (10a–d)
(Scheme 10.5), has been studied both experimentally (10b–c)15 and computationally (10a–d).16 Although
the compounds 9 and 10 are not group 13-centered radicals, these stable, spirocyclic paramagnetic com-
pounds serve as examples of the characterization of main group radicals containing multiple quadrupolar
nuclei by EPR spectroscopy, supported by electronic structures obtained from DFT calculations.

DFT calculations of the model radicals {M[PhB(µ-NMe)2]2}• (M = B, Al, Ga, In) predict D2d-symmetric
geometries consistent with the observed solid state structures of 9b and 9c.14 The single point calculations
on the optimized geometries show that the SOMOs consist solely of nitrogen p-orbitals (Figure 10.2 for
M = aluminum); they are equally delocalized over all four nitrogen atoms as revealed by the spin densities
derived from Mulliken population analysis. The EPR spectra of 9a–d show that the central group 13 metal
atom and the NBN boron atoms have non-zero spin density values arising from polarization effects. The
experimental spectra of these spirocyclic neutral radicals can, therefore, be simulated by assuming hyperfine
interaction of the unpaired electron with four equivalent nitrogen centers, two boron atoms and the central
group 13 element (27Al, I = 5/2, 100 %; 69Ga, I = 3/2, 60.1 %; 71Ga, I = 3/2, 39.9 %; 113In, I = 9/2, 4.3 %;
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Figure 10.2 (a) SOMO of {Al[PhB(µ-NMe)2]2}• drawn at isosurface level ±0.05; (b) spin density map of
{Al[PhB(µ-NMe)2]2}• drawn at isosurface level 0.02 (α-spin density) and −0.002 (β-spin density); (c) experimental
and (d) simulated X-band EPR spectra of a diethyl ether solution of {Al[PhB(µ-NtBu)2]2}• (9b) at 298 K. ([14a]
Reproduced by permission of the Royal Society of Chemistry.)

115In, I = 9/2, 95.7 %) (Figure 10.2c,d for M = Al). Thus, the DFT calculations and spectral simulations
confirm the retention of the spirocyclic structures in solution and indicate uniform spin delocalization
throughout both ligands in 9a–d.14

The N, N ′-chelated bis-diazabutadiene aluminum and gallium radicals 10b and 10c are prepared by
co-condensation of the metal vapor with an excess of 1,4-di-tert-butyl-1,4-diazabutadiene.15 In contrast to
the bis-bam systems 9, both the solid state structures and the EPR spectra of 10b and 10c indicate that the
unpaired electron is located on only one of the ligands with spin density contributions from two nitrogens
and two hydrogen atoms in addition to a significantly smaller contribution from the group 13 center.15d In
agreement with the experimental results, distorted tetrahedral Cs (M = B) and C2v (M = Al, Ga) symme-
tries with the unpaired electron localized on one ligand were also predicted by computational methods.16

Interestingly, however, the computations indicate that the experimentally inaccessible indium radical 10d
optimizes to a pyramidal geometry (C2 symmetry) in which the spin density is equally delocalized over
both ligands similarly to the bis-bam compounds 9.

10.2.2.3 Radical anions

The stabilizing effect of the sterically bulky tBu2(Me)Si group was also used in the production of trig-
onal planar radical anions [MR3]•− (M = Al (11a), Ga (11b); R = Si(Me)tBu2) (Figure 10.3a). These
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(a) (b)

Al/Ga Si OC

Figure 10.3 Crystal structures of (a) [Al(SiMetBu2)3]•− (11a) and (b) [Ga9(tBu)9]•− (12) radical anions. ((a)
Reprinted with permission from [17]. Copyright 2005 American Chemical Society. (b) Reproduced with
permission from [19]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.)

odd-electron compounds are prepared by direct metallation of the neutral precursors with alkali metals
(lithium, sodium, potassium), and deep red crystals of the ion-separated potassium salts were isolated by
recrystallization in the presence of [2.2.2]cryptand.17 The Si–M bond lengths (M = Al, Ga) in the nearly
planar radical anions 11a,b are somewhat shorter than those in the neutral congeners suggesting that the
unpaired electron predominantly occupies the 3pz and 4pz orbital of the central aluminum and gallium,
respectively. By contrast, the prototypical pyramidal radical anions [AlH3]•− and [GaH3]•− have signifi-
cant electron population in the corresponding s orbitals.18 Localization of the spin density on the heavier
group 13 center is also supported by the EPR spectra, which exhibit a well-resolved sextet (a(27Al) =
62 G, g = 2.0050) and two sets of quartets (a(69Ga) = 123 G, a(71Ga) = 157 G, g = 2.0150) for 11a and
11b, respectively. The relatively small hfcc values, as well as the observed crystal structures, are consistent
with group 13 centered π radicals (cf. values of 154, 420 and 534 G for a(27Al), a(69Ga) and a(71Ga) in
[AlH3]•− and [GaH3]•−, respectively).

The gallium-containing radical anion cluster, [Ga9R9]•− (R = tBu) (12) (Figure 10.3b), is produced via
one-electron reduction of the corresponding neutral compound with Cp*2Co.19 The crystal structure reveals
a molecular core comprised of nine gallium atoms arranged as a tricapped trigonal prism, analogous to
the boron subhalide radical anions [B9X9]•− (X = Cl, Br).20 The Ga–Ga bonds parallel to the threefold
rotational axis in 12 are significantly shorter in length (by about 17 pm) than those in the neutral precursor
resulting in a more regular prism. The single electron is essentially localized in the p orbitals of the
gallium atoms (0.993 e−) with the capping galliums bearing most of the negative charge (80 %). Due to
the numerous overlapping lines, only a poorly resolved EPR spectrum was obtained (a(69/71 Ga) < 30 G).

10.3 Group 14 element radicals

The most significant recent developments in the chemistry of stable radicals of the heavy p-block elements
have involved the group 14 elements. The primary contributor to this field is the group of Sekiguchi,
whose findings have been discussed in detail in several recent reviews.21–23 In this section the foremost
aspects of this exciting work will be presented in the context of cognate organic radicals and related group
13 and group 15-centered radicals.
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10.3.1 Cyclic group 14 radicals

10.3.1.1 Neutral radicals

The first homocyclic, neutral group 14 radical was reported by Power et al . in 1997.24 This highly pro-
tected cyclotrigermenyl, [(2,6-Mes2C6H3)Ge]3

• (13), is obtained as dark blue crystals by the reduction of
(2,6-Mes2C6H3)GeCl with KC8 in THF (Scheme 10.6). The disordered triangular Ge3 core in the crystal
structure of 13 is consistent with a cyclogermenyl radical (germanium analogue of cyclopropenyl radical)
in which one of the Ge–Ge bonds shows double bond character. The EPR spectrum of 13 displays a single
resonance at g = 2.0069 with an hfc constant of a(73Ge) = 16 G to one germanium nucleus (73Ge, I = 9/2,
7.8 %). The relatively low hyperfine coupling is consistent with a π radical in which the odd electron is
localized on one of the planar sp2-hybrized germanium centers.

A comparable, saturated Ge3 triangle in the bicyclic, neutral radical 14 (Scheme 10.7) is obtained by
one-electron oxidation of the parent anion.25 The Ge=Ge double bond observed in 13 has been formally
replaced by the bridging −H2C–C(Me)=C(Me)–CH2 – unit in 14. Similarly to 13, the Ge3 core in 14 is
planar with an sp2-hybridized germanium atom at the radical center. The EPR spectrum of 14 shows two
independent sets of multiplets (g = 2.0210 and 2.0223) with a1(

73Ge) = 34 G and a2(
73Ge) = 26 G due
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to endo,exo isomerism; the small hfc constants indicate a π radical with the unpaired electron localized
on the planar germanium center in solution.

An unusual example of a stable silyl radical, the red-purple cyclotetrasilenyl [{tBu2(Me)Si}3{Si(tBu)2}]•

(15) (Scheme 10.7), is produced by one-electron reduction of the corresponding cation.26 This all-silicon
congener of the cyclobutenyl radical exhibits a nearly planar Si4 ring with two Si–Si bond lengths that
are intermediate between single and double bonds, while the other two Si–Si bonds are close to single
bond values, thus suggesting an allylic structure. Consistently, the EPR spectrum (g = 2.0058) indicates
additional spin density located on the terminal silicon atoms of the pseudo-allyl unit with a1(

29Si) =
40.7 G and a2(

29Si ) = 37.4 G, while the hfcc value of the central silicon is expectedly somewhat smaller
(a3(

29Si) = 15.5 G; 29Si, I = 1/2, 4.7 %) (Figure 10.4a).

10.3.1.2 Radical anions

The cyclic tri-and tetrasilane radical anions, [Si{1,2-(µ-NCH2tBu)2C6H4}]3
•− (16) and [Si{1,2-(µ-

NEt)2C6H4}]4
•− (17) (Scheme 10.7), are isolated as green crystals of ion-separated salts from the

reduction of Si[1,2-(µ-NCH2tBu)2C6H4] and Cl2Si[1,2-(µ-NEt)2C6H4], respectively, with alkali metals in
THF.27,28 The radical anions 16 and 17 exhibit planar Si3 and Si4 rings, comparable to those of the cyclic
trigermenyl and tetrasilenyl radicals, 13 and 15, respectively. In marked contrast to 13 and 15, however,
the EPR spectra of 16 and 17 reveal significant delocalization of the spin density over the silane rings
and onto the nitrogen atoms of the N, N ′-chelated (1,2-(µ-NR)2C6H4) substituents (R = CH2tBu, ethyl)
as indicated by the characteristic multiplets arising from coupling to six (16) or eight (17) equivalent 14N
nuclei (a(14N) = 4.6 and 3.5 G for 16 and 17, respectively; 14N, I = 1, 99.6 %). The disparity in the
distribution of the unpaired electron is clearly evident from a comparison of the EPR spectra of 15 and
17 (Figure 10.4). Coupling to the spin I = 1/2

29Si isotope with low natural abundance (4.7 %) in 15
and to the spin I = 1 14N isotope with high natural abundance in 17 results in a substantially different
appearance of the spectra.

a1 a2 a3

a3
a2 a1

(a) (b)

Figure 10.4 EPR spectrum of (a) 15 (a1(29Si) = 40.7 G, a2(29Si) = 37.4 G and a3(29Si) = 15.5 G; 29Si, I = 1/2,
4.7 %), and (b) 17 (a(14N) = 3.5 G; 14N, I = 1, 99.6 %). ((a) Reprinted with permission from [26]. Copyright 2001
American Chemical Society. (b) Reproduced with permission from [28]. Copyright Wiley-VCH Verlag GmbH &
Co. KGaA.)
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10.3.1.3 Biradicaloids

Two examples of group 14-centered biradicaloids involving four-membered M2N2 rings (M = Ge, Sn) have
been characterized, namely [(ArGe)2(µ-NSiMe3)2] (18, Ar = 2,6-Dipp2C6H3, Dipp = 2,6-iPr2C6H3) and
[(ClSn)2(µ-NSiMe3)2] (19). The Ge2N2 system 18 is obtained as dark violet crystals from the reaction of a
“digermyne” ArGeGeAr with trimethylsilyl azide,29 whereas the colorless, diamagnetic Sn2N2 derivative 19
was formed unexpectedly in the reaction between (Me3Si)2NSn(µ-Cl)2SnN(SiMe3)2 and silver isocyanate
(Scheme 10.8).30 In both compounds the four-membered M2N2 ring (M = Ge, Sn) is planar with pyramidal
metal centers and trigonal planar nitrogen atoms. The substituents on the metal atoms in 18 and 19 assume
a trans arrangement.

The transannular distance between the two metal atoms in the four-membered rings in 18 and 19 is
substantially longer than the corresponding M–M single bond (by about 0.3 and about 0.6 Å, respectively)
indicating some diradical character. As is typical for singlet state biradicaloids, no EPR signal was observed
for either species. Consistently, DFT calculations reveal the absence of transannular M· · · M contacts
and an energy gap of about 17 kcal mol−1 in favor of the singlet state over the triplet state for both
heterocyclic systems (cf. 17.2 kcal mol−1 for the boron-centered biradicaloid, (iPr2P)2(BtBu)2 (3)). The
diradical character of 18 is also indicated by the facile addition of molecular hydrogen to give a compound
tentatively identified as Ar(H)Ge(µ-NSiMe3)2Ge(H)Ar.29

10.3.2 Acyclic group 14 radicals

10.3.2.1 Neutral radicals

The classic organic radicals involving three-coordinate carbon centers range from those with a fleeting
existence, for example the methyl radical [CH3]•, to species that are sufficiently stable to be isolated in
the solid state, for example the perchlorinated radical [(C6Cl5)3C]• (Chapter 2). For the heavier group
14 elements, the simplest radicals [EH3]• (E = Si, Ge, Sn, Pb) have very short lifetimes. However, by
using the combination of steric protection and electronic properties provided by very bulky silyl groups,
a remarkable class of neutral radicals of the type [R3E]• have been isolated recently by Sekiguchi et al .
(E = Si (20),31 Ge (21),31 Sn (22)32; R = SiMetBu2) and by Klinkhammer et al . (E = Pb (23)33;
R = SiEt(SiMe3)2). These stable, paramagnetic compounds are produced by a common synthetic approach
in which the parent anion [R3E]− is generated in situ and then subjected to mild, one-electron oxidation
(Scheme 10.9).
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The crystal structures of the silicon, germanium, and tin derivatives 20–22 show trigonal planar geom-
etry with an sp2-hybridized central atom, whereas the lead compound 23 displays a slight, albeit almost
negligible, distortion towards a pyramidal arrangement (� ∠ Pb 355◦), possibly owing to the bulkier
substituent (SiEt(SiMe3)2 vs SiMetBu2). The stability of the acyclic radicals in this series is attributed
primarily to the use of sterically demanding, electropositive silyl substituents. However, additional stability
is achieved in 20–23 by delocalization of the unpaired electron via hyperconjugation between the pz orbital
of the central group 14 atom and the σ* orbital of the Si–C(tBu) (20–22) or Si–Si(Me) (23) bonds. This
interaction is also evident from the structural parameters, which exhibit a slight shortening in the E–Si
bonds (E = Sn, Pb) compared to the anionic precursors.32,33 Interestingly, the Si–Si bond lengths in 20 are
about 0.08 Å shorter than the Al–Si bonds observed in the isoelectronic radical anion [(tBu2MeSi)3Al]•−
(11a), consistent with the difference in the sum of covalent radii (Si–Si 2.22 Å vs Al–Si 2.32 Å).

The solution EPR spectra of 20 and 21 show the expected patterns at g = 2.0056 and 2.0229 with hfcc
values of a(29Si) = 58 G and a(73Ge) = 20 G, respectively, in addition to smaller couplings to the silicon
atoms of the SiMetBu2 substituents (a(29Si) = 7.9 and 7.3 G).31 Only one set of satellites is observed
in the EPR spectrum of 22 in solution at g = 2.0482 (117Sn, I = 1/2, 7.8 %; 119Sn, I = 1/2, 8.6 %) owing
to the overlap of the slightly broadened signals and an average coupling constant of 329 G was reported
(cf. typical values of 1325–3426 G for a(117/119Sn) in tin-centered σ radicals).32,34 For the lead congener
23, a broad EPR signal is observed at room temperature (g = 2.160), but an approximate hfc constant of
a(207Pb) = 520 G was obtained from the frozen solution (207Pb, I = 1/2, 22.1 %).33 The EPR spectra of
20–23 indicate the retention of the planar geometry with sp2-hybridized group 14 centers, and a true π

radical character for these paramagnetic species in solution.

10.3.2.2 Charged radicals (anions and cations)

By taking advantage of the relatively low lying LUMOs and high lying HOMOs of disilenes compared to
those of the C=C double bond of alkenes, either one-electron oxidation of the neutral disilene, [R2Si=SiR2]
(R = SiMetBu2), or one-electron reduction is easily achieved. Thus, the ion-separated disilene radical
cation [R2Si=SiR2]•+ (24)35 and the corresponding radical anion [R2Si=SiR2]•− (25)36 are formed by
reactions of the neutral disilene with [Ph3C]+[(C6F5)4B]− or tBuLi in THF, respectively (Scheme 10.10).
In a similar vein, the tin-containing radical anion, [R2Sn=SnR2]•− (26) (R = SiMetBu2), is produced
from the neutral precursor by one-electron reduction with potassium in the presence of [2.2.2]cryptand
(Scheme 10.10).37
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Scheme 10.10 Utilization of the neutral disilene and distannene, R2E=ER2 (E = Si, Sn; R = SiMetBu2), in radical
formation. (i) [Ph3C]+[(C6F5)4B]− 35; (ii) tBuLi36; (iii) K/[2.2.2]cryptand37; (iv) 2.2 equivalents M/Naphthalenide
(M = Li, Na, K), 2 equivalents crown ether38; (v) 2.2 equivalents M/Naphthalenide (M = Li, Na, K), 4 equivalents
crown ether; (vi) 10 equivalents LiBr, THF (M = Li)38

Crystal structure determinations of the radical anions 25 and 26 revealed one trigonal planar and one
pyramidal metal center in both cases, whereas the paramagnetic cation 24 exhibits near planar geometry
at both central silicon atoms. The E–E bond length in 25 (E = Si) and 26 (E = Sn) is elongated by about
0.08 (2 %) and 0.23 (9 %) Å, respectively, from that observed in the neutral parent molecule, while the
Si–Si bond in the radical cation 24 is intermediate in length between the distances seen in the anion 25
and the neutral precursor. These structural features suggest that the radical anions 25 and 26 consist of
an sp3-hybridized silyl/stannyl anion and an sp2-hybridized silyl/stannyl radical center, while the unpaired
electron in the cation 24 is delocalized over the central Si–Si bond (Scheme 10.10). In solution, however,
the EPR spectra of the paramagnetic disilene cation and anion, 24 and 25, display virtually identical hfc
constants at room temperature (a(29Si) = 23 and 24.5 G; g = 2.0049 and 2.0061, respectively) that are
approximately half of that observed for the structurally similar neutral silyl radical, (tBu2MeSi)3Si• (20,
a(29Si) = 58 G), thus indicating delocalization of the unpaired electron in both of the charged disilene
radicals. At low temperature (120 K), the delocalization in 25 is suppressed, as evinced by the increase in
the hfc constant to 45 G. The tin analogue 26, on the other hand, exhibits a central signal (g = 2.0517)
with two pairs of satellites (a(117/119Snα) = 340 G, a(117/119Snβ) = 187 G, cf. 329 G for 22) in the solution
EPR spectrum at room temperature, consistent with the localization of the single electron on one of the
tin centers as was also inferred from the solid state structure. It was suggested that the distannene radical
anion 26 aggregates to a paramagnetic triplet state dimer 27 (Scheme 10.10) under glass matrix conditions
(100 K) in 2-methyl-THF based on the observation of a signal corresponding to the forbidden �Ms = 2
transition in the half-field region of the spectrum (1631 G).37b

While the mild, one-electron reduction of the disilene R2Si=SiR2 (R = SiMetBu2) affords the cor-
responding radical anion 25, the use of a stronger reducing agent, M/Naphthalenide (M = Li, Na, K),
results in cleavage of the central Si=Si bond and formation of “monomeric” radicals, either as contact
ion pairs [R2SiM(crown-ether)]• (28) or as ion-separated salts [M(solv)n]+[R2Si]•− (29) (M = Li, Na, K;
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Figure 10.5 EPR spectrum of (a) solvent-separated ion pair [R2Si]•−[Na+(THF)4] (29) in DME (a(29Siα ) = 29.1 G
and a(29Siβ ) = 10.2 G), and (b) contact ion pair [R2SiNa(15-crown-5)]• (28) in toluene (a(29Siα ) = 29.1 G, a(29Siβ )
= 10.2 G and a(23Na) = 1.9 G); g = 2.0074, R = SiMetBu2. (Reprinted with permission from [38a]. Copyright
2007 American Chemical Society.)

solv = crown ether (n = 2), THF, DME (n = 4); R = SiMetBu2), via a two-electron reduction process
(Scheme 10.10).38 The possibility of obtaining neutral radicals 28 or anionic paramagnetic species 29
(the anion radical of a silylene) was first noted when the EPR spectra of [R2Si]•Na(15-crown-5)n were
recorded both in polar (THF, DME) and non-polar (toluene) solvents.38a It was apparent from the EPR
spectra (Figure 10.5) that in polar solvents the paramagnetic species exists as an ion-separated salt 29 with
a(29Siα) = 29.1 G and a(29Siβ) = 10.2 G, whereas in the non-polar solvent the coupling to the Na+ cation
was also observable for the contact ion pair 28 (a(23Na) = 1.9 G; 23Na, I = 3/2, 100 %). Subsequently,
the controlled formation of 28 and 29, both in solid state and in solution, was achieved by using the
appropriate amount of crown ether according to the reactions (iv) and (v) in Scheme 10.10.38

The solvent-separated ion pair 29 (M = Li, crown ether = 12-crown-4, Scheme 10) is converted
to the contact ion pair 28 by removal of the crown ether with lithium bromide. The product exists
as a monomer in solution, as shown by the EPR signal with hfc constants of a(29Siα) = 34.0 G,
a(29Siβ) = 9.7 G and a(7Li) = 1.6 G (7Li, I = 3/2, 92.5 %), but dimerizes in the solid state to the
diradical [(µ-Li·THF)2(SiR2)2]•• (30) (R = SiMetBu2) (Scheme 10.10), as proven by the X-ray crystal
structure.38 The diradical 30 was produced earlier by UV irradiation of the frozen hexane solution (150
K) of the gem-dilithiosilane, [(R2SiLi2)(R2HSiLi)2] (R = SiMetBu2), and its triplet state nature was
determined from the EPR spectrum, which consists of a signal with four 29Si sidebands arising from
�Ms = 1 transitions and a signal at half-field (1675 G) resulting from the forbidden �Ms = 2 transition.39

In contrast to linear alkynes RC≡CR, the heavier group 14 congeners, RE≡ER (E = Si, Ge, Sn), assume
a trans-bent geometry with respect to the triple bond.40,41 Similarly to the heavy alkene analogs R2E=ER2

(E = Si, Sn) described above, this results in a relatively low energy level for the LUMO in the heavy
alkyne compounds. By exploiting the resulting lowered potential for reduction, the disilyne radical anion,
[RSi≡SiR]•− (R = Si(iPr)[CH(SiMe3)2]2) (31), is obtained directly from the neutral precursor by one-
electron reduction with KC8 (Scheme 10.11).40 The analogous germylene and stannylene radical anions,
[RE≡ER]•− (M = Ge, R = 2,6-Tripp2C6H3 (32a) or 2,6-Dipp2C6H3 (32b); E = Sn, R = 2,6-Tripp2C6H3
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(33a) or 2,6-Dipp2C6H3 (33b); Tripp = 2,4,6-iPr3C6H2, Dipp = 2,6-iPr2C6H3), however, are produced
by the reduction of RECl (E = Ge, Sn) (Scheme 10.11).41

The crystal structures of the ion-separated, paramagnetic species 31–33 show retention of the trans-
geometry around the central RE–ER bond.40,41 Most significantly, the central E–E bond is markedly
elongated in the radical anions (by about 0.11, 0.03 and 0.13 Å in 31, 32b, and 33a, respectively) compared
to the neutral molecules, even to the extent of approaching single bond values. This extensive lengthening
of the E–E bond can be explained by a structure in which both group 14 centers bear a lone pair and
the unpaired electron is delocalized over the E–E pπ orbital, thus giving a formal bond order of 1.5
(Scheme 10.11). In addition, narrowing of the E–E–R angles compared to the neutral, triply bonded
species (by about 21, 25 and 31◦ in 31, 32b and 33a, respectively) contributes to a further elongation of
the E–E distance.41b

The EPR spectrum of 31 shows a triplet arising from coupling to the α hydrogen of the iso-propyl
groups (a(1H) = 2.3 G). This triplet is accompanied by two pairs of satellites with a(29Siα) = 39.2 G and
a(29Siβ) = 22.4 G. The magnitude of the hfc constants indicates the presence of a π radical and extensive
delocalization of the odd electron over the Si–Si bond and onto the substituents.40 Consistently, relatively
small hfc constants of a(73Ge) = 7.5 G, a(117Sn) = 8.3 G and a(119Sn) = 8.5 G were obtained for 32b
and 33a, respectively,41 indicative of low unpaired electron density at the germanium and tin centers, and
localization of the odd electron in an orbital of π symmetry.

10.4 Group 15 element radicals

Stable radicals involving group 15 elements are restricted primarily to phosphorus-containing systems.
A review that emphasizes the diversity of both stable and persistent phosphorus radicals covers the literature
up to 2004.42

10.4.1 Phosphorus

10.4.1.1 Neutral radicals

The structurally simplest phosphorus-centered radicals are the two-coordinate neutral phosphinyl radicals,
[R2P]• (34). Numerous derivatives of this paramagnetic species have been produced since its first discovery
40 years ago,43 most frequently by photolysis of the appropriate chlorophosphine in the presence of
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an electron-rich alkene (Scheme 10.12).44 The monomeric radicals 34 dimerize to the corresponding
diamagnetic diphosphines, [R2P]2 (35), both in the solid state and upon cooling the solutions of these
odd-electron species.45,46 Remarkable stability has been achieved, however, for example with R =
CH(SiMe3)2 substituents (34c), resulting in derivatives that are indefinitely stable both in solution and in
the gas phase.47

The gas phase electron diffraction structures of 34b (R/R′ = N(SiMe3)2/NiPr2)
46 and 34c (R = R′ =

CH(SiMe3)2)
47 reveal a V-shaped arrangement (∠NPN = 99.0◦ and ∠CPC = 104.0◦, respectively) around

the central phosphorus atom. Most significantly, the structure of the extremely stable radical 34c shows a
syn,syn conformation for the CH(SiMe3)2 groups, in contrast to the syn,anti arrangement observed for the
dimeric congener 35c. Based on DFT calculations, the disparity in the conformations of 34c and 35c is a
significant contributor to the remarkable stability of the monomeric paramagnetic species 34c in solution,
that is the transformation between 34c and 35c not only involves P–P bond cleavage/formation, but also an
isomerization of the substituents. Calculations predict an endothermic process of 95 kJ mol−1 for the P–P
bond cleavage upon going from 35c to 34c, while the subsequent isomerization of the paramagnetic species
34c, to give the syn,syn conformation, releases an energy of 67.5 kJ mol−1 for each of the monomeric
units, thus giving an overall exothermic process by about 40 kJ mol−1 for the conversion of 35c to 34c.47

Therefore, the absence of dimerization and the stability of 34c in solution is attributed not to the kinetic
stability imparted by the bulky ligands, but to the energy required for the conformational change prior to
the dimerization.

A phosphinyl radical [R2P]• (R = NV[N(Np)Ar]3; Np = neopentyl, Ar = 3,5-Me2C6H3) (34d) that is
stable both in solution and in the solid state is produced by one-electron reduction of the chlorine-containing
precursor.48 Similarly to 34b and 34c, the solid state structure of 34d shows a V-shaped phosphorus center
(∠NPN = 110.9◦). The stability of the radical 34d is achieved by delocalization of the unpaired electron
onto the vanadium centers, which form a redox couple (IV/V) (Scheme 10.13). The delocalization is also
evident from the EPR spectrum of 34d. Whereas the “true” phosphinyl radicals 34a–c show hfc constants
of 75.9–96.3 G to the central phosphorus atom (31P, I = 1/2, 100 %) with significantly smaller coupling
to the substituents, the hfcc value of 42.5 G to the phosphorus atom in 34d is substantially smaller and
the coupling of a(51V) = 23.8 G to the two transition metal centers indicates extensive delocalization of
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Scheme 10.13 Resonance-stabilized radical 34d by the vanadium (IV/V) redox couple
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the unpaired electron. The hfcc values of the paramagnetic phosphinyls 34a–c are indicative of π radicals
in which the odd electron is located predominantly in the phosphorus 3p orbital (34a: a(31P) = 87.0 G,
a(14N) = 5.56 G, 6 × a(19F) = 10.1 G, 2 × a(1H) = 1.0 G;45 34b: a(31P) = 75.9 G, a(14N) = 5.95 G;44

34c: a(31P) = 96.3 G, 2 × a(1H) = 6.40G:44 34d: a(31P) = 42.5 G, 2 × a(51V) = 23.8 G 48).
The persistent diphosphanyl radical, [Mes*MePPMes*]• (36), a close relative of the phos-

phinyl radicals 34, was first observed in cyclic voltammetric studies of the diphosphene salt
[Mes*MeP=PMes*][OSO2CF3].49a Subsequently, 36 was produced by reduction of the corresponding
cation with tetrakis(dimethylamino)ethene (Scheme 10.14). In contrast to the phosphinyl radicals 34a–c,
the paramagnetic species 36 can be isolated as a solid, although magnetic measurements indicate a partial
dimerization (10 %) during the liquid to solid transformation; no crystal structure has been reported.49

Slow decomposition of 36 occurs in the solid state while in solution the half-life is about 90 minutes.
The EPR spectrum of 36 shows a four-line signal consistent with coupling to two inequivalent phosphorus

atoms (a(31P) = 139.3 and 89.3 G), thus confirming the identity of 36 as a diphosphanyl radical.49 The
larger of the two hfc constants is attributed to the two-coordinate phosphorus center, which is expected to
carry the major part of the spin density, and the smaller coupling is due to the three-coordinate phosphorus.
Consistently, DFT calculations disclose a small s contribution to the SOMO (10 %), while confirming that
most of the spin density resides in a p orbital of the two-coordinate (74 %) and three-coordinate (15 %)
phosphorus atoms. Since the calculations predict minimal delocalization of the unpaired electron, the
stability of 36 is attributed mainly to the steric protection provided by the Mes* substituents.

Several short-lived 1,3-diphosphaallyl radicals have been suggested either as reaction intermediates
or on the basis of EPR spin-trapping experiments.50 However, the introduction of amino groups has a
powerful stabilizing effect, and the stable diphosphaallyl radical [(iPr2NP)2C(NiPr2)]

• (37) (Scheme 10.15)
is produced from the cyclic cation [(iPr2N)2P(µ3-P)C(NiPr2)]+ either by electrolysis or by reduction with
lithium metal.51 The red crystals of 37 were not suitable for X-ray analysis, but the FAB mass spectrum
shows the expected molecular ion. The EPR spectrum of 37 in THF exhibits a significantly broadened five-
line signal (g = 2.0048) with an intensity ratio of 1 : 3 : 4 : 3 : 1 that remains unchanged in the temperature
range −60 to +25 ◦C. The spectrum can be interpreted by invoking hyperfine coupling to two equivalent
phosphorus nuclei (a(31P) = 9.4 G), two equivalent nitrogens (a(14N) = 1.5 G) and a unique nitrogen atom
(a(14N) = 9.9 G), thus indicating significant stabilization of the radical by delocalization of the unpaired
electron over a total of five atoms.
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The phosphorus(V)-containing dianion radical [P(NtBu)3(NSiMe3)]2−• is generated, as the dilithium
derivative, by one-electron oxidation of the trilithium salt of the corresponding tetrakisimidophosphate
trianion [P(NtBu)3(NSiMe3)]3− (a tetraimido analogue of orthophosphate PO4

3−).52 The formally neutral
radical {Li2[P(NtBu)3(NSiMe3)]}• exists as deep blue crystals that adopt highly distorted PN3Li3X cubic
structures (38a, X = I; 38b, X = OtBu), in which an entrapped LiX molecule provides one edge of
the cube (Scheme 10.15). In an extremely dilute THF solution, solvation of the Li+ counterions causes
cleavage of the cubic structure to give the solvent-separated ion pair 39 and a molecule of (THF)3LiI.
The EPR spectrum of 39 displays a complicated, approximately fifty-line signal (g = 2.0063) that is best
simulated with hyperfine couplings to one phosphorus atom (a(31P) = 23.1 G), two equivalent nitrogen
centers (a(14N) = 5.38 G), two unique nitrogen atoms (a(14N) = 7.38 and 1.93 G), and a single lithium
nucleus (a(7Li) = 0.30 G). The relatively small 31P hfc constant in 39, compared to those in 34 and 36,
indicates a small amount of spin density located at the phosphorus center. This conclusion is supported by
DFT calculations that predict a SOMO consisting predominantly of nitrogen-based 2p orbitals for 39.52

The 1,3-diphosphacyclobuten-4-yl radical, [(Mes*C)2(PtBu)P]• (40, Mes* = 2,4,6-tBu3C6H2), is iso-
lated as deep red crystals by treatment of the phosphaalkyne Mes*C≡P with tBuLi followed by one-electron
oxidation with iodine (Scheme 10.16).53 The structure of 40 shows a nearly planar four-membered ring
with trigonal planar carbon atoms, and both pyramidal and two-coordinate phosphorus atoms. The bond
parameters suggest a pure single bond for the P–C bonds involving the three-coordinate phosphorus atom
and partial double bond character for the other two P–C bonds. The room temperature EPR spectrum
of 40 in toluene exhibits a four-line central signal with small satellites (g = 2.0025), from which hfc
constants of a(31Pα) = 20.4 G, a(31Pβ) = 10.2 G and a(13C) = 30.2 G were obtained. The relatively low
31P hfcc values compared to those observed in phosphinyl and diphosphanyl radicals (34, 36), as well as
the metrical parameters, support an allylic radical in which the unpaired electron is delocalized mainly in
the CPC unit as depicted in Scheme 10.16 (cf. cyclotetrasilenyl 15, Scheme 10.7). Ab initio calculations,
however, predict that 80–90 % of the spin density resides on the two carbon atoms.

10.4.1.2 Biradicaloids

The treatment of the cyclic anion formed from Mes*C≡P and tBuLi with methyl iodide, instead of iodine,
provides a novel route to the carbon-centered biradicaloid [(Mes*C)2(PtBu)(PMe)]•• (41) with a four-
membered P2C2 ring (Scheme 10.16).54 A number of different derivatives of 41, [(RC)(R′C)(PMes*)2]••

41

40

R

R =

Li+

–
R R

R R

R R•

••

l2

Mel

Me

1/
2

C P
P

P

P

P

P

P

tBuLi

tBu

tBu

tBu

tButBu

tBu

Scheme 10.16



Stable Radicals of the Heavy p-Block Elements 399

(R, R′ = Cl; R = SiMe3, R′ = H, AlMe3), were originally reported by Niecke et al .,55 and they all show
similar structural features; a nearly planar four-membered ring with trigonal planar carbon centers and
various degrees of pyramidalization at the phosphorus atoms. The transannular C–C distance is sufficiently
long for these compounds to be described as diradicals. A singlet ground state has been predicted by
ab initio calculations for derivatives of 41 owing to the conjugative interaction between the non-bonding
electron pairs on phosphorus and the unpaired electrons at the carbon atoms.55a Consistently, no EPR signal
is observed. However, the energy difference between the singlet and triplet states is small and substituent
effects may play a key role in determining relative stabilities; a silyl group at the carbon atoms stabilizes
the singlet state whereas σ -attracting influences at the phosphorus favor the triplet ground state.55c

10.4.1.3 Charged radicals (anions and cations)

While a direct reaction between the Grignard reagent ArMgBr and phosphorus trichloride results in mul-
tiple products with P–P bonds, sterically protected triarylphosphines Ar3P are produced by converting
the Grignard reagent into (ArCu)x , and reacting the resulting arylcopper reagent in situ with phos-
phorus trichloride. Subsequent one-electron oxidation, either by bulk electrolysis or with silver(I) salts
AgX (X = [ClO4]−, [PF6]−, [SbF6]−), produces persistent radical cations, [Ar3P]•+ (Ar = Dipp, Tripp;
Dipp = 2,6-iPr2C6H3; Tripp = 2,4,6-iPr3C6H2) (42) (Scheme 10.17).56 The solution EPR spectra show
a doublet with a(31P) = 239 (42a) and 237 G (42b), thus indicating the expected pyramidal, phosphorus-
centered radicals. Frozen glass EPR experiments imply a significant flattening of the molecule (small a⊥
component of the hfc tensor) that brings the iso-propyl substituents in ortho positions closer together,
thus providing more shielding for the unpaired electron and, therefore, contributing to the stability of the
radical cations 42.56b

The formation of the persistent diphosphene radical anions, [RPPR]•− (43), is observed in solution when
the “dimeric” contact ion pairs, [M+]2[R4P4]2− (M = Na, R = phenyl; M = K, R = cyclohexyl), are treated
with [2.2.2]cryptand. By contrast, in the solid state, the radical anions dimerize to re-form the ion-separated
salts [R4P4] [(M+)2{[2.2.2]cryptand}]2, as established by X-ray crystallography (Scheme 10.18).57 The
EPR spectra of 43 exhibit a triplet arising from the coupling of the unpaired electron to two equivalent
phosphorus atoms (a(31P) = 40.9 (43a) and 45.2 (43b) G; g = 2.0089 and 2.0099, respectively) with
additional splitting owing to spin density distribution onto the substituents (a(1H) = 3.0 and 1.4 G (43a)
and a(1H) = 3.6 G (43b)).

Diphosphene radical anions that are kinetically stabilized both in solution and in the solid state, 43c
(R = Bbt = 2,4,6-[CH(SiMe3)2]3C6H2) and 43d (R = Tbt = 4-[C(SiMe3)3]-2,6-[CH(SiMe3)2]2C6H2),
are produced by one-electron reduction of the neutral diphosphene obtained by magnesium reduction of
RPCl2 (Scheme 10.18).58 Analogously to 43a–b, the EPR spectra of 43c and 43d show a triplet with
a(31P) = 48.0 and 47.6 G (g = 2.009 and 2.010), respectively, indicating uniform delocalization of the
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spin density on both phosphorus centers. However, in contrast to 43a–b, further delocalization onto the
substituents is not observed. The Raman spectra of 43c–d suggest significant elongation of the P–P bond
compared to that in the neutral precursors by displaying a strong Raman line at about 540 cm−1 for the
νP−P stretching vibration, cf. about 610 cm−1 for the P=P double bond in RP=PR (R = Bbt, Tbt) and
530 cm−1 for the P–P single bond in Ph2P–PPh2. Elongation and, hence, weakening of the P–P bond in the
radical anions 43 is consistent with DFT calculations that indicate a SOMO composed of an antibonding
P–P π* orbital.58b,58c

10.4.2 Arsenic, antimony, and bismuth

The chemistry of stable, arsenic-, antimony-, and bismuth-centered radicals has remained virtually unex-
plored. The EPR spectra of the persistent arsenic and antimony congeners of the triarylphosphine radical
cation, [Ar3P]•+ (42b) (Scheme 10.17), indicate the expected pyramidal structure, but no further discussion
of these species was presented.56a

An antimony-containing congener of the diphosphene radical anion 43c, [BbtSbSbBbt]•− (44), is
obtained from a reaction analogous to that shown for the synthesis of 43c in Scheme 10.18.58b The crystal
structure of 44 reveals an elongation of about 0.05 Å in the Sb–Sb bond length (2.7511(4) Å) compared
to the value of 2.7037(6) Å in the distibene [BbtSb=SbBbt], consistent with a SOMO comprised of an
E–E π* orbital as predicted for both 43 and 44 (E = P, Sb) by DFT calculations. Only a broad signal
is observed in the EPR spectrum of 44 in solution (g = 2.097), while in the solid state a complicated
spectrum is obtained due to coupling of the unpaired electron with two equivalent antimony centers each
with two EPR-active isotopes (121Sb, I = 5/2, 57.25 %; 123Sb, I = 7/2, 42.75 %).58b

10.5 Group 16 element radicals

10.5.1 Sulfur

The majority of the advances in the chemistry of stable, heavy group 16 radicals in recent years are based
primarily on dithiadiazolyls and related heterocyclic CNS/Se radicals (Chapters 5 and 14). Apart from
these intriguing compounds, which show potential for the construction of novel one-dimensional metals
or materials with unique magnetic properties, examples of odd-electron group 16 species within the scope
of this chapter are sparse.
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Figure 10.6 Orbital interaction diagram for the formation of the cyclic radical anion [S6]•− (45) and cyclo-S6
from two S3 units. (Reproduced with permission from [59]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.)

The stable cyclic radical anion [S6]•− (45) is formed unexpectedly as the [Ph4P]+ salt from the reaction
between [Ph4P]N3, Me3SiN3 and hydrogen sulfide (H2S).59 The crystal structure displays the six-membered
[S6]•− ring in a chair conformation with two long central S–S bonds (2.633 Å) (Figure 10.6), thus indicating
a relatively weak union of two S3 fragments in each of which the average S–S bond length is 2.060 Å
(cf. 2.057 Å in cyclo-S6). The solid state EPR spectrum of 45 suggests a formulation in which [S6]•− is
comprised of the diradical [S3]•• and the anion radical [S3]•−. The eigenvalues for the g tensor, g1 = 2.056,
g2 = 2.036 and g3 = 2.003, are consistent with those previously observed for the [S3]•− radical anion,
the source of the blue color in ultramarine (Lapis Lazuli).60 Both of these experimental observations are
in agreement with the molecular orbital analysis that reveals a bonding interaction between the two S3

fragments in 45 involving two components (Figure 10.6): (i) an electron pair bond between the 2b1 SOMOs
of both fragments and (ii) a three-electron bond between the 1a2 SOMO of the biradical [S3]•• and the 1a2

HOMO of the [S3]•− radical anion. Neutral S3 has a closed shell ground state, but becomes a biradical
after valence excitation of an electron from 1a2 to 2b1. As a comparison, the three-electron bond in 45
is converted into a more stabilizing electron pair bond in neutral cyclo-S6 by the loss of the antibonding
electron, thereby accounting for the disparity in the central S–S bond lengths of these two cyclic species.

10.5.2 Selenium and tellurium

The simplest organochalcogeno radicals [RE]• (E = sulfur, selenium, tellurium; R = alkyl, aryl) have
not been isolated as stable species, presumably due to the lack of steric protection from the substituent.
However, the existence of the organic tellurium-centered radicals [RTe]• (R = nButyl, phenyl) as inter-
mediates in the hydrotelluration reactions of alkenes and alkynes, has been ascertained by spin trapping
experiments.61 The EPR spectra of the radical adducts so formed, [(RTe)(2,6-Br2-1-NO-3-SO3-C6H2)]

•−
(46; R = nButyl, phenyl) (Scheme 10.19), with natural abundance tellurium (123Te, I = 1/2, 0.9 %;
125Te, I = 1/2, 7.0 %), show coupling only to the nitrogen atom and two hydrogens of the trapping agent
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(a(14N) = 21.6 G; a(1H) = 0.7 G). When isotope labeling is employed (92 % 125Te), a complicated spec-
trum is observed from which hfc constants of a(14N) = 21.6 G, a(125Te) = 15.8 G, a(79/81Br) = 6.95 G and
a(1H) = 0.7 G are obtained, thus indicating a radical with significant spin density at the tellurium center.

The first stable tellurium(III) radical cation, [(Me3Si)2N]2Te•+ (47) (Scheme 10.19), was synthesized
from the neutral precursor by one-electron oxidation with Ag[AsF6].62 The crystal structure of this seminal
paramagnetic species displayed a slight shortening of the Te–N bonds and elongation of the Si–N distances
compared to those of the neutral precursor. Together with the observed changes in bond angles, these
metrical parameters suggest enhanced back-bonding of the nitrogen lone pairs to the positively charged
tellurium center. Only a single, broad signal (�ω1/2

= 15 G) was observed in the EPR spectrum of 47
indicative of a small spin density on the nitrogen atoms. These data are consistent with a tellurium-centered
radical with a pair of electrons in an sp2 orbital and the odd electron located in a p orbital (Scheme 10.19).
Stabilization of 47 (towards dimerization) is attributed to a combination of steric protection from the
substituents and electrostatic repulsion between the positively charged tellurium centers.

One-electron oxidation of dialkyl dichalcogenides, RE–ER, with [NO]+[OSO2CF3]− produces the dia-
magnetic dications, [(REER)2]2+ (E = Se, R = ethyl, Pr, iBu; E = Te, R = methyl, ethyl) (48)
(Scheme 10.19), rather than the monomeric radical cations, [RE=ER]•+, presumably due to lack of suffi-
cient steric protection from the substituents that are present, for example, in 47.63 The chalcogen–chalcogen
bond lengths in 48 are about 0.05 Å shorter than those in the neutral precursors, while the distance between
the two halves of the rectangular dication is 0.6–0.7 Å longer owing to a combination of the relatively
weak π*–π* interactions between two monomeric [RE=ER]•+ units and electrostatic repulsion between
these two positively charged species (cf. formation of the I4

2+ cation64). DFT calculations predict that the
dimerization is exothermic when solvent effects are taken into account and, consistently, no EPR signal
has been observed for either the selenium or tellurium derivatives of the type 48.63

10.6 Group 17 element radicals

The most common group 17 element-centered radicals are the homodiatomic dications [E2]•+ (E = bromine,
iodine) which, as has been shown for the rectangular iodine derivative, dimerize in the solid state through
π*–π* interactions to give the diamagnetic dications [(E2)2]2+.64 For the bromine derivative only a broad,
non-characteristic EPR signal has been observed, while the iodine congener shows no signal.65

The analogous chlorine radical cation [Cl2]•+ has been isolated as the adduct [Cl2O2]•+ (49), which
is formally a side-on π complex of [Cl2]•+ with dioxygen (Figure 10.7a). The source of the intriguing
paramagnetic species 49 is the reaction between chlorine (Cl2) and an [O2]+ salt with either [SbF6]− or
[Sb2F11]− as the counter ion.66 Similar to the dimer [I4]2+, the structure of 49 is a planar trapezium with
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Figure 10.7 (a) [Cl2O2]•+ (49; anion = [Sb2F11]−), (b) EPR Spectrum of 49, and (c) [(Cl2)2]+[IrF6]− (50·IrF−
6 ).

((a) Reprinted with permission from [66]. Copyright 1999 American Chemical Society; (b) Reproduced with
permission from [67]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.)

short bonds within the Cl2 and O2 units (1.909(1) and 1.207(5) Å, respectively), and a long Cl–O distance
(about 2.41 Å) between these two units, cf. the sum of van der Waals radii for Cl and O = 3.30 Å. The
Cl–Cl distance is about 0.07 Å shorter than that of Cl2, thus indicating that most of the positive charge, and
the unpaired electron, resides on the chlorine atoms. Consistently, the EPR spectrum of 49 (Figure 10.7b)
shows a seven-line pattern (g = 1.9988) due to the coupling of the unpaired electron with two equivalent
chlorine centers (a(35/37Cl) = 2.23 G; 35Cl, I = 3/2, 75.8 %; 37Cl, I = 3/2, 24.2 %).66

Subsequent attempts to produce the monomeric radical cation [Cl2]•+ from the reaction between Cl2
and IrF6 also resulted in a dimeric product in the form of the rectangular radical cation [(Cl2)2]•+ (50)
(Figure 10.7c).67 The structure of 50 displays two short Cl–Cl bonds and two long Cl· · · Cl contacts
(1.941(3) and 2.936(7) Å, respectively). The short chlorine–chlorine bond lengths are intermediate between
those observed for Cl2 and [Cl2]•+, suggesting delocalization of the unpaired spin density over both units.
The EPR spectrum of 50 as the [IrF6]− salt shows only an unresolved broad signal.67 However, the original
EPR spectroscopic study of 50 supports the uniform delocalization of the unpaired electron over all four
chlorine atoms.68

10.7 Summary and future prospects

In the past six to seven years a number of significant developments have occurred in the intriguing field of
stable radicals, primarily through the strategy of installing extremely bulky groups on the heavy p-block
element centers in order to provide kinetic stabilization of highly reactive species. For example, numerous
examples of heavy group 14 analogs of classic carbon-centered radicals, as well as their isoelectronic
anionic congeners from group 13, have been identified. A similar approach has also been successfully
employed to generate a variety of unsaturated cyclic and acyclic (neutral and charged) radicals involving
elements from groups 13–15. At the same time, several heterocyclic systems with biradicaloid character
have been comprehensively characterized.

To date the primary focus has been on the refinement of synthetic approaches and the elucidation of
both the molecular and electronic structures of these novel species. In the future, more attention will
likely be accorded to practical applications. For example, the incorporation of these paramagnetic building
blocks into oligomeric or polymeric systems with unique magnetic properties represents a major synthetic
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challenge. In addition, novel reactivity may be expected for both known and new acyclic and heterocyclic
systems with potential biradicaloid character. For example, the unusual reactivity of the group 14 alkyne
analogs Ar′M≡MAr′ [M = Ge, Sn; Ar′ = C6H3-2,6-(C6H3-2,6-iPr2)2] in the activation of dihydrogen
(H2) under ambient conditions69 may be related to the singlet biradical character of the M–M bond.70 The
existence of an accessible, planar diradical of the four-membered Al2P2 ring in the derivative [tBu2PAl(µ-
PtBu2)]2, indicated by a recent computational study,71 awaits experimental confirmation. Finally, the
suggestion that the weak transannular S–S bonds in certain sulfur–nitrogen ring systems, for example
S4N4 and 1,5-R4P2N4S2,72 is a potential source of biradicaloid character merits both experimental and
computational investigation.
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A. M. Bond, S. Cronin, et al ., New. J. Chem., 32, 214 (2008).
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72. See Ref. 130 in the review by Breher.3



11
Application of Stable Radicals as Mediators

in Living-Radical Polymerization

Andrea R. Szkurhan, Julie Lukkarila and Michael K. Georges

Department of Chemical and Physical Sciences, University of Toronto at Mississauga,
Mississauga, Canada

11.1 Introduction

The free radical polymerization process1,2 has attracted, and will continue to attract, considerable atten-
tion from polymer chemists because it is an industrially significant process that is relatively easy to
perform under a wide variety of conditions. Although the process enables the formation of a myriad of
homopolymers and copolymers, it suffers from its inability to provide designer materials with complex
architectures. The end products of free radical polymerizations are “dead” or non-reactive polymer chains
as a result of unpredictable, irreversible, and unavoidable chain termination reactions, the Achilles heel of
this polymerization process.3

Historically, anionic polymerization has been the method of choice for the production of polymeric
materials with intricate structural design because termination and chain transfer reactions, for the most
part, are nonexistent. Polymer chain ends remain active even at the end of the polymerization, permit-
ting continued manipulation of the initially formed polymer chains. The anionic polymerization process,
however, is incompatible with many functional groups (carbonyl, nitrile, hydroxyl, amine) and requires
rigorous purification of monomers and solvents and the exclusion of oxygen and water. To address the
limitations of both the free radical and anionic polymerization processes, living free radical polymeriza-
tion processes have been developed, the three most prominent being Stable Free Radical Polymerization
(SFRP), also known as Nitroxide-Mediated Polymerization (NMP),4,5 Atom Transfer Radical Polymeriza-
tion (ATRP)6,7 and Reversible Addition Fragmentation Chain Transfer (RAFT) polymerization.8 Reviews
of these processes are available elsewhere.9–11

This chapter details the use of stable radicals, in particular nitroxides, as mediators in living-radical
polymerization. The recent use of other stable free radicals and their application as mediators for the
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SFRP process is also included. A background on free radical polymerization, along with an overview of
the pioneering work that led to the discovery of stable free radical polymerization (SFRP) process, is
briefly discussed. Selected literature is used to highlight the application of the SFRP process to aqueous
polymerization processes and the synthesis of novel materials, including polymers with unique and complex
architectures. There has been no attempt to cover all the literature in the area; the huge popularity of the
subject matter and concomitant large number of publications in the area makes that task too unwieldy.
Apologize are made in advance to those authors whose papers have been omitted.

11.2 Living polymerizations

Living polymerizations are chain growth processes in which termination and chain transfer reactions
are absent, all chains are initiated simultaneously and each initiated chain continues to add monomer
until all the monomer is consumed.12–15 At 100 % conversion, the propagating chain centers remain
active; upon addition of a second monomer, polymerization begins again to produce a diblock copolymer.
This procedure can be repeated again to form a triblock copolymer and so on. Due to a high initia-
tion efficiency and a fast exchange reaction between active and dormant species, the average molecular
weight of the final polymer produced corresponds to the ratio between the initial monomer concentration,
[M]0, and the initiator concentration, [I]. Moreover, since chain transfer and termination reactions are
minimal, molecular weight distributions (Mw/Mn) approach the ideal value of one. Living radical poly-
merization processes attempt to mimic the anionic process as closely as possible in the characteristics
listed above.

11.2.1 Living-radical polymerization background

The beginning of living-radical polymerization began in 1956 with the seminal work of Otsu.16–19 In an
attempt to control radical polymerizations Otsu focused on the use of dithiocarbonates, 1, for which, in
1982, he coined the term iniferters, due to their ability to act as ini tiator-transfer-terminator agents as
illustrated in Scheme 11.1.20 The S–S bonds of the iniferters homolytically cleave when heated to form a
radical capable of initiating a polymer chain and reversibly terminating a propagating chain end, essentially
all of the necessary components for a living-radical polymerization system.
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In the early pioneering years of living-radical polymerizations Otsu et al .19 and Clouet et al .21 per-
formed an extensive amount of work with iniferters, in the process developing a myriad of unique block
copolymers. However, while the concept of how a living-radical polymerization could be performed was
clearly evident in the this chemistry, the work generally produced polymers with broad molecular weight
distributions, since the dithiocarbamyl radical 2, which reversibly terminates the propagating polymer
chain, also initiates new chains and does so throughout the course of the polymerization. In addition, the
dithiocarbamyl radical can lose carbon disulfide (CS2) to form a nitrogen-centered radical that has been
implicated in initiating new chains.22

In the 1970s, Braun investigated the use of pinacol molecules to initiate the polymerization of vinyl
monomers, such as, styrene and methyl methacrylate.23,24 In 1981 he reported the use of disubsti-
tuted tetraarylethanes as free radical initiators to form low molecular weight oligomers of methyl
methacrylate25–27and styrene28 that were terminated on both ends by the molecular fragments originating
from the disubstituted tetraarylethane. These oligomers were able to function as initiators to reinitiate
polymerization in the presence of excess monomer and grow to a higher molecular weight upon
heating.29,30 The growing polymer chains, however, would lose their living ends rather quickly through
termination reactions preventing the formation of very high molecular weight products.31

11.3 Stable free radical polymerization

In 1985, the use of nitroxides as reversible radical trapping agents for carbon-centered radicals was demon-
strated by Solomon and Moad.32,33 2,2,6,6-Tetramethylpiperidinyl-N-oxy (TEMPO) was used as a trapping
agent for acrylate and methacrylate monomers initiated with azobisisobutyronitrile (AIBN) to generate
alkoxyamines adducts such as 3. The alkoxyamines were subsequently used as initiators for polymeriza-
tions of acrylates at temperatures between 80 and 100 ◦C,34,35 resulting in the formation of low molecular
weight oligomers with molecular weight distributions (Mw/Mn) of ∼2. And there the area of living-radical
polymerization remained for a number of years.36 In 1992 Otsu et al . reported that up to that point the
goal of achieving narrow molecular weight distributions polymers by a free radical process had not been
achieved.37 That changed shortly thereafter and a new era of radical polymerization began.
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11.3.1 Background of the work performed at the Xerox Research Centre of Canada

In 1990, at the Xerox Research Centre of Canada (XRCC), one of the authors of this review (M. K.
Georges), and a colleague were assigned a task of synthesizing polymers for a new toner program; M. K.
Georges was assigned the free radical polymerization process, his colleague the anionic polymerization
process. The monomer choices were the same for each approach and included styrene and its derivatives,
1,3-butadiene and various alkyl acrylates. None of the polymers synthesized in the first year by the
free radical polymerization process exhibited any of the sought after program requirements, while the
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corresponding polymers synthesized by the anionic process performed exceptionally well. Management,
however, was concerned with the high cost of the anionic process. Without any direct evidence, it was
concluded that two of the main reasons for the superior properties of the materials prepared by the
anionic polymerization process were the well defined molecular weights and the narrow molecular weight
distributions. Attempts to obtain these two attributes with iniferter chemistry were not successful. It became
increasingly obvious as the project wore on that a more stable free radical was required for the process.
With that in mind, during a discussion with a colleague who worked on electron spin resonance, the idea
of using nitroxides presented itself. Nine months and possibly 250 experiments later, the first example of
a living-radical polymerization of styrene was realized.

In 1993, the polymerization of styrene initiated with benzoyl peroxide (BPO) in the presence of TEMPO
at 130 ◦C was reported to yield moderately high molecular weight polystyrene with narrow molecular
weight distributions (Mw/Mn ∼1.3) that exhibited a linear increase in molecular weight with conversion.38

The critical decision in the success of this work was to start with styrene as the monomer, as opposed
to acrylates or methacrylates, which would probably have led to failure. The process was labeled the
stable free radical polymerization (SFRP) process based on the use of the stable radical TEMPO to control
the polymerization.

11.3.2 General considerations and mechanism

The general mechanism of living polymerizations mediated by stable radicals by now is well known and
has been extensively studied but is presented in Scheme 11.2 for completeness, where M is a monomer
unit, T is a nitroxide, and Pn represents a polymer chain with n repeat units. The process begins with an
initiator, which upon heating dissociates to form radicals that add to monomer. The SFRP process was
initially carried out at temperatures in the range 125–135 ◦C to allow all the polymer chains to initiate at
more or less the same time. An excess of the stable radical caps most of the initiated chains preventing
the reaction from going out of control. The C–O bond formed between the propagating radical site and
the stable radical is labile at the aforementioned temperatures and, upon continued heating, undergoes
reversible homolytic cleavage to reform the stable radical and an active radical site on the end of the
polymer chain. The polymer active site reacts with another nitroxide molecule to reform the dormant
polymer chain or with monomer to undergo chain extension.

The equilibrium reaction between the dormant and active species significantly favors the dormant species,
with K = kd/kc = 2.1 × 10−11 M at 125 ◦C,39 where kd is the dissociation rate constant and kc is the
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Scheme 11.2 Stable free radical polymerization process
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recombination rate constant. At any given time most of the polymer chains are in the dormant form,
reducing the overall concentration of propagating radicals, thereby dramatically reducing irreversible ter-
mination by radical chain combination. Although some termination continues to occur throughout the
course of the polymerization,40 the rate at which termination occurs decreases as the polymerization pro-
ceeds since termination by coupling generally involves at least one short chain.41 In the absence of other
side reactions that generate new chains, polymer growth from the initiating species occurs in a “living”
fashion. Ultimately, the SFRP process enables a linear increase in the molecular weight of the poly-
mer chain with conversion, while producing polymers with very low Mw/Mn. Since termination reactions
cannot be completely avoided in any free radical polymerization process, these are not truly “living” sys-
tems. Comprehensive kinetic analyses of the SFRP process have been reported42–48 using a plethora of
methods, such as, HPLC,49,50 ESR,51–53 GPC/SEC,54–56 alkoxyamine fluorescence quenching57 and 31P58

and 1H NMR.59

11.3.3 Unimolecular initiators

While conventional radical initiators can be used in stable free radical polymerization systems, their use
often requires tweaking the system to obtain the correct ratio of initiator to mediator, since the initiation
efficiency of various primary initiators differs and any large excess of free nitroxides adversely affects the
rates of polymerization.60 An alternative to primary initiators are alkoxyamines,33–36 adducts of an initiator
fragment (optional), a monomer, and a nitroxide (for example 3–5). The C–O bond of the alkoxyamine is
labile and upon heating dissociates to form an initiating species and a stable radical mediator in a 1 : 1 ratio,
although this is not necessarily the right ratio of the propagating chain to nitroxide for a well controlled
polymerization.61

There are several methods to preparing alkoxyamine unimer initiators that involve the controlled gen-
eration and trapping of carbon-centered radicals by stable radicals. A commonly used alkoxyamine,
2-phenyl-2-(2,2,6,6-tetramethylpiperidine-1-oxy)ethyl benzoate (BST) 4, has been synthesized by the reac-
tion of benzoyl peroxide with an excess of styrene in the presence of TEMPO at 80 ◦C.47,61,76 Synthesis
of the acrylate derivative of 4 has been accomplished by oxymercuration of t-butyl acrylate to generate
a mercury(II) acetate intermediate, followed by an oxidative demercuration in the presence of TEMPO.
A subsequent benzoylation gives the desired alkoxyamine product 5.62

Other alkoxyamine derivatives have been synthesized that do not contain the benzoyloxy moiety. A
reaction of di-tert-butyl peroxide with ethyl benzene generates the corresponding benzylic radical, which
is trapped by TEMPO to form the alkoxyamine. This reaction can be performed either thermally63 or
photolytically,64 with the latter reaction allowing for an increase in product yield.

Another alkoxyamine synthesis uses Jacobsen’s catalyst, a reagent typically used in the epoxidation of
olefins. The epoxidation mechanism proceeds via a radical intermediate that generally collapses to give
the corresponding epoxide. However, the radical intermediate can be trapped by a stable nitroxide radical
and then reduced to form the corresponding alkoxyamine.65

Alkoxyamine synthesis has also been attained through atom transfer radical addition (ATRA)
in which halogen abstraction from an alkyl halide by a copper complex yields a radical that can
be trapped by a stable radical, such as a nitroxide.66 Wang and Zu reported the synthesis of the
alkoxyamine composed of the adduct of the benzoyloxy radical, derived from BPO, and TEMPO,
simply by heating BPO in the presence of TEMPO.67 Braslau and Hill described the synthesis of
arylethyl-functionalized N-alkoxyamines and highlighted their uses as initiators for polymerizations.68

More recently, a method for preparing alkoxyamines starting with 4-hydroxyTEMPO dissolved in a
simple ketone in the presence of hydrogen peroxide, followed by the addition of copper(I) chloride
(CuCl), gave varying yields of the alkoxyamine,69 while the synthesis of SG1-based alkoxyamines
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using a photodecomposition of either azo compounds or dithiocarbamates in the presence of SG1 6
[N-tert-butyl-N-[1-diethylphosphono-(2,2-dimethylpropyl) nitroxide] (also referred to as DEPN) were
reported.70
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An extensive amount of work has been performed on the use of alkoxyamines prepared with steri-
cally bulky nitroxides. The C–O bond dissociation energy of these alkoxyamines is significantly decreased
when compared to that of TEMPO derived alkoxyamines. A number of papers have shown how the
steric bulk of a nitroxide affects the rate of C–O bond dissociation of alkoxyamines prepared with
styrene.71–74 An increase in the ring size of cyclic nitroxides also causes a significant decrease in the
C–O bond dissociation energy when compared to TEMPO.75 Seven- and eight-membered ring nitroxides
have large kd values as compared to TEMPO and exhibit increased polymerization rates for styrene.76,77

Interestingly, even with their larger kd values, these nitroxides do not allow controlled polymerizations
of n-butyl acrylate, giving instead polymerizations that stop at low polymer conversion or polymer-
izations that proceed to high conversion but yield polymers with broad molecular weight distributions
(Mw/Mn > 2).

A number of recent studies on the other factors that affect C–O bond homolysis of alkoxyamines
have been reported. Studies with aromatic alkoxyamines have shown that there is a competition between
N–O and O–C homolysis depending on the alkyl substituent on the oxygen of the nitroxide. Primary or
secondary alkyl groups result in N–O cleavage while tertiary or benzyl groups allow O–C cleavage.78

The identity of the counterion of the carboxylate salts of SG1-derived alkoxyamines has been shown to
affect the C–O homolysis rate of the RS/SR diastereoisomers but appears to have little effect on the SS/RR
isomers.79 Also, the effect of the penultimate unit in the polymer on the C–O bond homolysis rates in
SG1-based alkoxyamines80 and alkoxyamines based on imidazoline and imidazole nitroxides81 have also
been reported.

Other sterically bulky nitroxides, for example 8–11, have been more successful in allowing the poly-
merization of acrylates.82–85 The steric bulk of 11, for example, reduces the bond dissociation energy
enough that polymerization of n-butyl acrylate occurs at relatively low temperatures (70–105 ◦C).86,87 In
spite of the low reaction temperatures these reactions were quite fast, not due as suggested by the authors
to the higher kd of the N–O bond but instead due to the lower rate of recombination (kc) of the nitroxide
with the transient macroradical,82 a conclusion supported with results obtained by Debuigne et al . using
the diadamantyl nitroxide 12.88
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The synthesis and application of a nitroxide containing one adamantyl substituent to living radical
polymerization has been reported.89,90 Braslau concluded that steric bulk and an inherent instability of
the nitroxide were both factors in whether a nitroxide could mediate the polymerization of acrylate
monomers. This prompted the synthesis of 1-adamantyl-3-methyl-2-phenylazabutane-1-nitroxide, 13, an
acyclic nitroxide containing both an α hydrogen and an adamantyl group. The corresponding alkoxyamine
was investigated as an initiator for the polymerization of styrene, N, N -dimethyl acrylamide, tert-butyl
acrylate and n-butyl acrylate.
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Debuigne et al .88 synthesized diadmantyl nitroxide 12, a sterically bulky nitroxide with no α hydrogen
atoms, and found that while this nitroxide enabled low temperature (100 ◦C) polymerization of styrene,
it failed to enable the polymerization of n-butyl acrylate. It was further shown that free nitroxide
accumulated in the reaction solutions over time in both acrylate and styrene polymerizations, but more
so in the acrylate polymerizations. These results prompted the authors to further argue that the more
important requirement for whether a nitroxide will enable the polymerization of acrylates is related to its
inherent stability or instability.

11.3.4 Persistent radical effect

The main reaction that takes place in the stable free radical polymerization is the dynamic equilibrium that
occurs between the propagating chain end, the stable mediating radical, and the dormant polymer chain,
which allows for the repeated generation of a propagating chain end that can add monomer following a
reversible termination reaction with the mediating stable radical. The kinetics of this equilibrium operates
on a phenomenon known as the persistent radical effect (PRE).47,91,92 In addition to the main reversible
termination reaction that takes place between the propagating chain end and the stable radical, other side
reactions, such as termination by chain–chain coupling, occur. In the early stages of polymerization, a
small number of the propagating chains undergo termination by coupling at diffusion-controlled rates,
since the radicals are small and the reaction medium is non-viscous, resulting in dead oligomeric chains.
Unlike the propagating chain radicals, the radical mediator is stable and does not terminate, resulting in an
increase in its concentration, leading to a more efficient formation of the dormant polymer species, which
in turn reduces the amount of termination by chain–chain coupling. Overall, the PRE gives rise to a small
excess of mediating radicals and ensures good control over the polymerization process. A small amount
of excess nitroxides is thus often added when alkoxyamines are used to initiate polymerization to help
establish this excess concentration of nitroxide.61

11.3.5 Requirements of stable radicals as mediating agents

In order for a radical to be able to mediate a polymerization, it must be relatively stable under the reaction
conditions and must react with the propagating chain in a reversible manner. In addition, it must not react
with itself or with monomer to initiate new chains nor participate in side reactions, such as β-hydrogen
atom abstraction.
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11.3.6 Nitroxides as mediating agents

The stability of nitroxides is attributed to the delocalization of three electrons in the N–O bond. The
high delocalization energy (∼30.4 kcal/mol) provides a high thermodynamic stability to the radical center
and prevents the dimerization of two nitroxide radicals.93 The overall thermodynamic stability of different
nitroxide radicals is influenced by the substituents on the carbons attached to the nitrogen. Thus, for
example, if all four groups attached to the carbons attached to the nitroxide nitrogen are alkyl, the nitroxide
is stable. Replacing one of the alkyl groups with a hydrogen or attaching a phenyl group directly to nitrogen
renders the nitroxide relatively unstable.93 In the former case abstraction of the alpha hydrogen of one
nitroxide molecule by another results in a disproportionate reaction producing a hydroxylamine and a
nitrone. In the later case, the reaction follows the path depicted in Scheme 11.3.

11.3.7 Nitroxides and their ability to moderate polymerizations

The cyclic nitroxide TEMPO was initially shown to be an efficient mediator for the homopolymerization of
styrene and the copolymerization of styrene and acrylates in which the acrylate concentration was 50 % or
less on a molar basis. Attempts at the homopolymerization of acrylates and methacrylates were uniformly
unsuccessful proceeding to about 5 % conversions and producing low molecular weight oligomers. This
inability of TEMPO to work efficiently with acrylate monomers has been well documented.82,94–99 It has
been suggested that the failure of acrylate homopolymerizations in the presence of TEMPO is due to the
strong C–O bond formed between the acrylate chain end and nitroxide.100 This causes an unfavorably low
value of the equilibrium constant (Keq), attributed to a very low dissociation rate constant (kd) relative to
a very high recombination rate constant (kc). As such, the cleavage of the TEMPO–acrylate bond is not
much faster than monomer conversion and the rate of recombination of TEMPO with the active acrylate
polymer chain end is fast. This prevents both a linear increases in molecular weight with conversion
and low Mw/Mn when TEMPO is the mediating nitroxide. With this in mind, a series of nitroxides
were developed that formed alkoxyamines with styrene and acrylate monomers with relatively large kd

values. Alkoxyamines, comprised of a benzyl radical with the acyclic nitroxides 2,2,5-trimethyl-4-phenyl-
3-azahexane-3-oxy (TIPNO) 7101 or SG1 6,102,103 were shown to have kd values of 3.6 × 10−3 s−1 and
3.3 × 10−4 s−1, respectively, as compared to 1.1 × 10−3 s−1 for TEMPO.51 Both TIPNO and SG1 were
shown early on to be very effective in mediating the polymerization of acrylates and other non-styrenic
monomers, specifically acrylamides, 1,3-dienes, and acrylonitriles.104,105 A strong case has been made for
the importance of kd in successful polymerizations and the need for kp/kd to be ≤6.0 × 105 l mol−1, in
addition to the need to be careful with experimental conditions such as the purity of the monomers and
the amount of reagent in a given-sized reaction vessel.106

It has also been proposed that the difficulty associated with TEMPO-mediated polymerizations of
acrylates is directly related to the excess free nitroxide that is generated throughout the course of the
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Scheme 11.3 Decomposition pathway for N–phenyl containing nitroxide
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polymerization as a consequence of premature chain termination. In the case of styrene polymerizations
a spontaneous autoinitiation reaction between two styrene molecules107,108 generates enough new radi-
cals to consume the excess TEMPO, allowing the polymerization to proceed uninhibited. A corresponding
autoinitiation mechanism does not exist for acrylates, resulting in a build up of free nitroxide in the reaction
solution. The excess nitroxide shifts the equilibrium between the TEMPO-capped dormant polymer chains
and the uncapped propagating polymer chains to the TEMPO-capped polymer, effectively inhibiting the
polymerization. This argument suggests that an additive that can react with TEMPO and remove it from
the reaction solution should allow the polymerization of acrylates to proceed in the presence of TEMPO.
That was indeed the case with the addition of small amounts of ascorbic acid109 and the in situ formation
of ene-diols.110

In fact, it can be argued that the effectiveness of TIPNO and SG1 in acrylate polymerizations is due
to an inherent instability of these nitroxides. The nitroxides contain hydrogen on the carbon α to the
nitrogen,111 enabling them to react with each other to disproportionate into a hydroxylamine and a nitrone.93

This self-initiated degradation of the nitroxide effectively removes excess nitroxide from the reaction
solution, allowing acrylate polymerizations to proceed successfully.112 Ideally, the rate of decomposition
of the nitroxide should be about slightly less than twice the rate of polymer chain termination, since each
termination reaction produces two molecules of nitroxide.

The syntheses of new nitroxides have been reported and include imidazoline-containing nitroxides,113

piperidinyl-N-oxyl radicals with bulky substituents, in particular eight-membered rings,114 ketone bear-
ing nitroxides,115 and water soluble nitroxides based on TIPNO that allow polymerization of sodium
styrenesulfonate in water below 100 ◦C.116

The successful polymerization of methacrylates mediated by nitroxides has proven even more challeng-
ing than acrylate polymerizations. The preferred reaction of most nitroxide with a methacrylate monomer is
a β-hydrogen abstraction leading to a terminated polymer chain and an hydroxylamine.73,117,118 Nitroxide-
mediated methyacrylate polymerizations also exhibit a large equilibrium constant (K), resulting in a high
concentration of propagating radical chains. This leads to an increase in the amount of irreversible termi-
nation reactions and the accumulation of excess free nitroxide, which inhibits the polymerization. Charleux
et al . addressed these problems by polymerizing methyl methacrylate (MMA) in the presence of SG1 and a
small amount of styrene (4.4–8.8 mol %), a monomer with a low K value.119,120 However, care needs to be
taken with the amount of SG1 in that the presence of excess SG1 leads to an increase in disproportionation,
with the amount of disproportionation increasing with an increasing amount of SG1.121

Homopolymerization of MMA without added styrene has been performed using the indole-based nitrox-
ide, DPAIO, 14.122 DPAIO features include a slow homolysis rate, a fast recombination rate and a
low propensity to abstract hydrogen, thus minimizing the amount of disproportionation. Polymeriza-
tions of MMA at 100 ◦C with DPAIO proceed to 80 % conversion yielding homopolymers with poly-
dispersities as low as 1.4. Actual molecular weights were often lower than the theoretical molecular
weights, a result attributed to a combination of a slower initiation rate and a slow decomposition of
the alkoxyamine.
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Polymerizations of methacrylate performed in the presence of sulfuric acid have been reported, with
alkoxyamines prepared with methyl methacrylate, TEMPO, and either benzoyl peroxide or AIBN. Reaction
times are relatively short (45–120 min) at reaction temperaturtes of 70 ◦C and 130 ◦C yielding polymers
with Mw/Mn = 1.09–1.28.123

11.3.8 Rate enhancement of stable free radical polymerization through the use of additives

Initial polymerizations of styrene performed by SFRP using TEMPO as the moderating nitroxide were
quite slow, taking over 40 hours to reach conversions of 76 %.38 To increase the rate of polymerization,
additives were added to the reaction solutions to reduce the amount of excess free nitroxide, which
increases over time due to unavoidable termination by radical chain–chain coupling. Additives that work
well for styrene polymerization include camphorsulfonic acid (CSA),124,125 acetic anhydride,126 2-fluoro-1-
methylpyridinium p-toluenesulfonate (FMPTS),127 and dextrose.128 Ascorbic acid109 and ene-diols110 are
effective for acrylate polymerizations. More recently, the use of DMF as an additive for the polymerization
of tert-butyl acrylate initiated by 4-oxo-TEMPO-capped polystyrene macroinitiator has been shown to
be effective.129

To circumvent the use of additives, a desirable goal in any polymerization, Studer et al . employed a
combination of alkoxyamines to polymerize styrene, with one alkoxyamine containing TEMPO (low kd)

and the other containing a sterically bulky nitroxide (higher kd, lower kc), to very good effect.82 It was
subsequently shown that polymerizations of styrene can proceed quickly and efficiently using a primary
initiator, such as BPO, in the absence of an additive, if the ratio of TEMPO to BPO is varied according
to the targeted molecular weight.60

11.4 Non-nitroxide-based radicals as mediating agents

The uses of other stable radicals, some isolatable, others generated in situ , have been investigated, with
varying degrees of success for living radical polymerizations.

11.4.1 Triazolinyl radicals

Triazolinyl radicals with the general structure 15, are five-membered ring structures that contain a con-
strained hydrazyl moiety that increases the molecules’ stability by allowing π -orbital overlap between the
two adjacent nitrogen atoms.130,131 Triazolinyl radicals offer some degree of control in the free radical
polymerization of styrene and a variety of methacrylates.132–136 For example, triazolinyl-mediated poly-
merizations using the stable radicals 16 or 17, or a mixture of both, as mediators have been shown to be
quite effective in the synthesis of both homopolymers and block copolymers.
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Triazolinyl radical 16 decomposes at elevated temperatures generating a phenyl radical that is capable
of initiating polymerization.132 More importantly, this slow, high temperature decomposition prevents the
accumulation of excess triazolinyl radicals that occurs as a result of unavoidable chain termination reactions.
In comparison to living-radical polymerizations performed using nitroxides, triazolinyl-mediated polymer-
izations typically produce polymers with broader molecular weight distributions, a result of premature
chain termination that occurs in the early stages of the polymerizations.

11.4.2 Verdazyl radicals

Verdazyls are stable radicals that contain a constrained resonance-delocalized hydrazyl moiety in their
ring, similar to the above mentioned triazolinyl radicals. The most common verdazyls have the general
structures 18 and 19, where X = oxygen or sulfur and R is typically methyl, ethyl or isopropyl. The R′
group can be quite varied and includes hydrogen, alkyl, phenyl, substituted benzenes, imidazoles, pyridines
and the like.137–144
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Although verdazyl radicals were originally used as polymerization inhibitors145 and are important in
the study of molecular magnets,146,147 they also have also been employed as mediators in living-radical
polymerizations. 1,3,5-Triphenylverdazyl 18 was originally used for the polymerization of styrene and
methyl methacrylate at 60 ◦C, but reaction times were long and conversions were low.148 Polymerizations
at 110 ◦C allowed a linear increase in molecular weight with conversion, although the molecular weight
distributions were typically broad (Mw/Mn > 2) and approximately 60 % of the chain ends were dead, a
result of bimolecular termination.149
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A series of 6-oxoverdazyl radicals, such as 19, proved more successful for the polymerization of
styrene150 and n-butyl acrylate.151 Adducts of the verdazyl radical with a monomer unit (20, where
R = hydrogen, ethyl, phenyl) were used as initiators for the polymerizations. The success of 19 to moder-
ate the aforementioned polymerizations can be attributed in part to an inherent instability of the verdazyl
radical resulting in the formation of an azomethine imine.152 As a result an excessive amount of verdazyl
does not accumulate in the polymerization solution as a consequence of unavoidable coupling reactions
between polymer chains.
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11.4.3 Other radicals as mediators

This section describes radical mediators that are best describes as persistent, rather than truly stable, since
they are formed in situ and, although they are relatively long lived, they cannot be isolated.

11.4.3.1 Borinate radicals

Borinate radicals are relatively stable species formed by the decomposition of peroxyborinate precursor
molecules.153 Peroxyborinates decompose quite readily at ambient temperatures by homolytic cleavage
of their peroxide bond to yield an alkoxy radical and a borinate radical, as for example 21, the latter
exhibiting stability due to the back-donation of electron density into the empty p-orbital of boron.

B
O

21

Peroxyborinates can be used as initiators in a similar fashion to the nitroxide-derived alkoxyamines. The
alkoxy radical produced from the homolytic cleavage of the peroxyborinate initiates polymerization while
the borinate radical forms a weak, reversible bond with the propagating radical chain.

Polymerizations performed using peroxyborinate initiators with ethyl methacrylate give polymers that
increase in molecular weight with time; however, the molecular weight distributions are typically broad
(Mw/Mn ∼2.5), in part because the system does not allow for a simultaneous initiation of all polymer
chains.153 An 8-boro-indane/oxygen system containing a boron bridging atom between a six-membered
ring and a more reactive five-membered ring undergoes reaction with oxygen to expand the five-membered
ring to a seven-membered ring containing a peroxide moiety. A reaction of the resulting peroxyborinate
with methyl methacrylate showed improvement in the molecular weight distributions of the resulting
homopolymer, (Mw/Mn ∼1.3–1.6).154

11.4.3.2 (Arylazo)oxyl radicals

(Arylazo)oxyl radicals, such as 22, are formed in situ either by an electron transfer reaction between an
activated carbon–halogen compound and an (arenediazo)oxyl anion or by the one-electron oxidation of
an arenedihyponitrite or cyanate anion with an arenediazonium ion. Both reactions give carbon-centered
radicals as byproducts which can be used to initiate the polymerization, while the (arylazo)oxyl radicals
serves to reversibly terminate the growing polymer chain.155

N
N O
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Polymerizations of methyl methacrylate and n-butyl acrylate at temperatures between 25 and 40 ◦C with
PhN2BF4/NaN2O2 as the initiating/mediating system produce polymers that increase in molecular weight
with conversion but which exhibit broad molecular weight distributions (Mw/Mn > 3).156 Block copolymers
prepared using this system contained significant amounts of homopolymers.
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11.4.3.3 Cobalt-mediated radical polymerizations

Cobalt-mediated polymerization was first reported by Wayland in 1994 for the polymerization of acrylates
using a (tetramesitylporphyrinato)cobalt (TMPCo•) complex (23).157,158 The polymerizations proceed by
a reversible mechanism involving a dormant cobalt(III)-capped polymer chain and the active free radical
propagating polymer chain to give polymers with Mw/Mn = 1.25. Much higher molecular weights (Mn =
1 − 5.5 × 105) and faster reaction rates were realized using the octabromo derivative of TMPCo•.158

The addition of the initiator 2,2′-azo-bis(4-methoxy-2,4-dimethyl valeronitrile (V-70) aids the formation
of the organo–cobalt mediating agent by serving as a hydrogen source for the TMPCo• to TMPCoH
transformation. This latter compound reacts readily with acrylate monomers to form an organocobalt
complex which then initiates and controls the polymerization.159
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An advantage of the cobalt-mediated radical polymerization is its ability to control the polymerization
of reactive monomers, such as vinyl acetate. Cobalt bis(acetylaceotnate) complexes of general structure 24
allow for the production of polymers with Mn up to 99 000 g mol−1 and Mw/Mn between 1.1 and 1.3.160

A detailed account of the role of the vazo initator in vinyl acetate polymerization has been presented
by Wayland.161

The ability to polymerize acrylonitrile162 allows the synthesis of block copolymers of poly(vinyl
acetate-b-polyacrylonitrile), which can be readily hydrolyzed to give water soluble blocks of poly(vinyl
alcohol-b-poly(acrylic acid).163 The cobalt(II) tetramesitylporphyrin complex also enables the poly-
merization of vinyl acetate but the yields are generally low, ∼20 %.164 On the other hand the
Co(acac) was shown not to be as efficient for n-butyl acrylate polymerization as the porhorincobalt
complex.165

Acrylate polymerizations with organo–cobalt porphyrin complexes have been shown to proceed by
both a reversible transfer and a degenerative transfer mechanism.166,167 For vinyl acetate polymerization
the mechanism has been shown to vary according to the reaction conditions. In bulk, a degenerative
chain transfer mechanism predominates but in the presence of water or pyridine a reversible termination
mechanism prevails.168,169

11.4.3.4 Organotellurium-mediated living-radical polymerizations

First introduced by Yamago et al .,170–172 the organotellurium-mediated LRP (TERP) was shown to
work well with a variety of monomers, including styrene, acrylates vinyl acetate and methacrylates,
although the molecular weight distributions for methacrylates were broad. The addition of a small
amount of dimethyl ditelluride (MeTe)2,171,173 which serves to deactivate the propagating chain in
the methacrylate polymerizations, was shown to enable better control and much improved molecular
weight distributions.174

The tellurium structures, R–TeL, contain an R group, which acts as the initiator for the polymerization,
and an L non-transferable substituent, which remains with the tellurium. The TeL moiety reacts reversibly
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with the propagating chain. Structures 25–30 are typical.
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A recent study has shown that the L group can affect both the rates of polymerization and molecular
weight distributions in styrene polymerizations. Thus, in the case of 29, improved results were obtained
when L was phenyl, p-methoxyphenyl, p-trifluoromethylphenyl in comparison to when it was 2-furyl and
n-butyl or methyl.175

Initial work with styrene concluded both reversible termination and degenerative transfer (DT) mech-
anisms operate, with the latter dominating.173 It was subsequently shown that the degenerative transfer
mechanism also predominates for acrylate, methacrylate, and vinyl acetate polymerizations.176 However,
in the case of vinyl acetate, the polymers exhibit significant head-to-head addition and broad molecular
weight distributions at high monomer conversion; the latter result due to a small degenerative chain transfer
constant for vinyl acetate.

Organostibines177–179 and organobismuthines180 complexes have also shown to work well but they also
tend to be more sensitive to oxygen than organtellurium complexes and are more problematic to work with.

11.4.3.5 Reverse chain transfer catalyzed polymerization (RTCP)

Iodide-mediated radical polymerization,181–183 involving an alkyl iodide as an initiating dormant species,
and a conventional radical initiator to produce P•, has recently been improved upon with the use of
germanium in the form of germanium(IV) iodide (GeI4) and germanium(II) iodide (GeI2),184 tin in the
form of tin(II) iodide (SnI2) and tin(IV) iodide (SnI4), and phosphorous185 in the form of phosphorus(III)
iodide (PI3). The role of the metal halides, illustrated with GeI4, is shown in Scheme 11.4. The GeI4,

acting as a chain transfer agent, serves to deactivate the propagating radical chain, while P-I is activated
with •GeI3 in a reversible chain transfer process. Reaction temperatures for styrene are 80 ◦C or 100 ◦C
with reaction times varying from 4 to 24 hours depending upon the system. Mw/Mn’s are typically in the
1.15–1.25 range.

RTCP has recently been extended to the use of N-iodosuccinimide (NIS) as a catalyst to deactivate the
propagating polymer chain in a reversible manner. In these polymerizations, dicumyl peroxide or AIBN was
used to initiate P•, which reacts with NIS to produce the NS• species that then reacts reversibly with P-I.
These polymerizations have been shown to work quite well for styrene and a variety of methacrylates.186

11.5 Aqueous stable free radical polymerization processes

A distinct advantage that the SFRP processes have over anionic polymerization is a lack of sensitivity
to water, thus allowing them to proceed under miniemulsion, emulsion, and suspension conditions. This

P I + GeI3 P + GeI4

M

Scheme 11.4 Reverse chain transfer catalyzed polymerization illustrated with GeI4
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provides the opportunity to produce block copolymers and polymers with complex architectures using a
process that enables the industrial production of large-scale materials and eliminates the high viscosity and
heat dissipation issues that exist in bulk polymerizations. Heterogeneous processes also offer the advantage
of being able to reach high molar mass polymers with high conversion at a faster rate of polymerization
as compared to bulk or solution systems.

11.5.1 Living-radical miniemulsion polymerization

Mechanistically, miniemulsion systems are much simpler than emulsion systems since they begin with
preformed, small, stabilized droplets. Nucleation and further polymerization of these droplets allow for
the formation of polymer particles. An issue with miniemulsion systems is the need for a small molecule
hydrophobe, such as hexadecane, to impart stability to the small monomer droplets against diffusional
degradation (Ostwald ripening). The hydrophobe is often regarded as an impurity in the final latex particle.
Furthermore, the use of a high shear device is required for the formation of the small droplets, adding
difficulty to large-scale syntheses. Nevertheless, colloidally stable latexes are readily achieved using living-
radical techniques under these conditions.

Initial SFR miniemulsion polymerizations187,188 were performed using either BPO189,190 or potassium
persulfate (KPS)191 as the initiator, TEMPO as the stable radical mediator, and hexadecane as the costa-
bilizer. To avoid the use of aqueous phase initiation and remove the need for hexadecane, miniemul-
sion polymerizations were subsequently performed using long-chain alkoxyamines or TEMPO-terminated
polystyrene oligomer with good success.192,193

While initial miniemulsion polymerizations were performed between 125–135 ◦C in a pressurized
reaction vessel, the use of SG1 (6) allowed the temperature to be dropped to 90 ◦C.194 Miniemulsion
polymerizations using TEMPO have been accomplished at 100 ◦C through the use of rate enhancing addi-
tives; however, the polymers tended to exhibit a broad molecular weight distributions (Mn/Mw ∼1.4–1.6)
attributed to a low activation rate due to the lower temperature.195

Various reaction parameters have been reported to affect miniemulsion polymerizations. Cunningham
et al . found an increase in the rate of polymerization with an increase in the concentration of the surfactant
sodium dodecyl benzenesulfonate (SDBS) at a constant particle size of ∼120 nm. No decrease in the
degree of livingness was observed.196,197 Nakamura et al .198 reported that particle sizes of greater than
170 nm give polymerization rates similar to bulk polymerizations and good control while smaller sizes
give faster reaction rates but less livingness. The results were explained by suggesting that a fraction of
the free TEMPO becomes deactivated by being absorbed at the interface between the organic and aqueous
phase resulting in a decrease in the deactivation rate.199 The loss in livingness was further noted in the
preparation of block copolymers 200,201 Shifts to higher molecular weights of the initial homopolymer were
evident but the gel permeation chromatography plots showed a low molecular weight shoulder attributed
to dead homopolymer.

The concentration of a styrene-TEMPO macroinitiator has also been shown to affect the polymerization,
with concentrations below 0.02 M giving poor results due to the contribution of autoinitiation and the
suppression of deactivation due to the interfacial activity of TEMPO.202,203 The latter argument was also
used to explain why bimolecular termination is higher in miniemulsion systems than in solution and
increases with decreasing particle size.204 Also, in agreement with earlier studies at lower temperatures,
Alam et al .205 reported that the spontaneous thermal rate of initiation is 3–15 times faster in miniemulsion
than in bulk at temperatures of 110 ◦C and 125 ◦C.

There has been a lot of work dealing with compartmentalization, with a conclusion that for a styrene
TEMPO system at 125 ◦C and [PS–TEMPO] = 0.02 M, a particle size of less than 70 nm is required to see
slowing of the rate of polymerization due to compartmentalization of both the propagating chain and the
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free nitroxide.206,207 The slowing of the rate of propagation is attributed to an increase in the deactivation
of the propagating chain by free nitroxide, thus preventing free nitroxide from accumulating. Similar results
were reported by Tobita et al .208 who, along with Zutterlund, related the results to a confined space effect.

On the other hand, Charleux209 considered that compartmentalization of free nitroxide does not occur
and the lower amount of free nitroxide is due to the compartmentalization of the propagating chain, which
in turn reduces the amount of irreversible termination, the process that generates the free nitroxide. In a
recent paper, it was shown that, in fact, SG1 rapidly diffuses between the various phases of an emulsion
system and can not be considered compartmentalized.210 Thus, the choice of nitroxide may prove to critical
to the degree of compartmentalization.

11.5.2 Emulsion polymerization

The establishment of a viable stable free radical emulsion polymerization process has been harder to realize
than that of miniemulsion polymerization. Mechanistically, emulsion polymerization is more complex than
miniemulsion polymerization because it involves the very intricate process of particle nucleation, which is
ultimately responsible for particle formation. The final product of an emulsion is a latex, which consists of
nano-sized particles suspended in water. Gilbert211 and Charleux et al .212 have written noteworthy reviews
of controlled radical polymerization under emulsions conditions, with the latter review focusing on the use
of SG1.

Early attempts at conducting a conventional emulsion polymerization using living-radical techniques
were fraught with problems and produced emulsions with poor colloidal stability, as seen by the formation
of large particles or phase separation of the latex into an upper foamy oily layer and a lower aqueous
layer.213,214 When colloidal stability was achieved, it was often at the expense of the system’s livingness
and resulted in polymers with poor molecular weight control or broad molecular weight distributions.

Stable emulsion latexes were first realized using a seeded emulsion polymerization system. A polystyrene
seed latex, having an average particle diameter of 90 nm and prepared by a conventional radical polymer-
ization process, was swollen with styrene and a living-radical polymerization was conducted inside the
swollen particles using an alkoxyamine initiator.215 While a high conversion latex was obtained, the reac-
tion was slow and the molecular weight distributions were broad with tailing towards the lower molecular
weight region.

Nicolas et al .216 reported a two-step emulsion polymerization using a water soluble sodium carboxylate
group containing alkoxyamine. In the first step, a seed latex was created by a polymerization of
n-butyl acrylate under very dilute emulsion polymerization conditions (0.7 % monomer loading). A batch
polymerization was then performed using the seed latex from the first step. In a subsequent paper the use of
a SG1-terminated poly(acrylic acid) macroinitiator was reported.217 Emulsion polymerization of styrene or
n-butyl acrylate conducted under batch conditions (20 % monomer loading) without any added surfactant
yielded colloidally stable latexes. However, molecular weight distributions increased throughout the
polymerization (final Mw/Mn between 2.0 and 3.0) due to the formation and accumulation of dead chains.

A nanoprecipitation process to create emulsion particles was reported by Szkurhan et al .218 A preformed
TEMPO-terminated oligomer, which serves as both a macroinitiator and particle stabilizer, dissolved in
acetone, is precipitated in an aqueous solution of poly(vinyl alcohol). Removal of acetone and subsequent
heating of the remaining aqueous phase in the presence of styrene yields stable latexes with particles of
∼500 nm. The polymer exhibits excellent chain growth over time while maintaining narrow molecular
weight distributions.

Cunningham et al .219 modeled the thermodynamics of monomer transfer between droplets and particles
and concluded that TEMPO-mediated ab initio emulsion polymerizations are not feasible due to a propen-
sity for polymerization to occur in the large monomer droplets leading to coagulum in the final product. On
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the other hand, Cunningham et al .220 have reported a successful surfactant free emulsion polymerization
of styrene conducted at 90 ◦C with potassium persulfate and SG1, although molecular weight distributions
were somewhat broad, Mw/Mn ∼1.8.

11.5.3 Other aqueous polymerization processes

Stable free radical suspension polymerizations have been performed in which suspension beads of
poly(styrene)-b-poly(styrene-co-acrylonitrile) and poly(styrene)-b-poly(styrene-co-butyl methacrylate)
were prepared.221,222 A two-step process was used to create stable suspension beads in which the aqueous
phase first had to be prepared in a separate step requiring the surfactants to be boiled. Although stable
polymer beads were obtained using this process, the polymers produced showed very broad molecular
weight distributions, which were attributed to the presence of dead chains that were calculated to be 36 %
of the total number of chains at 72 % monomer conversion, a rather significant contribution.

Dispersion polymerization is a heterogeneous process in which the monomer and polymeric steric
stabilizer are both soluble in the continuous phase. As the polymerization proceeds, the polymer produced
becomes insoluble in the continuous phase and precipitates, adsorbing stabilizer onto itself, resulting in a
stabilized polymer particle. The resulting product is a stable colloidal dispersion of polymer latex particles
that range in size from 500 nm to 1 µm. Unlike the other aqueous processes where the continuous phase is
water, the continuous phase in a dispersion polymerization is typically an aqueous solution of an alcohol,
such as n-pentanol or n-butanol.

A stable free radical dispersion polymerization of styrene has been accomplished using TEMPO as
the stable radical mediator. Dispersion polymerizations were performed in an aqueous ethylene glycol
solution.223 The polymers produced were living and produced polymers with narrow molecular weight
distributions (Mw/Mn ∼1.2); however, high polymer conversion was difficult to obtain with typical con-
versions being in the 20–60 % range. Also, the resulting dispersions produced very large particles (>1 µm)
when compared to dispersion polymerizations performed under the same conditions using conventional
radical polymerization. Living-radical dispersion polymerization has also been performed in water using
a surfactant free approach for the polymerization of N, N -dimethylacrylamide.224 This was accomplished
using a two-step process wherein a short poly(acrylic acid) oligomer was first synthesized using SG1 as
the mediating radical. This oligomer was then used as a polyelectrolyte macroinitiator in the dispersion
polymerization of poly(N, N -dimethylacrylamide). Since the polymerization was performed at an alkaline
pH, the poly(acrylic acid) segment resulting from the oligomer acts as a charged stabilizer for the resulting
particles. The final polymer obtained is a amphiphilic diblock copolymer containing a short poly(acrylic
acid) block and a long poly(N, N -dimethylacrylamide) block. The resulting dispersion gave a stable fluid
latex with particles of 100 nm diameter.

11.6 The application of stable free radical polymerization to new materials

11.6.1 Statistical copolymers

Statistical copolymers are produced by the copolymerization of two or more monomers that have similar
reactivity. Although statistical copolymers can be produced by conventional radical polymerization, the
final product obtained is a mixture of copolymers. Since chain initiation and termination occur through-
out the course of conventional polymerizations, as the process proceeds the monomer feed ratio changes.
Thus, polymer chains initiated at different times during the course of the polymerization contain dif-
ferent monomer ratios. Conversely, statistical copolymers produced by living-radical polymerization yield
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copolymers that contain the same composition, since all chains are initiated simultaneously and grow at the
same rate. Using nitroxide-mediated polymerization styrene has been copolymerized with acrylates,225–229

methacrylates,225,229,230 other styrene derivatives,225,231–237 acrylonitrile,226,238–240 vinyl pyridine,241–243

isoprene,239 malimides,244,245 N, N -dimethylacrylamide,224 acrylic acid,246 methacrylic acid,247 and maleic
anhydride.248 SFRP statistical copolymers have also been created using monomer combinations that do
not include styrene, as, for example, N -isopropylacrylamide with N -tert-butylacrylamide.249

11.6.2 Block copolymers

Block copolymer formation beginning with nitroxide-terminated polystyrene has been extensively
studied,101,234,235,250–258 as have block copolymers prepared by nitroxide-terminated homopolymers
other than polystyrene. 4-OxoTEMPO-terminated n-butyl acrylate homopolymers were used to prepare
poly(n-butyl acrylate-b-styrene) and poly(n-butyl acrylate-b-t-butyl acrylate).259 In a similar manner
TIPNO-terminated poly(n-butyl acrylate) gave poly(n-butyl acrylate-b-styrene).101 The synthesis of
poly(2-vinylpyridine-b-acrylonitrile) was reported by Lokaj et al .260

Amphiphilic diblock copolymers containing segments of monomethoxypoly(ethylene glycol) and
polystyrene (MPEG-b-PS) were synthesised using a MPEG-TEMPO macroinitiator.261 Block copolymers
containing methacrylates have also been synthesized by preparing a first block of a random copolymer
of MMA with styrene and chain extending this SG1-terminated polymer with either styrene or n-butyl
acrylate.119 Another unique block copolymer was formed by the polymerization of n-butyl acrylate
in the presence of SG1, which was then chain extended with a mixture of methyl methacrylate and
N, N -dimethyl acrylamide to create a random copolymer as the second block. An n-butyl acrylate
macroinitator containing an alkoxyamine SG1 linkage on both ends was also synthesized and chain
extended with methyl methacrylate and N, N -dimethyl acrylamide to give a triblock copolymer.262

The RAFT and SFRP processes have been combined to make amphiphilic and thermosensitive graft
copolymers, such as P(St-co-(p-CMS))-g-PNIPAAM.263 Other amphiphilic block copolymers containing
segments of monomethoxypoly(ethylene glycol) and polystyrene (MPEG-b-PS) using TEMPO have been
reported by Shoaeifar et al .264 The formation of block copolymers containing protic functionalities has also
been accomplished. An amphiphilic block copolymer was synthesized beginning with the polymerization
of acrylic acid in the presence of a small amount of styrene to form a SG1-terminated polymer that was
then chain extended with styrene.265 The synthesis of tapered blocks has been reported by Jabber et al .266

Triblock copolymers of styrene/isoprene/styrene and styrene/butadiene/styrene using TEMPO as the
nitroxide mediator have been prepared with narrow molecular weight distributions (Mw/Mn ∼1.3).267

Semicrystalline poly(octadecyl acrylate-b-methyl acrylate) and poly(methyl acrylate-b-octadecyl acrylate-
b-methyl acrylate) copolymers have recently been prepared using SG1 as the mediating nitroxide.268

Nitroxide-mediated polymerization of styrene, n-butyl acrylate, t-butyl acrylate, isoprene, and dimethy-
lacrylamide to form symmetrical ABA triblock copolymers was executed using a TIPNO-terminated
bidirectional alkoxyamine.269 Triblocks, comprising poly(n-butyl acrylate) as a first or central block and
polystyrene or poly(methyl methacrylate) as a second or outer block, have also been made using SG1
under emulsion conditions to give nanostructured latex particles.270

As an extension to the block copolymer work the synthesis of comb/brush structures,271–276 star
polymers277–282 and hyperbranched polymers have been reported.283 Two recent reviews are recom-
mended. One covers click chemistry and includes a section on the use of living-radical polymerizations
processes to make graft copolymers284; the second summarizes the progress in the field of polymer
conjugates285 and again includes a section on the use of living-radical polymerization processes to obtain
polymer conjugates.
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11.7 Conclusions

Clearly there has been enormous progress in recent years in the development, understanding, and expansion
of living-radical polymerization processes. The question may still remain, what is the future of living-radical
polymerizations? I am not sure that the answer is evident at this point. Much progress has been made
with respect to the development and understanding into the process and this bodes well for the future. The
future lies with the skill and the imagination of the scientists working in the field and we leave it in their
very capable hands to determine the future.

List of abbreviations

BPO Benzoyl peroxide
GPC Gel permeation chromatography
kd Dissociation rate constant
kc Recombination rate constant
Keq Equilibrium constant
KPS Potassium persulfate
Mn Number average molecular weight
Mw Weight average molecular weight
MMA Methyl methacrylate
PDI Polydispersity Index (PDI = Mw/Mn)
PRE Persistent radical effect
SFRP Stable free radical polymerization
TEMPO 2,2,6,6-Tetramethylpiperdinyl-N -oxy
TEMPO-TMS trans-2,6-diethyl-2,6-bis(1-trimethylsiloxanoxyethyl)-1-(1-phenylethoxy)piperidine-N -oxy
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120. J. Nicolas, C. Dire, L. Müeller, et al ., Macromolecules , 39, 8274–8282 (2006).
121. R. McHale, F. Aldabbagh and P. B. Zetterlund, J. Polym. Sci., Part A: Polym. Chem., 45, 2194–2203 (2007).
122. Y. Guillaneuf, D. Gigmes, S. R. A. Marque, et al ., Macromolecules , 40, 3108–3114 (2007).
123. O. E. Ansong, S. Jans, Y. Wei, et al . Polym. Int., 57, 863–871 (2008)
124. M. K. Georges, R. P. N. Veregin, P. M. Kazmaier, et al ., Macromolecules , 27, 7228–7229 (1994).
125. R. P. N. Veregin, P. G. Odell, L. M. Michalak and M. K. Georges, Macromolecules , 29, 4161–4163 (1996).
126. E. E. Malmstrom, C. J. Hawker and R. D. Miller, Tetrahedron, 53, 15225–15236 (1997).
127. P. G. Odell, R. P. N. Veregin, L. M. Michalak and M. K. Georges, Macromolecules , 30, 2232–2237 (1997).
128. B. Keoshkerian, M. K. Georges, M. Quinlan, et al ., Macromolecules , 31, 7559–7561 (1998).
129. K. H. Kuo, W. Y. Chiu and K. C. Cheng, Polym. Int., 57, 730–737 (2008).
130. F. A. Neugebauer, H. Fischer and R. Kreiger, Angew. Chem. Intl. Ed. Engl., 28, 491–492 (1989).
131. F. A. Neugebauer and H. Fischer, Tetrahedron, 51, 12883–12898 (1995).
132. D. Colombani, M. Steenbock, M. Klapper and K. Müllen, Macromol. Rapid Commun., 18, 243–251 (1997).
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162. A. Debuigne, C. Michaux, C. Jérôme, et al ., Chem. Eur. J., 14, 7623–7637 (2008).
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12.1 Introduction

The oxidation of secondary amines that contain no α hydrogen atoms, such as 2,2,6,6-tetramethylpiperidine
(1), leads to the formation of nitroxides, stable free radical compounds such as the prototypical 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO, 2) (Scheme 12.1).1 An one-electron oxidation converts nitroxide 2
into the oxoammonium cation 3, a strongly oxidizing species. Reactions of a primary or secondary alcohol
with 3 oxidize the alcohol to the corresponding aldehyde or ketone, respectively, and reduce 3 to the corre-
sponding hydroxylammonium salt 4. If this reaction takes place in the presence of an oxidant that is capable
of the two-electron oxidation needed to convert the hydroxylamine back to the oxoammonium salt, TEMPO
becomes an oxidation catalyst. The latter oxidation by the so-called secondary oxidant∗ may require a cocat-
alyst, commonly bromide. It is this catalytic cycle that enables nitroxides to be used as oxidation catalysts
in organic synthesis.2,3 The nitroxide-catalyzed reactions – largely independent from the secondary oxidant
used – tolerate the presence of alkanes, double and triple bonds, protected alcohols, including acetals and
silanes, epoxides, amides, pyridine-type nitrogens, azides, sulfur heterocycles, esters, isonitriles, and other
functional groups. The oxidations are rarely accompanied with C–C bond cleaving side reactions.

Recent and comprehensive reviews of nitroxide-catalyzed and oxoammonium oxidation reactions are
available.2,3 As such, this review is focused mainly on the application of nitroxide-catalyzed reactions in
organic synthesis, using recent examples from the literature. Emphasis is placed on the scope and limitations
of this reagent in the preparation of complex organic molecules. Excluded here is the use of oxoammo-
nium compounds as stoichiometric oxidants although they are the active species in the catalytic cycle
(Scheme 12.1). As well, the oxidation of non-alcoholic substrates is not reviewed; the reader is referred
to a number of classic or timely reviews on many aspects of the use of nitroxides and/or oxoammonium

∗This oxidant is sometimes also referred to as primary, terminal, or co-oxidant. For a discussion of possible secondary oxidants, see
Section 12.9.
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salts as oxidants,2–12 their stability,13 industrial use,14 or use in carbohydrate chemistry.15 Apologies are
made to all the contributors to the field whose work is not included.

12.2 Mechanism of TEMPO-catalyzed alcohol oxidations

The oxidation of an alcohol to an aldehyde or ketone is deceptively simple. It involves the abstraction
of two hydrogens, that is, the abstraction of two electrons and two protons, from the substrate. However,
the exact details of the nitroxide-catalyzed oxidation process remain unclear. Some of the uncertainties
arise from the fact that the oxidizing species, the oxoammonium cation, can be formulated in two limiting
resonance forms, 3A and 3B, and either form has been used to rationalize experimental findings.16,17

N O N O

3A 3B

An investigation of the pH dependence of the rate of oxoammonium oxidations of simple alcohols in
water and aqueous acetonitrile reveals the presence of several rate regimes, interpretable with the presence
of different mechanisms at different pH values.18 The mechanism dominating under acidic conditions is
generally slower than the mechanism dominating under basic conditions, and secondary alcohols are oxi-
dized faster than primary alcohols. The reactions under basic conditions are faster and show the reverse
rate selectivity, that is, primary alcohols are oxidized faster than secondary alcohols. Since the majority of
nitroxide-catalyzed reactions are performed under basic conditions, only the details of this reaction are con-
sidered. Oxidations of alcohols in base may also involve an alcoholate as the nucleophile, a factor that might
explain the rate acceleration under basic conditions for the generally more acidic primary alcohols.18,19
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Scheme 12.2 shows a possible mechanism for the alcohol oxidation under basic conditions. Deuterium
isotope studies established that the rate determining step is the breaking of the carbon–hydrogen bond,
possibly in the form of a hydride abstraction.18,19 Under acidic or neutral conditions, the relative reactivity
of the substrates is in accord with the known strengths of the carbon–hydrogen bonds on the hydroxyl-
bearing carbon.18 Recent molecular mechanics calculations shed further light on this mechanism.20

The details of the nitroxide-catalyzed oxidation reactions are undoubtedly more complex, however,
as steric effects may inhibit or reinforce the pKa– or C–H bond strength-controlled rates. Counterions
have an effect on the rates.21 Also, it remains to be explained why alcohols containing a β oxygen or a
β nitrogen are, with exceptions,22 inert toward oxoammonium salts in acidic media, though they react in
basic media.23

The active catalytic species in the nitroxide-catalyzed reactions, the oxoammonium salt, can also be
prepared, isolated and used as an attractive stoichiometric oxidant.2,10 Remarkable in the context of this
discussion is that reactions using stoichiometric quantities of oxoammonium salts present at times distinctly
different reactivity profiles when compared to catalytic reactions. For instance, some of the reactions of
stoichiometric oxoammonium salts, such as reactions with double bonds, phenols, or with electron-rich het-
erocyclic systems have not been reported for the catalyzed reactions, although it should be noted that in only
a few cases the two methods were directly compared against each other.24 Also, the oxo-functionalization
of methylene groups α to a keto group or the conversion of 1,3-diketones to 1,2,3-triketones proceeds
typically only with oxoammonium salts,25,26 but exceptions are known.27 On the other hand, some general
limitations are shared by both reactions: unprotected amines cause problems, (activated) double bonds may
react slowly, sulfides may be oxidized, and benzyl ethers may react; some of these expected side reactions
are discussed in Section 12.11.

12.3 Nitroxides used as catalysts

12.3.1 Monomeric nitroxides

Though many nitroxides are known,28,29 only a small fraction of these nitroxides have been investigated as
oxidation catalysts, and the vast majority of nitroxide-catalyzed reactions were performed using TEMPO
(2), and its 4-substituted derivatives.2 Though some minor reactivity differences exist among them, their
most significant differences lie in their physical properties, such as solubility, extraction properties, and
volatility. While TEMPO is low melting (36–38 ◦C) and fairly volatile, its 4-acetylamino derivative,
for instance, is a crystalline and non-volatile solid.30 Thus these derivatives offer a number of practical
advantages with respect to, for instance, catalyst recovery.

The search for nitroxide catalysts that are more regioselective, faster reacting or possessing higher
turnover numbers is ongoing. Thus, a series of bicyclic and tricyclic piperidine-based nitroxides 5–7
was investigated.31–34 In direct comparisons with TEMPO, the oxidation yields were appreciably better
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with 6, especially with sterically hindered alcohols. On the downside, their syntheses are significantly
more complex. Limited data suggest phosphate ester 8 is also a stable and effective catalyst.35 On the
other hand, neither the piperazine-based nitroxide 9, nor the morpholine-based systems 10 or 11 proved to
be competent catalysts.36,37 Likewise, the oxazole- and pyrrolidine-based systems 12–14,38,39 and related
systems,40,41 failed to bring improvements over the oxidation catalysis by the parent TEMPO and closely
related derivatives. Lastly, stereoselective reagents are sought. Some of the chiral nitroxides investigated
are discussed in Section 12.8.

O N
O

N
O

5 6

N

O

R

7

N

R

O

R =

H (2, TEMPO),

NH2, NHAc,

OH, OMe, OBz, 

=O, CO2H

N

O

O

12

N

O

N

O

CO2Et

13 14

O

N P
O

OEt
OEtO

N

N

Ac

O

Ph

9

N

O

O

O

10

N

O

O

11

12.3.2 Ionic liquid nitroxides

A number of nitroxide-ionic liquid conjugates were prepared in recent years, representative for which are
imidazolium derivatives 1542 and 16.43 These catalysts, particularly in combination with an ionic liquid
secondary oxidant such as 17,44 promise simple product isolation by extraction with a solvent that is
immiscible with the ionic liquid.
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12.3.3 Supported nitroxides

A further step toward the procedural simplification of product isolation after a nitroxide-catalyzed oxidation
would be the ability to filter a supported catalyst (or secondary oxidant) from the reaction mixture. The
ability to reuse solid phase nitroxides repeatedly adds to their advantages.45–47 Multiple examples of sup-
ported nitroxides were prepared, with the solid support ranging from simple or advanced organic polymers
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to modified silica gels to zeolites, though not all were tested in series of successive oxidations.48 Shown
below are a number of representative systems that vary in their polymer support, linker, or nitroxide; note
that most examples are based on 4-substituted TEMPO derivatives (18,49,50 19,51 20,52 21,8,9,53 and
2254,55). The supported catalysts are prepared either by covalent attachment of a nitroxide to a polymer,
or the corresponding nitroxide-modified monomers are polymerized. Their solubility and swellability
properties vary. While most reactions are performed by suspending the polymer, polyethylene glycol
derivative 22, and related systems, are soluble but can be readily precipitated from the reaction mixture.56
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TEMPO residues, or the corresponding piperidine derivatives,46 have also been bonded covalently in
a multitude of ways to silica gel surfaces (23–25)57–60 or mesoporous silicas (23),61,62 or nitroxide-
modified silanes were polycondensed into organically modified silica gels (ormosils).47,63,64 The catalyst
derived from SBA-15 (23) can be used, in the presence of the cocatalyst sodium nitrite, in oxidations that
utilize air as secondary oxidant.62
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12.4 Chemoselectivity: oxidation of primary vs secondary alcohols

Nitroxide-catalyzed reactions are extensively used to oxidize primary and secondary alcohols to aldehydes
or carboxylic acids and ketones, repectively, in the presence of a large number of other functional groups.2

The observed chemoselectivity is mainly a matter of relative oxidation rates. Under basic conditions,
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primary alcohols react much faster than secondary alcohols,6,45,65 and complete chemoselectivity can be
observed in many reactions (see, for example, Schemes 12.4, 12.21, 12.22, 12.29, 12.30, 12.34, 12.35,
12.37–12.39, and 12.51). A prototypical example of a selective oxidation of a primary alcohol in the
presence of a secondary alcohol is shown in Scheme 12.3. Optically active 4-methyl-5-hexene-1,3-diol is
oxidized to the corresponding hydroxy aldehyde in quantitative yield.66 The typical reaction conditions are
also mild enough to not cause any racemization of chiral carbons in the molecule (see also, for example,
Schemes 12.31, 12.34, 12.37–12.39, 12.41, and 12.51).

Stoichiometric control can be exerted to oxidize the secondary alcohol subsequently to the primary
alcohol. Thus, oxidation of 1,9-undecanediol results, depending on the stoichiometric ratio of substrate to
secondary oxidant, in the formation of either 9-hydroxyundecanal or 9-oxoundecanal (Scheme 12.4).67

12.5 Chemoselectivity: oxidation of primary vs benzylic alcohols

Benzylic alcohol oxidations are facile (see, e.g., Scheme 12.36).68 Primary benzylic alcohols are oxidized
faster than secondary benzylic alcohols, even if the secondary alcohol is located at a double-benzylic
position.69 Under certain conditions, benzylic alcohols can be oxidized with high selectivity (albeit in
low yield) in the presence of primary alcohols, as the example shown in Scheme 12.5 demonstrates.70

However, the absence of multiple examples of this reaction leaves open the question of the generality of
this particular selectivity.
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12.6 Oxidation of secondary alcohols to ketones

Nitroxides are, in the absence of primary alcohols, potent catalysts for the conversion of secondary alcohols
to ketones. Although much less frequently used than the conversion of primary alcohols to aldehydes,
these reactions are also characterized by a similarly large functional group tolerance as the primary alcohol
oxidations, as the reactions shown in Schemes 12.671 and 12.772 demonstrate.

The nitroxide-catalyzed reactions are powerful enough for the generation of 1,2,3-triketones (α,β-diketo
esters) (Scheme 12.8). Thus, the 4-benzyloxy-derivatized TEMPO-catalyzed oxidation of an α,β-dihydroxy
ester, using sodium bromite as the secondary oxidant, generates the triketone without concomitant
carbon–carbon bond cleavage.27 More commonly, however, stoichiometric quantities of oxoammonium
salts have been used as reagents for the conversion of activated methylene groups to di- and triketones.2

12.7 Oxidations of alcohols to carboxylic acids

12.7.1 Oxidations leading to linear carboxylic acids

A twofold stoichiometric excess of some secondary oxidants, such as bleach, may lead to an intentional
over-oxidation of primary alcohols to carboxylic acids. The conversion of the alcohol to the aldehyde is
nitroxide catalyzed, while the second oxidation is caused directly by the secondary oxidant. Alternatively,
more general and efficient nitroxide-catalyzed oxidations of primary alcohols to carboxylic acids are carried



440 Stable Radicals: Fundamentals and Applied Aspects of Odd-Electron Compounds

N

CO2Na

OMe

CO2NaBuN

CO2H

OMe

Bu
OH

1. TEMPO (cat.), 

NaOCl (cat.), NaClO2

2. NaOEt

(85%)

O

O

O

O

Scheme 12.9

OH

OMe

CO2H

OMe

TEMPO (cat.), NaOCl (cat.), NaClO2,

MeCN, phosphate buffer, pH 6.7, 45 °C (99%)

Scheme 12.10

OH

N

n-Pr

BocMe

OH

N

CO2H
n-Pr

BocMe

OH

N

CO2Me
C3H7

BocMe
(81%)

Ormosil-TEMPO (cat.), 

NaOCl, KBr (cat.)

NaHCO3, acetone, H2O, rt

MeI, K2CO3, DMFOH

Scheme 12.11

HO
HO

O

O

O-i-Pr

OH

HO

HO
HO

O

O

O-i-Pr

OH

HO2C

TEMPO (cat.), KBr (cat.), NaOCl,

CH2Cl2, H2O, rt
(not isolated)

Scheme 12.12

O

OPMB

OH

O OH

OMe

Br

O

OPMB

CO2H

O OH

OMe

Br

(60%)

1. TEMPO (cat.), BAIB, MeCN,

buffer, pH 7, 6 h

2. NaClO2, NaH2PO4, t-BuOH, H2O,

2-methyl-2-butene, rt, 30 min

Scheme 12.13



Nitroxide-Catalyzed Alcohol Oxidations in Organic Synthesis 441

out using sodium chlorite (NaClO2) as a secondary oxidant in the presence of catalytic amounts of sodium
hypochlorite (Scheme 12.9)73,74.

The conversion of a primary alcohol to a carboxylic acid can take place in the presence of protected
phenols, protected and heteroaromatic nitrogens, and alkynes75 (Schemes 12.9 and 12.10). Notably, the
conversion of a primary alcohol to a carboxylic acid in the presence of a secondary alcohol may be more
rapid than the oxidation of a secondary alcohol present in the substrate. Thus, a 1,2-diol was converted to an
α-hydroxy carboxylic acid (Scheme 12.11)76 or the primary alcohol on a tricyclic polyol was converted to
an acid in the presence of a number of free and protected secondary and tertiary alcohols (Scheme 12.12),77

or even allylic alcohols (Scheme 12.13).78

The primary alcohol-to-carboxylic acid conversion can also be performed in a two-step, one-pot approach
(Scheme 12.13).78 The primary alcohol is oxidized to the aldehyde with sodium hypochlorite. Then sodium
chlorite is added to complete the second oxidation step. It is found that a slightly lower pH, of 4–6, enhances
the reactivity of the latter step.79 For further examples of tandem reactions, see Section 12.10.

Primary alcohols in carbohydrates are particularly readily converted in aqueous solutions to carboxylic
acids, as in the classic example of generating uronates (Scheme 12.14).80 Here, the intermediate carboxylic
acids were esterified and the secondary alcohols acetylated to yield the final products. Note also that next
to the secondary alcohols, the acetamido and azide groups are resistant to oxidation.

In the same vein, simple alkyl glycosides, disaccharides, and cyclodextrins have been subjected to
TEMPO-catalyzed electro-oxidations to provide uronic acid derivatives in modest yields (Scheme 12.15).81

Ultrasonic irradiation appreciably increases the oxidation rates in the catalyzed oxidations of methyl
α-d-glucopyanoside and sucrose.82

Similar to the glycosides, the C6 carbon of nucleosides is also readily susceptible to their conversion
into carboxylic acids. Typical examples, the two-step oxidations of a range of nuceic base derivatives, are
shown in Scheme 12.16.83 Protected amines, amide nitrogens, and silane protecting groups are resistant
toward these oxidation conditions.

A number of polysaccharides, including protected and unprotected cyclodextrins,84–86 have been oxi-
dized under the general sodium hypochlorite conditions.15,87–89 In general, these oxidations closely parallel
the oxidations of monomeric glycosides. Amylose, for instance, is oxidized under basic conditions on C6
to the corresponding carboxylic acid salt (Scheme 12.17); upon neutralization, the polyglucuronic acids
are obtained.89
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Cellulose rendered water soluble by partial acetylation can be oxidized to partially acetylated polyglu-
curonic acids.90 Water insoluble polysaccharides, such as cellulose, are only oxidized on the edges of the
fibers.91,92 Pretreated celluloses give more uniform oxidations.93,94

The nitroxide-catalyzed oxidation of both terminal carbons of simple aldose sugars to the corresponding
glycaric acids is possible.95 Suitable secondary oxidants are sodium hypochlorite, chlorine, or bromine
(Scheme 12.29).95,96 These glycaric acid preparations are carried out between 0 and 5 ◦C with the pH care-
fully held above 11.5. When the pH drops below 11.5, appreciable carbon–carbon cleavage is observed.97

As the oxidation of glycerol demonstrates, even the exhaustive oxidation of primary and secondary alco-
hols of glycerol to the sodium salt of ketomalonic acid is possible in high yields, even though the pH in
this reaction was held at 10 (Scheme 12.18).98

12.7.2 (Diol) oxidations leading to lactones

(Cyclic) hemiacetals are susceptible to their nitroxide-catalyzed oxidation to esters (lactones). The
examples given in Schemes 12.19 and 12.20 again demonstrate the wide functional group tolerance of
this method.99,100 The organic secondary oxidants used here vary from the traditionally used bleach, and
are discussed in Section 12.9.

The possibility of generating lactones from diols exists. Thus, if a nitroxide-mediated oxidation of a
primary alcohol generates an aldehyde that is in a position to a second hydroxy group to form a stable
intramolecular hemiacetal, as is the case for 1,4- (Scheme 12.21)101 and 1,5-diols (Scheme 12.22),102

this hemiacetal forms, and is subsequently (nitroxide-catalyzed) oxidized to the corresponding lactone.103

In the strictest sense, this process represents the conversion of a primary alcohol into a carboxylic
acid derivative. Even the efficient formation of a seven-membered lactone from an 1,6-diol is feasible
(Scheme 12.23).104 This reaction for the formation of medium-sized rings is synthetically quite useful.45

Acetals, such as methylidene, benzylidene and isopropylidene acetals, are generally stable toward oxidation
(Schemes 12.9, 12.22, 12.23). Also, the oxidation of a hemiacetal to a lactone can be performed with high
specificity in the presence of a secondary alcohol (Scheme 12.21).

6,3-Lactones are formed from a series of partially protected thioglucosides (Scheme 12.24).105 Remark-
ably, sulfur oxidation does not occur if the reaction times are carefully controlled. In a similar fashion, a
6,1-lactone was prepared from a glucose derivative, and a 6,2-lactone from a mannose derivative.105
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In the TEMPO-catalyzed oxidation of 1,2-diols, cyclic hemiacetal-type dimerization products have been
isolated (Scheme 12.25).106 Presumably, stoichiometric control of the secondary oxidant prevented the
oxidation of the hemiacetals to the corresponding lactone moieties.

Anhydrides/lactams can also form via an interesting ring expansion reaction that occurs when hydroxy-
β-lactams are subjected to TEMPO-catalyzed reaction conditions at essentially neutrality using bleach as
the secondary oxidant.107,108 The hydroxy-β-lactam is oxidized to a N -carboxyanhydride (Scheme 12.26).
Presumably, the intermediate product is an α-keto lactam that undergoes a Baeyer–Villiger-like reaction.
Whether the latter step is induced by the oxoammonium oxidant or by the secondary oxidant is not
known. This reaction also represents the rare case in which a carbon–carbon bond is broken during any
nitroxide-catalyzed oxidation.

12.8 Stereoselective nitroxide-catalyzed oxidations

The conversion of an sp3 alcohol carbon to an sp2 carbonyl carbon destroys a stereocenter. Nevertheless,
two possibilities exist in which a stereoselective reaction can take place. Both involve the enantioselec-
tive destruction of one stereocenter of an enantiomeric pair of stereocenters. One possibility involves
the enantioselective oxidation of one isomer of racemic mixture, thus enriching the mixture with the
non-oxidized chiral species (Scheme 12.27).109 However, until most recently using catalyst 27,110 the
ee values achieved have not been large enough for this method to be of practical value. In addition,
the azaadamantane-derived catalysts of type 27 have not yet been tested in the synthesis of complex
natural products.
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Alternatively, one of two alcohol functionalities of a meso-compound may be selectively oxidized
(Scheme 12.28).111 The latter reaction theoretically allows a stereochemical reaction with 100 % conversion
to a chiral product and is, therefore, of greater interest, though little explored.41,111,112 Again, the ee’s
achieved to date are not practical.

Most stereoselective nitroxide-catalyzed oxidations were carried out using optically active nitroxides,
examples of which are shown below,29,37,113–120 or by using an achiral nitroxide in the presence of an
optically active auxiliary (such as sparteine).121,122 Similarly, an electrode surface can be modified with an
optically active nitroxide to perform stereoselective electrochemical oxidations.109,112,123,124 In all cases,
however, the ee values achieved are modest, at best. In cases in which the chiral element is fairly remote
to the oxidizing site (e.g., TEMPO derivative 26125), this may not be too surprising. However, even in
cases in which the chirality is much closer to the active site of the nitroxide (such as in nitroxide 2841,126)
or in cases in which the nitroxide is altogether C2-symmetric (29118 or the derivatives 30 to 32116,127), the
outcomes in terms of stereoselectivity are by and large disappointing.
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12.9 Secondary oxidants used in nitroxide-catalyzed reactions

Nitroxide-catalyzed reactions work in concert with a secondary oxidant. The secondary oxidant has two
roles. In addition to converting the hydroxylamine back to the oxoammonium species, it also has to
be competent in the one-electron activation of a nitroxide to the oxoammonium salt (Scheme 12.1). A
range of oxidants is suitable and each oxidant is endowed with its own set of advantages and limitations.
Novel systems, such as NaNO2/HCl, are still being developed.128 Here, only the main and most attractive
secondary oxidants are discussed.2

12.9.1 Elemental halogens

Elemental chlorine, bromine, and iodine have been used as secondary oxidants in nitroxide-catalyzed
oxidations. For instance, the oxidation of various sugars to their corresponding glycaric acids with chlorine
or bromine has been carried out (Scheme 12.29).96 The advantages of using halogens are the low costs of
the oxidant chlorine, its atom economy, and the potential of the use of an aqueous solvent. Also, the main
byproducts of these oxidants are alkaline halides (e.g., sodium chloride), and, in some cases, the products
could be precipitated from water by a simple pH adjustment.96 Obviously, these oxidants are unsuitable for
any reactions involving substrates that are readily halogenated or susceptible to chlorine-induced oxidations.
The main reason for using iodine rather than chlorine or bromine is that this solid is more readily delivered
and tends to reduce side reactions resulting from the halogenation of electron-rich systems.129

12.9.2 Sodium hypochlorite (bleach)

By far the most popular, least costly, and most generally applicable secondary oxidant is hypochlorite in
the form of (fresh)60 bleach, a commercially available, slightly basic, 0.3–2 M aqueous solution of sodium
hypochlorite. The oxidations are generally carried out in a vigorously stirred two-phase, water–methylene
chloride system or in aqueous mixtures with acetone or acetonitrile at room temperature to 0 ◦C. Triflu-
orotoluene was suggested as organic phase to improve the yield of some oxidations.130 As the rate and
specificity of nitroxide-catalyzed oxidations are strongly dependent on the pH, the use of phosphate or
carbonate buffers is employed to maintain the pH of the reaction typically between 8 and 10. At pH
values above about 10, the reaction becomes prohibitively slow, whereas at lower pH values side reactions
become prominent. If in large-scale reactions the buffer capacity of the chosen buffer is insufficient, base
must be added to maintain the pH at the desired value.95 The common cocatalyst bromide is also water
soluble, as is sodium chlorite (for oxidations to carboxylic acids, see Section 12.7). The reaction times are
short and the reaction is frequently complete within minutes to hours.

Sonocatalysis may increase the rates of oxidation of very hydrophilic substrates.131 Likewise, the addition
of a phase transfer agent (e.g., Aliquat 336, Bu4NCl or Bu4NBr)45,132 may accelerate slow reactions
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of, for instance, very hydrophobic substrates, or may allow for the formation of carboxylic acids from
alcohols or aldehydes.45 Lithium hypochlorite,67 calcium hypochlorite (stable solid!),80,133,134 or tert-
butyl hypochlorite135 can also used as sources of hypochlorite. Reactions on a large scale have been
described,60,136 and continuous-process oxidation schemes have been devised.137

The power of this method can be gleaned from a number of typical examples that illustrate its
speed, selectivity and functional group compatibility of the reactions (Schemes 12.30138 and 12.31139).
Notably, no racemization of chiral centers was observed, even when located adjacent to carbonyl groups
(Scheme 12.30).

The main limitations to the use of hypochlorite are N -chlorination of some amides or halogenations of
electron-rich aromatic rings that can take place.136,137 Reduction of the reaction temperature (to −5 ◦C)140

and the use of acetone instead of water/methylene chloride as a solvent were reported to minimize such
side reactions.141 The presence of the aqueous phase may complicate the isolation of very hydrophilic
products.

12.9.3 Bis(acetoxy)iodobenzene (BAIB)

A secondary oxidant of rapidly rising popularity for nitroxide-catalyzed oxidations is the hypervalent
iodine reagent bis(acetoxy)iodobenzene (BAIB).142,143 The key advantage of using BAIB is that it does
not require buffered aqueous solutions and can be used in entirely organic systems (e.g., methylene chlo-
ride, acetonitrile), thus allowing for anhydrous conditions,142 though its use is not limited to anhydrous
solvents.144 The byproducts of the reaction (iodobenzene and acetic acid) can be removed by column
chromatography or by vacuum distillation. Surprisingly, despite the fact that this reaction is carried out
in an essentially acidic medium (acetic acid), the characteristic rate difference of the TEMPO-catalyzed
oxidations under basic conditions (primary alcohols – fast, and secondary alcohols – slow) is maintained.
Thus, primary alcohols can be selectively oxidized in the presence of secondary alcohols, even when
the latter are allylic or phenolic (see also Schemes 12.13, 12.20, and 12.51). The reaction rate can be
increased with a small amount of acetic acid142 or water,145 though the side product acetic acid may also
cause undesired side reactions.146 The reaction is tolerant to the presence of a host of functional groups,
including terminal, two- and three-substituted and/or conjugated alkenes, epoxides, thioethers, selenides,
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electron-rich aromatic rings, and silane protecting groups, and the reaction conditions will not racemize
chiral centers (Schemes 12.13, 12.20, 12.24, 12.32,147 12.33,148 and 12.34145).

The costs of the secondary oxidant and the fact that its use is not atom-economic may be its greatest
disadvantages. Nonetheless, the reaction has been carried out on a 1.3-molar scale (Scheme 12.34).145,148

A number of BAIB derivatives that are also suitable as secondary oxidants have become known,149,150

including polymeric151 and ionic liquid derivatives.44,152

12.9.4 Oxygen (air)

As a particularly environmentally friendly secondary oxidant, the use of oxygen (in the form of air or in
pure form), at ambient pressure or slightly above, is most desirable.8,9 However, oxygen is unsuitable for
the direct conversion of TEMPO derivatives to oxoammonium salts and, therefore, requires a cocatalyst,
the most common being copper(I) or copper(II) ions in a number of “free” (chloride or perchlorate) or
complexed forms in dimethylformamide, acetonitrile, or an ionic liquid.153–157 Other metal ion-based cocat-
alysts for the TEMPO-catalyzed oxygen-mediated oxidation of alcohols are ceric ammonium nitrate,158

ferric chloride/sodium nitrite,159 cobalt and manganese nitrates,56,57,160 or polyoxometalates.53,161 However,
the use of metal-based cocatalysts (or, not detailed here, the use of metal-based secondary oxidants)162

erodes the environmental advantage of nitroxides, namely their ability to mediate a transition metal-free
oxidation. Also, reactions with aliphatic alcohols are relatively slow. These disadvantages notwithstand-
ing, the TEMPO/copper(II)/ligand/air oxidations have been used in the high yield conversion of complex
natural products (Scheme 12.35).157
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A special case of the air oxidations are those involving laccases as cocatalysts. These lignin-degrading
enzymes expressed by white rot fungi can oxidize nitroxides to oxoammonium ions, and they can be
rejuvenated by air.163 TEMPO/laccase has been used for the oxidation of benzylic alcohols (Scheme 12.5)
and sugar derivatives,164 and mechanistic studies of this reaction have become available.70,165

12.9.5 Peroxides

The use of cost effective and environmentally benign hydrogen peroxide as secondary oxidant would also
be desirable. Aside from an example in an hydrogen bromide/ionic liquid system166 or in the presence
of methyltrioxorhenium as cocatalysts,167 it is, however, not a generally applicable secondary oxidant in
TEMPO-catalyzed reactions.

Nitroxide-catalyzed reactions using m-chloroperoxybenzoic acid (m-CPBA) as a secondary oxidant were
the first nitroxide-catalyzed reactions to be discovered.127,168 The reactions are somewhat simplified in
that the reactions can be carried out using 2,2,6,6-tetramethylpiperidine hydrochloride (1·H+) because
m-CPBA also oxidizes this piperidine to TEMPO (Scheme 12.1).168 Bromide appears to be obligatory as
a cocatalyst.169 The reaction works best only for the oxidation of secondary alcohols to ketones, since
some over-oxidation of primary alcohols to carboxylic acids may be observed.168 Also, known peracid
oxidations such as the Baeyer–Villiger oxidation of ketones to esters or lactones and the epoxidation of
alkenes may occur, requiring a careful selection of the alcoholic substrates to be oxidized, though this
reaction can also be taken advantage of (see Section 12.10 on Tandem Reactions).

Oxone (DuPont; 2 KHSO5·KHSO4·K2SO4) is a cost effective solid peroxymonosulfate-based oxidant,
which is reduced to sulfate during the reaction. It can be used in purely organic solvents when used in
conjunction with a cocatalyst and phase transfer agent (Scheme 12.36).68 Other peracid ions, such as
peracetate, perborate, percarbonate, and peroxydisulfate, have been explored primarily for the oxidation of
carbohydrates.170
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12.9.6 Other organic secondary oxidants

Trichlorocyanuric acid (TCCA)110,171 and N -chlorosuccinimide (NCS)69 have also been used as secondary
oxidants. The selectivity of the TEMPO-catalyzed reactions are generally preserved, and these reagents
were successfully applied toward the synthesis of multifunctional molecules (Schemes 12.37,172 12.38,173

and 12.39174). One advantage of these reactions is that the oxidant is a solid and a more careful stoi-
chiometric control over the oxidation can be achieved than, for instance, when using bleach. They can be
used in pure organic solvents or in buffered aqueous/organic solvent mixtures. Their disadvantages include
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poor atom economy and the need to remove the organic side products of the oxidants from the reaction
mixtures.

12.9.7 Anodic, electrochemical oxidation

Nitroxide-catalyzed electrochemical oxidations combine the chemical specificity of oxoammonium ion
oxidations with the benefits of electrochemical syntheses: the option to vary the oxidation potential (i.e.,
to adjust to the oxidation potential of the specific nitroxide used) and the lack of byproducts resulting from
a secondary chemical oxidant (Scheme 12.40).175 Among the disadvantages of electrochemical oxidations
are that they suffer from difficulties involving the choice of the cell architecture, the electrode material and
its surface modification, including the use of electrode-bound nitroxides,176 and that they require the use of
a polar solvent containing high concentration of an electrolyte to carry the current, potentially complicating
the isolation of the product. Only a few reactions have been carried out using relatively simple substrates.
Thus, the full potential of the electrosynthetic method for organic synthesis has yet to be realized.

12.10 Use of nitroxide-catalyzed oxidations in tandem reactions

A tandem reaction is loosely defined here as one in which the nitroxide-catalyzed reaction is coupled with
a second reaction that takes place in the same flask. In the simplest case, the alcohol oxidation elicits
spontaneously a sequential reaction, such as shown in the lactone cyclization reactions (Section 12.7.2).
An interesting tandem reaction of an ynamide alcohol to generate a pyrrolizidinone and that was initiated
by a nitroxide-catalyzed oxidation is shown in Scheme 12.41.177 Mechanistically, this reaction proceeds
through the ring opening of an amide-substituted oxetene intermediate that is formed through a [2 + 2]
cycloaddition pathway between the alkyne and the aldehyde generated in situ during the initial oxidation.
Another one-pot method can be used to convert 2,3-epoxy alcohols into isoxazole derivatives.178

The reactions that take place in tandem may also take place in two distinct steps. For instance, interme-
diate aldehydes have been trapped by a Wittig reaction (Schemes 12.42179 and 12.43180).

The nitroxide/hypochlorite- and chlorite-mediated alcohol-to-carboxyl oxidations that have been car-
ried out in a two-step, one-pot fashion may also be considered tandem reactions (Section 12.7.1).79
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In another variant, the second reaction is caused by the secondary oxidant, as shown for the combined
oxidation–epoxidation reaction of 5-norbornene-2-ol (Scheme 12.44).168

If m-CPBA is used as the secondary oxidant in the nitroxide-catalyzed conversion of cyclohexanol to
cyclohexanone, the formation of ε-caprolactone is observed (Scheme 12.45).168 Thus, the initial catalytic
oxidation of the secondary alcohol to a ketone is followed by a m-CPBA-induced Baeyer–Villiger-type
oxygen insertion.

TEMPO, used in combination with the co-oxidant bleach, was shown to convert an α-keto-β-lactam to
an anhydride in high yields (Scheme 12.46),107 thus exhibiting an unusual Baeyer–Villiger-type oxidation
behavior that is, however, most likely substrate specific (for a related example, see Scheme 12.26).

The TEMPO-catalyzed reaction can also be the second of two sequential, one-pot reaction steps. For
instance, a Sharpless asymmetric dihydroxylation reaction can be combined with a TEMPO/NaOCl/NaOCl2

oxidation to yield optically active α-hydroxy acids in good yields (Scheme 12.47).181 The reaction is not
completely stereospecific but, remarkably, no carbon–carbon bond cleavage occurs.

All these examples demonstrate the power of tandem reactions that are facilitated by the wide functional
group tolerance of the nitroxide-catalyzed oxidations.

12.11 Predictable side reactions

By and large, the nitroxide-catalyzed alcohol oxidations are specific for alcohols, though this specificity is
limited by the presence of sulfides, select activated double bonds, or free amines. The side reactions that
can be expected are discussed below.

12.11.1 Oxidations of sulfur

Sulfides are rapidly converted to sulfoxides using catalytic amounts of nitroxides and a secondary oxidant
(Scheme 12.48). In fact, the reaction is fast enough to allow the oxidation of sulfides to take place in the
presence of primary and secondary alcohols without them being affected.106,182 Alas, the inverse relative
reactivity is also observed. Alkyl and aryl thioglycosides do not react with TEMPO-catalyzed BAIB
oxidations under carefully controlled conditions,105,183 thus allowing the conversion of a primary alcohol
to a carboxylic acid in the presence of a thioether (Scheme 12.24).103 The choice of the secondary oxidant
is crucial as phenylthioglycosides184 and phenyl sulfides182,184 give sulfoxides using a TEMPO-catalyzed
sodium hypochlorite system.185 The sulfur in 1,3-thiazoles is not oxidized.186 Thus, secondary oxidant,
reaction conditions, and substrate potentially influence the outcome of this oxidation.

12.11.2 Oxidations of nitrogen

Oxoammonium salts, even when generated as part of a catalytic cycle, react in a less well understood
manner with unprotected amine nitrogens. Pyridine and amide nitrogens are inert. At least in some cases,
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the reactions involve an oxidation of amines to yield imines (see, e.g., Scheme 12.51).187 N -Alkyl-N -
methylanilines have been converted to N -alkylformanilides.188 The scope and limits of these reactions
are not yet clear. The synthetically most successful work was carried out in an electrochemical system,
converting primary (Scheme 12.49) and benzylic amines (Scheme 12.50) to nitriles.187,189

An interesting reaction cascade elicited by a nitroxide-catalyzed BAIB oxidation is shown in
Scheme 12.51.190 The reaction illustrates several features that are typical for nitroxide-catalyzed reactions:
lactone formation, resistance of secondary alcohols to oxidation, and amine-to-imine oxidation, all
combined with a (nitroxide independent) tandem ring closure reaction.

12.11.3 Oxidations of carbon

Most carbons in organic molecules are inert towards nitroxide-catalyzed reactions but exceptions are known.
For instance, select activated double bond systems are oxidized in nitroxide-catalyzed electro-oxidations,
to provide, depending on the substrates, either enones191 or aromatic systems (Scheme 12.52).192 Ether
carbons are also generally stable, but again, exceptions were reported for select benzyl ethers.70,193,194

12.12 Comparison with other oxidation methods

Nitroxide-catalyzed reactions are, next to the Dess–Martin oxidations and the Moffatt–Swern oxidations,
a third family of purely organic, transition metal-free oxidants. The major advantage of the nitroxide-based
reactions is that they are catalytic reactions using, in part, cost effective and benign secondary oxidants.
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TEMPO (cat.), 0.55 V vs. Ag/AgNO3

MeCN, 5% H2O, 2,6-lutidine

O

(95%, GC)

(96%)

Scheme 12.52
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Dess–Martin alcohol oxidations are carried out using periodinane,195 which may not always be safe.196

Moffatt–Swern oxidations require carefully dried reagents and solvents, generally low temperatures, and
the byproduct dimethylsulfide has an obnoxious smell,197 whereas nitroxide-catalyzed oxidations do not
generate unpleasant odors and do not require anhydrous conditions. Isomerizations were observed under
Swern conditions that did not occur using nitroxide-catalyzed sodium hypochlorite oxidation conditions
(Scheme 12.53).71

Among the metal-based oxidants that are in direct competition to the nitroxide-based systems are the
chromium(VI)-based reagents198 and manganese dioxide.199,200 While these oxidants are inexpensive, well
studied, and many quite selective reactions have been developed, they all involve (toxic) metal ions that
must be removed from the reaction mixtures and properly disposed of. Both methods suffer from their
exclusive use in stoichiometric oxidations. Manganese dioxide oxidations also suffer from a restricted
applicability to activated alcohols.201 Using chromium(VI) reagents, side reactions such as isomerizations
and oxygen migrations and the production of chromic esters have been reported. Also, TEMPO-based
oxidations gave reportedly higher yields compared to pyridinium chlorochromate oxidations.202

12.13 Nitroxide-catalyzed oxidations and green chemistry

When considering a particular reaction for use, first and foremost its suitability for the desired transfor-
mation has to be considered. If several equivalent reactions are available, increasingly the principles of
Green Chemistry are used to select one reaction over another. How, using the 12 principles of Green
Chemistry,203 do nitroxide-catalyzed oxidations stack up?

1. Prevent waste: Aqueous nitroxide-mediated oxidations using hypochlorite (bleach), oxygen or chlo-
rine as secondary oxidants generate relatively benign aqueous solutions of (sodium) chloride as waste.
Many nitroxide-catalyzed reactions are also tolerant to very high reactant concentrations, minimizing
the quantities of solvent used.
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2. Design safer chemicals and products: While TEMPO itself is volatile, TEMPO derivatives such as
most 4-substituted TEMPO derivatives are not, minimizing possible pollution/exposure.

3. Design less hazardous chemical syntheses: The use of aqueous nitroxide-mediated oxidations using
hypochlorite (bleach) or ambient pressure air/oxygen as secondary oxidants in aqueous solutions offer
a low-hazard oxidation method.

4. Use renewable feedstocks: Nitroxide-mediated oxidations proved to be of particular utility in the
functionalization of carbohydrates and polysaccharides, opening the way toward novel compounds
and materials made from renewable feedstocks.

5. Use catalysts, not stoichiometric reagents: Nitroxides are good catalysts of high specificity, combined
with high turnover numbers. In part, the reactions also offer excellent catalyst recovery.

6. Avoid chemical derivatives: Nitroxide-mediated oxidations show a number of remarkable chemical
selectivities, thus avoiding protecting groups in the synthesis of complex molecules.

7. Maximize atom economy: Nitroxide-catalyzed oxidations using, especially, halogens, oxygen or
hypochlorites as secondary oxidants are superbly atom-economic reactions.

8. Use safer solvents and reaction conditions: The potential for nitroxide-catalyzed reactions to be
performed in aqueous solutions at ambient temperatures and pressures follows this guideline.

9. Increase energy efficiency: As most nitroxide-catalyzed reactions are performed at ambient pressure
and temperature (or only slightly below), they are not particularly energy demanding.

10. Design chemicals and products to degrade after use: We are not aware of the study of the
(bio)degradation of nitroxides but nitroxides may allow the preparation of degradable materials (see
principle 4).

11. Analyze in real time to prevent pollution: In-process real-time monitoring of aqueous nitroxide-
catalyzed bleach/chlorine oxidations is possible by means of monitoring the pH of the reaction
solution.

12. Minimize the potential for accidents: The potential for using stable, crystalline nitroxides, aqueous
systems at ambient temperatures and using secondary oxidants such as air, bleach or Oxone are
steps toward accident minimization (see also principle 8).

In summary, while the use of nitroxide-catalyzed oxidations is not per se a green process, many aspects
of these reactions allow the “greening” of oxidations.
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Metal–Nitroxide Complexes: Synthesis

and Magnetostructural Correlations

Victor Ovcharenko

International Tomography Center, Novosibirsk, Russia

13.1 Introduction

Interactions between the paramagnetic ions of transition metals and stable radicals are convenient and
effective methods for the synthesis of multispin molecules. These metal-nitroxide systems are often called
heterospin systems because they contain paramagnetic centers with both d (or f) odd electrons and centers
with p electrons. Paramagnetic centers can differ in the electron spin, g factor, the character of electron
spin density delocalization, and heat capacity. The presence of several paramagnetic centers in heterospin
molecules has stirred growing interest in their magnetic properties because these compounds are convenient
objects for studying the subtle peculiarities of exchange interactions and revealing valuable magnetostruc-
tural correlations. That is why coordination chemistry of transition metals with stable nitroxides is an
actively developing direction in modern chemistry that contributes to problem solving in the field of
molecular magnetism. The results of studies on the synthesis and properties of metal complexes with
nitroxides have been considered from different viewpoints and at different times in many monographs and
reviews.1–19

Importantly, this approach offers the potential for control over the structure of the designed heterospin
molecule and the character of interactions between the odd electrons of paramagnetic centers, which is
necessary for constructing justifiable magnetostructural correlations. This is one of the factors responsible
for the continuous growth of the number of new metal–nitroxide complexes. The Cambridge Structural
Database alone contains more than one thousand structurally defined metal-nitroxide systems.20 Therefore,
currently it is impossible and not necessary to collect all available literature data on the synthesis and
properties of metal-nitroxide systems in one publication. In any account, a comprehensive review of this
kind will already have become incomplete by the time of its publication because new heterospin compounds
based on transition metal compounds with nitroxides are being added daily to the list. However, the
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available, continuously growing collection of data on metal-nitroxide systems allows the sorting out of
both elaborate and new scientific directions based on these compounds. This present review largely reflects
the scientific preferences of the author and presents an attempt to highlight those aspects of the problem
that generally receive less attention from researchers.

13.2 Two types of nitroxide for direct coordination of the metal
to the nitroxyl group

Since the discovery of stable nitroxides, it was quickly realized that, apart from having high kinetic
stability in both the solid state and solution, they were capable of reacting in such a way that their free
valence remained intact. This stimulated studies of coordination compounds where the metal was directly
coordinated to the nitroxyl >N–•O group. The direct coordination of the nitroxyl group, which favors
direct exchange, created great interest because the energy of interactions between odd electrons in the
{M–O•–N<} exchange cluster (M is the paramagnetic metal ion) was maximum in this case. With the
maximum exchange energy, the temperature of the potential magnetic anomaly for the heterospin system
was also expected to be high.

In principle, many variants of M–O•–N< coordination are possible. They can be conventionally divided
into two groups if the synthetic approaches used are correlated with the molecular structure of nitroxide.
Nitroxides can also be divided into two types according to complexation:

(a) nitroxides containing only >N–•O, but no other functional groups; and
(b) nitroxides containing other donor functional groups along with >N–•O.

13.2.1 Complexes containing only >N–•O as a coordinating group

The synthesis of complexes in which only the nitroxide can coordinate requires a certain methodological
approach because these compounds are extremely weak donors in accordance with thermodynamic data
for complexes in solution.21–25 Therefore, the syntheses of complexes with these nitroxides are generally
performed with reagents that are rather strong Lewis acids, for example, anhydrous halides, perchlorates,
hexafluoroacetyl acetonates, or halogenated metal carboxylates.

Studies on the synthesis and magnetochemistry of complexes with metal-nitroxide coordination were
started in 1967, with complexes of formula CoX2(L1)2, (X = Cl, Br, I). These heterospin complexes were
synthesized using carefully dehydrated reagents and solvents. Dilution of the CoX2(L1)2 solution led to
increased dissociation of the complexes, which was indicative of their low thermodynamic stability. There
was a strong antiferromagnetic interaction between the odd electrons of >N–•O groups and Co(II).26

The [CuCl2(L2)] and [PdX(L)−]2 dimer complexes (X = Cl, Br and L = L1, L2) were also synthesized in
the absence of moisture (Scheme 13.1). [CuCl2(L2)] was diamagnetic because of strong antiferromagnetic
exchange27 and [PdX(L)−]2 because of the reduction of nitroxide in the course of the reaction and further
η2-coordination of hydroxylamine anions.28–31 Quantum chemical calculations confirmed that the organic
ligand in palladium(II) complexes was in reduced form.32 The CuBr2(L2) diamagnet, which is rather stable
in the absence of moisture and in which the nitroxide is in the very unusual η2-coordination mode, was
described in.33 Quantum mechanical calculation for this complex showed that the binding electrons of the
coordination unit were considerably delocalized, and singlet–triplet splitting was at least 5000 cm−1.32

Considerable (in energy) antiferromagnetic exchange interaction, which generally led to complete cou-
pling between the spins of coordinated nitroxyl groups and metal ions, was also recorded for compounds
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of dehydrated metal perchlorates M(ClO4)n(L2)2
33–35 and binuclear metal carboxylates M2(O2CR)4L2

(M = Cu, Rh, or Mo; L = L1, L2, or L3; and R = CCl3, CBr3, CF3, C3F7, or C6F5).36–42 Because of
the weak donor properties of the >N–•O group, it was necessary to use halogenated carboxylates.23,37 For
example, Rh2(O2CR)4 (R = CH3, C3H7) did not react with L2.

A representative group of heterospin compounds of nitroxide radicals with metal hexafluoroacetyl ace-
tonates were obtained. Scheme 13.2 shows the structural formulas of some of these compounds. The
Cu(hfac)2L1 complex, which was thermodynamically unstable in solution, completely decomposed after
the addition of pyridine to the solution.43 The enthalpy of formation measured for Cu(hfac)2L2 was of
the order of −11.7 kcal/mol.21 This is certainly a small value. Nevertheless, it had a certain insignificant
contribution from the antiferromagnetic exchange interaction between the odd electrons of the metal and
the coordinated >N–•O group; the magnetic interaction can be regarded as an analog of a chemical bond
because the interaction gives two electron spins with opposite projections. For example, in the reaction
that gave VO(hfac)2L2, it was up to 0.3 kcal/mol.44 For Pd(hfac)(L2)−, the diamagnetism was a conse-
quence of the reduction of the ligand in the course of the reaction.45 The diamagnetism of Cu(hfac)2L1 and
VO(hfac)2L2, however, was determined by the mutual compensation of spins. Similarly, in other complexes
of paramagnetic metals (copper(II), nickel(II), cobalt(II), and manganese(II)), the strong antiferromagnetic
interaction between the odd electrons of the metal ion and coordinated nitroxyl groups resulted in spin
coupling in the coordination unit.46–49
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In general, studies of metal-nitroxide systems with nitroxides from group (a) led to the following
conclusions:

• As complexing agents, strong acceptors are needed because the >N–•O group, which is the product
of the oxidation of the corresponding hydroxyl precursor, is a weak donor.

• Heterospin complexes should be synthesized in anhydrous media and stored in a dry atmosphere.
• The complexes have low thermodynamic stability and strongly dissociate in solution; therefore, it is

recommended to have an excess of nitroxide in the reaction mixture in order to have an increased
equilibrium fraction of heterospin complexes to isolate them as solids.

• The formation of metal-nitroxide systems can be hindered by redox processes.

13.2.2 Complexes containing >N–•O and other functional groups as donor fragments

Nitroxides containing other functional groups along with the >N–•O group are certainly more numerous
than nitroxide ligands lacking such additional functionality; coordination compounds of the former are also
much more numerous and better defined. However, not all of them can be discussed here. Possible variants
of complexes with nitroxides and nitronyl (or imino) nitroxides can conventionally be divided into eight
subgroups, as shown in Scheme 13.3. Note that in subgroups A, B, and E, the pyrrolidine heterocycle
was taken as an arbitrary example. Alternative hetercycles include pyrroline, imidazoline, piperidine, or in
principle any other heterocycle. Moreover, nitroxides of one of these groups can be acyclic.50

In complexation with nitroxides from subgroup A in solids and solutions, the paramagnetic ligand is
primarily coordinated through the donor atoms of the Z functional group. The chemical behavior of the
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ligands and the composition of the coordination compounds do not differ from those for diamagnetic organic
ligands having the same Z functional groups. This situation is also trivial for the magnetic properties of the
produced complexes because they are equivalent to the mechanical mixing of nitroxides with metal salts.
Therefore, metal complexes with A-type nitroxides are not reviewed here. Variants B, C, and D are not
considered either because they are related to metal complexes with nitroxides containing only >N–•O as
a functional group (Section 13.2.1). Complexes of E, F, G, and H types, in which nitroxides perform the
bridging function, are of interest in view of their ability to form high-dimensional structures. Molecular
magnets capable of cooperative ordering at T ≥ 4.2 K were found in series of these compounds. These
types of radical and their metal complexes are now being extensively studied.

13.3 Ferro- and ferrimagnets based on metal–nitroxide complexes

Before discussing magnets, it is worthwhile to mention the work by Anderson and Kuechler51, which
stimulated the development of synthetic studies of ferro- and ferrimagnets based on metal–nitroxide com-
plexes. As noted in Section 13.2.1, antiferromagnetic spin coupling occurs during the coordination of
the >N–•O group in metal complexes with nitroxides from group (a), which certainly destroys prospects
for real molecular magnets. Indeed, for example, copper(II) or VO(II) compounds form diamagnetic 1 : 1
heterospin complexes with nitroxides. The Cu(hfac)2L4 chain polymer complex described in51 attracted
the attention of researchers for several reasons (Scheme 13.4). Importantly, the exchange interaction in
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the {Cu(II)–O•–N<} exchange cluster was ferromagnetic (J = 13 ± 5 cm−1); that is, the ground state was
the triplet state (here and below the Hamiltonian is recorded as Ĥ = −2J Ŝ1Ŝ2). This effect, that is, the
possibility of ferromagnetic exchange in the {Cu(II)–O•–N<} exchange cluster or mutual repulsion of odd
electrons during direct coordination of the paramagnetic organic fragment to the paramagnetic metal ion,
was explained later.52–56 The discovery of this phenomenon stimulated the development of the molec-
ular design of heterospin molecular magnets. Molecular magnets will be returned to later; now, another
important result of studies reported in51 is considered.

From a chemical viewpoint, Cu(hfac)2L4 can be synthesized with the use of water-containing reagents.
This indicates that if a nitroxide contains a strong and readily coordinated donor group, direct coordination
between the metal and the nitroxyl group can appear in the course of crystallization, that is, in the
formation of close packing. Moreover, the product can either be an insoluble polymer phase or simply the
most insoluble solid phase in the given synthetic system.

Possible difficulties in the use of this synthetic approach are evident. Firstly, along with the functional
group on the nitroxide, other donor molecules present in the reaction mixture can take part in coordi-
nation to the metal ion.57–60 For example, using water-containing solvents or reagents in the reaction of
Cu(hfac)2·H2O with L5 led to the formation of Cu(hfac)2L5(H2O), in which the surroundings of the central
atom included a water molecule (Scheme 13.5). This molecule was hydrogen bonded with the oxygen atom
of the nitroxyl group L5 of the adjacent molecule of the complex, which led to the formation of polymer
chains in the solid. Nevertheless, there is no direct coordination between the metal and the nitroxyl group
in the solid complex. Scheme 13.6 shows the case with donor groups blocking all coordination sites, which
hindered the formation of a polymer structure.

The potential development of the polymer chain restricts the formation of molecules that are converted
into a multinuclear structure. Scheme 13.7 shows different variants of heterospin complexes with
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mononitroxides, namely: the tetranuclear [Cu(hfac)2]4(L6)2 complex61; various types of the trinuclear
[Cu(hfac)2]3(Ln)2 complex, n = 7 − 1062–69; and binuclear [Ni2en4L11](ClO4)3

70 and hexanuclear
Hg6(C6F4)6L12 complexes.71 For copper(II) complexes, the formation of closed multinuclear molecules
is promoted by the anomalously high stereochemical nonrigidity of the bishexafluoroacetyl acetonate
molecule, which is capable of performing the function of “caps,” preventing chain propagation. If the
reaction of L6 is performed with Mn(hfac)2 instead of Cu(hfac)2, the terminal metal ions have coordination
number 6, which leads to the formation of heterospin compounds {[Mn(hfac)2]3(L6)2}, in which (in the
solid state) the binuclear cyclic fragments are joined into chains via Mn(hfac)2 terminal matrices.72

The same is also possible for complexes with biradical molecules. Scheme 13.8 shows examples of
these heterospin complexes, namely, the binuclear [Mn(hfac)2]2L13,73 tetranuclear [Cu(hfac)2]4L14,74 hep-
tanuclear [Cu(hfac)2]7(L15)2,75 and hexanuclear [Cu(hfac)2]4{Hg[(L15)− ]2}76,77 complexes.

Cis-coordination of nitroxides can favour the formation of multinuclear macrocycles, for example, the
36-membered ring in [Mn(hfac)2L12]6 and the 42-membered ring in [Cu(hfac)2L16]6, respectively,78,79 or
spheroid structures such as the structures in {[Ni(L17)2]3[Fe(CN)6]2}80–82 (Scheme 13.9). These heterospin
complexes have a large spin even with metal–nitroxide antiferromagnetic exchange but are not liable to
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anomalies related to the magnetic phase transformation. Thus, for polycrystalline [Mn(hfac)2L12]6, the
dependence of magnetization on the magnetic field is well described with the Brillouin function with S =
12; that is, despite the large value of S, the substance behaves as an ordinary paramagnet in the temperature
range 5–300 K.78

The methodological approach suggested in51 and leading to coordination of the nitroxyl group was also
applicable to the synthesis of layered polymeric heterospin complexes based on metal bischelates with spin
labeled deprotonated β-diketones83–86 and enaminoketones.87,88 The scheme that shows the formation of
a layered structure for bichelates with nitroxides based on the piperidine and imidazolidine heterocycles
Cu(L18)2 and Co(L19)2, respectively, is depicted in Scheme 13.10. These compounds are synthesized under
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the normal conditions without taking any special precautions. Direct coordination between the metal and
the nitroxyl group appears during the formation of the solid.

13.3.1 Molecular magnets based on 1-D systems

Studies in the field of molecular magnets involve the syntheses of open shell organic, organometalic, or
coordination compounds; their subsequent crystallization from solution into solids, which ideally exhibit
a magnetic phase transition to the ferro-, ferromagnetic, or weak ferromagnetic state, was recorded below
a critical temperature (Tc). It is highly desirable that these molecules crystallize to form layered or
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framework polymers; this aspect of molecular magnetism research draws heavily on the concepts and
principles of supramolecular chemistry. The formation of layered or framework structures in solid molecu-
lar ferromagnets is a favorable condition for a magnetic phase transition to the magnetically ordered state.
However, for chemical design of molecular magnets, this is a favorable but not sufficient condition. For
a phase transition, the paramagnetic centers in these polymers should be bound by an effective magnetic
exchange pathway. The higher the efficiency of exchange channels in exchange interactions between the
odd electrons of the paramagnetic centers, the higher the Tc that can be achieved. Success in this field
can be realized through systematic studies on the effect of molecular design, as well as the conditions
of synthesis and crystallization, on the parameters of the resulting molecular magnet (Curie temperature,
spontaneous magnetization, etc.). The search for materials with desirable magnetic properties can be then
be rationalized in terms of magnetostructural correlations. Put another way, the term “molecular mag-
net,” can be interpreted as follows: the word “magnet” has the conventional meaning, and the attribute
“molecular” reflects the methodology of the approach (the structure of the individual starting molecules
and/or ions should allow the formation of a structure favorable for a magnetic phase transition in the
solid state).

Consideration of polymeric systems is begun firstly by considering selectively synthesized 1-D metal-
nitroxide systems, in which exchange interactions between paramagnetic centers a priori should be strong.

The interaction between Mn(hfac)2·2H2O and Ln produced chain polymers Mn(hfac)2Ln, where Ln are
nitronyl nitroxides, containing R = ethyl (L7), phenyl (L12), hydrogen (L15), methyl (L20), n-propyl (L21),
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or i -propyl(L22) in the second position of the imidazoline ring.89–91 All complexes in the solid state are
formed from polymer chains, in which manganese(II) coordinates the paramagnetic ligands in the trans or
cis positions (Scheme 13.11).

A study of the magnetic properties of an orientated Mn(hfac)2L22 single crystal showed that at low
temperatures, the compound was magnetized a a ferromagnet, although inside the (–Mn–L22–)n polymer
heterospin chains the interaction between the odd electrons of manganese(II) and L22 was strongly antifer-
romagnetic, of the order of −330 cm−1. The easy magnetization axis of the single crystal coincided with
one of the crystallographic directions of the unit cell. A magnetic phase transition with Tc = 7.6 K was
recorded when magnetization occurred along this axis.89,90 Magnetic phase transitions with Tc = 8.1 K and
Tc = 8.6 K, respectively, were also found in solid Mn(hfac)2L7 and Mn(hfac)2L21, in which the bridging
bidentate L7 (or L21) in the zigzag polymer chains was cis-coordinated to the manganese(II) ion, and the
spins of nitroxides experienced antiferromagnetic interactions with the spins of the metal.91 A magnetic
phase transition was also observed for Ni(hfac)2L20 as well as chain polymer complexes of rare earth
element hexafluoroacetyl acetonates with nitronyl nitroxides.92
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The synthesis of complexes with nitronyl nitroxides should be conducted at moderate temperatures
of up to ∼ 50–60◦C because these radicals are apt to lose oxygen on heating and transform into the
corresponding imino nitroxides.93–95 That is why prolonged boiling of Mn(hfac)2 solutions with L12

was accompanied by the reduction of nitronyl nitroxide to the corresponding imino nitroxide and further
formation of mixed ligand complexes of Mn(hfac)2 with imino nitroxide or nitronyl nitroxide and the
products of its reduction.96,97

As noted by Caneschi, complexes of Mn(hfac)2 with nitronyl nitroxides could serve as instructive
examples of one-dimensional Heisenberg magnets because magnetic anisotropy was negligibly small for
both manganese ions and nitroxides.98 All strong exchange interactions in these complexes are concen-
trated inside chains; the interactions between the paramagnetic centers of adjacent chains are extremely
weak, since they are separated by long distances (at least 10 Å) from one another. The three-dimensional
ordering in heterospin manganese complexes with nitronyl nitroxides is favored by the fact that the strong
antiferromagnetic interaction of the spins of the metal and radical creates a large uncompensated moment,
and at ∼4–8 K, the interchain dipole–dipole interaction induces three-dimensional magnetic ordering.
Since the interchain interaction can be regulated, in an infinite number of variants, through substituents in
the side chain of the nitroxide, the magnetic properties of heterospin compounds can also be adjusted.

A special situation occurs when the metal-nitroxide interaction becomes essentially anisotropic in het-
erospin chains of this kind, as in the case of cobalt(II) complexes. The anisotropy of the exchange
metal-radical interaction in the chains leads to the creation of a barrier that hinders the reorientation
of magnetization, that is, retards magnetic relaxation. This is a non-trivial effect. The chain polymer het-
erospin complex Co(hfac)2L23, where L23 is 4′-methoxyphenyl-substituted nitronyl nitroxide, became the
first example of a magnet based on truly isolated chains (single chain magnet, SCM).99 Later publications
described similar SCMs based not only on heterospin complexes of Co(hfac)2 with nitronyl nitroxides100,
but also on the chain polymer complex of a rare earth element Dy(hfac)3L23, where L23 is nitronyl nitroxide
with a bulky substituent (4′-phenoxyphenyl) in the side chain.101 This bulky substituent was intentionally
chosen to achieve substantial weakening of the interchain exchange interaction.

The possibility of slow relaxation of magnetization in 1-D systems was predicted long ago. For its
implementation in Ising ferro- or ferromagnets, however, two conditions should be satisfied: (i) strong
exchange anisotropy inside the chain and (ii) a very low ratio between the interchain and intrachain
exchange (Jinter/Jintra < 10−4). The latter circumstance dictated the choice of a bulky substituent in101; it
was noted that the design of a heterospin compound with hysteresis anomalies above the boiling point
of liquid helium but without three-dimensional magnetic ordering was a rather intricate problem. Chain
polymer heterospin complexes of transition metals with organic radicals, whose non-magnetic shell can
be varied in size due to organic substituents, are excellent constructional systems for reaching the desired
balance between the anisotropy of exchange, the Jinter/Jintra ratio, and the structure. These specific magnets
(SCMs), also called molecular magnetic wires, were a breakthrough in the field of molecular magnetism.
SCMs were also obtained on heterometallic chains formed by different102–104 and identical105 metal ions.
The possibility of creating new data storage devices105 based on these compounds and related, single
molecule magnets (SMM)106–108 is now being actively discussed.

13.3.2 Molecular magnets based on 2-D systems

In the Mn(hfac)2Ln systems discussed above, the interchain exchange interaction was weak, and bulk
magnetization appeared only due to the uncompensated magnetic moment created in the polymer chain
by strong antiferromagnetic interaction between the spins of the coordinated nitronyl nitroxide and man-
ganese(II) ion. For compounds of this kind, Tc can be raised by increasing the intrachain interaction of
spins and/or decreasing the interchain distance, that is, increasing the interchain interaction of the magnetic
moments.109 It was difficult to increase the intrachain exchange interaction because it was already high
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enough, J > |300 − 400| cm−1, as a result of direct coordination of nitroxides. Therefore, it was reasonable
to replace the hfac ligands by other ligands, making interchain exchange interaction more effective. This
stimulated studies of mixed ligand complexes of manganese(II) pentafluorobenzoate (pfbz) and perfluoro-
carboxylates with nitronyl nitroxides.109,110 The idea proved fruitful and afforded magnetoactive heterospin
complexes, among which [Mn(pfbz)2]2L7 and [Mn(pfbz)2]2L20 experienced a magnetic phase transition at
Tc ∼ 25 K.109 Perfect single crystals could not be grown. A hypothetical scheme of organization of their
heterospin layers was suggested based on physical measurements.110

Many 2-D molecular magnets have been obtained based on complexes with spin labeled imidazole
and benzimidazole,13,111,112 and their structure and magnetic properties were studied systematically in
comparison with those of their molecular and 1-D heterospin complexes.113–118

Luneau et al . developed an effective procedure for the synthesis of layered polymer heterospin magnets.
Manganese(II) acetate, HL24 (or HL25), and the sodium salt of a precipitator anion (e.g., NaClO4) in a
ratio of 2 : 3 : 1 were mixed in sequence in methanol.13,111 The corresponding [Mn2L3]ClO4 formed in good
yields. BF4, PF6, BPh4, or ROSO3 (but not nitrates or chlorides) could be used as an anion. The formation
of a polymer structure with a honeycomb motif was favored by the symmetric (relative to the donor
groups) structure of the deprotonated L24 and L25 (Scheme 13.12). On Scheme 13.12, an intersection unit
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(a {MnL3} fragment) is isolated from the honeycomb motif, and a scheme of the formation of a hexanuclear
metallocycle is shown. In these compounds, the anions lie in the interlayer space. The coordination units
of the {MnL3} fragments have a mer arrangement of the donor atoms. The �–{MnL3} and �–{MnL3}
enantiomer units alternate in sequence in the polymer layers. The authors noted that the �� and ��

combinations were favorable for the formation of layered structures, while �� and �� could lead to
frameworks.119 The highest temperature at which spontaneous magnetization was recorded was ∼40 K.

A layered polymer structure is inherent in the Ni(L26)2 bischelate with a deprotonated enaminoketone
derivative of 3-imidazoline nitroxide.120 This complex exists in two polymorphic modifications which differ
in the position of the coordinated oxygen atoms of the >N–•O groups (trans positions in the α modification
and cis in the β modification, Scheme 13.13). For β-NiL2, whose magnetic properties are determined by
the competition of the two major channels of exchange interactions (antiferromagnetic (J ∼ −115 cm−1)
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and ferromagnetic (J ∼ 10 cm−1) channels), a magnetic phase transition to the antiferromagnetic state
was recorded at TN = 14 K. The desired modification could be obtained by selecting the crystallization
conditions due to the stereochemical nonrigidity of M(L26)2 bischelates, where M = nickel or cobalt.

Using spin labeled ligands capable of being deprotonated allows for the removal of unnecessary diamag-
netic anion ligands from the solid heterospin compound. The “correctly” designed deprotonated nitroxide
molecule should perform a number of functions: it should compensate the charge on the metal ion, per-
form the bridging function between adjacent metal ions, and create an effective exchange pathway. A large
group of these molecular ferromagnets with a layered polymer structure was described: Ni(L26)2(ROH)2 and
Co(L26)2(ROH)2, where R = CH3, C2H5, n-C3H7, n-C4H9, i -C4H9, n-C5H11, C3H5; Ni(L29)2(CH3OH)2,
or Co(L29)2(CH3OH)2.8,121–123 For all compounds, a magnetic phase transition to a magnetically ordered
state was recorded at 4–8 K. Scheme 13.14 illustrates the polymer layers in these complexes.

A specific feature of M(Ln)2(ROH)2 is the presence of alcohol molecules that are not crystal molecules
in the solid compounds. In the solid, the metal ion coordinates the oxygen atoms of the hydroxly groups of
two ROH (Scheme 13.14) and the {ROH-ML2-HOR} fragments are then linked through {ROH . . . O•−N<}
hydrogen bonds with two adjacent {ROH –ML2–HOR} fragments. As a result, the bridging molecules of
alcohols link the {ML2} fragments into polymer layers; that is, the 2-D structure is formed by hydrogen
bonds,123,124 which can be treated as a certain analogy to the formation of complex protein structures.

It is noteworthy that in M(Ln)2(ROH)2, each metal ion is surrounded by a large number of atoms
inherent in organic molecules (C, H, N, O). For example, in NiL2(n-C5H11OH)2, each nickel(II) ion is
surrounded by 90 carbon, hydrogen, nitrogen, and oxygen atoms; despite this, the compound is capable
of cooperative magnetic ordering at low temperatures. Moreover, the removal of alcohol molecules and a
transition to layered polymer molecules in solid M(Ln)2 leads to the impossibility of ferromagnetic ordering
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in the latter.120,123 This is a paradox at first sight because the transition from M(Ln)2 to M(Ln)2(ROH)2 is
actually accompanied by a drastic increase in the fraction of the pure organic component in the compound
and a decrease in the number of paramagnetic centers per unit volume of the solid complex. Nevertheless,
this increase gives rise to the ability to undergo a magnetic phase transition.

A comparison of the magnetic properties of the isostructural Ni(Ln)2(ROH)2 and Ni(Ln)2(H2O)2 com-
plexes showed that the replacement of alcohol by water molecules in the compounds was extremely
undesirable. The replacement of alcohol by water in the >N•−O . . . HOR-MII-ROH . . . O•−N< exchange
channel led to a drastic decrease in the exchange interaction energy between the odd electrons of the
paramagnetic centers and hence to a loss of the ability to undergo a magnetic phase transition, despite the
structural identity of exchange channels in Ni(Ln)2(ROH)2 and Ni(Ln)2(H2O)2.125

Complexes with alcohols were grown as large single crystals. This made it possible to study the
anisotropy of their magnetic properties, determine easy magnetization axes, and correlate their direc-
tion with the microstructure of the crystals (Figure 13.1). Figure 13.1 shows data for Ni(L26)2(CH3OH)2

and Ni(L26)2(C2H5OH)2 single crystals as an example. Ni(L26)2(CH3OH)2 behaves as a typical weak fer-
romagnet, while Ni(L26)2(C2H5OH)2, as a metamagnet. Their easy magnetization axis coincides with the
crystallographic direction of the twofold axis (y). In classical concepts, the coincidence of these directions
is an essential requirement for single crystals belonging to the P21/c space group.

When the alcohol solution contained both Ni(L26)2 and Co(L26)2, the solid products were the single
crystals of solid solutions, for example, Nix Co1–x (L26)2(C2H5OH)2. The fractions of the components of
the solid could be smoothly changed in the mother solution by varying the initial Ni(L26)2/Co(L26)2 ratio
in the mother solution, which made it possible to control the transition temperature and the anomalies of
the critical magnetic fields.126 Note that, for molecular magnets, the formation of solid solutions can be
an extremely effective tool for control over the magnetic characteristics of the solid.

For heterospin complexes of transition metals with 3-imidazoline nitroxides, it was also shown that
by varying the R1 and R2 substituents in the side chain of the ligand (Schemes 13.13 and 13.14), the
structural dimensionality of the solid can be controlled. If R1 is not an electron withdrawing group (e.g.,
alkyl, aryl), the solid complex has a molecular structure with a square or tetrahedral environment of the
metal ion. If, however, R1 is a strong electron withdrawing group (e.g., –CF3 or –COOC2H5), then the
acceptor properties of the metal ion also increase, the coordination number of the ion is completed to
six, and a layered polymer structure is formed. When the acceptor ability of the metal ion is not high
enough to reach a 2-D structure of the solid, additional acceptor groups can be introduced, for example,
halogen atoms at the R2 position.126–135 This strategy afforded the single crystals of true ferromagnets
that were polymers in solid Cu(Ln)2, where n = 28 − 31. For this family of heterospin complexes, the
saturation magnetization corresponds to the theoretical limit for compounds with S = 3/2 per molecular
unit, ∼16 600 G·cm3/ mol.

2-D or 3-D heterospin polymers with the analogs of 3-imidazoline enaminoketones – 2-imidazoline
enaminoketones of L32 and L33 types – have not yet been isolated, although discrete com-
plexes (Scheme 13.15) have strong intramolecular ferromagnetic exchange interactions (at least
50–100 cm−1).133,136,137

When a considerable number of coordination sites at the metal ion are blocked by the donor atoms of
ligands, 2-D structures are built with the use of additional functional groups of the nitroxide molecule.
One example of this approach is depicted in Scheme 13.16. Layered polymer heterospin complexes
[M(hfac)2]3(L34)2, which underwent a magnetic phase transition to the ferromagnetic state at 9–11 K,
were formed by coordination of the nitronyl nitroxide L34 molecule to the metal ions of three Mn(hfac)2

or Co(hfac)2 matrices.138,139



Metal–Nitroxide Complexes: Synthesis and Magnetostructural Correlations 479

0 2 4 6 8 10
0

0.2

0.4

0.6

0.8 NiL2(CH3OH)2

H × 10−3 (G) H × 10−3 (G)

M × 10−3 (emu/mol)

z

x

y

0 2 4 6 8 10
0

0.2

0.4

0.6

0.8 NiL2(C2H5OH)

z

x

y

M × 10−3 (emu/mol)

z
x

y

Figure 13.1 Top: Easy magnetization axes for Ni(L26)2(CH3OH)2 (left) and Ni(L26)2(C2H5OH)2 (right) single
crystals. Bottom: layer fragment in Ni(L26)2(CH3OH)2.
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13.3.3 Molecular magnets based on 3-D systems

The previous section discussed the family of layered polymer molecular magnets Ni(L26)2(ROH)2 and
Co(L26)2(ROH)2 containing simple alcohols. Many of these compounds are kinetically unstable when
stored without special precautions because of the gradual loss of alcohol. Analyses of their structures
showed that the hydrocarbon tails R were directed to the interlayer space. Preliminary modeling showed
that polymer layers could remain almost unperturbed and linked through polymethylene chains (–CH2–)n,
lying between the coordinated hydroxyl groups of alcohols at n = 4 or 5. Indeed, M(L26)2(HO(CH2)4OH)
and M(L26)2(HO(CH2)5OH) heterospin framework polymers, where M = nickel, cobalt, were also
obtained with both 1,4-butanediol and 1,5-pentanediol and were capable of undergoing a magnetic phase
transition to the magnetically ordered state at Tc ∼4–8 K.123 It is noteworthy that complexes with
bifunctional alcohols possess high kinetic stability. For example, storage of Ni(L26)2(HO(CH2)4OH) and
Ni(L26)2(HO(CH2)5OH) under normal conditions for 15 years did not result in any changes in their
composition and properties. Large single crystals of many compounds from this series are also stable and
can easily be grown to several millimeters (Figure 13.2) or even 1–2 cm along the longest direction on the
external habit if grown by a skillful researcher. The possibility of synthesizing transition metal complexes
with nitroxides as large single crystals also makes them convenient objects for neutron diffraction studies
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Figure 13.2 Ni(L26)2(HO(CH2)4OH) single crystals. A full-colour version of this figure appears in the Colour
Plate section of this book.
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of the anisotropy of magnetic properties90,91,123,140,141 and spin density distribution.127,134,142,143 These
single crystals are transparent and very beautiful (Figure 13.2).

One of the most interesting findings of Kahn et al . was the synthesis of a multispin compound
(L35)2Mn2[CuL]3(DMSO)2·2H2O, where R was the 2-imidazoline nitroxide cation, and L was the
o-phenylenebis(oxamato) anion.144,145 The three-dimensional structure of the compound is formed by
a system of interpenetrating and intertwining nets, each of which represents a distorted graphite-like
motif. The manganese(II) ions lie at the vertices of each hexagon of the graphite-like motif, and the
copper(II) ions center the edges (Scheme 13.17). The role of a bridge between manganese(II) and
copper(II) is played by the octadentate o-phenylenebis(oxamato) anion. In addition, each oxygen atom
of the nitronyl nitroxide is coordinated to copper(II) ions from different subnets; this leads to the
formation of additional polymer chains in the crystals of the compound, which is ordered as a ferrimagnet
below Tc = 22.5 K. Using this approach in the design of framework heterospin systems, the authors
obtained a series of molecular ferromagnets [L+]2M2[CuL]3, where L+ is 2-(4-N-alkylpyridinium)-
4,4,5,5-tetramethylimidazoline-3-oxide-1-oxyl, and M = manganese(II), nickel(II), cobalt(II), for which
Tc = 22–37 K.146

An original strategy in the development of the syntheses of polynitroxides, preferably with >N–•O
groups in the meta position of the benzene ring (so as to favor intraligand ferromagnetic coupling) such
as L36 –L38 (Scheme 13.18),11,147–149 and their complexations with M(hfac)2

141,150–161 allowed Iwamura,
Inoue et al . to obtain a series of molecular magnets capable of cooperative magnetic ordering at 3.4–46 K.
The 3-D heterospin complex [Mn(hfac)2]3(L37)2 experienced a magnetic phase transition at the highest
temperature, 46 K.141

In summary, the data presented in this section show that, due to the high kinetic stability of nitroxides,
as well as the unlimited possibilities for their chemical modification and the possibility of changing the
coordination mode of radicals due to selective combination of functional groups, the design of molecular
magnets based on complexes of paramagnetic metal ions with nitroxides is one of the most effective
methods for the preparation of various magnetoactive compounds. The lack of coordination sites at the
metal ion sometimes remains a challenge in constructing high-dimensional structures. Therefore, it would
be reasonable to discuss the synthetic approach to the design of high-dimensional heterospin systems
based on polynuclear compounds of metals with nitroxides, which has been developed over recent years
and removed the limitations on the number of coordination sites.
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13.4 Heterospin systems based on polynuclear compounds of metals
with nitroxides

The design of molecular magnets is an actively developed field of modern chemistry because molecular
(molecule-based) magnets are of interest not only for fundamental interest but also possible applications
in materials science.6–8,11–19,162–169 Various potential applications of molecular magnets have been noted;
for example, original devices of a new type, transforming radiant energy into mechanical energy, and
devices capable of serving as screens protecting from low frequency fields or functioning as working
elements for reaching huge coercive fields at low temperatures.7,10,16,19,162–169 Active research in the field
of molecular magnetism has stimulated the generation and development of spintronics.170,171 Problems
in the development and creation of storage elements of quantum computers and logical devices, whose
essential working elements are molecular nanomagnets, are being widely discussed today (e.g., 171–183
and references therein).

Among molecular nanomagnets, so-called single-molecule magnets are being studied most actively.
These are generally polynuclear compounds of transition metals. Increased interest in these compounds
has stimulated efforts to integrate studies in the field of the molecular design of magnets with studies in
the field of the design of molecular magnets. The latter phrase is not tautology because the term “the
molecular design of magnets” reflects the proper methodology of magnet assembly as an entity from
the individual molecules with all paramagnetic centers of the magnet involved in cooperative interaction,
forming homogeneous magnetization. In contrast, the term “the design of molecular magnets” emphasizes
essentially non-homogeneous microscopic magnetization; in this case, the aim of chemical design is the
synthesis of complex polynuclear compounds, in which strong magnetic interactions are concentrated. In
crystals and amorphous solids, these often complex and bulky polynuclear compounds form molecular
solids in which magnetic interactions between the polynuclear compounds are often one to three orders of
magnitude smaller than within the polynuclear fragment.
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As mentioned above, one of the most important problems in the molecular design of magnets based
on coordination compounds of transition metals is to provide self-assembly of high-dimensional (layered
polymer or framework) structures, which favors volume magnetization. The bridging organic or inorganic
ligands should additionally perform the function of effective exchange channels between the paramagnetic
centers. The most complex and occasionally insurmountable problem in the design of magnetoactive high-
dimensional (2-D and 3-D) systems based on mononuclear complexes is the lack of coordination sites at
the transition metal ion. Since the molecular design of magnets is mainly carried out based on metal ions
from the first row of transition elements, the maxium possible number of coordination sites is six. The
blocking of coordination sites by monodentate anion ligands, or ligands that are not capable of performing
the bridging function, or simply donor solvent molecules, precludes the construction of extended structures
in one, two, or three directions in space. This disadvantage can be avoided by using an approach based
on the assembly of a high-dimensional structure whose sites contain multinuclear structures, but not the
individual transition metal ions. These multinuclear structures may have the desired or preset number of
terminal metal ions; by modifying the bridging ligands in the multinuclear fragment, a definite spatial
orientation of these ligands can, in prinple, be set, thus directing the self-assembly of a high-dimensional
structure with preset topology as desired.

Before considering the particular examples of the chemical design of multinuclear complexes with
nitroxides, note that thousands of multinuclear compounds of transition metals have already been struc-
turally defined, among which complexes with various carboxylates are most numerous.20,172–176 The
greatest progress in the development of the synthesis of molecular nanomagnets was achieved on metal
carboxylates.177–189 Special attention was paid to the fact that the development of the chemistry and
technology of nanosized clusters would largely depend on progress in the understanding of the principles
governing the synthesis, structure, and stability of these compounds.176

The results of studies of complex heterospin systems based on multinuclear pivalates of transition metals
with nitroxides are summarized below.172,190–198 Attention is concentrated on the chemical behavior of
the multinuclear fragment.

13.4.1 Reactions whose products retain both the multinuclear fragment and nitroxide

The kinetically stable hexanuclear [Mn6(O)2Piv10(Thf)4] contains four terminal manganese(II) ions, which
coordinate the readily replaceable thf molecules, lying at the vertices of a flat tetrahedron.199 The presence
of coordinated thf molecules is extremely important because NIT-R, which are the products of oxidation of
the corresponding dihydroxy precursors having no functional groups apart from >N–•O, are weak donors
and can only replace weaker ligands. Indeed, the interaction of [Mn6(O)2Piv10(Thf)4] with L20 in nonpolar
heptane or carbon tetrachloride led to the replacement of all coordinated thf molecules and self-assembly
of [Mn6(O)2Piv10(L20)2] (Figure 13.3), having a framework diamond-like structure.190–192 In the reaction
of [Mn6(O)2Piv10(Thf)4] with L20 in dichloromethane, only some part of coordinated thf molecules was
replaced, and the [Mn6(O)2Piv10(Thf)2(L20)Mn6(O)2Piv10(Thf)(CH2Cl2)(L20)] chain polymer was always
isolated as a solid irrespective of the initial [Mn6(O)2Piv10(Thf)4]/L20 ratio (Figure 13.3).

The reaction of [Mn6(O)2Piv10(Thf)4] with L20 in ethyl acetate led to crystallization of dumbbell-
shaped [(EtOAc)3Mn6(O)2Piv10(L20)Mn6(O)2Piv10(EtOAc)3] molecules, in which two [Mn6(O)2Piv10]
hexanuclear fragments are linked by one bridging nitroxide molecule (Figure 13.3). Since all heterospin
complexes formed irrespective of the initial [Mn6(O)2Piv10(Thf)4]/L20 ratio, the solvent used for the syn-
thesis obviously plays a critical role in the isolation of a particular product. This was evidenced by
the fact that treatment, for example, of [(EtOAc)3Mn6(O)2Piv10(L20)Mn6(O)2Piv10(EtOAc)3] with addi-
tional L20 in heptane always led to the framework compound [Mn6(O)2Piv10(L20)2]. Also note that both
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Figure 13.3 Products of the reaction of [Mn6(O)2Piv10(Thf)4] with L20 nitroxide in different solvents.

the [Mn6(O)2Piv10] fragment and L20 in the compounds always remained invariable in their structural
characteristics.

The introduction of an NIT-R bridge between clusters can substantially affect the magnetic properties
of the compound. Suppose the starting polynuclear compound has dominant antiferromagnetic exchange
interactions between the magnetic moments (large black arrows in Figure 13.4a) of the individual polynu-
clear fragments. This situation is most common to polynuclear compounds7,200 and also observed for solid
[Mn6(O)2Piv10(Thf)4]. As a result, at decreased temperatures, the µeff of the compound tends to zero.
The annihilation of the magnetic moments of the polynuclear compounds can be avoided by linking the
[MnII

4 MnIII
2 O2] polynuclear fragments with an additional paramagnetic bridge, whose spin differs from the

spin of [MnII
4 MnIII

2 O2]. In this case, even with the antiferromagnetic exchange between the adjacent spins
of the polynuclear fragment and nitroxide, the difference magnetic moment can be nonzero (Figure 13.4b).
This approach was effectively used by Kahn et al . in the design of mixed metal ferromagnetic chains.201–209

This situation was found for the [Mn6(O)2Piv10(Thf)2(NIT-Me)Mn6(O)2Piv10(Thf)(CH2Cl2)(NIT-Me)] het-
erospin chain polymer complex, for which antiferromagnetic ordering was recorded below 3.5 K, and at
2 K, the spontaneous magnetic moment reached ∼ 2800 G·cm3/mol.190,192

However, the bridging coordination of nitroxide sets strict requirements in terms of the spatial com-
plementarity of the polymetallic nuclei and the bridging paramagnetic ligand. Of the whole class of
2-imidazoline nitronyl nitroxides, only L20, which contains a CH3 substituent in the second position of the
2-imidazoline heterocycle, can perform the bridging function between two hexanuclear [Mn6(O)2Piv10]
ligands. Further increase in the size of the substituent (R), for example, a transition to the ethyl derivative
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Figure 13.4 Antiferromagnetic interaction between the magnetic moments of adjacent clusters (a). The formation
of a difference magnetic moment in a nonhomogeneous antiferromagnetic chain with a nitroxide bridge (b).

(L7), makes the bridging coordination mode of the O•–N–C=N→O fragment impossible because of the
steric requirements of the tert-butyl pivalate groups with the atoms of the R group.192

The replacement of the coordinated acetonitrile molecules by nitroxide is an effective method for the
synthesis of complex multispin systems. This procedure for the synthesis of mixed metal heterospin
compounds with direct coordination of the nitroxyl fragment was demonstrated for the reaction of the
trinuclear [Co2Gd(NO3)Piv6(CH3CN)2] with L20 as an example, which gave the [Co2Gd(NO3)Piv6(L20)2]
p, d , f –heterospin complex. Each molecule of this complex contains a specific exchange cluster, which
is a “chain” of five paramagnetic centers separated by a system of chemical bonds (Scheme 13.19). The
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five-center exchange cluster has a unique combination of odd electrons lying on the π* orbital of nitronyl
nitroxide, the d orbital of cobalt(II), or the f orbital of gadolinium(III) in one molecule.197

13.4.2 Transformation of polynuclear fragments in reactions with nitroxides

The synthesis of polynuclear complexes with nitroxides becomes a more complex problem when the
polynculear fragment becomes kinetically unstable and can transform depending on the reaction conditions.
Therefore, the kinetic mode of synthesis demands special attention, especially because the polynuclear
compound should be isolated as a perfect crystal suitable for further X-ray study. This is why Winpenny
has paid special attention to the fact that one of the most complex problems in the coordination chemistry
of polynuclear compounds is the development of reliable synthetic approaches for the synthesis of a
compound of definite nuclearity.175 Publications often refer to a separate polynuclear compound having a
definite structure and formed in the course of a synthesis without discussing the synthetic conditions, or
the common structural bonds between frameworks of different nuclearities of the given metal, or the role
of the ligand in the formation of the complex.175 This situation (the tendency toward the transformation
of polynuclear frameworks) was encountered in developing the synthesis of heterospin systems based on
polynuclear nickel(II) pivalates with nitronyl nitroxides.193

Formally “nickel(II) pivalate” can be isolated as compounds of different nuclearities, namely,
[Ni6(OH)4Piv8(HPiv)4], [Ni7(OH)7Piv7(HPiv)6(H2O)]•0.5C6H14•0.5H2O, [Ni8(OH)4(H2O)2Piv12], and
[Ni9(OH)6Piv12(HPiv)4]•HPiv•3H2O. Due to their high solubility in apolar organic solvents, these
compounds react with nitroxides and afforded heterospin compounds with L20, L39 –L42 (Scheme 13.20),
[Ni7(OH)5Piv9(HPiv)2(L39)2(H2O)]•0.5C6H14•H2O, [Ni7(OH)5Piv9(HPiv)2(L40)2(H2O)]•H2O, [Ni7(OH)5

Piv9(HPiv)2(L41)2(H2O)]•H2O, [Ni6(OH)3Piv9(HPiv)4(L20)]•1.5C6H14, and [Ni4(OH)3Piv5(HPiv)4(L42)]
·1.5C7H8. At liquid helium temperatures, [Ni7(OH)7Piv7(HPiv)6(H2O)]•0.5C6H14•0.5H2O and [Ni7(OH)5

Piv9(HPiv)2(L40)2(H2O)]•H2O behaved like ferrimagnets. Small deviations from collinearity during
antiferromagnetic ordering of the magnetic moments in the polynuclear fragments were the source of
magnetization in the complexes.

Although nickel(II) pivalates can form complexes of different nuclearities and change their nuclearity
during recrystallization or reactions with nitroxides, it is very important that studies of these compounds
are considerably facilitated due to their topological unity (Figure 13.5) because the polynuclear frameworks
of all complexes can be produced from the hexanuclear {Ni6(µ4-OH)2(µ3-OH)2(µ2-C5H9O2-O,O′)6(µ2-
C5H9O2-O,O)(µ4-C5H9O2-O,O,O′,O′)(C5H10O2)4} complex shaped like an open book (Figure 13.6).

Based on this fragment, the formation of heptanuclear compounds is the result of the addition of further
mononuclear fragments to the four nickel(II) ions lying at the vertices of the “open book” (Figure 13.5).
After the addition of trinuclear fragments to two nickel(II) ions lying on one of the lateral edges of the
“open book,” a nonanuclear complex is formed. The lateral wing formed in the nonanuclear complex
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Figure 13.5 Scheme of the transformations of the frameworks of polynuclear nickel(II) trimethylacetates and
their complexes with nitronyl nitroxides.

Figure 13.6 Molecular structure of [Ni6(OH)4Piv8(HPiv)4]. The tert-butyl groups and hydrogen atoms are
omitted.
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retains its structure in another type of hexanuclear complex, shaped like a bathtub. If, however, two edge-
sharing nickel(II) ions, one of which lies at a vertex of the “open book” and the other on the binding line
of the “book,” are eliminated from the starting hexanuclear fragment, a tetranuclear fragment fixed in the
structure of [Ni4(OH)3Piv5(HPiv)4(L42)] is obtained. The doubling of this tetranuclear fragment leads to
the formation of a highly symmetric [Ni8(OH)4(H2O)2Piv12] molecule, which is a new chemical variant
of cubane. The understanding of the topological scheme of mutual transformation of a certain group of
polynuclear fragments makes it possible to control the synthesis of these complex heterospin complexes
with nitroxides, reveal the relationship between their structures, and justifiably divide the polynuclear
fragment into smaller units in describing the magnetic properties of the compound.193

In constructing a topological scheme of this kind, the greatest difficulty is to isolate the “key” compound
of the topological series, that is, the hexanuclear [Ni6(OH)4Piv8(HPiv)4] complex in this case, because
it is most susceptible to various transformations which depend on the conditions of synthesis. These
transformations often hinder the isolation of the “key” compound as a single crystal, which can sometimes
appear (and subsequently vanish with time) as an impurity in addition to the kinetically more stable solid
crystals. The structure solution of the “key” polynuclear compound is vital; otherwise, it is difficult to
construct even a fragment of the topological structural scheme. When this compound is detected, the
preparation of compounds with the new composition and/or new polynuclear or polymer structure will
possibly complement and enrich the single topological scheme, thus reflecting the electronic nature of
the transition element and the types of structure formed with a particular set of ligands. An example of
topological construction for a set of polynuclear carboxylates is given in.175

13.4.3 Transformation of both the polynuclear fragment and the starting nitroxide

Processes that involve the transformation of both the polynuclear matrix and the nitroxide molecule
are most complex from a synthetic viewpoint. The amount of experimental data is yet insufficient
to predict the formation of definite heterospin compounds. Studies of the products of the reaction
of [CoIII

2CoII
4(O)2Piv10Thf3H2O], whose polymetallic fragment is almost identical to the manganese

compound [MnIII
2 MnII

4 (O)2Piv10] discussed in Section 13.3.1, with L20 and/or its imine analog showed that
redox reactions resulted in rearrangements in both the polynuclear {Co6(O)2Piv10} matrix and the starting
nitroxide.196 In nitroxide molecules, a methyl substituent in the second position of the 2-imidazoline ring
can be oxidized, which leads to heterospin products containing L43 –L47 (Scheme 13.21).
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Special attention should be paid to the spin labeled anions L43, L44, L46 and L47 fixed in the polynuclear
matrix. These anions are not known in the form of ordinary salts or the corresponding organic derivatives,
and it is difficult to suggest pure organic approaches to their synthesis. The transformation of the starting
nitroxide molecule occurs on the coordinating polynuclear matrix; in the case of L46 and L47, this is
additionally a variation of template synthesis. The polynuclear matrix fixes and kinetically stabilizes the
resulting organic substrate molecules. The oxidation of L20 and/or its imine derivative is accompanied by
the reduction of cobalt(III) to cobalt(II) and the transformation of the matrix. Cobalt(III) plays an important
role in these processes, creating conditions for the oxidation of the organic substrate.

Scheme 13.22 shows, in simplified form (without Piv and HPiv ligands), the polynu-
clear fragments of the decanuclear [Co10Piv14(HPiv)2(L44)2(L45)2]·C6H14 and hexanuclear
[Co6Piv8(HPiv)2(L47)2] molecules, which are part of a larger series of synthesized compounds
including [Co9Piv12(OH)2(L43)2]·xC7H16 (x = 0.5, 1, 2), [Co8Piv8(OH)6(HPiv)4(H2O)2(L46)2],
[Co6Piv8(HPiv)2(L47)2]·C6H6, and [Co6Piv8(HPiv)2(L47)2][Co10Piv14(HPiv)2(L44)2(L45)2]·C7H16. These
polynuclear molecules were chosen as an illustration because L47 in a hexanuclear complex can formally
be regarded as a product of condensation of two L44 imino nitroxide anions, lying close to each other in
the decanuclear [Co10Piv14(HPiv)2(L44)2(L45)2] matrix.

13.5 Breathing crystals

A specific class of d-block elements, having configurations from d4 to d8, show spin crossover effects,
which are transitions of the central atom of the complex from high to low spin state at decreased temper-
atures or elevated pressures, or under the action of light.7,210–213 A decrease in the temperature, as well
as static loading of the crystal, lead to its compression, which, in turn, increases the energy splitting of
the levels of the metal ion. This is a well known effect. In this classical variant of spin crossover, the spin
multiplicity of the ground state changes within one type of paramagnetic center (metal ions in this case).

The development of syntheses of transition metal complexes with stable nitroxides led to the discovery of
polynuclear complexes of copper(II), whose magnetic properties were occasionally observed to mimic the
spin transitions in classical systems.12,53,61,74,214–218 The first of these, the tetranuclear [Cu(hfac)2]4(L6)2

complex (Scheme 13.7), was described by Rey et al .61 The classical spin crossover is impossible in
copper(II) complexes with diamagnetic ligands, that is, in systems containing only d9 paramagnetic cen-
ters. The major distinction of spin transitions in copper(II) complexes with nitroxides from classical spin
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Figure 13.7 Pyrazolyl-substituted nitronyl nitroxides and head-to-tail and head-to-head motifs in the heterospin
chains of Cu(hfac)2Ln breathing crystals (n = 39, 40, 48–50).

crossover, is the possibility of changing the total spin in the heterospin exchange cluster containing two or
more paramagnetic centers as a result of the structural rearrangement of the coordination environment of
the metal. Studies of these compounds were hindered by the fact that, having passed the phase transition
region on cooling, the crystal exploded or lost its crystal quality, which hindered its full-fledged struc-
tural analysis.217 The situation considerably improved when copper(II) compounds with such effects and
anomalously high mechanical stability were found. These were complexes of Cu(hfac)2 with L39, L40, and
L48 –L50 (nitronyl nitroxides containing a pyrazole substituent in the second position of the imidazoline
ring, Figure 13.7). As a result, a family of heterospin complexes with magnetic properties similar to spin
crossover was created.215,216 The single crystals generally did not crack after the temperature range of the
structural transition and the ensuing magnetic transition. The structure was determined for all heterospin
complexes and their solid solutions at temperatures before and after the magnetic transition, which provided
a unique opportunity for the observation of structure dynamics in the range of the phase transition for these
systems. Despite the considerable (sometimes giant) changes in the unit cell volumes of the single crystals
after the cooling-heating cycles, crystal compression and expansion were occasionally reversible. Due to
their high mechanical stability and the ensuing reversible transitions from one polymorph to another at
varying temperatures, Cu(hfac)2Ln crystals (n = 39, 40, 48–50) were called “breathing.”

It is noteworthy that Cu(hfac)2Ln (n = 39, 40, 48–50), showing magnetic effects similar to spin
crossover, have a polymeric chain structure in the solid phase (Figure 13.7), resulting from the bridging
bidentate coordination of the paramagnetic ligands. Phase transitions rarely occur without crystal decay in
these structures because the polymorphic transformation of single crystals without loss of crystal quality
requires many coherent motions, not only inside polymer chains but also motions of chains as entities in
crystal and especially during repeated cooling-heating cycles, which cause repeated anisotropic expansion
and compression of crystals. Moreover, the synthesis and studies of these compounds require a special
approach. Due to the stereochemical nonrigidity of Cu(hfac)2, a significant number of compounds can be
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Figure 13.8 Temperature dependences of the effective magnetic moment for Cu(hfac)2L48 and Cu(hfac)2L49 (a),
Cu(hfac)2L40 and Cu(hfac)2L50 (b).

obtained by varying the conditions of synthesis (solvent, temperature, and reagent ratio). As an extreme
example, 12 different phases were obtained and structurally defined in the reaction of Cu(hfac)2 with L48,
but only two of these exhibited magnetic anomalies on the µeff(T) curve.79 Another difficulty was isolation
of single crystals of two or more phases. Sometimes they could be separated mechanically. However, in the
reactions of Cu(hfac)2 with L48, the single crystals of different phases were occasionally indistinguishable
in both color and habit. Therefore, each single crystal had to be checked by X-ray diffraction analysis
before magnetochemical experiment with crystals of the same phase.

Figure 13.8 shows the experimental temperature dependences of µeff for Cu(hfac)2Ln (n = 39, 40,
48–50), which differ in the R substituent bonded to the pyrazole fragment. Although the substituents are
remote (Figure 13.7) from the structurally rearranging >N–•O–Cu(II)–O•–N< or >N–•O–Cu(II) clusters,
they have a substantial effect on the character of the temperature dependence. The µeff(T) dependences
can vary greatly because of different combinations of exchange interactions in the >N–•O–Cu(II)–O•–N<

or >N–•O–Cu(II) units before and after the phase transition.12 It should be emphasized that in contrast
to the classical spin crossover, spin transitions here are often accompanied by an abrupt increase in the
effective magnetic moment at decreased temperatures (Figure 13.8a). This is explained by the fact that
the phase transition results in a lengthening , not shortening, of Cu–ONO distances. As a consequence, the
exchange interaction changes from antiferromagnetic to ferromagnetic, and µeff ceases to decrease and
starts to increase at decreased temperatures.

In these systems, spin transitions are sensitive not only to variation of the R substituent in the pyra-
zole ring. The temperature of the transition and the form of the magnetic anomaly can be controlled by
synthesizing mixed metal solid solutions Mx Cu1−x (hfac)2L (M = Mn, Ni, Co)219 or, which occurs much
more rarely (Figure 13.9), by forming Cu(hfac)2L48

x L49
1–x solid solutions containing different nitroxides as

organic ligands.12

Of great interest was the family of heterospin solvates Cu(hfac)2L40•0.5 Solv (Solv = pentane, hexane,
heptane, octane, octene, butyl chloride, butyl bromide, butyl iodide, amyl chloride, amyl bromide, amyl
iodide, benzene, toluene, o-xylene, m-xylene, p-xylene, ethylbenzene, propylbenzene), which exhibited spin
transition effects and high mechanical stability after the temperature range of the magnetic anomaly. Studies
of these compounds over a wide range of temperatures (28–300 K), that is, before and after the structural
transition and the ensuing magnetic phase transition, showed that the solvent molecules, incorporated in
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the interchain space and involved only in van der Waals interactions with heterospin chains, significantly
affected both the character of the µeff(T) dependence and the temperature range of the magnetic anomaly.
The introduction of certain solvent molecules in breathing crystals actually proved a highly effective
method of control over the physical parameters of the magnetic anomaly.220 The relationship between the
chemical step and the physical property was studied on specially selected series of breathing crystals. As a
result, it was found that “mild” modification of Tc in Cu(hfac)2L40·0.5Solv required a substantially smaller
structural step than modification by one methylene unit typically used in organic chemistry. X-ray cinema
demonstrated mutual coherence of the structural dynamics of >N–•O–Cu(II)–O•–N< heterospin exchange
clusters and the structural dynamics of interchain diamagnetic fragments.

Quantum chemical calculations using X-ray diffraction data allowed researchers to trace the character of
changes in the parameters of exchange interactions in exchange clusters in the range of the phase transition.
It was found that in the temperature range corresponding to the phase transition, the exchange parameter
considerably changed in magnitude and occasionally in sign, a non-trivial finding. The smooth change in
the magnetic moment on cooling, observed in the majority of experiments near Tc, was the result of the
gradual increase in the fraction of the low temperature phase in the high temperature phase.

A pronounced change in the exchange integral was also recorded in a radiospectroscopic study.221

For heterospin breathing crystals based on copper(II) complexes with nitroxides, electron paramagnetic
resonance (EPR) spectroscopy can be a specific and extremely powerful experimental technique, which
allows determination of the sign of the exchange integral and evaluation of the exchange parameter J by
analyzing the temperature dependence of the g factor.222–225 The unusual magnetic properties of breathing
crystals also stimulated the development of the phenomenological theory of spin transitions for multispin
exchange-coupled systems.226,227 Recently, the possibility of a LIESST (Light-Induced Excited Spin State
Trapping) effect was demonstrated on a breathing crystal.228 Both initiation (which suggested preliminary
preparation of a fine film or finely disperse particles of a heterospin complex on the surface of an inert
and transparent support with further irradiation) and EPR recording of the effect differed substantially in
the experimental technique from the classic variant.210 To summarize the discussion of these surprising
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heterospin complexes, it should be emphasized that their detection is one of achievements in the field of
molecular magnetism.218

13.6 Other studies of metal–nitroxides

The preceding sections discussed current general tendencies of research in metal-nitroxide systems. This
section summarizes a variety of other specific studies which have not (yet) become objects of wide studies.

13.6.1 Analytical applications

The presence of a strong complex-forming group in the structure of a nitroxide that is soluble in organic
solvents but not readily soluble in water can be used for quantitatively extracting the metal from water to
organic phase. Thus, for Pd(L51)2, the distribution coefficient is ≥103 (Scheme 13.23). Therefore, palla-
dium was almost entirely transferred from the aqueous solution to the organic phase after one extraction.
The EPR spectrum of the organic phase contained not only the nitroxide triplet, but also quintuplet lines
from the Pd(L51)2 biradical. Since the EPR lines for mono- and polynitroxides were rather narrow and their
width changed but slightly at concentrations ≤10−3 mol/l, the peak intensity of the biradical components of
the spectrum was directly proportional to the palladium concentration. This underlies a new analytical pro-
cedure named extraction radiospectroscopy.229 The method was subsequently considerably improved due
to the addition of various chromatographic variants of organic phase separation. This allowed researchers to
extract simultaneously a wide range of diamagnetic metals, with subsequent chromatographic separation of
all extracted components, and ultimately determine the amount of extracted metal by EPR spectroscopy.3

13.6.2 NMR spectroscopy

EPR spectroscopic studies of metal-nitroxide systems are routine practice in this field. In contrast to this,
NMR spectroscopy is rarely used for studying metal complexes with nitroxides230 because of the wide
NMR lines of paramagnets inherent in nitroxides. The lines can be narrowed to some extent only in very
concentrated solutions231 due to growth of the efficiency of intermolecular interactions of radicals. The
lines can be narrowed much more effectively if the nitroxide is introduced in an exchange-coupled complex
with a paramagnetic metal ion having small transverse relaxation time T2M.43,232–235 Researchers generally
restrict themselves to the statement of the fact of coordination of nitroxide in solution.43,232–235 In230, the
contact shifts in the NMR spectra of a series236 of nickel(II) β-diketonate complexes were analyzed in

N

N

O

N

OH

K2PdCl4 (aq.) + 2 (org.) =

N

N

O

N

O
N

N

O

N

O

Pd (org.) + 2KCl4(aq.) + 2HCl(aq.)

HL51 Pd(L51)2

Scheme 13.23



Metal–Nitroxide Complexes: Synthesis and Magnetostructural Correlations 495

N

N

O

L52

O

N

N

N

O

CH3

CH3
CH3

CH3

CF3

O

Ni/2H

CH3

Ni(L53)2

Scheme 13.24

comparison with the shifts in the spectra of similar nickel(II) complexes with L52 (Scheme 13.24), and a
method for evaluating the exchange coupling parameter in the molecules of heterospin compounds of this
kind was suggested.

Although the NMR spectra of the complexes of paramagnetic metal ions with nitroxides are complex,
they convey valuable data about the magnetic properties of the molecular precursors of heterospin solids
formed during crystallization from solution. The problem is not the NMR line width but rather the fact
that one (especially stereochemically non-rigid) complex can exist in solution in the form of several
conformations. The ratio of conformations can vary with temperature in a complex manner, and the
distribution of conformations can drastically change within a small temperature range. In addition, a
transition from one conformation of a heterospin complex to another can be accompanied by a change
in the sign of the paramagnetic shift in the NMR spectra. Of special note is the fact that, in studies of
such systems, it is possible to observe the unusual effect of multiple broadening and narrowing of NMR
lines during variation of the temperature of solutions of complexes with nitroxides. An analysis of all
these effects has been reported.237 It was noted that these studies were considerably hindered by spin–spin
coupling between the odd electrons of paramagnetic centers. To analyze the NMR spectra of heterospin
complexes of the paramagnetic ions of transition metals with organic radicals, therefore, it was necessary
to use the complete (but not reduced) Equation (13.1):

� = PM

τM




(
1

T2M

)2 + 1
T2M ·τM

+ ω2

(
1

T2M
+ 1

τM

)2 + ω2


 (13.1)

where τM is the residence time of a resonant nucleus with definite paramagnetic surroundings, PM is the
molar fraction of the paramagnetic complex in the sample, ω is the paramagnetic shift of the resonance
line, and T2M is the transverse relaxation time of the nucleus in the complex.

Studies of a series of heterospin complexes based on Ni(L26)2 and its analog with the diamagnetic
derivative (Ni(L53)2, Scheme 13.24) showed that using Equation (13.1) was difficult, not only because �

was a nonlinear function of four variables, but also because the variables themselves depended strongly
on the nature of the complexes under study (metal ion, coordination polyhedron, and its structure and
composition), as well as the conditions of experiment (temperature and concentrations). The non-trivial
result of that work was that under the appropriate conditions, the resonance signal, whose position in
the NMR spectrum was determined by the paramagnetic shift ω, could be intermittently narrowed and
broadened. In other words, the �(T,ω) function was modulated because of the variation of the τM parameter
that defines exchange processes in the system whose hfi is being studied. In experiments, this effect
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depended on both the hyperfine splitting parameters and the possibility of varying the temperature of the
complex solution within wide limits. Moreover, it appeared that in Ni(L26)2 type heterospin complexes,
different paramagnetic centers could induce paramagnetic shifts with different signs. If these peculiarities
of the NMR spectra of metal-nitroxide systems are correctly taken into account, it is possible to determine
the temperature range in which a certain conformation of the heterospin complex is dominant and obtain
a solid molecular magnet of a definite structure in crystallization at a chosen temperature.237

13.6.3 Stabilization of nitroxides with β-hydrogen atoms

As is well known, nitroxides containing an hydrogen atom in the β position relative to the nitroxyl group are
mostly kinetically unstable and can be transformed into various derivatives, for example, disproportionation
products (Scheme 13.25).8,238–242

It has been shown243,244 that nitroxides of this type can be stabilized by complexation with metals
(Scheme 13.26) because the radicals acquired conformations that precluded their destruction. Although
copper(II) compounds can catalyze various oxidative processes, for Cu(hfac)2L56 crystals grown in solution
no changes in the composition and properties were detected after storage for three months under the normal
conditions.

13.6.4 Increased reactivity

Nitroxides often behave as oxidants in different chemical processes.8,245,246 For example, in the presence of
copper(II) salts, di(tert-butyl)nitroxide accelerates the oxidation of methanol to formaldehyde with oxygen
and is reduced to hydroxylamine.247 In the reaction of copper(II) chloride (CuCl2) with spin labeled
thiosemicarbazone HL58, the latter was quickly reduced in methanol or acetone to the corresponding
hydroxylamine.248 In the presence of copper(II) salts in alkaline media, sterically hindered hydroxylamines
are quickly oxidized to the corresponding nitroxides. If oxygen is removed from the reaction mixture, these
redox processes can give complexes of metals with different degrees of oxidation, for example, copper(II)
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and copper(I) compexes with nitroxides.249 The diamagnetic [Cu(OH)L58]2 dimer complex obtained in
an alkaline medium had an anomalously high reactivity (Scheme 13.27) and gradually decomposed the
solvents such as dichloromethane and trichloromethane even in the absence of oxygen.248

The so-called singlet biradicals such as M(L59)2, Ni(L60)2 shown in Scheme 13.27 also possess high
reactivity.250–252 These are diamagnetic compounds, but the presence of paramagnetic ligands in them can
be recorded by replacing one of them by a stronger ligand such as dimethylglyoxime (Hdmg).251,252 Thus,
addition of an equimolar amount of Hdmg to a solution of Ni(L60)2 immediately caused the formation
of a short-lived quintuplet with g = 2.006 and aN = 0.70 mT, which is typical for the EPR spectra of
nitronyl nitroxides. This was indicative of strong delocalization of spin density in the −O–•N–Ni(II)–N=O
fragment through the metal ion and the ensuing equivalence of N–O groups. In the series of bischelates
under study, Ni(L60)2, proved to be the most reactive compound, which reacted with ethanol, benzene,
toluene, and trichlormethane.252 In this reaction, L60 was converted to 3,3,4,4-tetramethyl-1,2-diazetine-
1,2-dioxide. Curiously, despite complete dehydrogenation of the hydroxylamine groups of the ligand in
Ni(L60)2, the coordination unit had square geometry. The Ni–N distances in it are shorter than in classical
Ni(dmg)2, having intramolecular hydrogen bonds. In view of the high reactivity of Ni(L60)2, it was a
success that it was grown as single crystals. Ni(L59)2 crystals (R = CH3) were obtained unexpectedly,
as a result of the destruction of the nickel(II) complex with tridentate polynitrogen aminooxime.250 The
reactivity of the compound correlated with the donor properties of solvent molecules. The higher the donor
properties, the faster the destruction of Ni(L59)2.250

13.6.5 Hidden exchange interactions

Progress in the chemistry of stable nitroxides has permitted the design of molecular magnets from
increasingly complex organic paramagnet molecules saturated with functional groups and enabling the
self-assembly of complex structures in reactions with metal ions. The exchange coupling energies (Ji)

of different clusters may be close in magnitude, which hinders the unambiguous assignment of exchange
parameters to the structure of certain exchange clusters. Moreover, if the values of Ji of a series of exchange
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clusters have opposite signs, their mutual compensation contributions smoothes the functional features on
the curve of the temperature dependence χ or χT, or µeff, which hinders the extraction of exchange param-
eters from magnetochemical experiments. A typical example of this situation is the magnetic properties of
the chain polymer heterospin complex [Cu(hfac)2]7(L61)2 (Scheme 13.28). Its experimental µeff(T) curve
has few distinguishing features. The µeff decreases from 6.15 to 5.68µB when the temperature changes
from 2 to 14 K; then it slightly increases to 5.84µB at ∼ 50 K and changes little if at all thereafter (from
5.84 to 5.88µB) at 300 K.253 Based on this low-informative dependence µeff(T), it is impossible to sug-
gest a justified scheme of exchange interactions in metal-nitroxide chains. A quantum chemical study,
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however, revealed an extremely complex set of Ji that defined the exchange parameters of this heterospin
structure.254 It was found that the above-mentioned compensation terms formed so sophisticated combi-
nations that they remained absolutely hidden without a quantum chemical study. In accordance with the
scheme on Scheme 13.28, only significant values of Ji are given: J1 = 55 and 88 cm−1, J2 = −290 and
−370 cm−1, J3 = 40 cm−1, J4 = 111 cm−1, and J5 = −82 cm−1. It can be seen that some of these are com-
parable in magnitude but opposite in sign. Therefore, quantum chemical studies of exchange interactions
in complex multispin systems can be useful for understanding and reconstructing the µeff(T) or χT(T)
experimental dependence.

13.6.6 Contrast agents

In magnetic resonance tomography (MRT) – a tool allowing the rapid, non-invasive study of tissues of
living organisms and effective visualization of pathological processes255 – visualization is based on the
difference between the rates of spin–lattice (T1) and spin–spin (T2) proton relaxations in biological tissues.
The different pulse sequences used in MRT afford images, on which the contrast depends on the relaxation
times T1 or T2.256 However, it is not always possible to reach the required level of visualization even
with modern technology. To amplify the signal from a pathological area, it is possible to use special
compounds capable of penetrating in this area and enhancing contrast on T1- or T2-weighted images (T1-
VI and T2-VI).257 These are mainly gadolinium(III) salts with polydentate ligands, such as deprotonated
diethylenetriaminepentaacetic acid (Magnevist, Omniscan)258, or sometimes manganese or iron compounds
(Teslascan, Abdoscan). However, despite the high contrast of images obtained when using these samples,
their use can incur certain risks. That is why the paramagnetic metal ion that accelerates spin relaxation is
generally introduced in the form of a coordination compound with a highly dentate organic ligand. These
ligands should annihilate the charge on the metal ion and, additionally, hold the ion tightly in the complex,
because the human organism has a very low tolerance to free transition metal ions.259 The thermodynamic
stability of the complexes can be increased only due to the chelate effect of polydentate ligands because
after complexation for rare earth elements and high spin Mn2+ and Fe3+ ions, the stabilization energy
with a crystal field is absent.260–266 However, the natural limitation on the number of coordination sites
restricts the theromodynamic stability of these complexes. In addition, polydentate ligands of the type
of diethylenetriaminepentaacetic acid specially synthesized for these purposes are not metabolites, but
alien objects for living organisms. This fully applies to various complexes of rare earth elements with
nitroxides267–269 (Scheme 13.29).

An alternative approach to the safety of contrast agents is the use of pure organic paramagnets based on
non-toxic stable nitroxides. In this situation, a transition from metal-nitroxide systems to free nitroxides is
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quite justified. Note that many nitroxides were specially synthesized and checked for use as contrast agents
for MRT.270,271 However, spin labeled imidazoles bearing no charge (L62, Scheme 13.29) and possessing
anomalously high solubility in water and low toxicity for living organisms were found only recently.272,273

They cannot act as effective contrast agents. It is not excluded that unification of paramagnetic metal ions
with low toxic nitroxides related to L62 and possessing high solubility in water in a multispin complex
will afford safe contrast agents capable of giving high quality magnetic resonance images in future.

13.7 Conclusions

An analysis of the accumulated material shows that synthetic strategies and major techniques were devel-
oped for the design of high-dimensional multispin systems based on coordination compounds of transition
metals with nitroxides, exhibiting a tendency toward cooperative magnetic ordering. While 25 years ago
approaches to the design of different classes of molecular ferromagnets were still in their infancy, today
there is rich array of experimental results in this field. This fully relates to molecular magnets based on
metal-nitroxide systems, many of which can now be obtained in significant amounts in the form of stable
(under the normal conditions) large transparent single crystals. These compounds form a new class of light
and transparent magnetoactive materials. They can be obtained under mild conditions, for example, by
crystallization from solution under the normal conditions, while classic magnetic materials are generally
obtained by high temperature energy consuming processes. Prospects are now being discussed for using
molecular magnets based on metal-nitroxide complexes in various magnetic and photomagnetic devices,
data recording and magnetic visualization systems, and spintronic devices for molecular computing. It is
certainly difficult to foresee all future applications of molecular magnets. However, there is every reason
to believe that the above-mentioned unique combination of physical characteristics, which is responsible
for the specific properties of molecular magnets but not inherent in classic magnetic materials, will find
use in the near future.
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264. M. Polášek, J. Kotek, P. Hermann, et al ., Inorg. Chem., 48, 466–475 (2009).
265. L. Frullano, B. Tejerina, and T. J. Meade, Inorg. Chem., 45, 8489–8491 (2006).
266. E. Balogh, M. Mato-Iglesias, C. Platas-Iglesias, et al ., Inorg. Chem., 45, 8719–8728 (2006).
267. J.-P. Sutter, M. L. Kahn, S. Golhen, et al ., Chem. Eur. J., 4, 571–576 (1998).
268. M. L. Kahn, R. Ballou, P. Porcher, et al ., Chem. Eur. J., 8, 525–531 (2002).
269. M. L. Kahn, J.-P. Sutter, S. Golhen, et al ., J. Am. Chem. Soc., 122, 3413–3421 (2000).
270. G. Sosnovsky, N. U. M. Rao, S. W. Li, and H. M. Swartz, J. Org. Chem., 54, 3667–3674 (1989).
271. J. F. W. Keana, L. Lex, J. S. Mann, et al ., Pure Appl. Chem., 62, 201–205 (1990).
272. V. Ovcharenko, E. Fursova, T. Tolstikova, et al ., Doklady Chemistry , 404, 171–173 (2005).
273. A. A. Savelov, D. A. Kokorin, E. Y. Fursova, and V. I. Ovcharenko, Doklady Chemistry , 416, 241–243 (2007).



14
Rechargeable Batteries Using Robust but

Redox Active Organic Radicals

Takeo Suga and Hiroyuki Nishide

Department of Applied Chemistry, Waseda University, Tokyo, Japan

14.1 Introduction

Robust organic radicals bearing an unpaired electron, such as 2,2,6,6-tetramethylpiperidinyl-N -oxy
(TEMPO), galvinoxyl, and tris(pentachlorophenyl)methyl radical, have been examined and used as a spin
source, where “robust” signifies enough stability to be isolated and to exist for appreciable lengths of
time under ambient conditions.1,2 For instance, nitroxide (N–O•) derivatives provide dynamic information
of target biological molecules by spin labeling Electron Paramagnetic Resonance (EPR) spectroscopic
techniques.3 For many years, robust radicals have been incorporated into well defined π -conjugated
polymers, coordination metal–organic and hydrogen bonding frameworks, with the goal of investigating
intra/intermolecular high spin interactions and realizing new molecule-based magnets.4 In these studies
and applications, researchers have mainly paid attention to the chemical stability or non-reactivity of the
organic radicals, achieved by steric protection and/or delocalization of the unpaired electron.5 On the
other hand, most organic radicals such as •CH3, and •CCl3 are short-lived, intrinsically “highly reactive”.
Curiously, some of the robust nitroxide radicals, such as TEMPO, are durable but reactive under specific
reaction conditions, for example, in the presence of radical intermediates or propagating radical during
the polymerization. Thus, nitroxides can be often applied as spin traps or capping agents for controlled
radical polymerization (nitroxide-mediated radical polymerization).6 TEMPO derivatives have also been
studied as redox mediators/catalysts for the oxidation of alcohols to carbonyl compounds.7 In this chapter,
the focus is on “reactivity”, especially the redox activity of robust organic radicals and their application
as electrode active and charge storage materials in rechargeable batteries.8

The redox reactions of nitroxide radicals will be introduced firstly, followed by the mechanism and per-
formance of organic radical batteries, and then molecular design and synthetic methods of a series of radical
polymers. Our successful approaches toward a totally organic polymer-based battery will also be described.

Stable Radicals: Fundamentals and Applied Aspects of Odd-Electron Compounds Edited by Robin G. Hicks
c© 2010 John Wiley & Sons, Ltd
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14.2 Redox reaction of organic radicals

The rapid and reversible redox process associated with nitroxide radicals has been extensively applied,
in conjunction with chemical oxidizing agents, to the oxidation of alcohols since the 1980s.9 Figure 14.1
represents the mediation mechanism, in which the electrochemical oxidation of TEMPO affords the corre-
sponding oxoammonium salt, which can transform alcohols into carbonyl compounds.10 In the absence of
an oxidizable substrate, the nitroxide/oxoammonium couple (Figure 14.1, dotted square) can be regarded
as a possible charge storage prototype.

Nitroxide radicals display two redox couples, as illustrated in Figure 14.2. On the anodic side, nitroxides
can be oxidized to form the corresponding oxoammonium cation, which is ascribed to the p-type redox
reaction. On the cathodic side, the nitroxide radical is reduced to the aminoxy anion, which corresponds
to the n-type doping of the material.11

The most important features of the redox reactions of nitroxides are its remarkably rapid and reversible
one-electron transfer for the oxidation process. Electrochemical measurements (Nicholson methods)
revealed that the heterogeneous electron transfer constants (k0) of p-type redox reaction for a series
of nitroxide derivatives (about 10−1 cm/s)12 were much higher than that of other organic-based redox
couples such as disulfide compounds (about 10−8 cm/s).13 X-ray crystal structures of TEMPO and the
corresponding oxoammonium cation reveal relatively small structural changes (0.1 Å decrease in both the
N–O bond length and deviation of the nitrogen atom from the C2O plane, respectively) upon oxidation,

Figure 14.1 Electrocatalytic oxidation of alcohols using poly(TEMPO-substituted acrylamide) mediator. The
concept of ‘‘charge storage in the radicals’’ can be found in the dashed square.
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Figure 14.2 Redox processes of the nitroxide radical.
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Figure 14.3 Structural implications of TEMPO/TEMPO+ BF4
−.

which gives rise to both the high redox stability (cyclability) and rapid electron transfer process of the
nitroxide/oxoammonium (NO•/N+=O) redox couple (Figure 14.3).14,15

The electrode kinetics (electron transfer process) of the nitroxide radical polymer layer confined at
a current collector surface was also characterized by normal pulse voltammetry, the results of which
suggested a rapid charge propagation (apparent diffusion coefficient, Dapp ∼ 10−10 cm2/s) throughout the
polymer layer in a micrometer scale.16 The amorphous, solvated, and slightly swollen structure of the
radical polymer ensures good counterion mobility during the electrode process. Based on such a rapid and
simple one-electron transfer process, nitroxides are applicable for an electrode active and charge storage
material, promising high power rate performance and long cyclability of the battery.

14.3 Mechanism and performance of an organic radical battery

A rechargeable battery, such as a lithium ion battery, is one of the most important energy storage
devices in a wide range of applications from mobile phones to automotives. In general, a battery con-
sists of two electrodes, one for a cathode and one for an anode, in contact with an electrolyte solution.
Reversible redox reactions at both electrodes can store charge (energy), in conjunction with counterion
transport.17,18 A rechargeable battery is characterized by its high energy density, constant output voltage,
and no self-discharge compared with capacitors (electronic double layer capacitor (EDLC) or electro-
chemical capacitors). Conventional rechargeable batteries show lower power rate performance compared
with capacitors. Common inorganic-based electrode materials are widely used in commercially available
rechargeable batteries. Organic-based or polymer-based electrodes are relatively new concepts, but promise
potential advantages, such as lightweight, environmentally-benign characteristics, mechanical flexibility,
and processing compatibility. In this section, the synthesis and battery performance of radical polymers
are described.

For battery applications, the TEMPO radical must be immobilized at the current collector or electrode
to prevent it from diffusing away from the electrode into the electrolyte (self-discharge).19 This is most
easily accomplished through binding the radical to a polymer film. A typical example is poly(2,2,6,6-
tetramethylpiperidinyloxy-4-yl methacrylate) 1.8 This polymer populates the radical moiety densely in an
aliphatic and non-conjugated structure, which allows for quantitative redox reactions under a constant
electronic potential, in contrast to those of the π -conjugated conducting polymers.20 Figure 14.4 shows
the charging and discharging mechanism of a prototype organic radical-based battery, where the p-type
nitroxide polymer serves as a cathode operated in conjunction with a lithium or carbon anode. During
the charging process, the p-type radical polymer (NO•) in the cathode is oxidized to the oxoammonium
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Figure 14.4 Charging and discharging mechanism of a prototype ‘‘organic radical battery’’ based on a radical
polymer cathode.

cation (NO+). During the discharging process, the nitroxide radical is regenerated by reduction of the
oxoammonium cation. A battery composed of the radical polymer electrode as the electrode active or
charge storage component is referred to as an “organic radical battery” herein.

The radical polymer 1 is obtained via conventional radical polymerization of the precursor monomer and
the subsequent chemical oxidation (Mw ∼ 104, Scheme 14.1). The radical precursor (a hindered amine)
is a well known antioxidant and light stabilizer for plastics and commodity materials, and is considered
to be a safe and non-toxic material. Polymer 1 is thermally stable (Td10 % = 263 ◦C), and the radical
moieties on the polymer are also stable up to 200 ◦C. The radical density (∼1.0 per repeating unit)
remains unchanged for over one year under ambient conditions. The polymer is amorphous (Tg = 70 ◦C)
and has good processability and molding ability. This polymer displays appropriate solubility in organic
solvents and is insoluble in electrolyte solutions, such as ethylene carbonate and diethyl carbonate with
lithium hexafluorophosphate (LiPF6).

The radical polymer itself does not possess sufficient electric conductivity, so it must be mixed with
20–50 wt- % graphite fibers to create the cathode electrode. A scanning electron microscopy (SEM) image
of the composite electrode (Figure 14.5 inset) reveals that a graphite fiber with a diameter of 150 nm
is thoroughly covered with a thin polymer layer (thickness 50–100 nm). The test cell was fabricated by
stacking the radical polymer electrode with a separator film and lithium metal or a graphite carbon as the
anode. Ethylene carbonate containing LiPF6 was used as the electrolyte (Figure 14.5).

Charge–discharge curves of the battery composed of the polymer 1 cathode and lithium anode displayed
a plateau voltage at about 3.5 V, in good agreement with the formal redox potential of 1 vs Li, which
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Figure 14.5 A typical fabrication method of the prototype ‘‘organic radical battery’’. A full-colour version of
this figure appears in the Colour Plate section of this book.

was obtained from cyclic voltammetry. The charge/discharge capacities were about 110 mAh/g (Coulomb
efficiency ∼100 %), which was close to 100 % utilization of the loaded amount of radical polymer, based
on theoretical capacity of 1 (111 mAh/g).21 The battery exhibited a surprisingly high current capability,
allowing rapid charging within about one minute and large discharge currents (50 C, where 1 C is defined as
the current density at which the charging and discharging of the battery takes one hour) without substantial
loss of output voltages (Figure 14.6), which was in contrast to conventional lithium ion batteries. The
cycle performance during charging and discharging of the battery was extremely stable, and no significant
deterioration in the capacity was observed for more than 1000 cycles. This surprisingly high current
capability and long cyclability can be attributed to the rapid and reversible one-electron transfer reaction of
the radical, no significant structural change of the radical upon electron transfer, and to the nanometer-sized,
amorphous electrode structure.

The battery performance based on the polymer 1 cathode is presented on an energy/power density dia-
gram (Ragone plot) in Figure 14.7, along with data for conventional secondary batteries (lithium ion, nickel
metal hydride batteries) and electric double layer capacitor (EDLC). The radical battery is characterized
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Figure 14.6 Current rate performance of the organic radical battery (solid line, 1–50 C rate) and a conventional
lithium ion battery (dashed line, 0.5–3 C rate).



512 Stable Radicals: Fundamentals and Applied Aspects of Odd-Electron Compounds

100 101

Energy Density (Wh/kg)
P

ow
er

 D
en

si
ty

 (
W

/k
g)

102102

103

104
EDLC Radical

Battery

Li-ion

Ni-MH

105

103

Figure 14.7 Projection of the ‘‘organic radical battery’’ in the energy and power density diagram (Ragone plot).

by both remarkably high power density and relatively high energy density (i.e., high capacity). By using
its high power performance and relatively high capacity, the radical battery has been tested, for example,
as an uninterruptible power supply system for the data backup of personal computers and computer servers
during power failure. Optimization of the composition of polymer/carbon electrode and electrolyte, as well
as fabrication method of the battery, has led to a 100-mAh class of aluminum laminated film packaged
organic battery.8,22,23 Applications for which high power capabilities, rather than high energy density, are
important, such as the subbattery in electronic devices and motor drive assistance in electric vehicles,
would be appropriate for organic radical batteries in the future.

14.4 Molecular design and synthesis of redox active radical polymers

As described in Section 14.3, redox active radical groups are immobilized in the form of electrode materials
to impede self-discharge accompanied by the dissolution into the electrolyte solution. One of the simplest
ways for immobilization is to incorporate the radical group into the (aliphatic) polymer structure, in
which the radical groups are electrochemically isolated and non-interacting. For several years, various
combinations of the durable radicals and polymer structures have been extensively investigated. In this
section, we focus on the p-type redox active radical polymers, and summarize the molecular design and
synthetic methodology of these polymers in view of the polymer backbone as a radical carrier (Table 14.1).

Conventional radical polymerization of radical-containing monomers does not yield radical polymers due
to the high reactivity of radical pendant groups, which terminates the polymerization. Therefore, polymer-
ization procedures are categorized by (i) radical polymerization of the precursor monomers, followed by
chemical oxidation, and (ii) anionic, cationic, and transition metal-catalyzed polymerization of the radical
monomers.

14.4.1 Poly(methacrylate)s and poly(acrylate)s

Poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate) 1 was obtained by the polymerization of 2,2,6,6-
tetramethylpiperidine methacrylate, a material known as a light stabilizer, followed by the oxidation reaction
of the precursor polymer with m-chloroperbenzoic acid.8 The radical density of the obtained polymer
often remained lower (80–90 %) than the theoretical density due to incomplete polymer reaction. The
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Table 14.1 P-type redox active radical polymers

Polymer Monomer Oxidation Mn Epf Solubilityb Theoretical Charge Ref.
and (Mw/Mn) (V vs. capacity capacity
polymn type Li/Li+ )a Q(mAh/g)c (mAh/g)

1
O

n

O

N

O
•

methacrylate
1) radical (AIBN)

2) anionic
(PhMgBr)

3) group transfer

mCPBA

–

–

27,000 (3.3)

40,000 (1.2)

18,000 (3.2)

3.58

3.58

3.62

insoluble

soluble

soluble

111

111

111

77–110

–

105d

8, 19, 20

10, 21

22

2

O
n

N

O
•

vinyl ether
cationic
(BF3OEt2)

– – 3.55 insoluble 135 114 23,24

3
O

O
n

N

O
•

epoxide
anionic
(tBuOK)

– 32,000 (1.8) 3.54 insoluble 117 78 26

4

O

O
n

N

O
•

epoxide
anionic
coodinated
(ZnEt2/H2O)

– 400,000 (1.7) 3.62 insoluble 131 88 27

5 O
O O

O

n

NN
•• OO

norbornene
ROMP (Grubbs
2nd generation
cat.)

– 13,000 (1.2) 3.60 soluble 109 109d 29–32

6 O

O

O

n

O

N

O
•

N •O

acetylene
coodinated (Rh
cat.)

– 84,000 (3.4) 3.60 insoluble 97 96 33

7

n

•O
N

styrene
radical
(AIBN)

(C4H9)4NF Ag2O 21,000 (1.6) 3.50 insoluble 141 – 34

aFormal redox potentials for the radical polymers were standardized by Li/Li+ reference electrode.
bSolubility in the electrolyte solution (e.g. ethylene carbonate/diethyl carbonate with 1.0 M LiPF6.)
cQ = 96485 × a/(Fw × 3600) (mAh/g), where a: the number of radicals in the repeating unit; Fw = formula weight of the repeating unit.
dchemically- or photo-crosslinked.
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polymer 1 obtained by this method was insoluble in the electrolyte solution (e.g., ethylene carbonate/diethyl
carbonate with 1.0 M LiPF6 and LiN(CF3SO2)2), and applicable as an electrode active material. Anionic
polymerization of the radical monomer, 4-methacryloyl-2,2,6,6-tetramethylpiperidinyl-N -oxy, using the
Grignard reagent (PhMgBr) or sec-BuLi as an initiator produced the corresponding radical polymer 1 with
quantitative radical density.10,24 Group transfer polymerization of the radical monomer also afforded the
corresponding radical polymer 1.25 The polymers 1 obtained from the latter two polymerization techniques,
were both quite soluble in the electrolyte solution, and needed to be cross-linked.

14.4.2 Poly(vinyl ether)s and poly(allene)s

Poly(TEMPO-substituted vinyl ether) 2 was obtained via cationic polymerization of the corresponding
radical monomer using boron trifluoride etherate (BF3·OEt2) as an initiator.26 The radical monomer was
easily synthesized from 4-hydroxy-TEMPO and vinyl acetate using iridium or palladium catalysts. The
polymer 2 has higher theoretical capacity (135 mAh/g) than the poly(methacrylate) derivative 1, and showed
quantitative redox behavior even in the high loaded amount of radical (70 wt- % radical) in the carbon
composite electrode. The polymer 2 was also partially hydrophilic, and was also employed as a cathode
active material in the aqueous-based electrolyte, which was advantageous in view of environmentally-
benign characteristics and the improvement of safety issues.27. Allenyl ether monomer bearing 2,2,6,6-
tetramethylpiperidine was polymerized via conventional radical polymerization, followed by chemical
oxidation, to yield the corresponding radical polymer.28

14.4.3 Poly(cyclic ether)s

Anionic ring-opening polymerization of epoxides bearing TEMPO or the proxyl group under bulk condition
using t-BuOK yielded the corresponding polyethers 3 and 4, which were insoluble but swollen in the
electrolyte solution. The ionophoric polyether backbone with a low glass transition temperature (18 ◦C)
was designed to improve compatibility with the electrolyte solution, enabling high power capability and
high utilization of radical polymer in the carbon composite electrode. The radical density of the polymer
3 was 84 % per repeating unit.29 Anionic coordinated ring-opening polymerization of the glycidyl ether
derivatives using ZnEt2/H2O as an initiator also afforded the corresponding radical polymers. The proxyl
group was persistent under the reaction condition.30 Oxetane (four-membered cyclic ether) monomers
containing nitroxide group could not be polymerized via cationic ring-opening polymerization.

14.4.4 Poly(norbornene)s

Ring-opening metathesis polymerization (ROMP) of TEMPO-substituted norbornene using the second
generation Grubbs catalyst was successfully achieved to yield the corresponding polymer 5 without any side
reactions.31,32 Moreover, the polynorbornene backbone has olefin sites, which tuned the solvent solubility of
the polymer in combination with a bis(azide) crosslinker via photo-crosslinking. Poly(TEMPO-substituted
norbornene) provided design flexibility and good processability of the redox active films, leading to an
organic-based, flexible paper battery.33 Coumarin was also examined as photo-crosslinker in this polymer.15

Ring-opening metathesis polymerization of a series of norbornene derivatives was also reported.34,35

14.4.5 Poly(acetylene)s

A series of acetylene monomers bearing TEMPO were polymerized via rhodium-catalyzed coordination
polymerization, to give high molecular weight polymers (e.g. polymer 6). However, 30–40 % of the radical
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sites were redox inactive, which suggested an unfavored polymer chain structure (the radical sites were
less accessible and compatible with electrolyte).36

14.4.6 Poly(styrene)s

Poly(nitroxylstyrene)s 7 and 8 were obtained via conventional radical polymerization of the silyl-protected
styrenic monomers, followed by the deprotection with tetrabutylammonium fluoride ((C4H9)4NF) and
chemical oxidation with silver oxide or fresh lead oxide.37 Poly(nitronylnitroxyl styrene) 10 was also
obtained from the silyl-protected monomer in the same procedure.38 Poly(galvinoxylstyrene) 9 was syn-
thesized via radical polymerization of the corresponding precursor monomer, hydrogalvinoxylstyrene, and
chemical oxidation with potassium ferricyanate under basic conditions (Section 14.5).39,40

14.4.7 Combination of radicals with biopolymers and ionic liquids

Besides synthetic polymers bearing nitroxide groups, other approaches for immobilization of radicals
have been reported. Pyridinium-based cationic lipids bearing the TEMPO group were synthesized, and
incorporated into DNA via complex formation.41 Imidazolium-based ionic liquids bearing the TEMPO
group were also synthesized42; these were insoluble in the electrolyte solution and applicable for an
electrode active material.43

14.5 A totally organic-based radical battery

In the previous sections, the focused has been on only p-type redox active radical polymers, especially
the TEMPO-substituted polymers, as a cathode active material in the rechargeable battery. In this section,
we demonstrate, for the first time, a “totally organic-based radical battery” composed of radical polymer-
based cathode and anode. For this purpose, the development of n-type redox active radical polymers was
inevitable, but it was even more challenging. No other organic radicals except for TEMPO have been
reported as an electrode active material in extensive studies, and, even in TEMPO derivatives, an n-type
redox process of the radical remained irreversible. The electrochemical reversibility of these redox couples
originates both from the “stability” of the radical (R•) and the oxidized or reduced form (R+ or R−).
Judicious molecular design of the radical polymer to stabilize n-type redox couples is required.

Not many, but some n-type redox polymers bearing quinone, quinoline, and oxadiazole derivatives and
n-dopable polythiophenes have been reported as an electron accepting and transporting material in the
organic light emitting diodes, organic thin-film transistors, and photovoltaics. However, the use of such
n-type redox activity of the polymers has been limited to transient (short time-scale) charge separation
and transport, and the use of these materials for long term charge storage has not been examined except
for a few reports on capacitors based on n-dopable polythiophenes.44 In this section, our recent successful
approaches to explore n-type or bipolar (both p- and n-type) redox active radical polymers with emphasis
on battery applications are demonstrated (Table 14.2).

We focused on a reversible and rapid one-electron redox reaction between galvinoxyl radicals
and galvinolate anions, where the reduction of the neutral radicals is an n-type redox reaction. Poly
(galvinoxylstyrene) 9 displayed a reversible redox couple at 3.15 V vs Li/Li+ in the presence of organic
base additive, such as tetrabutylammonium hydroxide or alkali butoxide. The polymer 9 was used as an
anode active material in conjunction with p-type redox active radical cathode (e.g. poly(TEMPO-substituted
norbornene) 5), to fabricate a “totally organic radical battery” (Type I, Figure 14.8a). A plateau voltage
of the battery was 0.66 V, in good agreement with the potential gap between both polymers. This battery
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Table 14.2 N-type redox active radical polymers

Polymer Monomer Oxidation Mn Enf Solubilityb Theoretical Charge Ref.
and (Mw/Mn) (V vs. capacity capacity
polymn type Li/Li+)a Q(mAh/g)c (mAh/g)

n

N
O

CF3

8 styrene
radical
(AIBN)

(C4H9)4NF
Ag2O

36,000
(1.4)

2.00 insoluble 104 – 34

•OO

n

9 styrene
radical
(AIBN)

– 13000 (1.2) 3.15 soluble 51 42a 36

NNO O
•

n

10 styrene
radical
(AIBN)

(C4H9)4NF
MnO2

52,000
(3.2)

3.50b

(2.15)
insoluble 103 91b (82) 35

acrosslinked with 10 mol%tetraethyleneglycol diacrylate.
bFormal potential and charge capacity for p-type redox of nitronylnitroxide.
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Figure 14.8 (a) Charging and discharging mechanism of a ‘‘totally organic-based radical battery’’ composed
of polymer 5 cathode and 9 anode (Type I). (b) A see-through paper-like battery; blue in the charged state
(galvinolate anion) and light-yellow in the discharged state (galvinoxyl). A full-colour version of part (b) of this
figure appears in the Colour Plate section of this book.

exhibited strikingly high current capability, allowing rapid charging within 10 seconds and large discharge
currents (360 C). This totally polymer-based “radical battery” offers flexible device formability, enabling
thin and paper-like batteries. More excitingly, a see-through flexible battery was also fabricated with the
polymer 5 cathode and 9 anode, in which the blue color in the charged state resulting from the galvinolate
anion reverted dramatically to a light-yellow color of the galvinoxyl radical in the discharged state (the color
change accompanied by the redox reaction can be used as the indicator of the charging level, Figure 14.8b).
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Figure 14.9 (a) Symmetric configuration with both polymer 10 cathode and anode (a pole-less battery, Type II).
(b) A ‘‘rocking-chair configuration’’ with the polymer 9 cathode and 10 anode (Type III).

In the polystyrene derivatives 7 and 8, p-type redox (or cathode active material) to n-type redox (or
anode active material) switching was achieved by introducing electron withdrawing groups, such as the
trifluoromethyl group, proximally to the nitroxide.

Poly(nitronylnitroxylstyrene) 10 exhibited two reversible redox couples at −0.61 and 0.72 V vs Ag/AgCl
under the basic conditions, which was assigned to the n-type reduction and p-type oxidation of the nitronyl-
nitroxide, respectively. The bipolar (p- and n-type) redox activity was used as both cathode and anode active
material in a totally organic-based rechargeable battery with a symmetric configuration. Charge–discharge
curves of a battery composed of the polymer 10 for both electrodes gave a plateau voltage of 1.3 V, in
good agreement with the potential gap of formal potentials (Ep

f – E n
f) for the p-type oxidation and n-type

reduction of nitronylnitroxide. The reversed bias also enabled charging of the battery, and the battery
direction was reversible (pole-less battery, Type II, shown in Figure 14.9a).

The development of n-type redox active radical polymers is also of practical importance in view of
the cell configuration. The n-type polymer cathode enabled a “rocking-chair”-type battery, in which only
cations were exchanged at both electrodes, giving rise to the ultimate reduction of the electrolyte down
to the minimum amount necessary to allow current flow. Finally, the totally polymer-based, rocking-chair
battery was fabricated with the n-type 9 cathode and the n-type 10 anode, which is an unprecedented
battery configuration for organic batteries (Type III shown in Figure 14.9b).

14.6 Conclusions

Robust but redox active organic radicals can be employed as a new electrode active and charge storage
material, because these radicals have fully reversible one-electron redox reactions featuring fast electrode
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kinetics, high cyclability, and relatively high battery electrode capacity. Our exploration of the n-type
redox active radical polymers enabled a “totally organic-based radical battery” with various configura-
tions including a pole-less or rocking-chair battery. The radical polymer-based electrodes provide good
processability and shape flexibility, which could lead to paper-like and wearable energy storage devices,
widely applicable in battery on the chip and RFID tags. The integrated printable electronics technology
will enable facile fabrication of the battery in the future.

As seen in this chapter, inspired from the rapid and reversible redox activity, the robust organic
radicals are now being explored for other electronics applications. For instance, the photo-crosslinked
poly(TEMPO norbornene) was employed as the counter electrode to improve the performance of
the poly(viologen)-based electrochromic display.45,46 Recently, a battery-inspired non-volatile organic
memory by sandwiching a dielectric material (poly(vinylidene fluoride) with the radical polymers 5
and 9 was reported. The “radical memory” showed unique electroconductive bistability (ON-OFF ratio:
104, >1000 cycles), and opened up the high potential of a redox active radical even in a dry electronic
device.47,48 The mediator activity of the TEMPO derivatives has also been proposed as an alternative
system for iodide/triiodide redox couple in the dye-sensitized solar cells.49 In view of “redox activity”,
robust organic radicals could be re-examined as new functional materials, which promotes us to challenge
yet unexplored functions of the organic radical molecules.
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15.1 Introduction

Spin labeling has been an accepted physical biochemical technique for over 40 years, having been intro-
duced by Harden McConnell1 who coined the name as it fit within the definition of other probes that were
called reporter groups by Burr and Koshland.2 The approach was to place a spectroscopic probe in a bio-
logical macromolecule or system (such as an enzyme or protein) and to monitor spectroscopic variables in
the probe that were uniquely sensitive to the immediate environment in the biosystem. The reporter group
scheme is depicted in Figure 15.1. While in the past these probes were fluorophores, an NMR isotope such
as 19F or 13C, resonance Raman probe, and so on, for electron paramagnetic resonance (EPR) the godsend
was the stable paramagnetic nitroxyl (nitroxide) [NOTE: Nitroxide is the parent name used by Chemical
Abstracts Service for R2N–O•; however the correct IUPAC name is aminoxyl.] moiety. These molecules are
classified as spin labels , when a covalent linkage to the biological system is employed (i.e., with proteins,
polymers, and nucleic acids) while a spin probe involves non-covalent interactions (cells, membranes, liq-
uid crystals, and some polymer systems). EPR has the advantage of being a non-invasive, non-destructive
technique. One wonders how the field of site-specific mutation would have ever been accepted if the
provinciality over the possibility of structural/environmental perturbation was never resolved. The spin
label technique has flourished since then with several texts devoted specifically to the subject. Spin labels
have now enjoyed a several decade history in demonstrating the applicability of paramagnetic nitroxides
to problems of structure and function in enzymes, membranes, cells, and animals.3–7 While there are
comparable applications to other macromolecular systems, such as polymers, dendrimers and the like, this
chapter focuses mostly on biological examples. It focuses primarily on applications to protein structure,
with an emphasis on distance measurements. In particular, the modern approach called site directed spin
labeling (SDSL) is highlighted. In addition, how spin labeling can be used to monitor local pH at the
molecular level is illustrated. One other biopolymer, polynucleotides, and DNA, are briefly addressed. Not
covered are applications to lipids and membranes, in vivo approaches, and chemical polymers.
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c© 2010 John Wiley & Sons, Ltd



522 Stable Radicals: Fundamentals and Applied Aspects of Odd-Electron Compounds

SUBSTRATE SUBSTRATE

SUBSTRATE

Figure 15.1 Schematic representation of an enzyme–substrate complex in native protein (top left), protein
containing reporter group (solid black area) adjacent to substrate binding area (top right), and reporter group
distant from substrate binding area (bottom right). (Reprinted from [2], Copyright 1964, with permission from
National Academy of Sciences, U.S.A.)

It has been quoted many times, after the continuous criticism of the media, that the reporter group
must “report the news” not “make the news”.3 That is, it is important to ensure that the sometimes bulky
nitroxide spin label does not perturb the macromolecular system under study. On the other hand, there
must be an ever so slight perturbation in order to “sense” the physical environment. Interestingly, the NMR
community has adopted spin labeling and now frequently uses spin labels as useful probes in determining
intramolecular distances. In fact, the perturbation artifact argument is routinely ruled out by measuring
several functional and physical aspects of the biological system before and after labeling.

15.2 The early years

Although the method is technically not restricted to just nitroxide radicals (also known as nitroxyls) it is
fair to say that more than 99.5 % of all papers using EPR reporter group techniques employ nitroxides as
spin labels. The technique, as are many in biophysical/biomedical spectroscopy, was initially limited by
the availability and synthesis of the appropriate organic radicals. It was not until Rozantsev and Neiman at
the Institute of Chemical Physics in Moscow introduced a vast series of stable nitroxides with structures
that were adaptable to biological systems that spin labeling took off.8 Rozantsev later summarized this
vast amount of work in a translated book.9 A great deal of activity occurred at Stanford in the McConnell
group, first with proteins, then with membrane systems, through the second half of 1960s that was quickly
adopted in several other laboratories in the world. In fact, during that period the first in vivo toxicity study
was carried out at Stanford in Harden McConnell’s laboratory circa 1966 where an unspecified person
poured an unspecified, but large amount of TEMPONE into a beaker housing a goldfish with no adverse
affects.6 This was truly a golden period where many of the applications of spin labeling and nitroxides
that we use today were conceived.
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15.3 Advantages of nitroxides

What are the specific advantages to nitroxides that made them so endearing to the EPR field? First of
all, they are remarkably stable in almost any solvent and over a wide pH range in aqueous solution.
The nitroxide moiety is quite tolerant to synthetic manipulations at other sites on the typically piperidine,
pyrroline or pyrollidine ring. The generalized structures, including some nitroxide rings that can be an
intergral part of a lipid or polymer chain, are depicted in Figure 15.2.

Freezing and thawing or distilling/boiling have no adverse affects on the stability of the paramagnetic
group. Since EPR does not require optical transparency and does not suffer from the magnetic susceptibility
issues frequently encountered in NMR, it is possible to work with totally opaque solutions, solids or
mixtures thereof.

EPR sensitivity is, by definition, 600–700 times higher per spin compared with proton NMR, with
solution detectability down to almost nanomolar levels for narrow linewidth signals. Since the EPR spectral
line shape is a major component of spin label spectral analysis, particularly with respect to nitroxides
tumbling motion, it is fairly easy to distinguish free “unattached” or unreacted labels in a sample where
incomplete dialysis or separation was impossible. Since this one-electron radical is a paramagnet, there
is a distance-dependent relaxation effect on neighboring (proton) nuclei up to distances of about 20 Å
that may be quantitated in correlative NMR experiments with proteins or nucleic acids. This is based
on the same dipole–dipole interaction that is measured in nucleus–nucleus interactions and is analogous
to Forster energy transfer distance measurements in fluorescence experiments. Some applications of this
phenomenon are discussed later in this chapter.

The only real drawback of nitroxide spin labels is their susceptibility to reduction to the diamagnetic
hydroxylamine in the presence of organic or biological reducing agents. Synthetic procedures involving,
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Figure 15.2 Classes of nitroxide structures. The majority of nitroxides fall within one of the three classes:
(I) 2,2,6,6-tetramethyl-piperidine-N-oxyl, (II) the 2,2,5,5-tetramethyl-pyrrolidine-N-oxyl, and (III) the 4,4-
dimethyloxazolidine-N-oxyl (doxyl) nitroxides, respectively. Two other versatile classes of nitroxides are the side
chain substituted 2,2,5,5-tetramethyl-pyrrolidine-N-oxyl (proxyl) nitroxides (IV) and the cis- and trans-azethoxyl
nitroxides (V). (From [4] with permission.)
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for example, sodium tetrahydroborate (NaBH4) reduce the nitroxides; however, the radical can be easily
regenerated in mild hydrogen peroxide (H2O2) or exposure to oxygen (O2). Since blood and tissue contain
significant amounts of ascorbate and other reducing agents, special care must be taken to ensure that a label
does not enter the cytoplasm, where bioreduction is quite rapid, particularly for the piperidine nitroxides.
On the other hand, the ease by which a nitroxide moiety may be either one-electron reduced or oxidized
allows it unique physiological properties, with potentially imminent clinical applications in the pathological
events of trauma and oxidative stress (Chapter 17).

15.4 Applications of spin labeling to biochemical and biological systems

This can literally encompass everything large and small: proteins and enzymes, lipids and membranes,
nucleic acids, pharmaceuticals, drug-receptor interactions, cells and cell membranes, polymers, animals. A
number of applications are presented here, some of which are historical in context.

15.4.1 Stoichiometry and specificity: proteins and enzymes

A major obstacle with reporter group (labeling) has been the ability to obtain unique, specific covalent
modification(s) yielding a 1:1 nitroxide label to macromolecule complex stoichiometry. That is, the labeling
must be specific to one amino acid and not spread over several different residues. This would make the
spectral results totally ambiguous and any eventual conformational conclusions, and especially distance
measurements, will weigh the “closest” spins more highly than the distant spins, albeit with a degree of
inaccuracy as well. In distance measurements, this would be particularly devastating if the site of interest
were a more distant site. There have been a series of spin labels based on known protein modification
reagents, but all of these required detailed structure and stoichiometric analysis to insure that the labeling
was indeed complete and specific.

The most useful amino acid candidate for labeling purposes is the thiol side chain (–SH) of cys-
teine (Cys). However, it is more the exception than the rule to find free disulfide (cystine) bridged
cysteines in proteins since they are frequently used as structural building blocks. Yet, most thiol (cys-
teine) reagents are highly reactive and specific versus other protein modification reagents.10 In particular,
the methanethiomethane sulfonate group is uniquely specific (and reversible!) in its chemistry with cysteine
thiols. A major breakthrough occurred in 1982 with the first spin labeled analogs of methanemethylthiol
thiosulfonate, R–S–SO2–CH3, where R is a pyrrolinyl, pyrrolidinyl or piperidinyl nitroxide group.11 A
schematic of the biochemistry of the label MTSSL is shown in Figure 15.3.

For spin labeling methodology to be applicable to proteins in general, the desirable situation would be
where one could place the nitroxides moiety anywhere in the protein sequence. This became feasible in the
late 1980s with the advent of site specification mutation methodology. The field blossomed after Hubbell
and coworkers coined “site-directed spin labeling” (SDSL), which offered the possibility of probing the
local environment at a specific residue site in a protein or protein complex of interest.13 The method is
especially powerful in distinguishing aspects of secondary structure (alpha helix vs beta sheet vs random
structure), identifying helix–helix interfaces, discerning membrane bound vs exposed segments, and, as
will be discussed later, the intramolecular distance measurements within a protein. The method involves
site-directed “cysteine scanning” at all or targeted regions of interest in a protein molecule. Hence, it
becomes possible to examine several different positions in a protein conformationally over a significant
portion of the protein sequence.
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Figure 15.3 Labeling chemistry of the piperidine maleimide spin label (MAL-6) and MTSSL with cysteine side
chains. The MTSL moiety can be removed with DTT or mercaptoethanol to yield the thiol nitroxides and free
cysteine. The molecular volume of the MTSL moiety is similar to that of the tryptophan side chain. (Reprinted
with permission from [12]. Copyright 1998 Plenum Press.)

15.4.2 The reporter group approach: who makes the news?

While NMR spectroscopists are “purists” in that they observe natural spins (nuclei) without altering the
physical or chemical environment, spin labels and fluorescent probes are sometimes bulky structures that
are introduced exogenously. As previously mentioned, spin labeling was continuously accused of perturbing
the system by “making the news” instead of reporting the news.3 For some years even the fluorescence
community accused the spin labelers, while neglecting the typically very bulky bi- and tricyclic aromatic
molecules needed in luminescence labeling studies. When substituting a nitroxide side chain at a specific
position in a protein, a minor structural perturbation might occur, but evidence has continually shown that
the majority of these labeling studies, including where they were placed at internal positions in a protein,
did not result in altering structure/function changes, although the thermal stability of the protein may be
altered slightly. The fact is that it is necessary to slightly perturb or interact with the macromolecular
environment in order to report meaningful information.
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15.5 Distance measurements

As mentioned earlier, it is possible to estimate intramolecular distances in a protein by prudent placement
of two paramagnets at specific sites. If the paramagnetic centers are (preferably) undergoing little or no
motion and within circa 10–15 Å of one another, their intramolecular separation can be calculated from
the dipole–dipole interaction. When one of the paramagnets is a transition metal ion and the other is a
spin label, the observation is an apparent decrease in the nitroxide spectrum due to very efficient relaxation
(as manifested in line broadening) from the presence of the metal ion.

15.5.1 Metal–spin label distance measurements

The theory was worked out by Leigh for metal–nitroxide interactions over thirty years ago.14 With a
properly calibrated system, the distance could virtually be picked off of a calibration curve! When the
nitroxide is fairly mobile there are considerations which make the calculated distance less accurate. Firstly,
the “position” of the nitroxide is a weighted average of its allowed tumbling volume in space with the
shorter distances emphasized due to the 1/r6 behavior of the dipole–dipole interaction. Secondly, the
“effective” rotational correlation time (i.e., tumbling time) of the nitroxide group must be estimated, since
rapid motion can average dipolar interactions to zero. The principal requirements in Leigh’s theory then
rely on the following assumptions4,14:

(1) Each radical interacts with one metal ion at a distance, r , and the radial vector between them is fixed
in the free radical frame.

(2) The free radical orientation is isotropic (i.e., all orientations with respect to the laboratory frame are
of equal probability).

(3) The A (or T) component of the dipolar Hamiltonian dominates in determining the spin label lineshape,
that is, ωτc > 1.

(4) The T1 of the metal cation is of the order of the inverse of the dipolar interaction; furthermore, it
is determined by the lattice, and has no angular dependence nor dependence on the nitroxide group
specifics.

(5) No motional modulation of the dipolar interaction.

Each nitroxide line g(H) is broadened by the dipolar interaction with the metal ion according to
Equation 15.1:

g(H) = δH/(H − Ho)
2 + δH2 (15.1)

where δH = C(l − 3 cos2θ r
′)2 + δHo and C = gβµ2T1k/�r6. When δHo is the natural line width in the

absence of the paramagnetic metal, T1k, the spin lattice relaxation time of the metal ion, and θ r
′ defines

the angle between the radial vector of length r and the applied field.

15.5.2 Spin label–spin label distance measurements

Since incorporating a paramagnetic metal ion is challenging unless the system under investigation possesses
an intrinsic metal ion site, most of the more recent activity has been directed towards doubly spin labeled
proteins. A depiction of this measurement is given in Figure 15.4. The majority of doubly labeled SDSL
studies fall into one of three limiting cases, as outlined by Hustedt and Beth.15 (1) The nitroxides are rigidly
bound to the protein or protein complex, adopting a unique inter-nitroxide distance and orientation with
respect to each other. The protein has a global rotational correlation time of approximately 1µs or longer.
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Figure 15.4 Schematic depiction of a doubly labeled five-helix protein. The inter-nitroxide distance is deter-
mined from the spin–spin dipolar interaction. (Reprinted with permission from Academic Press.)

The EPR spectrum will consequently be insensitive to global motions at most conventional microwave
frequencies. (2) The nitroxides adopt a static distribution of orientations and distances with respect to each
other. Neither the global rotation of the protein, nor significant local rotational motions of the nitroxides,
occur on a timescale less than 1µs. (3) The nitroxide side chains undergo significant local motions or the
protein is undergoing global rotation on a timescale at which the EPR spectrum is sensitive.

It would be ideal for every system to fall into case 1, since quantitative methods for determining accurate
and precise distance and orientation information have already been developed for this case.17,18 The other
cases involve aspects of global rotational diffusion, internal protein dynamics, side chain dynamics, and
inherent orientational disorder. It would be desirable to adjust the experimental conditions if possible to
reduce rotational dynamics in order to improve the resolution of the dipolar splittings. The global rotational
diffusion time can be increased by cooling or freezing the sample in solvent systems that form a glass,19 or
by adding reagents, such as glycerol or sucrose, that can increase significantly the viscosity.20 All of these
methods should slow internal protein and local probe motion without altering the distribution of interprobe
distances and orientations.

15.5.3 Example of strong dipolar interactions

If two nitroxide groups are rigidly (and uniquely) bound to a large macromolecule and are situated within
about <12–15 Å of one another, large dipolar splittings can be observed. While such splittings have been
seen for frozen biradical nitroxides, it was not until 1984 that a resolvable dipolar splitting between two
distinctly placed spin labels in a protein was demonstrated.21 The specific system under investigation was
the important glycolytic enzyme, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), whose mechanism
of action involves the coenzyme NAD+, and substrate glyceraldehyde-3-phosphate. In the X-band EPR
experiment a nitroxide NAD+ coenzyme analog was placed in the active site of each GAPDH subunit
in the tetrameric enzyme structure. Figure 15.5 depicts the spin label and the coordinate system for the
distance measurements. The topography is such that the nitroxide moieties on the NAD+ analog situate
in one dimer about a twofold rotation axis, where they are about 11–13 Å apart across the R-axis in
Figure 15.6; their intersubunit distances across the other two axes in the unit cell exceed 25 Å, where no
dipolar interaction was detectable. The work was subsequently revisited and more thoroughly measured
and analyzed at several frequencies up to 94 GHz.17 This particular example was truly groundbreaking for
a spin label distance application to a relevant biochemical system.
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the three angles (α, β, γ ) relating the orientation of nitroxide 2 to nitroxide 1 (right). The angles θ and φ define
the orientation of the external magnetic field, H, with respect to the axis frame of nitroxide 1. (Adapted from
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15.5.4 Multiple-quantum EPR and distance measurements

The determination of intra- and intermolecular distances has become an important application of contempo-
rary EPR spectroscopy.16 Particularly challenging problems encompass the structure of protein complexes
and the functional dynamics of proteins that are neither soluble nor can be crystallized, such as the plethora
of membrane proteins.

Distances can be determined from the dipole–dipole interaction between two paramagnets that are
strategically placed within 8–25 Å of each other. This methodology, initially developed by Rabenstein
and Shin,21 involves incorporating a spin label at two specific cysteines followed by line shape analysis
for dipolar contributions. This method, which is accurate to within 10 %, yields fairly accurate distances.
However, more recent instrumental and methodological advances have extended this distance up to 50 Å and
beyond. The Freed laboratory at the NIH Center at Cornell University (ACERT) has developed capabilities
for higher sensitive pulsed EPR methods that preclude the need for freezing samples in order to enhance
the dipolar interactions.22,23 It uses double quantum coherence (DQC), a powerful application of pulsed
EPR for distance measurements between interacting spins.22–24 The DQC EPR experiment (Figure 15.7)
permits detection of weak dipolar interactions between two nitroxides. Oscillations in echo amplitude
versus echo time are due to this dipolar interaction.25 A detailed analysis of DQC indicates that distances
can be measured to ∼ 80 Å, comparable to the capabilities of fluorescence energy transfer.23

A recent and exciting approach by Budil and Freed has shown that, using a new method based on
double electron–electron resonance (DEER) spectroscopy, it is possible to measure forces between small
protein domains using a doubly labeled model peptide from the α-helical coiled-coil leucine zipper.26

The equilibrium distribution of distances between the two rigidly attached nitroxide spin labels yielded a
closing force of 100 ± 10 pN between monomers, which agreed quite well with theoretical predictions.
Hence, this methodology can be extended into molecular assemblies and molecular motors where accurate
distance changes are important.
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Figure 15.6 Structure of the N6-SL-NAD+-GAPDH tetramer as determined from molecular modeling. All four
N6-SL-NAD’ cofactors are shown in bold. The lower pair of GAPD subunits shows the backbone only. The upper
pair shows the backbone and side chains. The crystallographic R axis extends upward through the tetramer.
(Adapted from [17], Copyright 1997, with permission from Elsevier.)

15.6 Site directed spin labeling (SDSL): how is it done?

For site directed spin labeling it is necessary to be able to spin label a protein with “distance markers”
that can analyze aspects of conformation and polarity in the cases of both singly (and multiply) labeled
proteins. Briefly, one (or occasionally two) thiol group(s) must be incorporated in a protein sequence and
subsequently be covalently labeled with a uniquely specific reactive, reversible spin label. As mentioned
earlier, Berliner and coworkers introduced the MTSL label and demonstrated its efficacy with the thiol
protease, papain.11 This was followed by the groundbreaking work of Hubbell and coworkers who recog-
nized that it was possible potentially to genetically engineer cysteine residues into proteins at will.13 The
technique is now relatively standard with a series of protocols and parameters for any protein system. The
following, taken in part from Feix and Klug,12 summarizes the SDSL paradigm and the information that
can be learned from it.
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Figure 15.7 The pulsed DQC ESR experiment. (Left) A doubly labeled molecule is dissolved in a frozen
amorphous matrix. (Bottom) The six-pulse DQC sequence preserves contributions to the double quantum echo
signal arising solely from the dipolar interaction between the pair of nitroxide spin labels. The time intervals tp
and t2 are varied such that the total time of the pulse sequence remains constant. (Right) The maximum of the
echo signal is recorded as a function of t2 – tp. (Top) A Fourier transform of this echo signal yields the Pake-type
dipolar spectrum in the frequency domain. The separation ν⊥ of the two sharp peaks is directly related to the
distance, r, between the labels, r αν

−1/3
⊥ . (The echo signal and the dipolar spectrum shown here were measured

for the molecule on the left, for which r ≈ 16.2 ± 0.5 Å.). (Reprinted from [23] with permission from AAAS.)

15.6.1 The SDSL paradigm

• Clone gene for the protein under study into an appropriate vector.
• Construct a “wild type” background containing no reactive cysteines.
• Site-specifically introduce unique cysteines as eventual labeling sites at desired positions in the protein

structure.
• Verify the functional viability, expression, and global structure of the cysteine-containing mutants.
• Isolate and label with a SH-specific nitroxide.
• Characterize the local structure and conformational dynamics of the spin labeled sites by EPR spec-

troscopy.

15.6.2 SDSL parameters

• Motion – for example, �H−1
0 (Inverse width of the center line). Proportional to rotational motion

(increases as motion gets faster).
• Accessibility – �(x). Proportional to the bimolecular collision rate of a spin label with a given para-

magnetic agent. (NiEDDA, NiAA, CrOx for polar; O2 for non-polar environments.)
• Bilayer depth – �. Linearly proportional to depth of nitroxide relative to the membrane surface. Cali-

brated for a given membrane system with lipid spin labels of known depths.
• Dipolar coupling – Measure of distance between two nitroxides in a double-labeled system.
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The real success of this method has been its ability to permit protein structure determination almost entirely
from the EPR results. That is, it is possible to determine local rigidity and proximity to other structural
elements, accessibility to solvent or the non-polar interior, and quantitative conformational movements form
double labeling studies. In fact, the trends and cycles in increasing and decreasing exposure (accessibility)
can trace an alpha-helical backbone or beta-sheet structure. By using MTSL labels of varying tether length
and rigidity, these results can be confirmed unambiguously.

15.7 Other spin labeling applications

Spin-label-based distance measurements can be applied to other macromolecular systems, such as polymers,
dendrimers, and the like but, as noted in the Introduction (Section 15.1), the topics in this chapter focus on
biochemical/biological applications. The field of lipids and membranes, which is technically a spin probe
approach, is vast and is not covered here. An excellent book has appeared recently that covers both the
theory and applications.27
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15.7.1 pH sensitive spin labels

When probing the local environment of a protein, or for that matter a cellular or tissue region in an
animal, the ability to assess the “polarity” on the basis of the local pH would be advantageous. Khramtsov,
in collaboration with Volodarsky and others in Novosibirsk, has synthesized and developed a series of
imidazoline nitroxides that can be protonated.28,29 These labels have been tested over an array of pH
ranges, each one, as shown in Figure 15.8, acting as a “pH indicator” probe which can be covalently
attached to a protein, perhaps based on a dithio label or a methylthiolsulfonate analog (i.e., a pH sensitive
MTSL). Consequently, the local pH near the labeling site and/or the environment of the labeled protein can
be determined. In a fascinating in vivo study, the pH in the stomach of a laboratory animal was determined
non-invasively.30

15.7.2 Spin labeled DNA – structure, dynamics and sequence analysis

Nucleic acid structures pose some major challenges. To study DNA structure and conformation, introducing
a probe at some sensitive site, such as a purine or pyrimidine base, must be executed carefully to sense local
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structure, global motion, DNA wobbling, and so on, without imparting significant structural perturbations.
Bobst has been one of the pioneers in the field, both in spin label synthesis and applications.31 A selected
sample of a range of modified pyrimidine bases is shown in Figure 15.9. These labels offer properties
ranging from very rigid, with restricted tumbling volumes, to very flexible. The analysis of both local and
global motions within a polynucleotide system is complex. Figure 15.10 depicts a motional model of the
dynamic components that contribute to the EPR spectrum. Needless to say, the plethora of modified bases,
the methodology to incorporate them into various polynucleotides, and so on, is a great feat.

An impressive application to DNA analysis has been the ability to detect sequence “tracts” within a
DNA molecule by EPR. If this were eventually commercialized, the applications of spin labeling and EPR
in areas such as forensics might evolve as a sensitive alternative strategy to current methods.32

Global
Tumbling

Collective
Bending

and
Twisting

Nitroxide

Base

Base

Pair

Figure 15.10 Schematic diagram of a nitroxide (reporter group) monitoring dynamic processes in DNA
according to the degree of coupling to each mode. The nitroxide ring is couple to the base motion through a
tether linkage. The labeled base is coupled to another base which together experience base pair motion. This
base pair is coupled to the collective bending and twisting of all base pairs in the helix. Collective motions are
also coupled to the global tumbling. (Adapted with permission from [31]. Copyright 1998 Plenum Press.)
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15.8 Conclusions

The spin label technique offers some unique advantages over other biophysical methods of probing confor-
mation in biological systems. There are no real molecular weight limits; optical transparency or physical
homogeneity of the sample is not required; sensitivity is much higher than, for example, NMR; intramolec-
ular distances can be assessed; and the tools of molecular biology now allow virtually any position in a
protein or enzyme to be labeled. This technology leaves great promise for future studies of proteins and
enzymes. Hence, we began with simple nitroxides based on five- and six-membered ring heterocyclic
structures (Figure 15.2) that were modified to be crude chemical modification reagents. The field then
matured with spin labels that were substrates, inhibitor or cofactor analogs of specific biochemical sys-
tems. Most recently, SDSL has allowed the modification of any site along a polypeptide chain in a protein
of choice with reversible labels that probe conformation and can also be used in intramolecular distance
measurements.

This chapter has covered both the historical development of spin labeling, from its beginnings to the
recent “state of the art” and begins to address where the field is going and what are the big unresolved
issues. From this author’s perspective, it is imperative that other spectroscopic techniques be combined
with EPR. As to addressing the great frontiers in biological systems, the aspects of free radical biology
and medicine have great potential for the use of spin labels. Nitrone spin traps, which are precursors to
nitroxides (i.e., spin labels) yield nitroxide adducts upon reaction with organic radicals of all sorts. The
resultant EPR spectrum can frequently be characterized to identify the radical that combined with the
nitrone. By strategically placing nitrone “spin labels” at particular sites in a biological system, there is the
possibility of trapping radicals at some local site of interest.

The major problem remains with sensitivity. While the EPR signal of a radical is upwards of 600
to 1000 times more sensitive than, for example, a proton NMR spectrum, the minimum concentration
limits are still too high for many biological problems. By reducing the line width, as was shown with
15N perdeuterated nitroxides, the signal-to-noise ratio can be increased several fold, although less than an
order of magnitude. Where the field will lead depends tremendously on synthetic organic chemistry and,
perhaps, the development of yet other stable paramagnetic species beyond nitroxides. The development
of other radical centers that afford the same sensitivity and dynamic specificity as nitroxides remains a
future challenge. For example, trityl based radicals have line widths narrower than nitroxides by at least an
order of magnitude. It only remains for the clever synthetic organic chemists to develop versatile analogs
of these compounds for a new generation of spin labels to emerge. Lastly, combining EPR with NMR,
fluorescence, and other physical techniques may open the way for other more powerful probes of biological
systems.
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Functional in vivo EPR Spectroscopy and

Imaging Using Nitroxide and Trityl Radicals

Valery V. Khramtsov and Jay L. Zweier
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16.1 Introduction

Magnetic resonance spectroscopies in combination with functional molecular probes are powerful tools in
biochemical and biomedical research. Broad clinical applications of nuclear magnetic resonance, NMR, and
magnetic resonance imaging (MRI) are possible due to the sufficient depth of magnetic field penetration
in living tissues and existence of endogenous NMR-sensitive nuclei, up to 100 M concentration in the
case of water protons. However, low intrinsic NMR sensitivity and overlap of the various endogenous
NMR signals limit functional in vivo NMR and MRI applications beyond the anatomical resolution.
Electron paramagnetic resonance (EPR) spectroscopy has greater sensitivity than NMR for the same probe
concentration, due to the larger magnetic moment of the electron compared with that of the proton.
Over the past decade low-field L-band EPR spectrometers, designed to increase the depth of microwave
penetration and decrease non-resonant losses, have become commercially available allowing experiments
with isolated organs and small animals such as mice. Moreover, RF-EPR instruments with lower fields
(down to 300 MHz), as well as instrumentation for spatial and spectral–spatial EPR imaging (EPRI), have
been constructed.1–4 However, the potential of EPR-based techniques is still far from being maximally
defined, predominantly because of the requirement of the development of stable paramagnetic probes. In
return, the use of exogenous EPR probes and lack of endogenous EPR signals provide EPR techniques
with additional advantage in signal specificity. Nitroxyl radicals (NRs) and triarylmethyl radicals (TAMs)
represent two main classes of soluble paramagnetic materials used for EPR spectroscopy and imaging
applications. The synthesis of stable organic NRs,5,6 in which the unpaired electron is localized at the
sterically protected NO group (ρπ

O ≈ 0.6; ρπ
N ≈ 0.4), revolutionized numerous areas of EPR applications.
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Half a century of continuous progress in the nitroxide chemistry has resulted in design of specific NRs for
spin labeling,7 site-directed spin labeling,8 EPR oximetry,9,10 pH,11 thiols12,13 and NO measurements,14–16

including in vivo functional EPR/EPRI application.1,17–19 TAM radicals represent a fundamentally different
basic structure of stable organic radicals, with approximately 60 % of the unpaired electron localized
at the sterically protected central carbon atom and the remaining 40 % delocalized over the three aryl
substituents.20 NRs have the advantages of well developed chemistry, resulting in variability of structure,
solubility, functionality, and ability to be targeted. On the other hand, TAMs have advantages over NRs in
that they offer extreme stability toward tissue redox processes, longer relaxation times, and narrower line
widths, making them particularly attractive for imaging applications.21

16.2 Nitroxyl radicals

The first stable di-tert-alkyl nitroxide of piperidine type (TEMPO)5 (Scheme 16.1) was synthesized fifty
years ago. The stability of the N–O group allowed chemical reactions of the nitroxides which do not involve
the radical center allowing further NR derivitization.6,22 In the early 1960s, EPR spectral sensitivities of the
NRs to their local environment, including viscosity23 and polarity,24 were reported. Later on, McConnell
and colleagues established the spin labeling technique, demonstrating the EPR spectral sensitivity of bio-
logically relevant macromolecules labeled with NRs to molecular motion and microenvironment.25,26 The
combination of EPR spin labeling with site-directed mutagenesis reactions led to the site-directed spin
labeling (SDSL) technique currently widely used in the study of protein structure and dynamics.8,27,28

The sensitivity of NR EPR spectra to pair-wise Heisenberg spin exchange29 or magnetic dipole–dipole
interactions,30 provide experimental tools for the measurement of intermolecular distances and the loca-
tion of paramagnetic species, such as metal ions and oxygen. NRs were the first paramagnetic probes
used for EPR oximetry based on the spin exchange phenomenon between diradical oxygen molecule and
NRs.10,31–33

Specific chemical reactions of NRs further extend their functional applications. The most well known
reaction of NRs, their one-electron reduction to EPR silent hydroxylamines, is largely responsible for the
biodegradation of the nitroxides in living tissues34 and, in general, significantly limits many biological
applications of NRs. On the other hand, the rate of the NRs’ reduction provides information on the redox
state of living tissues.17 The other reactions of the NRs, which do not involve radical center but can be
followed by EPR,35 include reactions of the specific NRs with protons, thiols, and nitric oxide (NO).
The functionally-enhanced NRs for EPR detection of corresponding biologically relevant molecules were
developed, namely pH-, SH-, and NO-sensitive spin probes.35,36 The main types of the nitroxides discussed
in this chapter are shown in Scheme 16.1.
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16.3 Triarylmethyl (trityl) radicals

Trityl radicals have an even longer history than NRs, since the initial report by Gomberg in 1900 of the
synthesis of triphenylmethyl radical.37 Nevertheless, only recently have these compounds, with sterically
protected trivalent carbon, regained attention as the basic structural fragment for the synthesis of stable
organic radicals. By the late 1990s, Nycomed Innovation AB further refined Gomberg’s original trityl
radical in order to avoid hydrogen hyperfine coupling and enhance its stability and water solubility.21,38

The placement of heteroatoms in these systems eliminates hydrogen atoms in close proximity to the radical
center, and consequently the numerous hyperfine splittings and broadening of the EPR signal caused by
coupling of the radical electron with the hydrogen nuclear spins. A new family of trityl spin probes was
synthesized, also known as tetrathiatriarylmethyl (TAM), bearing four sulfur atoms on the phenyl ring. The
most representative members are TAM derivatives containing carboxyl groups, namely cTAM, deuterated
cTAM, and the more hydrophilic Oxo63 and Oxo31 derivatives (Scheme 16.2). Recently, creative efforts
have been employed for improved synthesis of these complex molecules.39,40 cTAM can now be synthesized
on a large scale in an efficient way.40

TAMs display extraordinary stability toward tissue redox processes with life time up to 24 hours in human
blood,21 surpassing the behavior of NRs in this regard. The EPR spectra of these TAM derivatives21,39,40

display a very narrow single line which is generally not broadened by interaction with proteins and
other biological molecules, making these molecules particularly attractive for imaging applications using
EPRI and proton electron double resonance imaging (PEDRI) techniques.41,42 In the latter case, the long
relaxation time of TAMs makes them easily saturatable by radio frequency (RF) irradiation and provides
an advantage over NRs for PEDRI applications allowing for enhancement of sensitivity and resolution
with less RF heating of the sample.21,33,43 Applications of TAM radicals include EPR oximetry21,33,43 and
recently a reported sensitivity to the superoxide anion44,45 and pH.46,47

In this chapter, functional applications of EPR-based spectroscopy and imaging of the NR and TAM
probes are reviewed, with particular emphasis on in vivo EPR measurement of oxygen, pH, tissue redox,
and intracellular GSH content.

16.4 In vivo EPR oximetry using nitroxyl and trityl probes

The measurements of molecular oxygen concentration in living tissues are of crucial importance for
monitoring the energetic metabolism from a physiological and pathological point of view. In certain stress
conditions, for example, high exercise levels, interruption of normal blood supply or biochemical shock, the
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oxygen homeostasis, at least locally, may be compromised. The effectiveness of cancer therapy is affected
by the oxygenation status of normal and tumor tissues.48,49 Oxygenation status of ischemic tissue in stroke
and myocardial infarction is critically important but is measured only with difficulty and invasiveness that
frustrates clinical application.

16.4.1 Magnetic resonance approaches for in vivo oximetry

A reasonable depth of penetration of magnetic field in the living tissues makes NMR and low field EPR
techniques the most appropriate approaches for non-invasive in vivo oxygen measurements.50 Magnetic
resonance methods rely on the effect of paramagnetic oxygen on the relaxation times of the molecules
excited by electromagnetic radiation. The effect of oxygen on NMR relaxation times was described when
NMR was first discovered by Bloch et al .51. After inventing MRI, oxygen was the primary candidate to
be considered as potential contrast agent.52,53 However, this possibility was ruled out due to the small
effect of oxygen on the T1 and T2 values of the protons in blood and loss of its paramagnetism upon
complexation by carrier molecules.54 When the other parameters are kept constant, MRI oximetry is
possible via water T2 measurements, due to the difference in magnetic properties of oxyhaemoglobin
(diamagnetic) and deoxyhaemoglobin (paramagnetic). The blood oxygen level dependent (BOLD) effect55

has been extensively used for functional MRI of the brain despite the relatively low sensitivity of effective
T2 to tissue oxygenation and dispersion of the data. Several NMR techniques for oxygen measurement
were developed relying on exogenous fluorinated probes, including 19F NMR spectroscopy/imaging using
perfluorocarbon (PFC) emulsions56,57 and fluorinated nitroimidazoles.58 However, spin lattice relaxation
rates of fluorinated probes may also depend on other physiological or histological parameters.57

EPR oximetry is one of the most promising and rapidly developing techniques for measurement of
oxygen in living tissues.9 While oxygen in its triplet ground state demonstrates a strong X-band EPR signal
in the gas phase of 120 lines at low pressure,59 no EPR spectra have ever been reported for dissolved
oxygen due to line broadening. Hence, biological EPR oximetry relies on exogenous paramagnetic probes.

16.4.2 Nitroxide probes for EPR oximetry

Nitroxyl radicals were the first paramagnetic probes used for EPR oximetry.10,31,60,61 The physical basis
of the spin label EPR oximetry method relies on Heisenberg exchange between NR and dioxygen, a stable
diradical. Both the longitudinal (T1) and transverse (T2) relaxation time of the NRs can be rather close
to the bimolecular collision rate of dissolved oxygen in aqueous solutions and be significantly affected
by the encounter rate. The encounter rate (w) is governed by the Smoluchowski equation, w = 4π ·r·D
[O2], where r is the interaction distance and D is the diffusion constant of oxygen, which is much greater
than the diffusion constant of the NR. According to the early work of Pake and Tuttle (1959)62, the
exchange-induced EPR line broadening is proportional to the radical–radical collision rate and, therefore,
to oxygen concentration. The observation of line width broadening of the TEMPO radical by dissolved
oxygen in various solvents was reported by Povich in 1975.63 Two years later, Backer et al .31 were the
first to apply the T2 oximetry method based on oxygen-induced line broadening of the NR to follow
mitochondrial respiration in samples containing about 100 liver cells. The T1-sensitive EPR oximetry
methods were introduced by Hyde et al .64,65 T1-sensitive experiments include pulsed saturation recovery,
continuous wave saturation and rapid passage displays.66 T1-sensitive methods might have an advantage
for highly viscous environments or spin labeled macromolecules because for the nitroxides T2  T1, and
for the optimal sensitivity the collision rate needs to be comparable to the relaxation time. However, for
most biological applications in low viscosity solutions, T2-sensitive methods are preferred because they are
instrumentally easy. An advantage of EPR oximetry is that it is based on pure physical interaction between
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the molecules of paramagnetic probe and oxygen and does not interfere with the oxygen metabolism,
therefore providing a basis for non-invasive oxygen measurements in biological systems, including that
in vivo.

EPR spectra of NRs show typical triplet patterns (doublet for 15N–O isotopically substituted NRs) due
to hyperfine interaction with a nitrogen nucleus possessing a non-zero nuclear spin, I = 1 (I = 1/2 for the
15N isotope). A typical effect of oxygen on the individual line of the triplet EPR spectrum of the NRs
is shown in Figure 16.1 for the CTPO radical (Scheme 16.3). At low oxygen levels each component of
the CTPO triplet spectrum shows additional partially resolved superhyperfine splittings with 12 protons
of four methyl groups and proton at carbon C4 of the heterocycle. An increase in oxygen concentration
results first in the masking the superhyperfine structure and then in the broadening of the enveloped EPR
line, clearly seen in Figure 16.1 as an increase of the peak-to-peak line width (�Hpp). Note that NRs with
larger number of protons in the radical heterocycle, for example, a TEMPO radical of the piperidine type
(Scheme 16.1), do not reveal superhyperfine structure even in the absence of oxygen. The line broadening
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Figure 16.1 EPR spectra of 50µM aqueous solution of the CTPO radical measured at 37 ◦C at various oxygen
concentrations. Spectral parameters: microwave power, 2.4 mW; time constant 5.12 ms; sweep time, 81.92 s;
number of points, 4096; modulation amplitude, 0.1 G; (0.8 G for spectrum at 100 % oxygen); sweep width,
4 G (6 G for spectrum at 100 % oxygen). Temperature and oxygen content of the sample during the experiment
was controlled by Temperature and Gas Controller (Noxygen, Germany). Line width at 100 % oxygen is
1.60 ± 0.03 G.
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Figure 16.2 The dependence of the EPR spectrum line width of a 200µM aqueous solution of TEMPO on
oxygen concentration measured at 24 ◦C. Spectral parameters were as follows: microwave power, 10 mW;
modulation amplitude, 0.5 G. Line width at 100 % oxygen (not shown) was 1.70 ± 0.03 G.

effect of oxygen on the �Hpp of the NRs slightly varies with the radical structure and on average is
about 500 mG/100 % oxygen or about 450 mG/mM of oxygen (Figures 16.1 and 16.2). Therefore the NRs
with the typical line width of about 1 G in oxygen free solutions are practically insensitive to oxygen
concentrations below 2 % O2, as seen in Figure 16.2 for the TEMPO radical (�Hpp = 1.21 G at [O2] = 0).

An example of L-band EPR oximetry application for monitoring oxygen depletion in ischemic
myocardium obtained in isolated rat heart67,68 using TEMPO as a spin probe is demonstrated in
Figure 16.3. The spectral data showed a gradual decrease in the line width over duration of ischemia by
about 0.5 G, approaching the line width observed in the absence of oxygen. Significantly slower oxygen
consumption was observed in cardiopleged hearts (solid line)67 subjected to global ischemia than that
observed in noncardiopleged hearts (dashed line)68 characterized by exponential decay time constants of
14.3 min and 1.9 min, respectively. This would be expected since in the cardiopleged hearts contractile
function is arrested, which results in a much lower rate of oxygen consumption.
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Figure 16.3 Kinetics of oxygen consumption in ischemic cardiopleged (•)67 and non-cardiopleged ( �)68 hearts
measured as changes in L-band EPR line width of TEMPO spin label. The isolated rat hearts were perfused by
the method of Langendorff with Krebs bicarbonate-buffered perfusate solution equilibrated with 95 % O2/5 %
CO2. The hearts were preloaded with infusion of 1 mM TEMPO reaching maximal EPR signal after 10 min of the
NR administration.67,68 Kinetics of oxygen consumption by myocardium was modeled with a single exponential
function yielding exponential decay time constants, τ = 1.9 min and τ = 14.3 min, for non-cardiopleged (dashed
line) and cardiopleged (solid line) hearts, respectively.
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The use of perdeuterated NRs provides almost one order of magnitude enhancement in sensitivity to low
oxygen concentrations due to narrow line width (�Hpp).67,69,70 Alternatively, measurement of “the depth
of resolution” of the superhyperfine structure of the NRs (e.g., parameter a/b for the CTPO shown in the
Figure 16.1) provides similar or even better sensitivity to oxygen than perdeuterated NRs, and has been
used for oxygen measurements in cellular and enzymatic systems.31,60,71 However, among the drawbacks
of both approaches are the need to limit NR concentration (ideally <100 µM) and modulation amplitude,
which compromise spectral intensity. Therefore, application of these approaches in in vivo systems using
low field EPR can be complicated by overlapping of the line broadening effects induced by respective
variations of oxygen and NR concentrations. Typically, the line broadening effect of the NR concentration
on its line width is about 100–200 mG/mM, and may interfere with accurate oxygen measurements at high
NR concentrations.72

Halpern et al .73 proposed the application of a selectively deuterated CTPO radical, mHCTPO
(Scheme 16.3), with only one hydrogen superhyperfine splitting in order to discriminate the contributions
of variations in oxygen and NR concentrations on EPR line shape. Figure 16.4 shows the low field
component of the EPR spectrum of the mHCTPO obtained from a large FSa tumor under two conditions:
the mouse was first bathed for four minutes in a gas atmosphere of oxygen; next it was bathed in air
for four minutes. Variations in both oxygen and radical concentrations affect “the depth of resolution”
of the doublet spectrum characterized by the parameter R. Conversely, an increase only in spin label
concentration but not oxygen results in narrowing of the hydrogen hyperfine splitting parameter (aH).
Measurement of both parameters, R and aH, allows for discrimination between these two factors and
quantitatively address the oxygen concentration in tumor tissue. As can be seen from EPR spectral
analysis, despite compensatory vasoconstriction thought to prevent changes in oxygenation with the
administered oxygen atmosphere, there are clear changes in the tumor oxygenation, from 42 ± 8 t with
oxygen breathing to 7 ± 8 t in air (Figure 16.4).

Rair RO2

Figure 16.4 EPR spectra of the mHCTPO radical measured in the FSa tumor in the living mouse. NR was
administered i.p. at 30 mM as a 0.7 ml bolus. ◦, Tumor spectrum from the anesthetized animal breathing air; •,
tumor spectrum from the anesthetized animal breathing nearly 100 % O2 with a 2-min equilibration between
spectra. The R value for the 100 % O2-inspired gas is 0.29 ± 0.02, while that for air breathing is 0.37 ± 0.02
(2-min measurements), corresponding to pO2 of 42 ± 8 t and 7 ± 8 t. Despite the small apparent changes in
the spectra, the large number of contributing spectral points gives significant pO2 differences. (Reprinted with
permission from [10]. Copyright 1994 National Academy of Sciences.)
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The well developed chemistry of the NRs74,75 allows manipulation of their structure and properties,
including the presence of charge, hydrophilic or hydrophobic groups, and the ability to be targeted. Small
neutral NRs normally penetrate cellular membranes easily and are equally distributed throughout the
intracellular and extracellular environments. Conversely, charged NRs will not cross the plasma membrane,
and thus can be used to measure oxygen concentrations in the extracellular compartment.76 Glockner
et al .32 demonstrated simultaneous measurement of intracellular and extracellular oxygen concentrations in
a single sample: extracellular measurement was achieved using positively charged nitroxides encapsulated
in liposomes, while intracellular oxygen was determined using a membrane-permeable nitroxide along with
an extracellular broadening agent. Moreover, NRs can be incorporated in liposomes or linked to carrier
molecules77 to achieve organ or tissue selectivity. In general, NRs have low toxicity and can be administered
to the animal by infusion or by intraperitoneal, intravenous or intratissue injection. To protect NRs against
reduction and enhance their sensitivity to oxygen, Liu et al .78 developed proteinaceous microspheres filled
with the NRs dissolved in an organic liquid. Encapsulation of the NRs into the micosphere greatly increased
the sensitivity of the EPR line width to [O2] because of the higher solubility of oxygen in organic solvents.
The authors used encapsulated NRs to measure the changes in oxygen concentration in vivo for 70 minutes
after intravenous injection of the microspheres into a mouse. A potential concern of this approach is the
leakage, as well as the release of the organic liquid from the microspheres when they are eventually
metabolized, resulting in possible toxicity to the tissue.

The distribution of the NRs in living tissue can be measured using EPRI techniques. Moreover,
spectral–spatial imaging can be performed; this contains a complete spectral profile, as a function of field,
at each spatial voxel element. Application of one to three sets of gradient coils allows spectral–spatial EPRI
in one, two or three spatial dimensions resulting in 2-, 3- or 4-D spectral–spatial images, respectively.79

Because the spatial and spectral dimensions are fully separable, information about local line width, and
hence local oxygen concentration, can be derived independently from local spin density. The continuous
wave EPR imaging (CW EPRI) technique works better for the NRs imaging while pulsed Fourier transform
imaging (FT EPRI) is limited to the probes with narrow line width of the order of 100 mG or less.80

Figure 16.5 demonstrates in vivo spectral–spatial EPRI in a rat tail using EPRI and a soluble NR, 3-CP
(Scheme 16.3). Both the cross-sectional anatomy and oxygen distribution are evident. The oxygen map

Spin Density Map Oxygen Map

75

0

150

225

300

O
xy

ge
n 

C
on

ce
nt

ra
tio

n 
(µ

M
)

Figure 16.5 Images of the NR spin density and oxygen distribution in the cross-section of a rat tail reconstructed
from 3-D spectral–spatial data obtained in vivo using L-band EPR imaging. Water soluble probe, 3-CP
(Scheme 16.3) was infused intravenously, 200 mg kg−1, and after a 25 min period for the label to distribute and
reach maximum the images were obtained. Total image acquisition time was 20 min. Certain anatomical features
(major blood vessels) and oxygen gradients are prominent in the image. (Reprinted with permission from [69].
Copyright 2000 Wiley-Liss.)
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shows the differences in the oxygen perfusion. The major blood vessels and muscle bundles separated by
bone were visible. Oxygen gradients from the center of the four major vessels into the distal regions can
be seen in the oxygen map.

The oxygenation status of normal and tumor tissues is an important parameter, being in part responsible
for the effectiveness of cancer therapy. Halpern et al .10 demonstrated the efficiency of low field 250 MHz
EPR oximetry in combination with a mHCTPO probe to report oxygen concentration in the body water
of murine FSa and NFSa fibrosarcomas 7 cm deep in the tissues of a living animal (Figure 16.4). An
oximetric 2-D (1 spectral/1 spatial) spectral image of the tumor was also obtained allowing, in principle,
direct assessment of tumor hypoxia to determine the usefulness of radiation and chemotherapy adjuvants
directed to hypoxic cell compartments. Hydrophobic perdeuterated NR, PDT (Scheme 16.3), has been
applied to measure oxygenation level in lipophilic compartments with higher oxygen solubility in radiation
induced fibrosarcoma (RIF-1) in mice.82 The data showed a threefold lower level of oxygenation of the
tumor tissue compared with that of the normal muscle.82

16.4.3 TAM oximetric probes

Nitroxyl radicals were also the first compounds tested in dynamic nuclear polarization (DNP) to probe the
oxygen environment.83 However, bioreduction of the nitroxides into EPR silent products and comparatively
broad spectral lines complicate their application, particularly for EPR oxygen mapping. In this respect,
triarylmethyl radicals developed for biomedical applications by Nycomed Innovation AB38 (Scheme 16.2),
have the advantage of extraordinary stability in vivo and a very narrow single EPR line of about 100 mG
or less. The oxygen broadening of the TAMs in water is about 500 mG/mM of oxygen21 similar to that
for the NRs. On the other hand, the concentration broadening of the TAMs is about 10 mG/mM,21 which
is one order of magnitude less than that for the NRs.72 These properties make TAM radicals superior
oximetric probes for in vivo EPR/EPRI and DNP/PEDRI applications.21,43

Images of a tumor obtained using 250 MHz EPRI when the mouse was either breathing air or carbo-
gen (95 % oxygen, 5 % carbon dioxide) are shown in Figure 16.6.84 The images obtained using TAM
Oxo31 probe (Scheme 16.2) show the heterogeneity in the distribution of oxygen in the tumor with
higher [O2] values after animal was carbogen-breathing for 10 minutes. Note that continuous wave
spectral–spatial EPRI is based on measurement at numerous magnetic field gradients which typically
requires a long acquisition time, 20 minutes in Figures 16.5 and 16.6, which is often unpractical for
biological use.

Recent developments in PEDRI85,86 demonstrated that this method allowed simultaneous co-registration
of free radical distribution and anatomic information. Since PEDRI is based on proton MRI, it circumvents
the resolution limitations of EPRI that occur due to very broad line widths of most paramagnetic labels,
and inherently offers high spatial resolution and rapid image data collection. Therefore, PEDRI is now
recognized as a powerful alternative to conventional EPRI. One of the successful applications of functional
PEDRI is oxygen mapping. It is based on the paramagnetic character of dissolved oxygen which affects
the EPR line width of free radical probes and, as a consequence, alters the RF power saturability of
the probes. Therefore, PEDRI with variable saturation power offers a reliable method of imaging oxygen
concentrations in vivo using TAM probes.21,33,43,87 PEDRI oxygen images of a mouse with a tumor obtained
using Oxo63 (Scheme 16.2) are shown in Figure 16.7. Spatially resolved functional information (oxygen
map) was extracted from two PEDRI images collected with interleaving pulse sequences in which the
EPR irradiation was applied at two different power levels, 45 and 3 W. The expanded tumor region clearly
shows heterogeneity in oxygen distribution, severely hypoxic regions, and an increase in the oxygen level
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Figure 16.6 Oxygen image of an FSa tumor in the leg of a mouse obtained by 250 MHz EPRI using Oxo31
TAM probe (Scheme 16.2) with �Hpp = 87 mG at [O2] = 0. The distribution of oxygen is shown in a coronal
(a) and sagittal (b) slice of the tumor in the leg of an air-breathing mouse. The images (c) and (d) represent the
corresponding slices in the same tumor after carbogen-breathing for 10 min. The intensity bar to the right of each
image quantifies oxygenation in torr. Image acquisition time was approximately 20 min. The oxygen distributions
(c) and (d) are similar to that in (a) and (b). (Reprinted with permission from [84]. Copyright 2003 Wiley-Liss.)

in response to carbogen-breathing. The study shows that PEDRI can be used for dynamic studies of oxygen
measurement.

The synthetic chemistry of TAM probes is still in its infancy. The first reports on the synthesis of
TAMs useful for EPRI and PEDRI appeared in the patent literature.38 Recently, creative efforts have
been reported for the synthesis of these complex molecules.39,40,88 The cTAM radical (Scheme 16.2) can
now be synthesized efficiently on a large scale40. Fluorinated TAMs possessing a high affinity to fluorous
media were specially designed89 for assessment of tumor oxygenation using biocompatible perfluorocarbon
emulsions. Note that the sensitivity of line broadening of TAMs is higher in perfluorocarbon liquids than
in water in agreement with the higher solubility of oxygen in these solvents. Recently dual function pH
and oxygen probes were also proposed46,47(Section 16.5).

The applications of other oxygen-sensitive paramagnetic materials include particulate probes such as
lithium phthalocyanine particles90,91 and carbonaceous materials (chars, coals, carbon blacks).92 It should
be noted that particulate probes such as lithium phthalocyanine and synthetic char are suitable for measure-
ments of oxygen partial pressure, whereas soluble probes such as nitroxides and trityl compounds measure
dissolved oxygen concentration.9,91
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Figure 16.7 PEDRI oxygen images obtained using Oxo63 probe (�Hpp = 165 mG at [O2] = 0). The images
were obtained from a mouse bearing the SCC tumor (squamous cell carcinoma) under air and carbogen-
breathing conditions. The imaging times ranged between 4 and 8 min. The tumor region is shown within the
square. (Reprinted with permission from [33]. Copyright 2002 National Academy of Sciences.)

16.5 EPR spectroscopy and imaging of pH using nitroxyl and trityl probes

The critical role of pH status in physiology and pathophysiology of living organisms is well recognized.
At the microscopic scale, local pH drastically affects the vital activities of cell, cellular organelles, and
enzymes. Therefore, spatially and temporarily addressed pH measurements in vivo are of considerable
clinical relevance. For in vivo pH measurements, 31P-NMR has proven to be the most suitable non-
invasive approach. However, pH assessment using 31P-NMR and inorganic phosphate (Pi) has its own
limitations which are rarely discussed, including the lack of resolution (about 0.2–0.3 pH units and even
less at lower pH), the fact that Pi concentrations vary with metabolism and ischemia, and the chemical shift
dependence on ionic strength.93,94 Because of these problems, exogenous pH probes are being designed
for NMR spectroscopy to improve detection of myocardial acidosis93 and extracellular pH in tumors.95,96

Upon application of exogenous probes, low field EPR spectroscopy has higher sensitivity compared with
NMR for the same probe concentration, and reasonable depth of penetration in living tissues.

16.5.1 pH-sensitive nitroxyl radicals

The first pH effect on the EPR spectra of stable NRs was observed in very strong acids and was related to
protonation of the nitroxyl fragment itself.97,98 Synthesized by Ullman and Osiecki in 1970,99 2-imidazoline
NRs or imino nitroxyl radicals (INR, Scheme 16.4) were apparently the first reported stable pH-sensitive
NRs with pKa close to physiological range. A large pH effect on nitrogen hyperfine splitting (�aN1 ≈
2 G/pH unit) was observed upon protonation of the imino nitrogen of the INR1 and INR2. However, INRs
did not find applications as pH probes, probably due to the relative complexity of their EPR spectra and
extremely fast reduction to EPR silent products in biological fluids.16,100,101
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Scheme 16.4 The chemical structures of the pH-sensitive NRs of 2-imidazoline type, INR1 (X1 = X2 = H,
pKa = 6.4) and INR2 (X1 = X2 = methyl, pKa = 6.8),99 and phosphorus-containing NR of pyrrolidine type

Comparatively small pH effects on the EPR spectra of the NRs of the piperidine and pyrrolidine types
with ionizable functional groups were obtained,102–107 apparently due to the long distance between radical
center and ionizable group. The phosphorus-containing radical (Scheme 16.4) provided significantly larger
pH effects for phosphorus hfs (�aF ≈ 2.5 G) in the acidic region at pH < 4. This is not surprising due to
the proximity of the phosphorus atom to the exchangeable proton and high phosphorus hyperfine splitting
(aP ≈ 50 G). However, the synthesis of the phosphorus-containing NRs with higher pKa values is required
for their applications as spin pH probes in biological systems.

Stable NRs of the imidazoline and imidazolidine types have been proven to be the most useful spin
probes for EPR spectroscopy and imaging of pH,2,11 due to the large effect of pH on their EPR spectra
and large number of structures synthesized. Scheme 16.5 illustrates the chemical origin of the pH effect
on EPR spectra of the imidazoline and imidazolidine radicals, ATI and HMI, respectively.

For the NR having an ionizable group in its structure with an equilibrium constant (Ka), the ratio of
concentrations of its neutral (R) and charged (RH+) states is described by the Henderson–Hasselbalch
equation, [H+] = Ka [RH+]/[R]. This provides the basis for EPR measurements of pH using NRs with
distinguishable EPR spectra of R and RH+ forms. One of the great strengths of the technique is that it
is ratiometric, or in other words, the pH measurement is independent of the concentration of the NR but
rather depends on the ratio, [RH+]/[R]. In general, spectral simulation is required for accurate [RH+]/[R]
determination. In practice, two convenient spectral parameters can be used as markers of pH. The first
parameter is the ratio of peak intensities of RH+ and R spectral components resolved upon detection by
high frequency EPR (Figure 16.8a) and partly resolved in X (9.5 GHz)-band EPR spectra36 (Figure 16.8b).
The second parameter is the nitrogen hyperfine splitting (aN), measured as a distance between unresolved
spectral components, for example, distance between low and centralfield spectral component of X-band
EPR spectra (Figure 16.8b), and being used almost exclusively as a highly sensitive pH marker in numerous
applications. Note that sensitivity of the latter experimental parameter to pH strongly depends both on EPR
frequency and spectrometer settings (e.g., modulation amplitude) and can be optimized.109
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Scheme 16.5 Reversible protonation of the nitrogen atom N3 of the imidazoline NR, ATI (pKa = 6.1), and
imidazolidine radical, HMI (pKa = 4.7). Two main resonance structures are shown illustrating higher unpaired
electron density on nitrogen atom N1 in the unprotonated form. Protonation results in an EPR-detected difference
in hyperfine splitting (aN), and g-factor (�aN = (0.8 − 1.2) G and �g ≈ 0.0002) between R and RH+ forms108
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Figure 16.8 (a) The 140 GHz EPR spectrum of a 0.5 mM aqueous solution of the imidazolidine radical HMI
(Scheme 16.6) at pH 4.7. The dotted lines depict the positions of the peaks corresponding to protonated, RH+,
and neutral, R, forms of the radical. Note that the contribution of g-factor change in the spectral shift between two
triplet forms is equal to 6.7 G and significantly overcomes the corresponding shift due to the change in nitrogen
hfs, 1.25 G. (Reprinted from [109], Copyright 2004, with permission form IOS Press.) (b) X-band, 9.9 GHz EPR
spectrum of 0.5 mM aqueous solution, pH 6.1, of imidazoline spin probe ATI (Scheme 16.5). Spectral splitting
between RH+ and R forms is observed at high field component (�g +�aN ≈ 0.4 G + 0.8 G = 1.2 G) but not
resolved at central (�g ≈ 0.4 G) and low field (�g–�aN ≈ 0.4 G−0.8 G = −0.4 G) components. (Reprinted
from [109], Copyright 2004, with permission form IOS Press.)

A wide variety of pH-sensitive NRs have been developed with different ranges of pH sensitivity, labeling
groups, lipophilicity, and stability towards bioreduction.35,102,110–112 These spin pH probes, together with
low field EPR-based techniques, offer unique opportunities for non-invasive pH assessments in living
animals in compartments with widely varying pH ranges. The potential applications are enormous, as
tumors may have specific pH values compared to surrounding tissues, local skin treatments can have
specific effects on local skin pH at various levels, and local areas of infection or inflammation can exhibit
specific localized reductions in pH allowing infection to be imaged and localized.

The low depth of microwave penetration does not allow X-band application in vivo but was found to
be very effective for non-invasive pH measurements in vitro, for example, inside biodegradable polymers
used as drug delivery systems.113 Spectral–spatial X-band EPR using ATI and HMI probes (Scheme 16.5)
has been applied for non-invasive direct and depth specific measurement of pH within rat and human skin
obtained from cosmetic surgery.114
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L-band EPR spectroscopy (1.2 GHz) using spin pH probes has been shown to be a valuable tool for in
vivo monitoring of microacidity in small animals such as rodents.2,18,115–117 The first in vivo applications
of spin pH probes were performed using L-band technique in mice.115,116 Mäder et al . demonstrated
that L-band EPR spectroscopy is a valuable tool for in vivo monitoring of pH-induced degradation of
an implanted polymer in mice.115 Gallez et al .116 took advantage of the oral administration of the HMI
(pKa = 4.7, Scheme 16.5) probe to monitor the pH value inside the stomach of mice after administration
of different antacids. The HMI spin pH probe has subsequently been applied to in vivo studies of stomach
acidity in rats using L-band EPR, longitudinally detected EPR (LODEPR), and PEDRI.117 The structure of
the nitroxide API with properties optimized for monitoring stomach acidity is shown in Scheme 16.6.18 The
introduction of bulky groups in the vicinity of the NO fragment enhanced API stability towards reduction,
resulting in about a fourfold increase of its lifetime in vivo compared with that for HMI. In addition,
the presence of two ionizable groups in the API structure – the imino nitrogen N3 and the pyridine
nitrogen – significantly extended its range of pH sensitivity (Figure 16.9b). Moreover, the hydrophilic
character of pyridine, hydroxy, and amino groups of the API probe prevents its penetration through
biomembranes and redistribution from the stomach. Figure 16.9 demonstrates the 300 MHz EPR spectrum
of the API probe, a calibration curve for hyperfine splitting (aN), and a typical example of real-time
measurements of the stomach acidity of living rats.18 The long lifetime of the API probe in vivo allows
for monitoring of drug-induced perturbation of stomach acidity and its normalization afterwards for one
hour or longer periods, therefore demonstrating the applicability of pH-sensitive NRs to the studies of drug
pharmacology and disease in living animals.

L-band EPR spectroscopy using pH-sensitive NRs is also a useful tool to monitor myocardial pH in
isolated rat hearts. The ATI probe (pKa = 6.1, Scheme 16.5) has a convenient range of pH sensitiv-
ity (Figure 16.10a) to study ischemia-induced acidosis and has been applied in isolated rat hearts11,118

(Figure 16.10b). Interestingly, L-band spectral measurement at modulation amplitude, 2G, significantly
larger than the line width, 0.8 G, is strongly recommended. The latter results in an increased signal-to-
noise ratio, a symmetric EPR spectrum, and a smooth dependence of nitrogen hyperfine splitting on pH
in the range from 5.2 to 7.2 (Figure 16.10a). Figure 16.10b shows the typical decrease in myocardial pH
measured by EPR and ATI probe. The hydrophilic ATI probe apparently measures extracellular pH mostly
from the aorta, as confirmed by the spatial image of the radical using L-band imager (data not shown).
Nevertheless, the EPR data are in reasonable agreement with the data observed by the 31P-NMR tech-
nique for ischemia-induced intracellular pH changes.119,120 It seems to be very attractive to use recently
developed EPR/NMR co-imaging121 to monitor simultaneously the values of extra- and intracellular pH.
Intracellular and extracellular targeting is an important direction in the development of pH spin probes.

The penetration depth for L-band frequency, 1.2 GHz, in aqueous samples is somewhat greater than
1 cm and, in general, allows pH mapping by L-band EPR spectroscopy in vivo in small animals such as

N

N
N

NO

OH

HO

Scheme 16.6 The chemical structure of API probe, 4-[bis(2-hydroxyethyl)amino]-2-pyridine-4-yl-2,5,5-triethyl-
2,5-dihydro-1H-imidazol-oxyl, synthesized to optimize NR properties for the measurement of stomach acidity
in vivo18



Functional in vivo EPR Spectroscopy and Imaging using Nitroxide and Trityl Radicals 551

0 20 40 60 80 100
Time (min)

pH

2

3

4

5

6

A13

13.4
1 2 3 4

pH
5 6

13.8

14.2

14.6

15.0

pK1 = 2.8

a N
, G

pK2 = 4.9

(a)

(b)

(c)

Figure 16.9 (a) 300 MHz EPR spectrum of a 2 ml aqueous solution of 2 mM API probe. Spectrometer settings
were as follows: microwave power, 5 mW; modulation amplitude, 1 G. (b) The dependence of hyperfine splitting
(aN) on pH calculated from corresponding 300 MHz EPR spectra of the API nitroxide measured as a half a
distance between low and high field components, A13/2 (Figure 16.9a). The solid line was calculated according
to the standard titration equation for the compound with two ionizable groups.18 Note convenient pH sensitivity
range from pH 1.8 to pH 6, ideally optimized for monitoring of stomach acidity. (c) Time dependencies of pH
changes in the stomach measured by LODEPR spectrometer operated at 304 MHz EPR excitation frequency, after
giving 3 ml of gavage containing 5 mM API alone (•) or with 50 mM bicarbonate ( �). After dosing the rats were
placed in the LODEPR coil assembly and a series of spectra were obtained. The pH values from each spectrum
were determined using corresponding calibration curve for aN.
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Figure 16.10 (a) The pH dependences of hyperfine splitting, (aN) measured as a half of the distance between
the low and high field components of the L-band EPR spectra of the ATI radical measured at different modulation
amplitudes, 0.5 G ( �) and 2 G (�). Insert: The EPR spectra of the 0.5 mM aqueous solutions of the radical R1
measured at pH 6.1, and modulation amplitudes 0.5 G (top) and 2 G (bottom), showing about a twofold increase
in signal-to-noise ratio for the spectrum measured at higher modulation. Note that the shift of the low and high
field EPR lines between RH+ and R forms of the radical of the top EPR spectrum is comparable with the line
width, resulting in significant disturbance of the EPR line shape and corresponding narrowing of the aN titration
curve ( �). (b) Acidification of extracellular medium of the rat heart located directly in the resonator of the L-band
EPR spectrometer during 1 h of global ischemia. The ATI probe (5 mM, 2 ml) in 0.9 % NaCl (�) or in perfused
buffer ( �) was administered to the heart at the onset of ischemia.

rodents. However, loss in EPR sensitivity at low frequency, aggravated by the necessity of acquisition
of numerous spectral projections with variable strength of field gradients, significantly limits spatial and
temporal resolution of the approach. The application of low field EPR spectral detection at high modulation
amplitude provides a significant improvement in sensitivity, allowing for easy conversion of the “position”
image of the low or high field spectral component (Figure 16.10a) in the “pH map”. Figure 16.11a shows
a 3-D image (1-spectral/2-spatial) of a phantom sample of three capillaries with aqueous solutions of ATI
probe with a good spatial (0.2 mm) and functional (0.2 pH units at pH close to the pK of the radical)
resolution obtained for five minutes acquisition time.
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Figure 16.11 (a) L-band pH mapping. Cross-sectional 3-D (1-spectral/2-spatial) image of a phantom prepared
using capillary tubes of 2 mm diameter filled with 1 mM solutions of the radical ATI prepared at different pH
(indicated in the figure). The intensity bar to the right of the image quantifies pH values. The data acquisition
parameters were: acquisition time, 5 min; projections, 64; maximum gradient, 30 G/cm; field of view, 24 mm.
(b) pH mapping by functional PEDRI of a phantom prepared using capillary tubes of 5 mm diameter filled with
1 mM aqueous solution of ATI prepared at different pH (indicated in the figure). The intensity bar to the right of
the image quantifies pH values. The pH map was calculated from two PEDRI images acquired at the operating
EPR frequency 567 MHz and different EPR excitation fields, 214.16 G and 214.88 G, which correspond to peak
amplitudes of DNP spectra of the RH+ and R forms of the ATI probe, respectively. Total acquisition time, 8.8 s.
Field of view, 30 mm ×30 mm, with resolution 64 × 64.

Figure 16.11b demonstrates the capacity of pH mapping using the recently proposed functional PEDRI122

approach. Normally, PEDRI is acquired at fixed EPR field, resulting in loss of EPR spectral information.
In the proposed functional approach, PEDRI images were acquired at two different EPR excitation fields
which correspond to peak amplitudes of DNP spectra of the RH+ and R forms of the pH probe. This permits
extraction of the [RH+]/[R] ratio and, therefore, the pH values from the NMR signal enhancements observed
at each pixel of only two PEDRI images. Note that pH mapping using functional PEDRI (Figure 16.11b)
allows for about a 30-fold decrease in acquisition time compared with EPRI (Figure 16.11a) for the
phantoms with the same NR probe and similar spatial and functional resolutions. This is particularly
important for in vivo applications where the experimental window and stability of the NRs are limited.
In addition, PEDRI allows for functional (pH map) and anatomical resolution in one experimental set-up
otherwise available only in EPR/NMR co-imaging.121

16.5.2 Dual function pH- and oxygen-sensitive trityl radicals

TAMs containing ionizable groups may demonstrate pH-sensitive magnetic resonance parameters similar
to the phenomenon described for pH-sensitive NRs. The first observations of the pH sensitivity of EPR
spectra of TAMs were reported for the derivatives containing carboxyl groups.46
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Figure 16.12 pH dependence of the EPR spectral line position of 50µM solution of Oxo63 TAM in 1.5 mM
sodium citrate buffer measured by X-band (a) and Q-band (b) EPR spectroscopy. The symbols ( �) and (◦) denote
the data obtained upon titration from alkaline pH into direction to acidic pH and in the reverse direction,
respectively. The values of g-factors for neutral RH and deprotonated (R−) forms of the radical were found
to be equal to 2.00329 and 2.00315, correspondingly. (Reprinted with permission from [46]. Copyright 2007
American Chemical Society.)

The pH-dependent shift of the EPR line position of Oxo63 TAM (Scheme 16.2) measured at two different
EPR frequencies is shown in Figure 16.12. This line shift is reversible in agreement with the reversible
deprotonation of the COOH group. The value of the line shift is proportional to the EPR frequency being
equal to 0.27 G and 0.81 G for 10 GHz X-band and for 35 GHz Q-band spectra, respectively, which is
characteristic for the changes in g-factor. The low pKa value of Oxo63 derivative limits its application to
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Scheme 16.7 Chemical structures of TAM derivatives containing carboxyl groups, cTAM1 and cTAM2, amino
groups, aTAM1, and both carboxyl and amino groups, aTAM2 –aTAM5

pH range from 2 to 4, which still could be useful, for example, for the studies of the stomach acidity.18

However, another limitation of this particular pH probe is its frequency-dependent pH shift, which becomes
impractically small at low field (about 30 mG at L-band). Note that pH-sensitive NRs keep their sensitivity
at low field EPR due to frequency-independent pH effect on the hyperfine splitting (aN). A similar effect
was observed for carboxyl group containing TAM derivatives (Scheme 16.7) with one (cTAM1) or two
(cTAM2) protons attached to the aryl groups. cTAM1 and cTAM2 demonstrate doublet and triplet EPR
spectral patterns, respectively, with the hydrogen hyperfine splitting (aH) reversibly changed in acidic pH
range owing to reversible deprotonation of carboxyl groups.46 The observed aH changes were comparatively
small (about 10–20 mG) in agreement with the long distance between COOH group and hydrogen atom,
being located at different phenyl rings. Nevertheless, the data supported the principal of using hyperfine
splitting parameter of TAM derivatives as a pH marker.

Recently synthesized TAMs containing amino groups47 represent the first pH-sensitive trityl probes with
reasonably valuable spectral properties for application in physiological range of pH from 6.8 to 9.0. The
presence of nitrogen and hydrogen atoms in direct proximity to protonatable amino groups resulted in strong
pH-induced changes of the corresponding hyperfine splittings, �hf s ≈ 300–1000 mG (Figure 16.13).

The superposition of two forms of the aTAM4 radical at pH around pK a is particularly obvious for
the outermost spectral components, as shown in Figure 16.14a. The high field fractions of the integrated
EPR spectra of aTAM4 shown in Figure 16.14b demonstrate isosbestic point characteristics for a chemical
equilibrium between two forms of the radical. The pH dependence of the fraction of the aTAM4 protonated
form shown in Figure 16.14c represents a typical titration curve with pK a = 8.0 ± 0.1 at 37 ◦C. The ratio of
the spectral amplitudes of the high field components shown in Figure 16.14a is a convenient experimental
parameter for aqueous acidity measurements using aTAM4 pH probe allowing for pH measurement in
physiologically relevant pH range of 6.8 to 9.0.47 Note that changes in oxygen concentration do not
influence the [RH+]/[R] ratio of aTAM4 but result in line broadening in a linearly dependent manner on
oxygen concentration (6 mG/per % [O2]).47 The independent character of pH and [O2] effects on the EPR
spectra of aTAM4 provides dual functionality to this probe, allowing an extraction of both parameters from
a single spectrum.

TAM radicals, such as Oxo63, were found to be useful probes for EPR oximetry due to both their
high sensitivity to oxygen-induced line broadening (≈5.3 mG per % [O2]21) and the presence of a single
spectral line. The appearance of complex spectral patterns for dual function probes, for example, for aTAM4,
decreases their value for oxygen measurements, particularly for oxygen mapping. Further simplification
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Figure 16.13 X-band EPR spectra of 50µM aTAM4 at different pH in 1.5 mM Na-pyrophosphate buffer under
nitrogen atmosphere, 37 ◦C, measured at microwave power 0.63 mW, modulation amplitude 0.1 G, and sweep
width 8 G. Dotted lines represent the calculated EPR spectra with peak-to-peak line widths, �HL = 96 mG,
�HG = 97 mG, and the following hfs constants: aN = 0.78 G, aH1 (CH2) = 0.95 G and aH2 (CH2) = 2.05 G
for deprotonated form and aN = 1.01 G, aH1 (CH2) = 0.97 G, aH2 (CH2) = 1.05 G and aH(−NH+Et2) = 0.15 G
for the protonated form of the radical. At intermediate pH EPR spectra were calculated as superposition of two
forms of aTAM4, protonated and deprotonated ones, shifted as total one relatively to the other by 20 mG due to
g-factor difference. The high field spectral component of protonated and deprotonated components are marked
by the symbols (◦) and (•), correspondingly. (Reprinted with permission from [47]. Copyright 2008 American
Chemical Society.)

of spectral properties of dual function TAM probes is desired, ideally providing pH-sensitive doublet
hyperfine splitting. The development of TAM derivatives based on more hydrophilic structures, such as
Oxo63, is also important for elaboration of non-toxic dual function probes.

16.6 Redox- and thiol-sensitive nitroxide probes

Regulation of tissue redox status is important for maintenance of normal physiological conditions in
the living body. Disruption of redox homoeostasis may lead to oxidative stress and can induce many
pathological conditions, such as cancer, neurological disorders, and ageing. The intracellular thiols, and
particularly the redox couple of glutathione (GSH), and its disulfide form (GSSG), are considered the major
regulators of the intracellular redox state.123 Therefore, non-invasive spectroscopic evaluation and imaging
of tissue redox status and, in particularly, GSH redox status, could have clinical applications.17,19,124–127

16.6.1 Nitroxides as redox-sensitive EPR probes

NRs introduced into biologically relevant systems are predominantly observed in the radical and hydrox-
ylamine forms and exist in the redox equilibrium, as shown in Scheme 16.8. For the most biologically
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Figure 16.14 High field components of the absorption EPR spectra of 50µM aTAM4 radical in 1.5 mM
pyrophosphate buffer at various pH values, 37 ◦C (a) which demonstrate isosbestic point characteristics for the
chemical equilibrium between protonated and unprotonated aTAM4 radicals (Scheme 16.7). The arrows indicate
the direction of signal intensity changes upon acidification of the sample. (b) The pH dependence of the fraction
of aTAM4 radical protonated form obtained from the EPR spectra. Line represents the best fits of titration equation
to the experimental data yielding pKa value 8.0 ± 0.1.
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Scheme 16.8 Illustration of the nitroxide/hydroxylamine redox couple. In general, for the most biologically
relevant samples one-electron reduction of the nitroxides prevails and the equilibrium is strongly shifted towards
hydroxylamine form34
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relevant experimental situations this equilibrium is strongly shifted towards hydroxylamine formation,
and therefore NRs undergo reduction to the EPR silent product.34 The reduction of NRs to EPR silent
hydroxylamines in many cases significantly limits their applications in biological systems. On the other
hand, EPR-measured rates of NR decay provide information on tissue redox capacity. The reduction
of the NRs to hydroxylamines by cells is primarily intracellular, and therefore the rate of the NRs’
reduction is determined to a great extent by intracellular redox status. Hence, the EPR-measured rate
of NRs reduction depends on overall tissue redox status, allowing for the differentiation of normal and
pathological states.17,125,126

Ischemic heart disease represents a pathologic condition with compromised redox state. Das et al .125

used TEMPO to determine changes in the intracellular redox environment of the heart during ischemia and
reperfusion, and the effects of the red-wine-derived polyphenolic antioxidant, resveratrol, on such changes.
Figure 16.15 shows typical EPR-measured kinetics of TEMPO reduction during the global ischemic phase,
supporting the conclusion that the reducing capacity of the resveratrol-treated heart is significantly higher
than the vehicle-control-treated heart. Note that ischemia/reperfusion lowered the ratio of GSH/GSSG
measured in vitro while resveratrol significantly improved the ratio.125

The application of L-band EPRI for redox mapping of the tumor in living mice17,128 using 3-CP nitroxide
is demonstrated in Figure 16.16. A significant decrease in the rate of loss of EPR probe signal after mice
are treated with the GSH-depleting agent, BSO, clearly demonstrates a central role of glutathione in the
reduction of the NR. Note that, in general, appreciable chemical reduction of the NRs by GSH is not
observed over several hours.129–131 However, GSH significantly contributes to the reduction of the NRs
in biological samples indirectly by acting as a secondary source of reducing equivalents.17,131,132

In summary, low field EPR and EPRI techniques using NRs provide a useful tool for quantitative
assessment and mapping of the redox environment in living tissues.

16.6.2 Disulfide nitroxide biradicals as GSH-sensitive EPR probes

The redox couple of glutathione (GSH) and its disulfide form (GSSG) is considered the major regulator
of the intracellular redox state.123 Therefore, glutathione redox status in vivo might be a useful indicator
of disease risk in humans.
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Figure 16.15 Typical kinetics of the decay of the L-band EPR spectral intensity of the TEMPO nitroxide during
ischemia of the isolated heart. The heart was perfused with Krebs–Henseleit bicarbonate buffer containing
0.2 mM TEMPO nitroxides for 15 min and global ischemia was performed for 30 min. For the resveratrol groups,
resveratrol (2.5 mg/kg body wt/day) was fed by gavaging for 10 days before the experiment. (Adapted from [125],
Copyright 2008, with permission from Elsevier.)
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Figure 16.16 Redox mapping of tumor of untreated (a) and BSO-treated (b) mice. 2-D spatial mapping of
pseudo-first order rate constants of the nitroxide 3-CP reduction obtained in RIF-1 tumors implanted in the upper
leg of a mouse and measured using in vivo L-band EPR imaging.128 The rate of reduction was significantly slower
in tumors of mice treated for 6 h with 2.25 mmol/kg of L-buthionine-S,R-sulfoximine (BSO), a GSH depleting
agent. (Reprinted from [17], Copyright 2002, American Association for Cancer Research.)

The use of fluorometric, photometric, and chromatographic assays for GSH measurements is mostly lim-
ited to in vitro or ex vivo systems, due to the invasiveness involved and the limited depth of penetration of
light.133–136 NMR based approaches normally detect endogenous GSH but have somewhat low sensitivity
and the spectral assignment is complicated due to the overlapping of numerous resonances.137–140

EPR spectroscopy in combination with thiol-specific nitroxides allows determination of the accessible
thiol groups in various biological macromolecules, such as human plasma low density lipoproteins141 and
erythrocyte membranes.142 This approach normally requires purification of the sample from the unbound
label and cannot be used in vivo. Moreover, application of thiol-specific mononitroxides for the EPR
measurement of glutathione or cysteine is hardly possible due to insignificant EPR spectral changes of
the label upon binding to low molecular weight compounds. The latter limitation was overcome by the
development of the disulfide nitroxyl biradicals, DNB12,143,144 (Scheme 16.9). The principal advantage of
the DNB reagents is the large EPR spectral changes that accompany their reaction with low molecular
weight thiols such as GSH (Figure 16.17).
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Scheme 16.9 Structures of the disulfide nitroxyl biradicals (DNB): bis(2,2,5,5-tetramethyl-3-imidazoline-1-
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(15N-R2SSR2)19
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Figure 16.17 The L-band EPR spectra of 0.1 mM aqueous solutions of R2SSR2 (a, c) and 15N-R2SSR2 (b, d) before
(a, b) and after (c, d) addition of 1 mM GSH. The EPR spectra of the RSSR and 15N-R2SSR2 labels have additional
‘‘biradical’’ components due to intramolecular spin exchange between two radical fragments of the DNB. The
splitting of the disulfide bonds in the reaction of thiol–disulfide exchange with GSH results in the disappearance
of the ‘‘biradical’’ components and corresponding increase of the peak intensity of the ‘‘monoradical’’ spectral
component, Im. The maximal increase of the Im corresponding to complete splitting of the disulfide bond in the
excess of GSH is equal to 4.6- and 3.0-fold for R2SSR2 and 15N-R2SSR2, respectively.

DNB labels, being paramagnetic analogs of widely used disulfide Ellman’s reagent,133 react with thiols,
BSH, via the reversible reaction of thiol–disulfide exchange (Equation 16.1):

RS–SR + BSH ⇐⇒ RSSB + RSH (16.1)

EPR spectra of the DNBs are significantly affected by intramolecular spin exchange between two radical
fragments, as shown in Figures 16.17a and 16.17b. Figures 16.17c and 16.17d demonstrate the typical
changes of the EPR spectra of the DNB labels upon addition of GSH. The decrease of biradical spectral
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components and simultaneous increase of the monoradical ones is consistent with the splitting of the
disulfide bond of the biradical. The DNB labels, being lipophilic compounds, diffuse easily across cellular
membranes. The biradical R1SSR1 reacts with intracellular GSH at physiological pH within a few seconds,
therefore providing a fast and reliable EPR approach for determination of GSH in optically non-transparent
samples. The approach is based on a dominant contribution of the GSH in the intracellular pool of the
fast reacting thiols. The R1SSR1 DNB label has been used to measure GSH in various cells and cellular
homogenates,12,145–149 animal and human blood,150,151 and isolated organs.152 Note that GSH detection
using fast reacting DNB label, R1SSR1, requires an excess of the label over the thiol. The method, being
simple and reliable for in vitro systems, cannot be used in vivo due to its invasiveness because vital thiols
are consumed during the measurement.

The application of slow reacting DNB labels, R2SSR2
144 and 15N-R2SSR2,19 allows for quantitative

measurements of GSH content by analysis of the kinetics of their EPR spectral changes. The kinetics
approach looses the attractive simplicity of the static EPR measurements using DNB label but gains a
decisive advantage by using low concentrations of the label compared with the GSH content. This important
advantage makes the approach less invasive and, therefore, applicable in vivo. Another favorable aspect is
the observation of extremely low reaction rates of the DNB with the protein thiols, for example, the rate
constants of the R2SSR2 reaction with SH groups of human serum albumin and hemoglobin were less or
about 1 % of the corresponding values for GSH.144 Taking into account that GSH is a major intracellular
thiol compound present in cytosol in concentrations from 1 to 10 mM, a predominant contribution of
GSH to the reaction shown in Equation 16.1 might be expected. However, for the quantitative in vivo
application of DNB for GSH measurement the possible reduction of the radical fragment has to be taken
into account.13,19

The first in vivo EPR measurements of GSH were performed in ovarian xenograft cisplatin-sensitive
and cisplatin-resistant ovarian tumors grown in nude mice using L-band EPR spectroscopy and DNB label
15N-R2SSR2. Intracellular GSH has been shown to be one of the major factors modulating tumor response
to a variety of commonly used anti-neoplastic agents, such as cisplatin.153 The use of a 15N-substituted
compound resulted in decreasing the number of EPR spectral lines and about a twofold increase in the SNR
(cf. spectra in Figures 16.17a and 16.17b) compared with non-substituted R2SSR2 label which is important
for in vivo applications. Figure 16.18a shows typical kinetics of the change of the amplitude of the L-band
EPR low field spectral component, Im (Figure 16.17b), measured after injection of the DNB into ovarian
xenograft tumors grown in nude mice. In general, the kinetics should be analyzed in terms of the two
main contributing reactions, namely splitting of the disulfide bond and reduction of the NO fragment. Both
reactions can result in Im increase. However, the maximal reduction-induced Im increase (about 14 % for
the 15N-R2SSR2

19) is much less than maximal Im increase due to the reaction with GSH (about 200 %, cf.
Figures 16.17b and 16.17d). It provides a simple way to estimate comparative contribution of the DNB
reduction to the overall Im increase. For example, in the kinetics shown in the Figure 16.18a, the observed
in vivo maximal increase of the Im exceeded the possible reduction-induced Im increase by one order
of magnitude or more. It allows, in first approximation, to describe the initial exponential Im increase
only by reaction of the DNB with GSH neglecting the contribution of the reduction. Comparison of the
concentrations of GSH obtained in vivo and in vitro (Figure 16.18b) shows reasonably good agreement
further supporting validity of this approach. The observed concentrations of GSH in cisplatin-resistant
tumors (3.3 mM) are almost twice that in cisplatin-sensitive tumors (1.8 mM) and are in agreement with
previously reported data.154,155

In summary, it seems likely that the use of in vivo EPR to measure redox processes, and GSH redox
particularly, will become an increasingly used and valuable tool.
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Figure 16.18 (a) The kinetics of the Im peak intensity change measured in vivo in ovarian tumor-bearing mice
located directly in the resonator of L-band EPR spectrometer after 15µl intratumoral injection of 50 mM DNB
label,15N-R2SSR2. The representative kinetics observed in the cisplatin-resistant ( �) and cisplatin-sensitive (◦)
ovarian tumors are shown. Lines are the fit of the initial part of the kinetic curve by the monoexponent supposing
kobs(pH 7.1, 37 ◦C) = 2.6 M−1 s−1 and yielding [GSH]r = 3.3 mM and [GSH]s = 1.8 mM for the cisplatin-resistant
and cisplatin-sensitive ovarian tumors, respectively. (b) GSH concentration measured in cisplatin-sensitive and
cisplatin-resistant ovarian tumors in in vivo (filled bars) and in vitro (empty bars). In the case of in vitro studies
GSH concentration was determined by EPR using DNB in the homogenates from the same tumors. (Adapted
from [125], Copyright 2008, with permission from Elsevier.)

16.7 Conclusions

In the past decade functional EPR-based spectroscopy and imaging applications have moved closer to the
biomedical field. However, the bottleneck of in vivo EPR applications is the lack of appropriate exogenous
paramagnetic probes. The development of stable organic free radicals, the NRs and TAMs, provides a
wide range of paramagnetic probes variable in solubility and tissue redistribution, spectral and functional
sensitivity, ability to be targeted, and their lifetimes in living tissues. Spectral sensitivities of the NR
and TAM probes towards biologically relevant parameters of their microenvironment, such as content of
oxygen, protons (pH), thiols (GSH), and other reducing species, provide unique functionality to in vivo
EPR spectroscopy and imaging.
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17.1 Introduction

The ever-increasing knowledge of the involvement of radicals in diverse pathological processes has
expanded the search for more efficient antioxidants that can diminish radical-induced damage. Accord-
ingly, the activity of a broad array of potentially useful antioxidants has been extensively studied. These
antioxidants include enzymes such as superoxide dismutase (SOD) and catalase, which remove superox-
ide (HO2

•/O2
•−) and H2O2, respectively; chelators that render transition metal ions redox inactive thus

pre-empting Fenton-like reactions; and low molecular weight antioxidants (LMWA) that react with toxic
radicals terminating radical chain reactions and restituting impaired cellular sites. A more restrictive class of
antioxidants is confined to natural or synthetic, hydrophilic or lipophilic LMWA alone, for example, ascor-
bate, urate, trolox, vitamin E , β-carotene, butylated hydroxytoluene, carnosine, polyphenols, flavonoids,
and thiols. However, the protective effect of administered SOD against oxidative stress is limited by its
short half-life in the circulation and its inability to cross cell membranes.1,2 LMWA, which are diamag-
netic, operate primarily by reducing deleterious oxidants. They are progressively depleted from the tissue,
particularly under oxidative stress, and yield secondary radicals that might also induce biological damage.

Cyclic nitroxides (R2NO•) are cell-permeable stable radicals of diverse size, charge, and lipophilicity
stabilized by methyl groups at the α position in five-membered pyrrolidine, pyrroline, or oxazolidine and
six-membered piperidine ring structures. The structures of several nitroxides used in our studies are given
in Figure 17.1.

Cyclic nitroxides have been used for years as biophysical probes to monitor membrane dynamics,3 cel-
lular pH,4 redox state in vivo,5 as potential contrast agents for magnetic resonance imaging (MRI),6 and
catalysts for specific oxidation of alcohols and sugars.7–9 The observation10,11 that cyclic nitroxides catalyze
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Figure 17.1 Structures of selected nitroxide radicals.

the removal of superoxide prompted numerous studies of their antioxidative activity. Cyclic nitroxides,
which are paramagnetic and far more selective than LMWA, do not react with most diamagnetic species,
including H2O2, and even with radicals such as O2 and •NO (excluding the latter in the case of aromatic12

and nitronyl nitroxides).13–15 These radicals prevent oxidative damage in various biological systems rang-
ing from molecular via cellular to laboratory animal levels (recent reviews are given elsewhere).16–18

The protective effects of nitroxides have, in part, been attributed to their ability to catalyze the dismuta-
tion of superoxide radicals10,11,19,20 and scavenge a large variety of deleterious radicals, such as peroxyl
radicals (RO2

•),21 •NO2,22,23 CO3
•−,20,23,24 and thiyl radicals.25–28 Their antioxidative effects are often

associated with a one-electron exchange among their reduced (R2NOH) and oxidized (R2N+=O) states
(Scheme 17.1).

Hydroxylamines have extremely weak O–H bonds, for example, 69.6 and 71.8 kcal/mol for hydrox-
ylamines derived from TEMPO and TEMPONE, respectively,29,30 and therefore the nitroxides never
participate in hydrogen abstraction reactions. However, being radicals, they react rapidly with other radicals,
and in this respect the nitroxides are antioxidants. Nitroxides can react with diverse biologically relevant
radical oxidants and reductants while being recycled through the oxoammonium cation and hydroxylamine
derivatives (Scheme 17.1). They can be consumed when their reaction with biological molecules or certain

R2N OH
e−, H+ e−

R2N O R2N+ O

hydroxylamine nitroxide oxoammonium cation

Scheme 17.1 One-electron oxidation and reduction of nitroxide to oxoammonium cation and hydroxylamine,
respectively
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radicals lead to the formation of the respective amine, as is the case with thiyl radicals,26–28 or when the
oxoammonium cation is highly unstable as in the case of TEMPONE22 and 4-amino-TEMPO (unpublished
results). The highly oxidizing oxoammonium cation can mediate selective oxidation of primary alcohols
in mono- and polysaccharides that are catalyzed by nitroxides.9,31 The formation of the oxoammonium
cation could be also responsible for the pro-oxidative activity and potential adverse effects of nitroxides
that otherwise act as antioxidants.32

Nitroxides also differ from common LMWA by their multifunctionality, that is, they operate through
diverse modes of action.23,32,33 While this multifunctionality contributes toward the biological activity of
nitroxides, it greatly complicates the study and elucidation of the mechanisms underlying their effects.
In contrast to common LMWA, the catalytic nature of the chemistry of nitroxides allows their self-
replenishment. Such recycling plays an important role particularly, since the nitroxide administered into the
tissues is reduced to the respective hydroxylamine by cellular reducing equivalents. There is an equilibrium
between the nitroxide and the hydroxylamine, which is dependent on the oxygen status and redox status
of the tissue milieu.34 While reduction of nitroxide to hydroxylamine can be reversed, such recycling is
achievable via different mechanisms. The elucidation of the mechanisms underlying nitroxides catalytic
activity requires characterization of their apparent self-replenishment as well as detailed kinetic studies of
the individual reaction steps. Here, the main mechanisms by which cyclic nitroxides detoxify biologically
deleterious radicals, which are key intermediates in many inflammatory and degenerative diseases, are
reviewed.

17.2 Mechanisms of nitroxide reactions with biologically relevant small radicals

The reactions of •NO2, CO3
•−, HO2

• and RO2
• radicals (denoted as X•) with nitroxides lead to a

common intermediate, which can oxidize ferrocyanide, NADH and 2,2′-azino-bis(3-ethylbenzothiazoline-
6-sulfonate) (ABTS2−).15,19–22 In some cases the intermediate was identified spectrophotometrically as
the oxoammonium cation.15,21,22 The kinetic results demonstrate that the formation of the oxoammonium
cation proceeds via an inner sphere electron transfer mechanism (Equations 17.1 and 17.2).

R2NO• + X• R2NO−X (17.1)

R2NO−X R2N+=O + X− (17.2)

This conclusion was derived using Marcus theory of oxidation–reduction reactions35 for the formation of
the oxoammonium cation via Equation 17.3.

R2NO• + X• R2N+=O + X− (17.3)

Assuming that Equation 17.3 takes place via an outer sphere electron transfer mechanism, k3 can be
calculated using the Marcus equation, k3 = (kaakbbK3f3)1/2. Here k3 is the electron transfer rate constant for
the cross reaction, kaa and kbb are the self-exchange rate constants for the reactants, K3 is the cross reaction
equilibrium constant, and lnf3 = (lnK3)

2/4ln(kaakbb/1022). Using the oxidation potentials for the redox
couples R2N+=O/R2NO• and X•/X− (Table 17.1), it is possible to calculate K3 as �E 3

o = (RT/nF)lnK3 and
�E 3

o = E o(X•/X−) – E o(R2N+=O/R2NO•). The self-exchange rate constant for X•/X− is significantly
low,36–39 and since that for R2N+=O/R2NO• cannot exceed 1 × 1010 M−1s−1, the calculated values of k3

are orders of magnitude lower than the experimental ones determined using pulse radiolysis.15,19–22

Therefore, the reaction of R2NO• with X• must take place via an inner sphere electron transfer mechanism
(Equations 17.1 and 17.2). In the case of carbon-centered radicals, which are important in biological systems
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Table 17.1 The oxidation potentials vs NHE for the redox
couples R2N+=O/R2NO • and X •/X −

E1/2
oxd (mv) E◦ (mv)

TEMPO 740,64 722,46 71968

4-COOH-TEMPO 80520

4-COO−-TEMPO 77120,68

TEMPOL 825,64 810,46 80868

4-amino-TEMPO 817,20 826,46 85168

4-N(CH3)3+-TEMPO 94020

TEMPONE 913,46 91820

TEMPENE 79520

3-COOH-proxyl 87020

3-COO−-proxyl 792,46 77269

3-AP 85346

3-CP 861,46 87269

TCPO 95520

CHDO 90046

PTIO 91515

carboxy-PTIO 93615

HOO• 75070

CH3OO• 77071

t-BuOO• 71039

CO3
•− 159070

•NO2 104070

at low concentrations of oxygen, some of the reactions proceed via the formation of stable adducts and
others via electron transfer mechanism.40–44

The reactivity of the nitroxides towards •NO2 and CO•−
3 radicals is almost the same for piperidine,

pyrrolidine, and oxazolidine nitroxides, and does not depend on the pH or buffer concentration, namely
ko = k1k2/(k−1 + k2) = (2.5 − 8.7) × 108 M−1s−1 (Table 17.2).20,22

Table 17.2 The rate constant ko (M−1s−1) of the reaction between
nitroxide and •NO2 or CO3

•− as determined by pulse radiolysis15,20,22

Nitroxide •NO2 CO3
•−

TEMPO (7.1 ± 0.2) × 108 (4.0 ± 0.1) × 108

TEMPOL (8.7 ± 0.2) × 108 (4.0 ± 0.1) × 108

4-amino-TEMPO (5.5 ± 0.2) × 108 (3.9 ± 0.1) × 108

TEMPONE (7.1 ± 0.2) × 108 (4.0 − 4.8) × 108

4-N(CH3)3+-TEMPO (4.0 ± 0.1) × 108 (6.3 ± 0.1) × 108

3-CP (7.1 ± 0.2) × 108 (4.0 ± 0.1) × 108

3-carboxy-proxyl (4.9 ± 0.2) × 108 (2.4 ± 0.1) × 108

TCPO (3.2 ± 0.1) × 108 (2.7 ± 0.1) × 108

CHDO (2.5 ± 0.1) × 108 (2.6 ± 0.1) × 108

PTIO (2.0 ± 0.1) × 107 ND
carboxy-PTIO (1.5 ± 0.1) × 107 ND

ND – not determined.
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Table 17.3 The rate constants ko (M−1s−1) for the reaction of nitroxides with peroxyl and HO2
• radicals15,19–21

Nitroxide t-BuOO• CH3OO• CH2(OH)OO• HOO•

TEMPO (2.8 ± 0.2) × 107 (5.1 ± 0.1) × 107 (1.0 ± 0.1) × 108 (1.1 ± 0.1) × 108

TEMPOL (3.3 ± 0.2) × 106 (5.4 ± 0.2) × 106 (4.4 ± 0.1) × 107 (2.7 ± 0.3) × 107

4-amino-TEMPO (1.0 ± 0.2) × 106 (1.5 ± 0.2) × 106 ND <1 × 107

TEMPONE (2.8 ± 0.2) × 105 (5.4 ± 0.2) × 105 ND <6 × 106

TEMPENE ND ND ND (7.9 ± 0.2) × 107

3-CP (8.1 ± 0.6) × 105 (1.1 ± 0.1) × 106 (9.0 ± 0.1) × 106 (1.1 ± 0.1) × 106

3-AP (9.6 ± 0.6) × 105 (1.5 ± 0.6) × 106 ND (1.1 ± 0.2) × 106

CHDO (5.0 ± 0.5) × 104 (6.7 ± 0.5) × 104 ND (1.6 ± 0.2) × 105

PTIO ND ND ND <2 × 104

ND – not determined.

In contrast, the reactivity of nitroxides towards HO2
• and RO2

• is highly dependent on the ring size
and, to a lesser extent, on the side chain. Furthermore, in the case of piperidine nitroxides, the rate of
formation of R2N+=O is both H+ and general acid catalyzed (Equations 17.4 and 17.5).20,21

R2NOX + H+ −→ R2N+=O + HX (17.4)

R2NOX + HA −→ R2N+=O + HX + A− (17.5)

The uncatalyzed rate constants (ko) derived for HO2
• and alkyl peroxyl radicals are given in Table 17.3,

demonstrating that the most efficient scavenger is TEMPO, which has the lowest oxidation potential among
the studied nitroxides (Table 17.1).

In the case of thiyl radicals (RS•), the reaction also proceeds via the formation of an adduct with
the general structure R2NOSR′. However, the decomposition of the adduct does not yield the respective
oxoammonium cation but instead the respective amine via a complex mechanism (Scheme 17.2).28

The rate constant for the reaction of nitroxides with thiyl radicals is independent of the structure of the
nitroxide and thiyl radicals and is similar to that determined for •NO2 and CO3

•− radicals, k = (5 − 7)×
108 M−1s−1 (Table 17.4).28

At physiological pH the unstable adduct R2NOSR′ decomposes mainly via heterolysis of the N–O bond
to yield the respective amine and sulfinic acid (R′S(O)OH). In acidic solutions the protonated form of the
adduct decomposes via homolysis of the N–O bond to yield the reducing sulfenyl radical (R′SO•) and
the aminium cation radical (R2NH•+), which can oxidize thiols45 forming the respective amine and thiyl
radicals (Scheme 17.2).

17.3 Nitroxides as SOD mimics

The ability of nitroxide to catalyze superoxide dismutation has been previously demonstrated by the
persistence of its concentration under a flux of superoxide.10,11 It has been demonstrated that piperidine
and pyrrolidine nitroxides catalyze the dismutation of superoxide by utilizing the R2NO•/R2N+=O redox
couple (Equations 17.6 and 17.7).19,20,46

R2NO• + HO2
• H+
−→ R2N+=O + H2O2 (17.6)

R2N+=O + O•−
2 −→ R2NO• + O2 (17.7)
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Scheme 17.2 Mechanism of nitroxides reaction with thiyl radicals

Table 17.4 Rate constants for the reaction of R′S• with
nitroxide (108 M−1 s−1) as determined by pulse radiolysis28

GS• a CysS• a PenS• a

3-CP 5.2 ± 0.6b 6.6 ± 0.2c 5.7 ± 0.2b

TEMPOL 5.1 ± 0.5c 5.6 ± 0.2c 4.9 ± 0.2b

TEMPO 7.1 ± 0.6c ND ND

aGSH = glutathione, CysSH = cysteine, PenSH = penicillamine.
bpH 5.6–6.1.
cpH 6.0–7.1.
ND – not determined.

The rate constant (ko) for the uncatalyzed Equation 17.6 (Table 17.3) does not exceed 2 × 108 M−1s−1 for
piperidine nitroxides at the best conditions, for example, low pH or high buffer concentration.20

The rate constant of the reaction of HO2
• with nitroxides correlates well with the one-electron oxidation

potential E o(R2N+=O/R2NO•) of the nitroxide. For the five-membered ring compounds rather inefficient
H+ catalysis and no buffer-induced catalysis were observed, implying that the latter is too slow at fea-
sible buffer concentrations.19,20,46 This finding implies that either (i) an adduct is formed, but at feasible
pH values the H+ catalysis is too slow in comparison with the non-catalyzed decomposition; or (ii) no
adduct is formed on the reaction path and H+ catalysis occurs by way of a third order concerted reac-
tion, where HO2

•, the nitroxide and H+ simultaneously form the transition state. If no adduct exists, the
uncatalyzed reaction would have to be a one-step electron transfer. Such a reaction does not necessarily
have to be an outer sphere electron transfer; since there are no steric or spin restrictions, the reactants
can come quite close for substantial molecular overlap in the transition state to occur. If so, the rate
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Figure 17.2 Dependence of kcat on the pH. The dependence of the catalytic rate constant of superoxide
dismutation by piperidine nitroxides calculated using Equation 17.8 and k6 = 2 × 108 M−1s−1, k7 = 3.5 ×
109 M−1s−1, pKa = 4.8.

constant may be significantly higher than that implied by the Marcus theory for an outer sphere electron
transfer reaction.

The rate constant of Equation 17.7 is independent of the structure of the nitroxide and varies between
1.5 × 109 and 5 × 109 M−1s−1 for piperidine and pyrrolidine derivatives.19,20 Equations 17.6 and 17.7 are
both pH dependent (pKa(HO2

•) = 4.8) and with increasing the pH the rate of Equation 17.6 decreases and
that of Equation 17.7 increases. Under limiting concentrations of the nitroxide and assuming the steady
state approximation for R2N+=O, rate equation 17.8 is obtained where [O2

•−]T = ([O2
•−] + [HO2

•]) and
[R2NO•]o = ([R2NO•] + [R2N+=O]).

−d[O2
•−]T

dt
= 2 k6 k7

(1 + [H+]/Ka)k6 + (1 + Ka/[H+])k7
× [R2NO•]o[O2

•−]T = kcat[R2NO•]o[O2
•−]T (17.8)

The simulated curve of kcat vs pH using k6 = 2 × 108 M−1s−1 and k7 = 3.5 × 109 M−1s−1 is given in
Figure 17.2.

The dependence of kcat on the pH displayed a bell-shaped curve having a maximum around pH 4,
and demonstrates that the catalytic activity of the nitroxide under physiological conditions predominantly
depends on the rate of Equation 17.6. The best SOD mimic among the nitroxides are the six-membered
ring derivatives, but their catalytic activity at pH 7.4 is about kcat ∼ 1× 106 M−1s−1, that is, three orders
of magnitude lower than that of Cu,Zn-SOD. It is worthwhile to note that in the pH range 4–5, which is
closer to that of biological membranes, their catalytic activity is about an order of magnitude lower than
that of Cu,Zn-SOD.

17.4 Nitroxides as catalytic antioxidants in biological systems

Nitroxides can afford protection catalytically acting both as reducing or oxidizing agents, while being con-
tinuously recycled through the oxoammonium cation or the hydroxylamine, respectively. The rapid reduc-
tion of the nitroxide in biological systems into hydroxylamine apparently limits their application34,47–49

although hydroxylamine itself can provide some protection50–52 partially as a hydrogen atom donor as in
the cases of CO3

•−,24 •OH53 and peroxyl radicals.54,55
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Figure 17.3 DNA scission induced by MbFeIV and MbFeIV in the absence and presence of nitroxides. The
system contained 1 µg/mL pUC19 plasmid DNA, 40 µM MbFeIII , 2 mM H2O2, 20 µM EDTA in 2 mM phosphate
buffer pH 7.6. The reaction was started by the addition of 2 mM H2O2. Following 30 min incubation the samples
were treated with proteinase K to degrade the protein and subjected to electrophoresis on agarose. The migrating
bands of supercoiled circularly closed, relaxed nicked circular, and the linear DNA are denoted S, R, and L
respectively.

In several experimental systems nitroxides provided significant protection in a concentration-dependent
manner, even at µM levels against radical-induced damage to various biological targets.21,54,56–60 The
protective effect of nitroxides against damage induced by H2O2 in the presence of heme-protein also
demonstrates their catalytic nature at significantly low concentration (unpublished results). Incubation of
metmyoglobin (MbFeIII) with H2O2 can lead to biological damage (e.g., scission of single and double DNA
strand breaks) mediated by ferrylmyoglobin (MbFeIV) and, particularly, by the globin radical (•MbFeIV).
Nitroxides were shown to prevent DNA breakage in a dose-dependent manner where even 2µM TEMPO
provided significant protection (Figure 17.3). In this reaction system the nitroxide is being recycled by
H2O2, as seen in Scheme 17.3.

In fact, several pathways are suggested for nitroxide recycling (Scheme 17.4).

(i) Reduction of the oxoammonium cation back to the parent nitroxide via one-electron transfer mecha-
nism. This has been demonstrated in the case of H2O2 (Equation 17.6)19 and in the case of 3-CP+
reacting with CH3OH.21

(ii) Reduction of the oxoammonium cation to the respective hydroxylamine via two-electron transfer
mechanism as in the case of NAD(P)H19,46,61 and piperidine derivatives, for example, TEMPO+,
reacting with alcohols.
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Scheme 17.4 Recycling of nitroxide in the presence of biologically relevant oxidants and reductants

(iii) Reduction of the oxoammonium cation and oxidation of the hydroxylamine to the parent nitroxide
via comproportionation (Equation 17.9).62–64

R2N+=O + R2NOH 2 R2NO• + H+ (17.9)

The rate of Equation 17.9 is pH dependent, increasing with the pH since the fastest reaction of
the oxoammonium cation is with the deprotonated form of the hydroxylamine.64 In the case of
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TEMPO and TEMPOL, the rate constant of the comproportionation reaction varies between 20 and
50 M−1s−1 at physiological pH range62,64 and, therefore, cannot greatly contribute toward recycling
of the nitroxides in the tissue.

(iv) Oxidation of hydroxylamine to the respective nitroxides34,65,66 by biologically relevant oxidants such
as oxygen,65 H2O2

19 and metal ions67 (Scheme 17.4).
These mechanisms can, at least partly, explain why a residual concentration of nitroxide in the µM
range persisting in the tissue demonstrates significant protection in a catalytic manner.

17.5 Conclusions

Most reactions of nitroxides with biologically relevant paramagnetic species involve the oxidation or reduc-
tion of RNO• to RN+=O and RNOH respectively. Nitroxide reactions with NO2

•, CO3
•−, •OH, HO2

•,
organic peroxyl radicals, FeIV=O and globin radical yield the oxoammonium cation, whereas nitroxide
oxidation of reduced transition metals, such as iron(II) or copper(I), leads to the formation of hydroxy-
lamine. The catalytic activity of nitroxide requires its rapid and continuous recycling, which enables it to
operate catalytically and induce biological effects even at extremely low residual levels. Accordingly, sev-
eral different mechanisms can underlie the recycling of the nitroxide antioxidant, including the reduction
of R2N+=O by reductants abundant in the cell and oxidation of the cellular pool of R2NOH by O2, H2O2,
and transition metal ions. Consequently, although most of the nitroxide administered is rapidly converted
into R2NOH, the low traces of R2NO• thus formed are still biologically effective.
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Figure 2.1 CPK representation of perchlorotriphenylmethyl radical (1•) showing the high steric shielding of the
central carbon atom (in red) surrounded by the six bulky chlorine atoms at the ortho positions.

Figure 2.11 Left: Coordination polymer created by an inorganic subunit (0-D clusters or isolated metal ions)
connected through polytopic organic ligands. Right: Purely organic open framework formed by organic molecules
interlinked through non-covalent bonds such as hydrogen bonds or π−π interactions. (Reprinted with permission
from [53]. Copyright 2007 Royal Society of Chemistry.)



Figure 2.12 Illustration of the nanochannel-like structure of MOROF-1. The superposition of the honeycomb
(6,3) layers creates large pores of dimensions of 3.1 and 2.8 nm between opposite vertices. (Reprinted with
permission from [56]. Copyright 2004 Royal Society of Chemistry.)
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Figure 2.13 Left: A honeycomb (6,3) layer showing the organization of the copper ions (orange spheres) and
the central methyl carbon (magenta spheres) of the 13 radicals. Right: χT as a function of the temperature for
as-synthesized (•) and evacuated (◦) MOROF-1. Inset: Magnetic field dependence of the magnetization at 2 K.
(Reprinted with permission from [56]. Copyright 2004 Royal Society of Chemistry.)
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Figure 2.14 Images of a single crystal of MOROF-1 followed with an optical microscope. The top series show
the ‘shrinking’ process, in which a crystal of MOROF-1 exposed to the air experiences a volume decrease of
around 30%. In the lower series, the same crystal exposed against to ethanol liquid begins to swell. The scheme
represents the structural changes of MOROF-1 in contact or not with ethanol or methanol solvent. (Reprinted
with permission from [56]. Copyright 2004 Royal Society of Chemistry.)

Figure 2.15 Illustration of the helical nanochannel-like structure of MOROF-2. (Reprinted with permission from
[56]. Copyright 2004 Royal Society of Chemistry.)



Figure 2.16 Left: Crystal structure of POROF-1 obtained from the crystallization of radical 12 showing the
2-D hydrogen bonded layer. The repetitive R6

6(24) hydrogen bonded hexamers generate polar windows due to
the presence of six carboxylic groups, whereas the linking of each hexamer with six more identical units in a
hexagonal topology originates six trigonal-shaped hydrophobic voids. Right: Space-filling view along the b axis
of the large nanocontainers formed along the one-dimensional channel. (Reprinted with permission from [63a].
Copyright 2004 American Chemical Society.)
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Figure 2.17 Left: Crystal packing of POROF-2, showing the tubular hydrogen bonded channels. The empty
space is represented as yellow spheres. Right: Temperature dependence of χT up to 200 K, measured with an
applied magnetic field of 200 Oe. Inset: magnetic hysteresis obtained at 0.08 K. (Reprinted with permission from
[53]. Copyright 2007 Royal Society of Chemistry.)
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Figure 2.22 IVT bands of D-A dyads 17 (top) and 18 (bottom) in some selected solvents. (Reprinted with
permission from [82]. Copyright 2007 American Chemical Society.)



Figure 2.32 Colors shown by dichloromethane solutions of the different oxidation states of the radical 18.
From left to right: H-18, [K(18crown-6)]+ 18−, 18 and 18+BF4

−. (Adapted with permission from [15]. Copyright
Wiley-VCH Verlag GmbH & Co. KGaA.)

Figure 2.35 Left: Schematic representation of the microcontact printing of a functionalized PTM radical on an
adhesive pre-functionalized SAM. Right: Confocal microscopy image (λexc = 488 nm) of a glass surface patterned
with a PTM radical derivative. The diameter of the fluorescent dots is 5 µm. (Reprinted with permission from
[101]. Copyright 2007 Wiley-VCH Verlag GmbH & Co. KGaA.)
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Figure 2.36 Left: Representation of the electroactive PTM SAM. Right: Absorbance spectra of the PTM anion
SAM on silicon (OFF state, black line) before and after oxidation to the PTM radical SAM (ON state, red line).
(Reprinted with permission from [101]. Copyright 2007 Wiley-VCH Verlag GmbH & Co. KGaA.)
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Figure 3.10(b) Electrostatic potential surfaces of the monomer and the π dimer of TBPLY calculated by
quantum chemical calculations, which indicate ‘‘aromaticity generation’’ by the π dimerization (Reprinted with
permission from [15]. Copyright 2006 American Chemical Society.)



Figure 3.19(a) Pictures of TBDAP single crystal showing a continuous color change from colorless to dark green
depending on the temperature. (Reprinted by permission from Macmillan Publishers Ltd,29 copyright 2008.)

Figure 3.56(c) Electrostatic potential surfaces of phenalenyl-fused corannulene anion. Calculations carried out
at the RB3LYP/6-311G**//RB3LYP/6-311G** level of theory. (Reprinted with permission from [80]. Copyright
2008 American Chemical Society.)



Figure 6.2 The Di(1-Adamantyl)iminoxyl Radical.

(a) (b)

Figure 7.4 (a) SOMO and (b) spin density plot for 1,5-diisopropyl-3-phenyl-6-oxoverdazyl (blue = positive
spin density, green = negative spin density).51 (Reprinted with permission from [51]. Copyright 2007 American
Chemical Society.)
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Figure 8.14 Isotropic EPR spectra of 1 mM dichloromethane solutions of: (a) [NiII(L9)•]+; (b) [NiII(L9
OMe)•]+;

and (c) [NiII(L9
NMe)•]+. ([90] Reproduced by permission of the Royal Society of Chemistry.)
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Figure 9.29 Schematic illustration of the conversion of the high temperature (monomeric) to low temperature
(π dimeric) forms of 1,3,2-dithiazolyl radical 71.243 (Reprinted with permission from [243]. Copyright 2004
American Chemical Society.)
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Figure 9.31 (a) Surface plot of calculated intermolecular magnetic exchange (Jπ ) between two π stacked
bis(dithiazolyl) radicals 97a (R1 = R2 = H) as a function of displacement of the two radicals along x and y
vectors. (b) Definition of x and y displacement vectors.223 (Reprinted with permission from [223]. Copyright
2009 American Chemical Society.)

Figure 13.2 Ni(L26)2(HO(CH2)4OH) single crystals.
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Figure 14.5 A typical fabrication method of the prototype ‘‘organic radical battery’’.

Figure 14.8(b) A see-through paper-like battery; blue in the charged state (galvinolate anion) and light-yellow
in the discharged state (galvinoxyl).
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