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Preface

Since the subject of nuclear magnetic resonance (NMR) was awarded its first

Nobel Prize in 1952 due to its successful detection by Bloch and Purcell in

1945, the technology and its applications have developed tremendously. The

first two decades were focused on technical developments of instrumentation

and methodologies to apply to the structure determination of compounds.

During the late 1970s, several research groups developed modifications of

NMR probes to convert them to an online mode for the analysis of sample

mixtures. However, with the hardware and software technology available at

that time, it was difficult to hyphenate high-performance liquid chromato-

graphy (HPLC) and NMR to perform those analyses. During the past two

decades, interest in sample mixture analysis and screening methods has been

the driver for the latest developments and applications of hyphenated

analytical techniques with NMR. Improvements in solvent suppression NMR

techniques have facilitated the coupling to NMR of HPLC with reversed-

phase columns, for what is known today as LC-NMR. Further technological

developments have also supported the hyphenation of mass spectrometry

(MS) to LC-NMR as LC-MS-NMR. In addition, other analytical separation

techniques have been hyphenated to NMR. However, the only ones commer-

cially available and commonly used are capillary HPLC (capLC) as capLC-

NMR and solid-phase extraction (SPE) as SPE-NMR, including SPE

hyphenated to MS-NMR as SPE-MS-NMR. Many laboratories in industry

and academia have NMR as a hyphenated technique as part of their instru-

mentation to solve structural problems. This technology has become an

important option for complex analysis.

xi



The aim of this book is to provide an overview of the applications of

hyphenated NMR techniques in industry and academia. The book is focused

on understanding the pros and cons of NMR as a hyphenated and a non-

hyphenated technique for the structural determination analysis of samples as

organic materials. The purpose of the basic overview of the main concepts for

structural elucidation by NMR and technical issues for online NMR is to

facilitate an understanding of the pros and cons of the technique. A major

emphasis of the book is on the application of hyphenatedNMR in industry and

academia. For completeness, the book has a chapter dedicated to the historical

development of hyphenated NMR techniques, and another chapter focused on

a comparison of other methodologies used to analyze sample mixtures.

The book begins with a description of basic NMR concepts for the

structural elucidation of organic compounds, the historical development of

NMR and hyphenated NMR in the structural elucidation world, followed by

applications of hyphenated NMR as LC-NMR and LC-MS-NMR in industry

and academia, such as to natural products, degradation products, impurity

characterization, drug metabolism, food analysis, drug discovery, polymers,

and others. Another chapter is dedicated to other analytical separation

techniques hyphenated with NMR and MS-NMR, with special emphasis on

capillary capLC and SPE due to be available commercially, and their

applications compared to the other hyphenated NMR techniques. A special

chapter is directed at understanding the applications of NMR online and off-

line for structure elucidation, chiral analysis, in situ reaction monitoring, and

analysis of sample mixtures by other NMR methodologies.

The audience for this book includes scientists in industry and academiawho

work and analyze complex sample mixtures in the areas of organic chemistry,

medicinal chemistry, process chemistry, analytical chemistry, drug metabo-

lism, separation science, natural products, chemical engineering, and others.

In addition, the book contains the fundamentals of NMR and applications of

hyphenated NMR techniques for college instructors to use as a complemen-

tary textbook for undergraduate and, especially, for graduate courses. The

book is an excellent source of information and references for NMR basics,

especially for applications of hyphenatedNMR in industry and academia. The

book also contains updated information on the latest advancements and

applications of LC-NMR and other analytical techniques hyphenated with

NMRfocused on structural elucidation as of early 2011. The approach is based

on explaining the basic pros and cons of the technique in a practical way, to

make it easier for nonexperts in the field to understand the technology.

Examples are provided, illustrated with figures and detailed explanations.

Other books targeting those concepts have been used as reference material.

Previous to this book, I wrote some review articles and a book chapter.

I gratefully acknowledge Elsevier for permittingme to use materials from one
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of the review articles [M.V. Silva Elipe, Advantages and Disadvantages of

Nuclear Magnetic Resonance Spectroscopy as Hyphenated Technique, Anal.

Chim. Acta 497 (2003), 1–25].My sincere gratitude toDr. RayBakhtiar (Drug

Metabolism of MRL at Rahway) and Dr. Byron H. Arison (currently retired

but previously at Drug Metabolism of MRL at Rahway) for their interest,

support, and encouragement through constructive discussions, and to

D. Knapp and U. Parikh (Medicinal Chemistry of MRL at Rahway) for

technical help in online connection of radioactivity and MS detectors to an

LC-NMR system. I am especially thankful to my father, Joaquin Silva Garcia,

and my mother, Maria Elipe Ruiz, for their encouragement, love, and

dedication to their children (the author and her siblings, Pedro Luis Silva

Elipe and Maria Eva Silva Elipe). Last but not least, I thank my husband,

Regnar Llego Madarang, for his support, and my children, Eva Silva

Madarang and Regnar Silva Madarang, for their patience and support. There

are not enough words to express my appreciation.

MARIA VICTORIA SILVA ELIPE

Thousand Oaks, California
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Abbreviations, Symbols,
and Units

ACN acetonitrile

ACN-d3 deuterated acetonitrile

API atmospheric pressure ionization, active principal ingredient

APCI atmospheric pressure chemical ionization

B applied magnetic field along x or y axis

Beff effective magnetic field

bd broad doublet

B0 applied magnetic field along z axis

bs broad singlet

bt broad triplet
�C degree Celsius or centigrade

capLC capillary liquid chromatography

CAT computer of averaging transients

CD circular dichroism

CD3CN deuterated acetonitrile

CD3OD deuterated methanol

CE capillary electrophoresis

CEC capillary electrochromatography

CHPLC capillary high-performace liquid chromatography

CI chemical ionization

cIPT capillary isotachophoresis

cm centimeter

COSY correlation spectroscopy

CW continuous wave

xv



CYP cytochrome P450 enzyme

CZE capillary zone electrophoresis

d doublet

D deuterium

1D one dimension

2D two dimensions

Da dalton

dd doublet of doublets

ddd doublet of doublet of doublets

DEPT distortionless enhancement by polarization transfer

DEPT-135 distortionless enhancement by polarization transfer

at 135� angle
DEPTQ distortionless enhancement by polarization

transfer, including the detection of quaternary nuclei

DI direct injection

DMSO-d6 dimethyl-d6 sulfoxide

DNP dynamic nuclear polarization

D2O deuterated water or deuterium oxide

DOSY diffusion-ordered spectroscopy

DQF double quantum filter

dt doublet of triples

E energy

EOF electroosmotic flow

EPR electron paramagnetic resonance

ERETIC electronic reference to access in vivo concentrations

ESI electrospray ionization

FIA flow injection analysis

FID free induction decay

FT Fourier transform

GC gas chromatography

GHz gigahertz

GPC gel permeation chromatography

GSH glutathione

h Planck’s constant

HETCOR heteronuclear correlation spectroscopy

HMBC heteronuclear multiple bond correlation

HMQC heteronuclear multiple quantum correlation

HOD residual water from deuterated solvents

HPLC high-performance liquid chromatography

HSQC heteronuclear single quantum coherence

Hz hertz

I nuclear spin
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ICH International Conference of Harmonisation

of Technical Requirements

INADEQUATE incredible natural abundance double quantum

transfer experiment

INEPT intensive nuclei enhanced by polarization transfer

IR infrared

J coupling constant

k Boltzmann constant

K kelvin

LC liquid chromatography

LOD limit of detection

mL microliter

mL milliliter

m meter; multiplet

mm millimeter

M molar; molecular ion

mM millimolar

mM micromolar

ms millisecond

MEK methyl ethyl ketone

MHz megahertz

MS mass spectrometry

MSPD matrix solid-phase dispersion

MW molecular weight

m/z mass over charge

NMR nuclear magnetic resonance

NOE nuclear Overhauser effect

NOESY nuclear Overhauser effect spectroscopy

oct octet

PAT process analytical technology

PCA principal components analysis

pCEC pressured capillary electrochromatography

PEEK poly(ether ether ketone)

PKDM pharmacokinetics drug metabolism

ppm part per million

q quartet

qNMR quantitation NMR

qui quintet

RDC residual dipolar coupling

RF radio frequency

ROE rotating frame Overhauser effect

ROESY rotating frame Overhauser effect spectroscopy

ABBREVIATIONS, SYMBOLS, AND UNITS xvii



RT room temperature

s seconds; singlet

SEC size-exclusion chromatography

SFE supercritical fluid extraction

SFC supercritical fluid chromatography

S/N signal-to-noise ratio

SPE solid-phase extraction

spt septet

sxt sextet

t triplet

T temperature, tesla

T1 spin-lattice or longitudinal relaxation time

T2 spin-spin or transverse relaxation time

td triplet of doublets

TIC total ion chromatogram

TMS tetramethylsilane

TOCSY total correlation spectroscopy

UF ultrafast

UV ultraviolet

WET water suppression enhanced through T1 effects

g gyromagnetic ratio

d chemical shift

n frequency

s shielding constant

tc correlation time

o0 Lamour frequency
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1
Basic Concepts of
NMR Spectroscopy

1.1. INTRODUCTION

Nuclear magnetic resonance, known widely as NMR spectroscopy, is a

powerful technique applied extensively to the structural elucidation of organic

compounds. Since its discovery in the early twentieth century, NMR has been

in wide use while evolving to what it is today. Understanding the basic

concepts in interpreting NMR spectra is fundamental for the structural

analysis of organic compounds. In this chapter we introduce the reader to

the basic concepts of NMR data interpretation. The major topics discussed

provide information on the chemical structures of organic compounds, and the

connectivities and correlations of atoms through bonds and space. Under-

standing how to interpret NMR data from hyphenated and nonhyphenated

NMR instruments is essential. This chapter is not intended to explain the

theory of NMR with mathematical equations and algorithms, as these can be

found elsewhere [1–4]. In addition,more detailed information from a practical

perspective with less focus on mathematical algorithms is available in the

literature [5–16].

LC-NMR and Other Hyphenated NMR Techniques: Overview and Applications, First Edition.
Maria Victoria Silva Elipe.
� 2012 John Wiley & Sons, Inc. Published 2012 by John Wiley & Sons, Inc.
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1.2. BASIC KNOWLEDGE REGARDING THE PHYSICS
OF NMR SPECTROSCOPY

Spectroscopy studies the interaction of matter with electromagnetic radiation,

resulting in absorption or emission of energy. When energy is in the radio-

frequency (RF) region (>106 to 108Hz), nonionizing radiation energy is used

to quantize the energy levels of spin nuclei (Figure 1-1). Nuclear magnetic

resonance is an absorption spectroscopy that involves the magnetic properties

of atomic nuclei. Under a magnetic field in the RF region, nuclei with

magnetic moments can have different energy levels, and those absorption

energy transitions can be measured by NMR. Following are the basic rules

regarding nuclei magnetic moments and their nuclear spin based on their

nuclear properties.

. Nuclei with an odd mass number have half-integer nuclear spin I

(e.g., I¼ 1/2 for 1H, 13C, 15N, 31P, 19F, 29Si; I¼ 3/2 for 23Na, 11B;

I¼ 5/2 for 17O).

. Nuclei with an even mass and an even atomic number have zero nuclear

spin I (e.g., I¼ 0 for 12C, 16O).

. Nuclei with an evenmass number and an odd atomic number have integer

nuclear spin I (e.g., I¼ 1 for 2H, 14N; I¼ 3 for 10B).

Table 1-1 displays the nuclear spin properties of the most common nuclei

studied in the field of organic molecules. Under a magnetic field, a nucleus

with nuclear spinwill present a concrete number of energy levels. The number

Frequency (Hz)

1018

1016

1014

1012

1010

108

106

x-rayIonizing Radiation
(Bonds Break)

Nonionizing Radiation
(Heating)

UV
Visible

IR
Microwave

RF

Electron 
Transitions

NMR/MRI
Nuclear Spin
Transitions

Decreasing Energy

FIGURE 1-1. Electromagnetic radiation energy spectrum as frequency (Hz).
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of levels depends on themagneticmoment of each nucleus and follows the rule

2Iþ 1, where I is the nuclear spin number [e.g., for I¼ 1/2, two is the number

of energy levels [2(1/2)þ1¼ 2] with an a spin state, or I1¼þ1/2, for the low

energy level and a b spin state or, I2¼�1/2, for the high energy level, for

nuclei with a positive gyromagnetic ratio, as indicated below]. For nuclear

spin I¼ 1/2 (e.g., 1H and 13C), each nucleus can be displayed as a magnet

randomly oriented in any direction (Figure 1-2a). Under the magnetic field,

those magnets in the sample have two orientations, aligned or opposite to the

direction of the appliedmagnetic field (Figure 1-2b). The distance between the

energy levels depends on the strength of the magnetic field applied and the

gyromagnetic ratio for the particular nucleus. For nuclei with I¼ 1/2 and a

negative gyromagnetic ratio, such as 15N and 29Si, b is the lower spin state

(I1¼�1/2) and a is the higher spin state (I2¼þ1/2). The difference in energy

(DE) for the transition to occur is

DE ¼ hn ¼ hgB0

2p

where n is the frequency of the transition, g is the gyromagnetic ratio intrinsic

per nucleus (see Table 1-1 for some examples), B0 is the magnetic field

applied, and h is Planck’s constant. Figure 1-3 depicts the energy-level

separation for a nucleus with half-integer nuclear spin (I¼ 1/2; e.g., 1H

and 13C) pointing to the different energy when a magnetic field strength

of 300MHz (7.05 T) or 600MHz (14.10 T) is applied to the nucleus.

TABLE 1-1. Properties of Some Common Nuclei in Organic Molecules

Nucleus Spin I

Natural

Abundance (%)

Sensitivity

(Relative to 1H)

Gyromagnetic

Ratio g
(107 rad T�1 s�1]

Frequency

(MHz) at

B0¼ 2.3488 T

1H 1/2 99.985 1 26.7519 100.0
2H 1 0.015 9.65� 10�3 4.1066 15.351
10B 3 19.58 1.99� 10�2 2.8747 10.746
11B 3/2 80.42 0.17 8.5847 32.084
12C 0 98.9
13C 1/2 1.108 1.59� 10�2 6.7283 25.144
14N 1 99.63 1.01� 10�3 1.9338 7.224
15N 1/2 0.37 1.04� 10�3 �2.7126 10.133
16O 0 99.96
17O 5/2 0.037 2.91� 10�2 �3.6280 13.557
19F 1/2 100 0.83 25.1815 94.077
23Na 3/2 100 9.25� 10�2 7.0704 26.451
29Si 1/2 4.70 7.84� 10�3 �5.3190 19.865
31P 1/2 100 6.63� 10�2 10.8394 40.481

Source: Data from references 6 and 24.
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FIGURE 1-2. Orientation of the nuclear spins as simplemagnets for I¼ 1/2 in the absence of an external

magnetic field (except for the Earth’s magnetic field) (a) or the presence (b) of an external magnetic field

(different from the Earth’s magnetic field).
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Conventionally, the frequency unit megahertz is used for proton 1H to

denominate the strength of the magnetic field instead of the magnetic field

unit tesla. Unfortunately, NMR spectroscopy is a low-sensitivity technique

because the energy difference between the levels (DE) of the nuclear spin

states is much less than the thermal energy (kT, where k is the Boltzmann

constant and T is the temperature) at normal or room temperature (around

25�C). This energy difference is also an indication of the small difference in

the population of nuclei between the two spin states. The slight excess of

population in the lower-energy state is in agreement with the Boltzmann

distribution. The energy difference is proportional to the magnetic field

applied (B0); therefore, increasing the strength of the magnetic field increases

the population difference of the spin states and the sensitivity (Figure 1-3). The

distribution of nuclei between two spin states is given by the Boltzmann

equation,

Na

Nb
¼ e�DE=kT � 1� DE

kT
¼ 1� hgB0

2pkT

whereNa andNb are the number of nuclei in the ground state a and the excited
state b. For the case of a magnetic field of 60MHz (1.41 T) and 300K (27�C),
the population ratio for 1H is Na/Nb� 0.9999904, and for a magnetic field of

300MHz (7.05T),Na/Nb� 0.99995. Figure 1-2b is a simplistic representation

of the small excess in the population of nuclei in the lower energy level for

nuclei alignedwith the external appliedmagnetic field. Overall, with the small

difference in energy level, energy transitions of nuclear spins can occur with a

B0 (Magnetic Field)

I = -1/2 β spin state  
(higher energy level)

I = 1/2 α spin state  
(lower energy level)

Energy ΔE = h × 300 MHz ΔE = h × 600 MHz

7.05 T 14.10 T

FIGURE 1-3. Graphical relationship between magnetic field (B0) and frequency (n) for nuclei with
nuclear spin I¼ 1/2 and positive gyromagnetic ratio (e.g., 1H, 13C, 31P, 19F) NMR absorptions. For nuclei

with I¼ 1/2 and negative gyromagnetic ratio such as 15N and 29Si,b is the lower spin state anda is the higher
spin state. The graph is not to scale.
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second RF pulse applied to nuclei with a magnetic moment. From a practical

perspective, acquiring multiple scans improves the signal-to-noise (S/N) ratio

of a spectrum by the square root of the number of scans (n):

S

N
¼ ffiffiffi

n
p

Therefore, the number of scans has to increase fourfold to double the

signal-to-noise ratio. When nuclei are under an external magnetic field, they

precess along the axis of the field, conventionally the z-axis. Figure 1-4 is a

pictorial representation of the two energy levels of a nucleus with I¼ 1/2 (e.g.,
1H and 13C) under a magnetic field based on its orientation. The nucleus is

considered a micromagnet that under a magnetic field can rotate clockwise or

counterclockwise. Those two rotations represent the two energy levels of the

half-integer nuclear spin. For nuclei with I¼ 1/2 and a negative gyromagnetic

ratio, such as 15N and 29Si (see Table 1-1), the energy levels are reversed, with

b for the lower spin state (I¼�1/2) and a for the higher spin state (I¼ 1/2).

Having a negative gyromagnetic ratio also decreases the population ratio

between the two nuclear spin levels, which contributes to making the nuclei

less sensitive.

This book focuses primarily on nuclei with a nuclear spin of half-integer

I¼ 1/2 (e.g., 1H, 13C, 15N, 19F, 31P), the major nuclei present in organic

B0 = 0

B0 ≠ 0

I = -1/2

I = 1/2

B0

Precession along the z axis

π
γν
2

B0h
hE ==Δ

S

S

N

N

FIGURE1-4. Classical representation of the energy levels and precession of the two spin states for nuclei
with half-integer nuclear spin (I¼ 1/2; e.g., 1H, 13C, 31P, 19F). For nuclei with I¼ 1/2 and negative

gyromagnetic ratio such as 15N and 29Si, b is the lower spin state (I¼�1/2) and a is the higher spin state

(I¼ 1/2).
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compounds. Under a magnetic field, a nucleus with a half-integer nuclear spin

will rotate or precess along the axis of the appliedmagnetic field (normally the

z-axis) at the Lamour frequency n¼ gB0, where n is the Lamour frequency, g is
the gyromagnetic ratio intrinsic per nucleus, and B0 is the external magnetic

field (Figure 1-4). Transitions occur when a second RF pulse perpendicular to

the external magnetic field is applied to the sample within a short time frame.

Those transitions are detected by a detector in the xy-plane and converted to an

appropriate format for interpretation.

As in any other type of spectroscopy, after radiation to reach a high energy

level over a period of time, spin nuclei will return to the ground state through

different mechanisms. The NMR signal is termed free induction decay (FID)

because it is free of the influence of the particular RF field, it is induced in the

coil, and it decays back to equilibrium. Magnetization is the sum of all the

magnetic moments in the sample for a particular nucleus (e.g., 1H). In NMR,

there are two mechanisms that bring the magnetization to the ground state:

spin–lattice or longitudinal (along the z-axis) relaxation (T1) and spin–spin

or transverse (perpendicular to the z-axis and in the xy-plane) relaxation (T2).T1
is the time to transfer energy from the magnetization going from the excited to

the ground state in the z-axis, and T2 is the time to transfer energy within the

precessing nucleus (e.g., 1H) in the xy-plane to the ground state through

dephasing, line broadening, and consequently, loss of signal. More details

on those relaxationmechanismsmaybe found in the literature [1–12,15–17].T1
and T2 values are influenced by the size of the molecule based on molecular

weight and affect the quality of theNMRsignal.T1 andT2 are in the same range

(T1� T2) for smallmolecules (e.g., methanol) that tumble fast in solution. T1 is

greater than T2 (T1> T2) for large molecules (e.g., proteins, polymers) that

tumblemore slowly in solution.T1 ismuchgreater thanT2 (T1�T2) for solidor

crystalline samples in the solid state,whichmakes theNMRlinesmuchbroader

than they are in liquids, affecting the resolution due to short T2’s [1–12,15–17].

1.3. BASIC PARAMETERS FOR NMR INTERPRETATION

The NMR spectra of half-integer nuclei (I¼ 1/2; e.g., 1H, 13C, 15N, 31P, and
19F) are the focus of this book and provide structural information on how the

atoms are connected to each other through bonds and relative orientations in

space. The parameters containing structural information are chemical shifts,

spin–spin coupling constants, spin systems, signal intensities, and bond and

spatial correlations: the most commonly used parameters for the structural

elucidation of organic compounds. These parameters are described

below with examples illustrating their significance in the world of structural

elucidation in organic chemistry.

BASIC PARAMETERS FOR NMR INTERPRETATION 7



1.3.1. Chemical Shift

Since the discovery of NMR, technology has played an important role in its

development. From the early electromagnets and permanent magnets to the

current superconducting magnets, the magnetic field of NMR instruments

has increased from the first 40-MHz instruments to the 900-MHz instruments

available at present. At the time of this writing, 1-GHz NMR instruments are

almost ready to become available commercially. The most common NMR

instruments used in the field of small molecules are between 300 and

600MHz. Occasionally, 800-MHz NMR instruments are used when sample

quantity is limited. By using greater magnetic field instruments with

cryogenic probes, increased sensitivity can be achieved. Data from a sample

acquired using instruments that have different magnetic fields are difficult to

compare on the scale of frequency units because the energy absorption is

different with different magnetic fields. Over the years it became obvious

that uniformity of scale was needed for NMR spectra, regardless of the

strength of the magnetic field of the instrument used to acquire the data.

Historically, tetramethylsilane (TMS) was selected as a reference compound

because it is chemically inert, volatile [boiling point (bp) 27�C], symmet-

rical, and soluble in most organic solvents. There were a variety of

approaches, but over the years, chemical shift in parts per million (ppm)

has been shown the success of the best uniformity on the NMR scale. The

chemical shift (d) is defined as

d ¼ nsample � nstandard ðTMSÞ
nspectrometer

� 106

where nsample is the resonance frequency of the protons of the sample,

nstandard(TMS) is the resonance frequency of TMS as the standard, and

nspectrometer is the frequency of the spectrometer where the data are acquired

(e.g., 600-MHz instrument). For TMS, the chemical shift of the methyl

protons is assigned conventionally to 0.00 ppm, based on the definition of

chemical shifts. Figures 1-5 and 1-6 depict the spectra of a 3-vinylphenol

compound simulated at frequencies of 60 to 600MHz in the frequency

domain and on the chemical shift scale, respectively. Obviously, compar-

ison of the data for any molecule in the frequency domain becomes

difficult, but it is straightforward on the chemical shift scale, which has

become the standard scale for NMR spectroscopy. Another observation

from Figures 1-5 and 1-6 is that increasing sensitivity and resolution are

achieved by increasing the magnetic field. At higher magnetic fields,

analysis of the NMR data becomes less cumbersome than analysis at

lower fields. For 3-vinylphenol, all the protons have a distinct resonance

8 BASIC CONCEPTS OF NMR SPECTROSCOPY
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FIGURE 1-5. Simulated 1H NMR spectra of 3-vinylphenol at magnetic fields of 60, 100, 300, and

600MHz, respectively on the frequency scale (in hertz) from bottom to top.
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FIGURE 1-6. Simulated 1H NMR spectra of 3-vinylphenol at magnetic fields of 60, 100, 300, and

600MHz on the chemical shift scale (ppm) from bottom to top, respectively.
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frequency. However, in the case of a molecule with equivalent protons, such

as the protons of a methyl group, the equivalent protons will resonate at the

same frequency.

Table 1-2 shows the typical ranges of 1H and 13C chemical shifts for

common functional groups in organic compounds. As shown in the table,

carbons resonate at a greater range of frequencies than that of protons and

spread their signals over awider scale (ca. 0 to 13 ppm for 1H and 0 to 220 ppm

for 13C), which decreases signal overlapping and facilitates assignments. For

any nucleus, the location of the chemical shift signals depends on the local

influence of the electronic layer surrounding the functional groups. When an

external magnetic field is applied, the electrons surrounding a nucleus (e.g.,
1H, 13C)will circulate perpendicular to the field, creating an inducedmagnetic

field opposed to the applied external magnetic field in the area of the nucleus.

Therefore, the nucleus is under a weaker magnetic field than the externally

applied field and is said to be shielded. This is the principle of the diamagnetic

TABLE 1-2. Typical Ranges of 1H and 13C Chemical Shifts for Common Functional Groups

in Organic Compounds

Functional Group 1H (d/ppm) 13C (d/ppm)

TMS (tetramethylsilane) 0.0 0.0

Primary alkyl (RCH3) 0.7–1.3 0–30

Secondary alkyl (R2CH2) 1.2–1.5 15–45

Tertiary alkyl (R3CH) 1.4–1.7 30–50

Quaternary alkyl (R4C) 35–70

Allylic (�C¼C�CH) 1.6–2.3

Vinylic/alkene (R2C¼CH) 4.5–6.5 80–145

Acetylenic/alkyne (R�CXCH) 2.5–3.0 70–90

Benzylic methyl (ArCH3) 2.2–2.8 20–65

Aromatic (CH of Ar) 6.0–9.0 110–170

Alkyl fluoride (F�CH) 4.1–4.7 70–80

Alkyl chloride (F�CH) 3.6–3.8 25–50

Alkyl bromide (Br�CH) 3.4–3.6 10–40

Alkyl iodide (I�CH) 3.1–3.3 0–40

Alcohol/ether (O�CH) 3.1–4.0 50–90

Aldehyde (O¼C�H) 9.0–10.0 180–210

Carboxylic acid (O¼C�OH) 10.0–13.0 170–180

Carbonyl ketone (R2C¼O) 190–220

Carbonyl ester/amide (R�COOR, R�CONR2) 150–180

Alcohols (R�OH) 2.5–5.0 (variable)

Phenols (Ar�OH) 5.0–10.0 (variable)

Amines (R�NH2, R2�NH) 0.5–4.0 (variable)

Amines (Ar�NH2, Ar2�NH) 6.0–9.0 (variable)

Ammoniums (R�NH3
þ, R2�NH2

þ, R3�NHþ) 2.5–5.0 (variable)

Ammoniums (Ar�NH3
þ, Ar2�NH2

þ, Ar3�NHþ) 6.0–9.0 (variable)

Source: Data from references 18 and 24.
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shielding effect. The effective magnetic field (Beff) that the nucleus experi-

ences is described as

Beff ¼ B0 � sB0 ¼ ð1� sÞB0

where B0 is the external magnetic field and s is the shielding constant.

Substituting the value of the effective magnetic field in the equation of the

energy difference (DE) for the transition to occur, the frequency of the

transition (n) can be deduced:

DE ¼ hn ¼ hgBeff

2p
¼ hgð1� sÞB0

2p

n ¼ gð1� sÞB0

2p

The strength of the induced magnetic field is proportional to the applied

magnetic field. Therefore, the diamagnetic shielding increases with the

strength of the applied external magnetic field. Also, the higher the electron

density is around the proton, the higher the diamagnetic shielding and the

larger the value of s. With a larger value of s, the frequency and effective

magnetic field of the transition for the nucleus will be lower, an upfield shift.

For a lower value ofs for protonswith lower electron density, the frequency of

the transition and the effectivemagnetic fieldwill be greater, a downfield shift.

Conventionally, the terms upfield and downfield shift come from the first

generation of NMR instruments, continuous-wave (CW) instruments that

operated at a constant RF frequency and variable applied magnetic field

strength. The term high field is used when the Beff for the transition to occur is

smaller than B0 (large s and low frequency). Therefore, to reach B0 at a

constant frequency, a greater field is needed. Following pattern, the same, the

term low field comes when the Beff for the transition to occur is greater than B0

(smalls and high frequency). Therefore, to reachB0 at a constant frequency, a

smaller field is needed. In other words, the induced magnetic field generated

by the electrons can be aligned or opposed to the applied magnetic field. If the

induced field is opposed to the external applied field, the effective magnetic

field is lower, with a larger value ofs. Therefore, the proton as an example of a

nucleus with nuclear spin is shielded, resonating at a lower frequency, and

absorptions are upfield or at lower energy than if no induced field is present.

However, if the induced field reinforces the applied field, the proton experi-

ences a greater magnetic or effective field with a smaller s. Therefore, the
proton experiences a deshielding effect, resonating to a higher frequency, and
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absorptions are downfield or at higher energy than if no induced field

is present.

Electronegativity, hybridization, inductive effect, and ring current effects

are the major factors affecting the position in the scale for nuclei with half-

integer spin (e.g., 1H and 13C) in functional groups.When a proton or a carbon

is bonded to a heteroatom that is less electronegative than the proton or the

carbon, the nucleus keeps its electronic cloud closer, producing a shielding

effect, which is translated for the nucleus (proton or carbon) to resonate at a

lower frequency and appear on the right side of the spectrum. In this case the

nucleus is shielded and upfield-shifted on the d scale. The methyl protons and

carbons of TMS are considered some of the most upfield protons and carbons,

and they have been positioned at 0 ppm on the d scale for 1H and 13C NMR

conventionally at the right side of the d scale, at lower ppm values. If the

nucleus is bonded to a more electronegative atom such as fluorine, oxygen, or

an aromatic ring, the nucleus (proton or carbon) is under a deshielding effect

because the electrons have a greater tendency to remain longer closer to the

atom or functional group that is more electronegative; therefore, their proton

and carbon signals will resonate to a higher frequency, appearing toward the

middle left side of the chemical shift in the d scale. Table 1-2 shows how

fluorine affects the chemical shifts to protons and carbons stronger than

oxygen, bromine, and iodine, due to fluorine’s strong electronegativity

properties (see Table 1-2 for chemical shift range variations when electro-

negative atoms or groups are present in a molecule). Inductive andmesomeric

effects are important in these cases. Therefore, the proton or carbon is

deshielded and downfield-shifted in the d scale, where the proton or carbon

resonates to a higher frequency than does TMS (see Table 1-2 for cases of

multiple bonds).More information on how functional groups affect the proton

and carbon chemical shifts may be found in the literature [18].

Ring current effects are important for molecules with aromatic rings and

multiple bonds. In general, multiple bonds have electrons in the p molecular

orbitals that induce a local magnetic field when being under an external

magnetic field. The induced magnetic field opposes the externally applied

magnetic field, giving the multiple bonds a particular spatial orientation that

affects the resonance frequency of the bonded protons or carbons in proximity

to themultiplebonds.Figure1-7depicts thepreferredorientationforbenzene,a

carbonyl of an aldehyde functional group, a double bondof the olefinic or vinyl

group, and a triple bond of an acetylenic group. Protons (and carbons) in the

shielded area will resonate at a lower frequency and be upfield-shifted. On the

contrary, protons (and carbons) in the deshielded areawill resonate at a higher

frequency and be downfield-shifted. Acetylene protons and its carbons are the

least deshielded of the multiple-bond functional groups, due to the additional

p bonds, which affect how the molecule orients under the magnetic field.
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Figure 1-7 depicts the distinct orientation of the acetylenic group compared to

the vinyl and benzene groups. Table 1-2 shows the trend in the 1H and 13C

chemical shifts ofmost common functional groupswithmultiple bonds,where

protons and carbons of triple bonds are less deshielded than for double bonds

and aromatic functional groups. More detailed information on shielding and

deshielding and on 1H and 13C chemical shifts for functional groups in organic

compounds may be found in the literature [6–8,10,16,18–27].

Figures 1-8 and 1-9 depict the one-dimensional 1H and 13C NMRspectra of

sinomenine (Aldrich), an optical isomer of methoxythebaine as a morphine

derivative or isoquinoline alkaloid. The numbers depict the atomic positions

for protons and carbons in the structure and the position of their corresponding

signals in the spectra (Figures 1-8 and 1-9). The proton and carbon chemical

shifts follow the trend explained above, also indicated in the ranges in

Table 1-2.

1.3.2. Spin–Spin Coupling Constants

The signals in the NMR spectra may split into more than one line if the nuclei

interact with others that are bonded directly by one to three bonds. Coupling

C O

R
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C C
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deshielded 

   region

shielded 
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deshielded 
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HH

induced magnetic field

induced magnetic field

induced magnetic field

induced magnetic field

C

C

H

H

FIGURE 1-7. Shielding and deshielding zones for benzene protons (ring current effect), aldehydic

proton, olefinic or vinyl protons, and acetylenic protons based on their preferred aligned orientation under

an externally applied magnetic field B0 from top to bottom, respectively.
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beyond three bonds is not common except for the case of ring strain, aromatic

or unsaturated bonds connected through a “W” configuration, and coupling

with heteroatoms such as 19F and 31P. This phenomenon is called spin–spin

coupling, scalar coupling, or J-coupling. In this section we focus primarily on

proton–proton spin couplings as the most significant and easiest to obtain,

mainly through the one-dimensional 1H NMR spectra of organic compounds.

The splitting from spin–spin couplings is due to the interaction of proton

nuclear spins with the bonding electrons in the molecule. Based on Pauli’s

principle, a stable state occurs when the bonding electrons between two nuclei

are paired with antiparallel spins. In general, when two vicinal protons have

different chemical environments, they affect each other by their two nuclear

spin orientations through the bonding electrons, and each protonwill appear as

two signals or as a doublet separated by the same frequency difference. This

frequency difference is the spin–spin coupling constant, J (in hertz).

The number of lines and the intensity of the signals follows Pascal’s triangle

using the nþ 1 rule, where n is the number of neighboring protons (Table 1-3).

For example, in an ethyl group (�CH2�CH3), the methyl protons appear as a

triplet (i.e., three signals) because nþ 1¼ 2þ 1¼ 3, where the number 2 for n

(n¼ 2) comes from the two neighboring protons of the CH2 group. In the

triplet, the middle signal has double intensity, as Pascal’s triangle indicates.

The methylene group shows as a quartet (i.e., four lines) because nþ 1¼
3þ 1¼ 4, where the number 3 for n (n¼ 3) comes from the three neighboring

protons of the CH3. Figure 1-10 depicts the type of signal described in

Table 1-3 that follows Pascal’s triangle. Pascal’s triangle is applicable to the

protons in aliphatic carbon chains (e.g., hydrocarbons). The proton spin

coupling constant, vicinal coupling via three bonds (3J coupling for protons

separated by three bonds, H�C�C�H, where the number 3 indicates the

number of bonds between the protons), for the aliphatic carbon chain is around

7Hz for free rotation. When the rotation is restricted, the vicinal coupling

TABLE 1-3. Pascal’s Triangle of Multiplicities, Relative Intensities, and Signal Types Based

on the Number of Neighboring Protons

Number of

Neighboring Protons (n)

Multiplicities

(nþ 1)

Relative

Intensities

Type of Signal

(Abbreviation)

0 1 1 singlet (s)

1 2 1 1 doublet (d)

2 3 1 2 1 triplet (t)

3 4 1 3 3 1 quarter (q)

4 5 1 4 6 4 1 quintet (qui)

5 6 1 5 10 10 5 1 sextet (sxt)

6 7 1 6 15 20 15 6 1 septet (spt)

7 8 1 7 21 35 35 21 7 1 octet (oct)
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constants vary with the dihedral angle between the protons. The Karplus

equations attempt to explain the dependence of the dihedral angles on the

value of the coupling constants. For example, for a dihedral angle of 0� or

180�, the coupling constant is greatest (8 to 18Hz), and when the angle is 90�,
the coupling constant reaches a minimum value of zero. Angles in between

will be associated with coupling constants in between the highest and lowest

values. In the case of enantiotopic geminal protons of a methylene group, the

spin proton coupling constant, geminal coupling via two bonds (2J coupling

for protons separated by two bonds, H�C�H), is larger (11 to 14Hz) than that

of vicinal protons (see Table 1-4 for more details). These protons will appear

as doublets if no other neighboring protons are present in the molecule.

In the case of aliphatic cyclic rings, the coupling constants depend on the

size of the ring. For six-membered rings, the chair conformation is normally

the lowest in energy; therefore, axial and equatorial protons interact, giving

rise to three types of spin–spin coupling constants for protons in neighboring

or vicinal carbons: axial–axial (3Jax�ax � 8 to 13Hz), axial–equatorial

(3Jax�eq � 2 to 6Hz), and equatorial–equatorial (3Jeq�eq � 2 to 5Hz) (see

Table 1-4 for more details). In general, the axial–equatorial couplings are

larger than equatorial–equatorial couplings by 1 unit (3Jax;eq � 3Jeq;eq þ 1).

0.9800.9901.0001.0101.0201.030
f1 (ppm)

1.1901.230
f1 (ppm)

1.1801.2001.2201.240
f1 (ppm)

3.6853.725
f1 (ppm)

3.653.683.713.743.77

f1 (ppm)

3.653.683.713.743.77

f1 (ppm)

3.653.683.713.743.77
f1 (ppm)

3.653.683.713.743.77

f1 (ppm)

Singlet

n = 0, n + 1 = 1

 e.g.-CH
3

Doublet

n = 1, n + 1 = 2

e.g.-CH-CH
3

Triplet

n = 2, n + 1 = 3

e.g.-CH
2
-CH

3

Quartet

n = 3, n + 1 = 4

e.g.-CH
2
-CH

3

Quintet

n = 4, n + 1 = 5

 e.g.-CH-CH-CH
3

e.g.-CH
2
-CH-CH

3

Sextet

n = 5, n + 1 = 6

Septet

n = 6, n + 1 = 7

e.g.CH
3
-CH-CH

3

Octet

n = 7, n + 1 = 8

H
3
C

CH-CH
H

3
C

e.g.

FIGURE 1-10. Simulated representation of themultiplicity of splitting patterns fromPascal’s triangle in

Table 1-3. The chemical shift scales have been selected arbitrarily. The heights of the individual signals and

the multiplets are not in scale relative to each other.
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More detailed information may be found in the literature for other ring

cycles [18].

Double bonds show three types of couplings: geminal for protons attached

to the same carbon (2J � 2:5Hz) which are smaller than for methylene

protons (2J ¼ 11 to 14Hz), and cis and trans coupling constants, where

trans (3J � 12 to 18Hz) couplings are larger than cis (3J � 7 to 11Hz)

couplings. Allylic coupling is a four-bond coupling (4J ) from the vinyl proton

to the allylic proton (H�C¼C�C�H): cisoide (4J � 2 to 3Hz) and transoide

(4J � 3 to 4Hz). Homoallylic coupling is a five-bond coupling (5J ) from the

protons bonded to allylic carbons (H�C�C¼C�C�H): cisoide (5J � 0 to

3Hz) and transoide (5J � 0 to 3Hz). Aromatic rings such as benzene have

three types of coupling constants—ortho, meta, and para—with ortho the

largest and para the shortest (3J � 6 to 9Hz, 4J � 1 to 3Hz, and 5J � 0 to

1Hz forortho,meta, and para coupling, respectively). In aromatic compounds

such as fused aromatic rings, five- and even six-bond proton couplings can be

observed when protons are in a zig zag or “W” configuration. These couplings

are approximately 1Hz or smaller. For aromatic rings with a nitrogen atom,

the ortho coupling constants are smaller than for the same ring with only

carbon atoms in the ring. For a six-membered ring such as pyridine, the ortho

coupling constants are about 4 to 6Hz, and for five-membered rings are about

2 to 3Hz. Table 1-4 depicts the most typical proton spin–spin coupling

constants in organic compounds. More detailed information on coupling

constants may be found in the literature [18].

TABLE 1-4. Typical Absolute Values of Proton–Proton Spin–Spin Coupling Constants (Hz)

for the Most Common Functional Groups in Organic Compounds

Type of Protons 2J (Geminal) 3J (Vicinal) 4J 5J

Aliphatic chain 8–18 �7 (free rotation)

0–18 (restricted rotation)

Six-membered

rings

11–14 8–13 (ax.–ax.)

2–6 (ax.–eq.)

2–5 (eq.–eq.)

Alkenes (vinyl) �2.5 7–11 (cis.)

12–18 (trans)

Allylic 2–3 (cisoide)

(H�C¼C�C�H) 3–4 (transoide)

Homoallylic 0–3 (cisoide)

(H�C�C¼C�C�H) 0–3 (transoide)

Aromatic rings 6–9 (ortho) 1–3 (meta) 0–1 (para)

0–1 (W-type)

Aromatic rings 4–6 (six-membered rings)

with nitrogen 2–3 (five-membered rings)

Source: Data from references 18 and 24.
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Figure 1-11 shows someexpansionsof the 1H NMRspectrumof sinomenine

to visualize the multiplicity and couplings of some of the protons of the

molecule. Notice that the proton H-1 is a doublet but broader than proton

H-2 because its broadening is caused by the nonresolved small benzylic

coupling with the methylene protons H-10. In addition, one of the protons

H-10 shows clearly the doublet of a doublet splitting pattern, due to couplings

withtheotherprotonH-10andtheprotonH-9.Thesplittingpatternofthesolvent

peak (methyl group) is a quintet, due to the coupling of deuteriumwith nuclear

spin I¼ 1and theproton for the residual protonated solvent signal ofDMSO-d6

as CD2HSOCD3 (2nþ 1¼ 2� 2þ 1¼ 5 signals with n¼ number of D in the

same carbonwhereH is). Table 1-5displays the 1H and 13C chemical shifts, the

proton–protonspincouplingconstants,andthemultiplicityof theprotonsignals

for sinomenine extracted fromFigures 1-8 and1-9.Notice the distinct values of

the 1H and 13C chemical shifts of methyl groups attached to nitrogen (H/C-18)

and oxygen (H/C-19 andH/C-21), being shiftedmore downfieldwhen they are

attached to oxygen, due to oxygen being more electronegative than nitrogen.

Other nuclei, such as 19F, will couple to neighboring protons (and carbons

for their 13C nuclei) with larger couplings than those of proton–proton

coupling constants. In aliphatic chains, the absolute value ranges from 45

to 80Hz for geminal proton–fluorine (H�C�F) coupling constants (2JHF),

and 0 to 30Hz for vicinal (H�C�C�F) couplings (3JHF) depending on the
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FIGURE 1-11. Expansion of the 1H NMR spectrum of sinomenine. The letter a denotes the residual

protonated DMSO-d6 (CD2HSOCD3). The structure of sinomenine is attached for reference.

18 BASIC CONCEPTS OF NMR SPECTROSCOPY



conformation of the molecule (0 to 5Hz for synclinal and 10 to 25Hz for

antiperiplanar). In aromatic rings, the proton–fluorine coupling constants are

somehow larger than the proton–proton couplings (3JHF ¼ 6 to 10Hz for

ortho, 4JHF ¼ 4 to 8Hz for meta, and 5JHF ¼ 0 to 3Hz for para) [18].

TABLE 1-5. 1H, 13C, and 15N Chemical Shifts (d/ppm) of Sinomenine in DMSO-d6

1
2

3

4

5

6

7
8

9

10

11

12
13

14

15

N

16
17

CH3

18

O

19

OCH3

20
HO

21

H3CO

H

Position 1H (d/ppm, J/Hz)a,b 13C (d/ppm)a 15N (d/ppm)

1 6.50 (bd, J¼ 8.3Hz, 1H) 117.7

2 6.69 (d, J¼ 8.3Hz, 1H) 109.6

3 145.3

4 130.5

5 4.16 (d, J¼ 15.4Hz, 1H) 48.5

2.41 (d, J¼ 15.4Hz, 1H)

6 192.8

7 151.4

8 5.70 (d, J¼ 1.9Hz, 1H) 116.4 37.4

9 3.09 (bt, J¼ 3.7Hz, 1H) 55.6

10 2.86 (bd, J¼ 18.5Hz, 1H) 23.9

2.67 (dd, J¼ 18.5, 5.4Hz, 1H)

11 145.0

12 123.2

13 40.0

14 2.88 (bd, J¼ 1.9Hz, 1H) 45.0

15 1.74 (m, 2H) 35.2

16 2.38 (ddd, J¼ 11.5, 9.0, 7.5Hz, 1H) 46.7

1.88 (ddd, J¼ 11.5, 9.6, 6.2Hz, 1H)

17

18 2.28 (s, 3H) 42.4

19 3.70 (s, 3H) 55.7

20 8.37 (s, 1H)

21 3.36 (s, 3H) 54.2

aChemical shift references are assigned to the residual solvent peak to 2.50 ppm forCD2HSOCD3 for
1H and 39.51 ppm for

the methyl group of CD3SOCD3 for
13C.

bSignal splitting patterns: s, singlet; d, doublet; dd, doublet of doublets; ddd, doublet of doublet of doublets; bd, broad

doublet; bt, broad triplet; m, multiplet.
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Due to the low natural abundance of 13C (see Table 1-1) and how large
1H–13C couplings are, 13C NMR spectra are normally acquired using proton-

decoupling techniques to simplify their interpretation and increase sensitivity

on the carbon signals for carbons attached directly to protons by eliminating

their splitting patterns and collapsing them to singlets (nuclear Overhauser

effect). Table 1-6 depicts the typical ranges of 1H–13C coupling constants in

common functional groups of organic compounds [18,24]. Nonetheless, the

general value of those coupling constants are used to acquire specific two-

dimensional 1H–13C NMR experiments that provide information on protons

and carbons bonded via one to three bonds (discussed later in the chapter).

Carbon–carbon (13C–13C) coupling constants are not observable, due to the

low natural abundance of carbon 13 unless the compound of interest has been

synthesized with labeled carbon 13.

1.3.3. Spin Systems

The spin systems are a group of nuclei with nuclear spins that show spin–spin

interactions. The spin systems have been classified using Pople notation and

are labeled by letters. Spins can interact through strong or weak coupling.

Spins with weak coupling are well separated in the d scale and follow the

multiplicity of the splitting patterns described in Section 1.3.2; they are

considered first-order spectra. The spins are designated AX for a well-

separated two-spin system and AM for an intermediate range of separation,

AXY for a well-separated three-spin system and AMXwhen one of them (M)

is in an intermediate position, and so on. ABX is a three-spin systemwith two

spins (A andB) strongly coupled close to each other on the d scale and coupled
weakly with the third spin (X), which is farther from the other two on the

d scale. The spins with the first letters of the alphabet are the more deshielded

spins. Strong spin systems show splitting patterns under second-order spectra

because the NMR signals of the spins are so close on the d scale that the spin
system is distorted and the center of the multiplet is not in the middle. This

follows the second-order spectra because Dd/J < 10, where Dd¼ dHa � dHb

TABLE 1-6. Typical Values of Proton–Carbon Spin–Spin Coupling Constants (Hz) for the

Most Common Functional Groups in Organic Compounds

Type of Bond 1JC�H
2JC�H

3JC�H

Single bond 120–160 1–6 0–8

Double bond 160–180 0–16 6–13

Triple bond �250 40–60

Aromatic ring 160–170 1–4 6–11

Source: Data from references 18 and 24.

20 BASIC CONCEPTS OF NMR SPECTROSCOPY



with the J¼ Ja-b being the spin–spin coupling constant between spins a and b.

Table 1-7 highlights the main points that distinguish the first- and second-

order spectra. A simple inspection of Figure 1-6 shows that the spectra at 60

and 100MHz are not easily interpreted by the rules given in Section 1.3.2, but

the spectra at 300 and 600MHz follow the rules of interpretation well. In

conclusion, spectra acquired in higher field instruments possess higher

resolution whose analysis fits the common rules of interpretation without or

with less intervention by computer algorithms.More details of the spin system

notation are given in the literature [7,16,24–26].

A simple demonstration of the distortion of multiplet signals when Dd/J<
10 occurs for two geminal or vicinal protons of a methylene group with no

other coupling, where the intensity of the lines of the two sets of doublets is

affected by how close they are on the d or chemical shift scale. If the difference

in frequency of the center of the two doublets is less than 10 (Dd/J< 10), the

inner lines of the doublets are larger than the outer lines. When distorted, the

center of each multiplet is not the middle point between the lines of each

multiplet, a circumstance termed the roofing effect. Figure 1-12 illustrates

methylene protons ranging from an AX (Dd/J> 10) to an AB (Dd/J� 10)

notation system. Figures 1-8 and 1-11 show the roofing effects for the spin

systems of protons H-1/H-2, and methylene protons H-10, but the roofing

effect is barely noticeable for the methylene protons H-5 because they are far

apart on the chemical shift scale.

1.3.4. Signal Intensities

In the 1H NMR spectra, the areas of the signals associated with the individual

protons or spin systems provide information on the ratio of protons for these

spin systems in the molecule. The ratio is more accurate when the spectra are

collected with enough delay time between scans or recycle delay to minimize

possible long relaxation times that some protons (e.g., aromatic, aldehydic)

mayhave.Therefore, theintegratedareasof thesignalsaredirectlyproportional

TABLE 1-7. Major Differences Between First- and Second-Order Spectra

First-Order Spectra Second-Order Spectra

The splitting patterns follow the nþ 1

multiplicity rule

The nþ 1multiplicity rule is not valid, due to the increase

in multiplicity of the splitting patterns

The relative intensities of the signals of

multiplets follow Pascal’s triangle

No rules can be applied to determine the intensity of the

signals of multiplets because their intensity

distribution is altered

Spectra are simple Spectra are complex to analyze

Spectra are analyzed directly Spectra are difficult to analyze and require computer

algorithms for their analysis
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to the number of nuclei or protons in themolecule. Theonly exception is that of

the exchangeable protons, such as the OH of alcohols and carboxylic acid and

the NH or NH2 of amino and amide groups, which may exchange with the

residual water of the deuterated NMR solvents more rapidly than the time

required for the NMR spectra. Figure 1-8 shows the ratios of the protons for

sinomenine. For example, the signal for themethyl protonsH-19 integrates for

three protons and the signal for the vinyl proton H-8 integrates for one proton;

therefore, the ratio of the areas of these two proton signals is 3 : 1, respectively

(see Figure 1-8).

A one-dimensional 1H NMR experiment using a 90� pulse and recycle

delay for about a three- to fivefold T1 (longitudinal relaxation time) or even a

30� pulse with around about a two- to threefold T1 for recycle delay is

commonly used for quantitation studies. If a sample has two components, the

ratio of the areas of the signals from each componentwill provide amolar ratio

for both components in the sample as long as each area is divided by the

appropriate number of protons for the signals selected for the calculation. To

calculate accurate weigh percentages, an internal standard of known purity

must be added to the NMR solution. Overall, the process of calculating weigh

percentages (w/w%) is becoming common practice in many laboratories in

industry and academia. More information on the methodology of quantitation

by NMR or qNMR may be found in the literature [28].

0.900.951.001.051.101.151.201.251.301.351.401.451.501.55
f1 (ppm)

1

2

3

4

5

FIGURE 1-12. Simulated spectra of a methylene with the geminal coupling constant set at 14Hz and at

different chemical shifts, showing the roofing effect.
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In 13C NMR, the typical spectrum acquired with broadband proton

decoupling to simplify the multiplets into singlets is not appropriate for

qNMR. The carbons attached to protons are simplified to singlets and the

intensity of the singlets is increased by the number of protons attached to the

carbon, termed the nuclear Overhauser effect (NOE). However, quaternary

carbons are not affected by the NOE effect, due to the lack of protons attached

to those carbons. Besides, the relaxation times of carbons are greater than

those of protons, and having a short recycle delay between pulses (or scans)

will affect the intensity of those carbons with longer relaxation times, such as

aromatics or downfield carbons such as carbonyls. Figure 1-9 shows the 13C

NMR spectrum of sinomenine, where each signal represents one carbon of the

molecule and none of themhave the same intensity and area.Gated decoupling

is the common experiment used to achieve quantitation by 13C NMR. In this

experiment, the areas of the carbon signals are proportional to the number of

carbons associated with each signal. The process used to perform the

quantitation analysis is the same as for 1H NMR, but only on special cases

is quantitation carried out by 13C NMR if it cannot be done by proton or other

nuclei (e.g., fluorine) that are more abundant in nature andmore sensitive than

carbon (e.g., 13C nuclei).

1.3.5. Bond Correlations

Coupling constants give information as to how the nuclei are related through

bonds. The proton–proton spin couplings indicate how the protons of each

spin system are connected through the backbone of the molecule. The

heteronuclear coupling constants, such as between protons and carbons,

provide information on how the protons and the carbons are located in

the molecule. However, one-dimensional 1H NMR spectra do not always

provide sufficient information on how the nuclei are connected by bonds, due

to the overlapping of proton signals by 1H NMR, which makes coupling

measurements difficult and time consuming. In 13C NMR, the complex

overlapping of coupled proton–carbon signals causes collecting coupled

one-dimensional 13C NMR spectra to take longer, making the measurement

impractical. Expanding the data to a second dimension decreases the over-

lapping of signals, facilitating the structural analysis of organic compounds.

There are twomajor types of NMR experiments that give information through

bonds: homonuclear and heteronuclear two-dimensional NMR experiments.

The focus of this chapter is on interpretating NMR data, not the theory behind

these experiments,which is explained thoroughly in the literature [1–6,11,13].

Below is a brief description and interpretation of the most common two-

dimensional (2D) homo- and heteronuclear experiments used for structural

analysis.
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The most typical 2D homonuclear NMR experiments are 2D correlation

spectroscopy (COSY) and 2D total correlation spectroscopy (TOCSY). 2D

COSY gives information on the correlation of protons mainly via three bonds.

Figure 1-13 depicts the 2D 1H–1H COSY spectrum of sinomenine in DMSO-

d6. The diagonal trace represents the one-dimensional (1D) 1H spectrum,with

the cross-peaks in the diagonal located at the chemical shifts of the proton

signals of sinomenine as shown in the 1D 1H NMRspectrum (Figure 1-8). The

cross-peaks outside the diagonal give information on the proton nuclear spins

with two-, three-, and sometimes four-bond correlations: H�C�H,

H�C�C�H, and H�C�C�C�H, respectively. The dashed lines between

the vinyl proton H-8 and the methine proton H-14 in Figure 1-13 indicates

their three-bond correlations to be H�C�C�H, and the dashed lines

between the methylene protons H-5 indicate their two-bond correlation to

be H�C�H. The intensity of the cross-peaks outside the diagonal are related

directly to the value of the coupling constant. Therefore, the most intense

cross-peaks have the largest coupling constants, and vice versa. The 2D

TOCSY spectrum gives rise to information similar to that of 2D COSY, but it

connects all the protons of each spin system at the appropriate mixing time.

The 1D version, 1D TOCSY, is a useful experiment that will require only

minutes instead of over an hour of acquisition time for a concentrated sample,
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FIGURE 1-13. 2D 1H–1H COSY spectrum of sinomenine in DMSO-d6. The dashed lines show

the correlations via bonds of the methylene protons H-5 and of the vinyl proton H-8 with the methine

proton H-14. The horizontal and vertical traces are the 1D 1H NMR spectrum of sinomenine from

Figure 1-8. The structure of sinomenine is attached for reference.
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and it provides specific information on one spin system at a time. Figure 1-14

depicts the stacked spectra of the 1D 1H NMR (bottom) and the 1D TOCSY

(top) of sinomenine in DMSO-d6, where irradiating the signal of proton H-9

elicited TOCSY signals with all the protons of its spin system: H-8, H-14, and

H-10.

The most common 2D heteronuclear experiments are 2D heteronuclear

single quantum coherence (HSQC) and 2D heteronuclear multiple-bond

correlation (HMBC). In organic molecules the most abundant nuclei with

nuclear spin are protons and carbons. Therefore, the information obtained

from these experiments can provide the carbon skeleton of the molecule or

part of it. A 2D 1H–13C HSQC experiment provides information on the C�H

one-bond correlations. Typically, the value around 140Hz is used as a low-

pass filter for the average value of the one-bond C�H coupling constant for

organic compounds to obtain information on the protons and carbons attached

by one bond. Figure 1-15 shows the 2D 1H–13C gradient HSQC spectrum of

sinomenine with all the one-bond C�H cross-peaks assigned for the indi-

vidual C�H bond of the molecule. Notice that for nonequivalent methylene

protons, where the protons have different chemical shifts, both protons are

attached to the same carbon, showing only one carbon chemical shift for both

proton signals as for themethylenes in positions 5, 10, and 16 in the molecule.
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FIGURE 1-14. 1D 1H NMR (bottom) and 1D TOCSY (top) spectra of sinomenine in DMSO-d6. Proton

H-9 was irradiated at 80 ms of mixing time to provide information about the proton signals for its spin

system with protons H-8, H-10, and H-14. The structure of sinomenine is attached for reference.
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A 2D 1H–13C HMBC experiment provides information on the carbons and

protons through two, three, and four bonds. However, the experiment is

optimized for the three-bond C�H correlations, where the typical value for

the long-range C�H coupling constant is anywhere in the range 5 to 10Hz.

Figure 1-16 shows the 2D 1H–13C gradient HMBC spectrum of sinomenine.

The dashed lines show the C�Hcorrelations of the hydroxyl protonH-20with

carbonsC-3 andC-12via three-bondC-Hcorrelations andwith carbonC-4 via

two-bondC�H correlation. The carbonyl carbon C-6 shows a two-bond C�H

correlation with the methylene proton H-5 and a three-bond C�H correlation

with the vinyl proton H-8 (Figure 1-16). These 2D homo- and heteronuclear

experiments arewell described in the literature [1–13,15,16,22–27,29].Today,

with the availability of cryogenic probes, the sensitivity of instruments has

improved tremendously, and it is becoming part of a routine analysis to detect

less sensitive nuclei, such as 15N. These two inverse detection experiments,

HSQCandHMBC,canbe applied to 1H–15N bonds as longas themolecule has

anitrogenatomandprotonsone to threeor even fourbondsapart.Normally, the

one-bond low-pass filter is around 90Hz for the 1H–15N one-bond coupling

constant, and the long-range 1H–15N coupling constant is the same as in
1H–13C, about 5 to 10Hz. The example featured in this chapter, sinomenine,

has one nitrogen atom as a tertiary amino; therefore, 1H–15N HMBC is the

1.52.02.53.03.54.04.55.05.56.06.57.07.5

f2 (ppm)

10

20

30

40

50

60

70

80

90

100

110

120

130

140

f
1

 (
p
p

m
)

2

c

8

5

19
21 9

14

16

a

15

10

18

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

N

16

17

CH3

18

O

19

OCH
3

20

HO

21

H
3
CO

H

FIGURE 1-15. 2D 1H–13C gradient HSQC spectrum of sinomenine in DMSO-d6. The assignments are

provided by the number positions of the C�H atoms in the molecule. The dashed lines indicate methylene

C�H groups. The horizontal and vertical traces are the 1D 1H and 13C NMR spectra of sinomenine from

Figures 1-8 and 1-9, respectively. The structure of sinomenine is attached for reference.
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experimental method that should provide the chemical shift of that nitrogen

through correlations with the neighboring protons. Figure 1-17 depicts a 2D
1H–15N gradient HMBC spectrum with the nitrogen N-17 showing two-bond

N�Hcorrelationswith themethyl protonsH-18,methylene protonsH-16, and

methine proton H-9, and three-bond N�H correlations with the methylene

protons H-10 and the methylene protons H-15. The chemical shift of nitrogen

N-17 is included in the table of chemical shift assignments for sinomenine

(Table 1-5).

1.3.6. Spatial Correlations

Molecules are three-dimensional in space, and knowing how the atoms are

related to each other in the distance is helpful in structural analysis. One- and
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FIGURE 1-16. 2D 1H–13C gradient HMBC spectrum of sinomenine in DMSO-d6. The dashed lines

show the two- and three-bond C�H correlations for the protons and carbons numbered in the figure and

explained in the text. The horizontal and vertical traces are the 1D 1H and 13C NMR and spectra of

sinomenine from Figures 1-8 and 1-9, respectively. The structure of sinomenine is attached for reference.
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two-dimensional nuclear Overhauser effect spectroscopy (NOESY) and

rotating frameOverhauser effect spectroscopy (ROESY) experiments provide

information on the protons in spatial proximity in less than 5A
�
. In general,

molecules in solution tumble at different rates, depending on their size and

molecular weight. Small molecules (e.g., methanol) tumble faster and large

molecules (e.g., proteins, polymers) tumble more slowly. In addition, relax-

ation affects the intensity of the NOEs and their signs. Small molecules (e.g.,

methanol) tumble faster with tc� 10�11s (tc is the correlation time or the time

for a molecule to rotate 1 rad) and the transitions responsible for the NOE are

positively compliant with otc< 1 (o is the Lamour frequency, expressed in

Section 1.2 as n¼ gB0).When amolecule becomes large,otc� 1 and noNOE

signal is detected because the relaxation becomes very efficient via double

quantum transitions. When molecules are larger, they tumble slowly, with

otc> 1, and the NOEs are negative. To observe the correlations through space

for the case ofotc� 1, a ROESYexperiment is performed.ROESYuses a spin-

lockingfield,whichmakes themagnetizationgo throughadifferentmechanism

than in NOESY. In ROESY, the effective precession frequencies or Lamour

frequencies (o) are very small and all the molecules (small and large) tumble
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FIGURE 1-17. 2D 1H–15N gradient HMBC spectrum of sinomenine in DMSO-d6. The dashed lines

show the two- and three-bond N�H correlations for the protons and nitrogen numbered in the figure and

explained in the text. The horizontal and vertical traces represent the 1D 1H NMRspectrum fromFigure 1-8

and the 15N trace from the 2D 1H–15N gradient HMBC spectrum NMR of sinomenine. The structure of

sinomenine is attached for reference.
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faster, compliant withotc	 1. Therefore, the NOEs (or better said, the ROEs)

are all positive, regardless of the size and molecular weight of the molecule in

the 1D and 2DROESY spectra. Themain drawback of the ROESYexperiment

is the fact that some neighboring proton signals will give TOCSYpeaks caused

by the same spin-lock pathway that is used in both experiments, TOCSY and

ROESY. Detailed information on these experiments may be found in the

literature [1–13,15,16,22–27,29].

Sinomenine, the example used in this chapter, has a molecular weight of

329.39 Da and in a 600-MHz NMR instrument will show positive NOEs.

Figure 1-18 depicts the stacked spectra of the 1D 1H NMR (bottom) and the

1D NOE (top) of sinomenine in DMSO-d6, where irradiating the signal of

the vinyl proton H-8 elicited NOE signals with the methoxy protons H-21, the

methylene protons H-10, and the methine protons H-9 and H-14. Figure 1-19

depicts the 2D 1H–1H NOESY spectrum, which shows the same information

as for the 1DNOE, but with all the possibleNOEs in themolecule. The dashed

lines indicate the NOE signals between the vinyl protonH-8with themethoxy

protons H-21 and the aromatic proton H-2 with the other methoxy protons

H-19, facilitating the assignment of the individual methoxy groups and their
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FIGURE 1-18. 1D 1H NMR (bottom) and 1D NOE (top) spectra of sinomenine irradiating at the vinyl

proton H-8 in DMSO-d6. The expansion of both spectra provides a better view of the aliphatic region

between 3.4 and 2.6 ppm. The structure of sinomenine is attached for reference.
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location in the molecule. The use of 1D NOE data instead of the 2D NOESY

version is advantageous when only particular NOE information is needed.

Acquiring 1D data requires only minutes, whereas 2D data require several

hours. When resolution is needed, especially in the case of overlapping

signals, 1D NMR experiments are preferred because the second dimension

in 2D NMR experiments results in much lower resolution.

1.3.7. Other Topics

In previous sections theNMRexperimentsmost commonly used for structural

elucidation have been described. Obviously, many other experiments are
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correlations of the two methoxy groups and their corresponding ortho proton described in the text. The

structure of sinomenine is attached for reference.

30 BASIC CONCEPTS OF NMR SPECTROSCOPY



available that can provide additional information. However, the majority of

cases are solved by the experiments described above. On some occasions,

other approaches can be carried out to determine specific information, such

as the presence of solvent signals that do not belong to the major component

of the sample or the presence of exchangeable protons in the molecule. In the

case of the presence of solvent peaks that can cause ambiguities in assign-

ments, a 1D diffusion-ordered spectroscopy (DOSY) experiment can take a

few minutes in a concentrated sample and help to determine which signals

belong to the major component of the sample as long as the other compo-

nents have a different molecular weight and shape. Figure 1-20 shows the

difference between the conventional 1D 1H NMR (bottom) spectrum with

the 1D DOSY (top) spectrum of sinomenine in DMSO-d6. The letters c, b,

and a in the 1D 1H NMR (bottom) spectrum denote information on the

solvent peak, residual protonated water on DMSO-d6 (HOD), and residual

protonated DMSO-d6 (CD2HSOCD3), respectively. These solvent peaks

disappear in the 1D DOSY experiment with the appropriate parameters.

Because those peaks belong to molecules with much smaller molecular weight
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FIGURE 1-20. 1D 1H NMR (bottom) and 1D DOSY (top) spectra of sinomenine in DMSO-d6. The

letters c, b, and a denote the information of solvent peak, residual protonated water on DMSO-d6 (HOD),

and residual protonated DMSO-d6 (CD2HSOCD3), respectively. These solvent peaks disappear in the 1D

DOSY experiment.
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than that of sinomenine, the diffusion experiment “filters” the signals from

low-molecular-weight components such as solvents at the appropriate delay

time for the diffusion time and gradient strength: 300 ms and 60%,

respectively, in this case. This is a simple way to assure which signals

belong to the analyte of interest in the sample and which are solvent peaks,

as long as there is enough difference as to the molecular weight of the

various components in the sample mixture. Figure 1-21 shows the 1D 1H

NMR spectra in DMSO-d6 (bottom) and after adding approximately 1 drop

of D2O (top). The downfield proton signal at 8.37 ppm almost disappears

when D2O is added, indicating that this signal is assigned to the hydroxyl

proton that exchanges in the presence of D2O.

At present, 2D 1H–13C HSQC experiments are used routinely to determine

the protons attached to carbons by one bond. Before inverse detection

experiments became routine, a simple 1D 13Cdistortionless enhancement by

polarization transfer (DEPT) experiment was used to give that information.

Figure 1-22, the 13C DEPT-135 spectrum of sinomenine shows the methyl

and methine carbon signals positive (up), the methylene carbon signals

negatives (down), and the quaternary carbons canceled out (null). The
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FIGURE 1-21. 1D 1H NMR spectra of sinomenine in DMSO-d6 (bottom) and in DMSO-d6 with a drop

of D2O (top). The structure of sinomenine is attached for reference.
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advantage of 13C DEPT-135 compared to 2D 1H–13C HSQC is the enhanced

resolution of the carbon signals in one dimension. A 2D 1H–13C HSQC has

much lower cross-peaks signal resolution in the second dimension. Therefore,

when two signals are too close, it may be possible to have ambiguity in the

assignments of those carbon signals. On the contrary, 2D 1H–13C HSQC can

facilitate the assignment of the carbon signals attached to protons if the proton

assignments are known preliminarily. 13C DEPTQ is a modern version of 13C

DEPT-135 that includes the quaternary carbons as shown in Figure 1-23

for sinomenine. The quaternary carbons in a 13C DEPTQ spectrum are

negative (down). Sinomenine has a proton and carbon signal that does not

belong to the compound, with proton and carbon chemical shifts of 7.36

and 128.4 ppm, respectively. Gottlieb et al. [30] provided the proton and

carbon chemical shifts list of common laboratory solvents when they are

trace impurities in samples where the data are acquired in routinely used

deuterated solvents. Based on that list, the solvent that is closed in proton and

carbon chemical shift numbers to that impurity solvent in the sinomenine

sample used is benzene (7.37 ppm for proton and 128.3 ppm for carbon in

DMSO-d6 from reference 30). The diffusion experiment in Figure 1-20

provided information that the proton signal at 7.36 ppm was a solvent

peak, and the 2D 1H–13C HSQC in Figure 1-15 provided information on
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FIGURE 1-22. 13C DEPT-135 spectrum of sinomenine in DMSO-d6. The structure of sinomenine is

attached for reference.
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the chemical shift of the carbon attached to that proton at 128.4 ppm. The 13C

DEPT-135 and 13C DEPTQ spectra indicated that the attached carbon was

an aromatic CH. With all that information, it is possible to discriminate

the most commonly used solvent peaks present in the sample and avoid

ambiguity assignments on the proton and carbon signals of the analyte of

interest.

One more experiment less commonly used, but simple to acquire and with

useful information, is the combination of 2D 1H–13C HSQC and 2D 1H–1H

TOCSY spectra in a 2D 1H–13C HSQC–TOCSY experiment. Figure 1-24

illustrates the 2D 1H–13C HSQC–TOCSY spectrum of sinomenine in

DMSO-d6 with 80 ms of spin-lock mixing time. The information extracted

from a 2D 1H–13C HSQC–TOCSY experiment is the proton and carbon

chemical shifts of each individual spin system of the molecule with the

appropriate spin-lock mixing time. The dashed lines on Figure 1-24 show the

protonH-14 having correlations to all the carbons of its spin system: C-8, C-9,

C-10, and C-14.

The literature cited in this chapter covers topics other than those discussed

here, which are beyond our focus. The objective here is to bring the reader up

to speed from a practical perspective on the NMR experiments most com-

monly used for structural elucidation of organic compounds.
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1.4. CONCLUSIONS

Nuclear magnetic resonance or NMR spectroscopy is a powerful technique

employed extensively for the structural elucidation of organic compounds.

In this chapter we have given a simplistic description of the basic physics

behind the theory of NMR without elaborating on theory. The major focus of

this chapter is on the basic concepts and the routine use of 1D and 2D homo-

and heteronuclear NMR experiments from a practical perspective to elucidate

the structure of organic compounds. Other topics are covered in the literature

provided.
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2
Historical Development of

NMR and LC-NMR

2.1. INTRODUCTION

In the first part of this section we provide the reader with a historical overview

of NMR and a brief description of the evolution of the most typical experi-

ments used inNMR for the structural elucidation of organic compounds. In the

second part we focus mainly on the improvements carried out in NMR as a

hyphenated analytical technique for the elucidation of organic compounds,

with an understanding of the need to develop LC-NMR for the analysis of

complex mixtures.

2.2. HISTORICAL DEVELOPMENT OF NMR

NMR spectroscopy started with the introduction of the Zeeman effect,

discovered in 1896, on the splitting of spectral lines in the presence of an

external magnetic field for nuclei with angular moment. In addition, in 1924,

Pauli explained the hyperfine structure as further splitting of the energy levels

due to the interaction of nuclei with an intrinsic angular momentum or spins

that orient them parallel and antiparallel under a magnetic field, indicating the

existence of a magnetic moment. The first attempts to measure NMR signals

LC-NMR and Other Hyphenated NMR Techniques: Overview and Applications, First Edition.
Maria Victoria Silva Elipe.
� 2012 John Wiley & Sons, Inc. Published 2012 by John Wiley & Sons, Inc.
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were unsuccessful. In 1936,Gorter attempted to detect 7Li nuclei in crystalline

lithium fluoride and 1H nuclei in crystalline potassium alum in the solid state

as condensed matter [1]. In 1942, Gorter and Broer attempted the same

detection of 7Li nuclei but in solid lithium chloride and 19F nuclei in solid

potassium fluoride [2]. The unsuccessful attempts were due to the long T1
relaxation of the crystalline forms of those compounds and the low signal-to-

noise level of detection in the apparatus used for those experiments, which

resulted in saturation, low detection, and no observation of the NMR signal.

Successful attempts by two different groups occurred in 1945, when NMR

signals in condensed phases were detected by physicists Bloch [3] at Stanford

and Purcell [4] at Harvard, who received the first Nobel Prize in Physics for

NMR research in 1952. Bloch measured the nuclear magnetic moment of

protons in water and Purcell measured it in parafilm. Bloch named the

phenomenon nuclear induction because his group had the water sample

induced under a magnetic field for some time before measurement [3].

However, Purcell considered the technique to be nuclear magnetic resonance

absorption, due to the relationships among the energy levels [4]. Both groups

of scientists realized that the phenomena they described were the same, and

the name adopted for the technique become nuclear magnetic resonance

(NMR) spectroscopy.

Work on solids dominated the early years of NMR because of the limita-

tions of instruments and incomplete development of its theory. The interest in

anisotropic interaction such as dipolar couplings in solids attached attention

because of the tremendous amount of structural information. Work on liquids

was confined to relaxation studies. A later development was the discovery of

the chemical shift and the spin–spin coupling constant. Physicists lost interest

in NMR because magnetic moments could not be measured with precision.

Any nucleus is affected by the local chemical environment, and its magnetic

moment will vary according to the molecular structure. The discovery of the

chemical shifts came due to that variation. The interest of chemists grew over

time with the demonstration of the influence of chemical shifts and coupling

constants on the structure of compounds. In fact, in 1951 the proton spectrum

of ethanol with three distinct resonances at 30MHz showed the potential of

NMR for the structural elucidation of organic compounds [5]. Images of the

oscilloscope screen taken using Polaroid cameras were the only way to record

the spectra permanently and to establish the reference point of the chemical

shift of thewater at 0 ppm as standard. A second photograph was taken for the

sample under analysis after the standard water sample. The time needed

between spectra was short, to minimize the magnetic field drift of those

magnets, which was relatively fast. Coupling constants or scalar couplings

presented additional information on the structure of the molecule through the

splitting patterns. Scalar coupling provides information on spins that are
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connected by bonds, offering another tool to detail the structure of molecules

at the bonding stage of the atomic level. Another technique that presented

additional information was the double-resonance experiment. Spin decou-

pling, or double resonance, which removes the spin–spin splitting by a second

RF field, was developed to obtain information about the scalar couplings in

molecules by simplifying the NMR spectrum [6]. Later, the spin decoupling

technique was employed to study chemical exchange and the nuclear Over-

hauser effect, mentioned below. Initial manipulation of the nuclear spin

carried out by Hahn [7] was essential for further development of experiments

such as insensitive nuclei enhanced by polarization transfer (INEPT) [8],

which is the basis of many modern pulse sequence experiments. Hahn’s spin-

echo experiment, used to detect very low abundance nuclear spins, known as

the Hartmann–Hahn experiment [9], was applied initially to solids before

being widely used on liquids.

Working with permanent magnets gave more field stability than with

electromagnets, but the field strength was limited to no more than 20,000G

(2 T or 85.16MHz). Higher magnetic field strength provided greater

chemical shift dispersion and sensitivity; therefore, electromagnets were

the best choice for 60- and 100-MHz instruments. However, electromagnets

were not an option for future work at fields higher than 100MHz to increase

resolution, chemical shift dispersion, and sensitivity. During the 1960s and

1970s the development of superconducting magnets and computers im-

proved the sensitivity and broadened the application of NMR spectrometers

in the field of organic chemistry. With superconducting magnets, where the

coil is submerged in liquid He to maintain its superconducting status

without resistance, a field strength of 1GHz has been achieved for

commercial NMR instruments at the time of this writing. The development

of magnets is central to the history of the principal NMR vendors. The

Varian brothers, Russell and Sigurd, founded Varian Associates in 1948 as a

combination of Russell’s invention of the klystron tube for the airborne

radar used during World War II in navigation and air defense systems, and

the development of scientific innovation in the area of NMR. The Varian

brothers envisioned the future of NMR after learning of the discoveries

made by Felix Bloch at Stanford as a potential application to the field of

chemistry. The funding dedicated to the research and development of NMR

instruments and their applications came from the sale of klystron tubes for

military and commercial uses. The first prototype instrument was the HR-

30, a high-resolution 30-MHz instrument with an electromagnet. With

incorporated improvements, the HR-40 was available commercially in

1955, and the HR-60 came in 1958, with both instruments using electro-

magnets. In 1957, Varian focused on the development of the A-60 as an

analytical60-MHzinstrumentwithanelectromagnet, anaffordable instrument
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sizedappropriately foranorganicchemistry laboratory.TheA-60 incorporated

a locked-frequency device invented byWesAnderson to lock the frequency to

the precession of the protons of water as the control sample. This device

facilitated the use of recalibrated charts. The A-60 was in production for six

years. In 1967, the T-60, which had a permanent magnet, and in 1973 the EM-

360, reached the market. The HR-100 came in the 1960s. In 1962 the first

superconductingmagnetwas being testedwith the coil submerged in liquidHe

to maintain its superconductive properties of no resistance.

With superconducting coils, there was no need of a power supply once the

coil reached the superconducting status, with perpetual motion in the flow of

electrons in the coil, due to the no-resistance status. Therefore, the magnet

could live forever unless its superconducting status were lost due to some

external heat increasing the temperature of the liquid He in which the coil is

submerged. It was observed that with a continued supply of liquid He, the

homogeneity of the field increases considerablywithout significant decay over

time. The homogeneity improved after the current shimswere redesigned. The

prototype 200-MHz instrument had a 2.7-fold better sensitivity than that of the

100-MHz instrument. In addition, improvements in resolution, sensitivity,

chemical shift dispersion, and stability opened a new era of technical

development for NMR and terminated the future for instruments with electro-

magnets and permanent magnets.

Connecting a console to the magnet and redesigning the probes to be

cylindrical with sample spinning provided an important step in the NMR

technology. With superconducting coils, the next field strength that reached

the market was 200MHz in 1965. In 1969 the German company Bruker

GmbH began to compete with Varian in the NMR business. Bruker came out

with its WH-270 in the 1970s, which featured improvements in the dewar

design of the magnets and the state-of-the-art minicomputers offering Fourier

transform NMR. In fact, in the 1970s, a European company, Oxford Instru-

ments, entered the superconducting magnet market. During that decade it was

thought that a 500-MHzmagnet would be the maximum field for niobium–tin

coils. The high price of the instrument made it available primarily for

biological NMR studies rather than for organic chemistry. In the 1980s and

early 1990s, 600MHz was the highest field commercially available [10,11].

At present, 600MHz is considered a routine instrument. Higher field instru-

ments, such as those of 800MHz and above, are commonly used for

biomolecular NMR. Bruker has already offered a 1-GHz instrument to

customers.

The development of computers was initially a limiting factor in the

advancement of the NMR field because of the difficulties of data processing

without appropriate computerized tools. An important gain in sensitivity came

from the use of a multichannel storage device termed a computer of averaging
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transients (CAT), which accumulated several consecutives spectra with exact

frequency registration for later processing. With CAT, it was possible to

analyze diluted samples instead of pure liquids, melted solids, or liquefied

gases, expanding the applications of NMR in chemistry. A CAT provided an

increase in signal-to-noise ratio, with the signal increase related directly to the

square root of the number of transients or scans of consecutive spectra.

Continued development of computers moved the processing time for NMR

data from overnight to a few seconds. Pulse Fourier transform (FT) revolu-

tionized the field of NMR by applying a short and intense pulse to excite the

nuclei over the entire spectral width. The FT technique was implemented in

the instruments of Ernst and Anderson [12] in the 1960s, but it took time to

become the standard method of acquiring spectra. Initially, the free induction

decay (FID)was digitized and converted to IBMpunched paper cardswith one

data point per card. Those cards were processed overnight using an IBM 7090

computer. If spectrum needed to be phased, the process would have to be

repeated with another overnight processing. The process became faster when

computers were better developed and made part of NMR spectrometers, but it

still took many minutes to process the data. The processing time was reduced

to seconds when the fast Fourier transformation algorithm was available and

became a routine procedure [13]. The fast-FT algorithm restricts the data

points to a factor of 2n, n being an integer. FT provided a tenfold increase in the

signal-to-noise ratio, allowing the measurement of low-abundance nuclear

spins such as 13C [14].

Some technical developments went into the area of permanent spectral

recording. This development went from taking photographs of the oscillo-

scope screen to high-speed chart recorders, similar to the way that infrared

spectra were recorded in the 1940s and 1950s. Some instrumental improve-

ments affected the resolution and stability of the data and the field. Improve-

ments in the resolution of the NMR spectra came from the sample spinner.

Spinning the sample produces motional averaging, with all the molecules in

solution in the NMR tube under the influence of the same average magnetic

field. With sample spinning, the homogeneity of the field was improved. In

addition, another component was developed to reach better consistency in the

magnetic field homogeneity: the shims, or electrical shimming currents.

Adjusting the shims around a sample provides fine-tuning of the distribution

of the magnetic field around the sample and increases the resolution of the

spectra [10,11].

Another milestone that increased the signal-to-noise (S/N) ratio was Over-

hauser’s [15] discovery of the nuclear Overhauser effect (NOE), which

improves S/N in less sensitive nuclei by polarization transfer. The threefold

enhancement generally observed for the weak 13C signals was a major factor

in stimulating research on this important nuclide. Several years later, the
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proton–proton Overhauser effect was applied to identify protons that are

within 5A
�
of each other.

In 1971, Jeener came up with the idea of applying two pulses to a sample

with various delays in between pulses. The data were collected as a two-

dimensional matrix of signal intensity and as a function of two frequency

parameters in two dimensions after applying FT to their time-domain

FIDs. Jeener expected to find information on relaxation properties; instead,

he observed connectivities through patterns of couplings between spins.

The same information could be acquired through a sequence of double-

resonance experiments. However, the two-dimensional technique gave a

clear picture of all those connectivies at once with sensitivity similar to that

of the one-dimensional technique. Unfortunately, Jeener did not publish

these results early in his research. In the 1970s, Ernst and co-workers [16]

implemented Jeener’s idea of acquiring a two-dimensional spectrum by

applying two separate RF pulses with different increments between the

pulses, and after two Fourier transformations the two-dimensional spectrum

was created. Two-dimensional experiments opened up a new direction for

the development of NMR, and Ernst was awarded the second Nobel prize for

NMR work in 1991.

Two-dimensional correlation experiments are of special value because they

connect signals through bonds. Examples of these correlation experiments are

correlation spectroscopy (COSY) [16], total correlation spectroscopy

(TOCSY) [17], heteronuclear correlation spectroscopy (HETCOR) [18], and

their variations. Other two-dimensional experiments, such as nuclear Over-

hauser effect spectroscopy (NOESY) [19] and rotating frame Overhauser

effect spectroscopy (ROESY) [20], provide information on protons that are

connected through space to establish molecular conformations. In 1979,

M€uller [21] developed a novel two-dimensional experiment that correlates

the chemical shift of two spins, one with a strong and the other with a

weak magnetic moment. Initially, the experiment was applied to detect the

weak 15N nuclei in proteins, but it was later modified to detect the chemical

shift of 13C nuclei through detection of protons attached directly to car-

bons [22]. The heteronuclear multiple quantum correlation (HMQC) exper-

iment gives the same data as HETCOR but with greater sensitivity. Hetero-

nuclear single quantum coherence (HSQC) [23] is another widely used

experiment that provides the same information as HMQC and uses two

successive INEPT sequences to transfer the polarization from protons to
13C or 15N. Heteronuclear multiple-bond correlation (HMBC) [24] gives

correlations through long-range couplings which allow two and three 1H–13C

connectivities to be observed for organic compounds.

In 1981, two-dimensional incredible natural abundance double quantum

transfer experiment (INADEQUATE) [25] was developed, which defines all
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the carbon–carbon bonds, thus establishing the complete carbon skeleton in a

single experiment. However, due to the low natural abundance of adjacent 13C

nuclei, this experiment is not very practical. All of these experiments became

available with the development of computers in the 1980s. With the accel-

erated improvements in electronics, computers, and software in the 1990s, the

use of pulsed field gradients as part of the pulse sequences was developed [26]

and used to improve solvent suppression and decrease the time required to

acquire two-dimensional experimental data.

Resolution and sensitivity have been the drivers of technical advancement

in NMR. Going forward, Styles et al. [27] designed a probe where the coil

and the preamplifier are cooled to cryogenic temperatures using liquid

helium. The cryogenic probe shows improved performance by minimizing

the noises coming from the resistance of the receiver coil when cooling the

electronics of the NMR probe to 20 to 25K. In this system, the sample is

maintained at room temperature. 1H and 13C NMR spectra were obtained that

demonstrated an increase in sensitivity of about fourfold compared to

standard room-temperature probes [27]. In the last few years, cryogenic

probes have become more accessible, and many laboratories can afford the

additional expense to improve sensitivity and expand the analysis of samples

in the submicrogram range.

This brief historical introduction is intended to provide a simplified

overview of some of the critical milestones of NMR, mainly in chemical

applications, excluding innovations in the field of protein, solid-state, and

magnetic resonance imaging in clinical medicine. For more details, see the

articles by Emsley and Feeney [28], Shoolery [10,11], and Freeman [29,30]

and the references therein. Figure 2-1 depicts the major milestones in the

history ofNMR, includingNobel prizes in 2002 toK.W€uthrich for hiswork in
the proteinworld and in 2003 to P.C. Lauterbur and P.Mansfield for their work

in magnetic resonance imaging (MRI), areas not covered in this chapter.

Figure 2-2 depicts the progression over time of themagnetic field from the first

30-MHz instrument in 1951 to today’s 1-GHz instrument.
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FIGURE 2-1. Major milestones in the history and discovery of NMR [10,11,28–30].
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2.3. HISTORICAL DEVELOPMENT OF LC-NMR

NMR is one of the most powerful analytical techniques available for the

structural elucidation of organic compounds. On the other hand, separation of

the individual components by chromatography is required before undertaking

NMR analysis of complex mixtures. Traditionally, liquid chromatography–

mass spectrometry (LC-MS) is applied routinely to analyze mixtures without

prior isolation of its components. In many cases, however, NMR is needed for

unambiguous identification of the structure of compounds. The need to target

the analysis of the structure of components from mixtures prompted develop-

ment of the hyphenation of NMR to analytical techniques with major

emphasis on separation.

Even though hyphenated high-pressure liquid chromatography (HPLC)

and NMR, known as LC-NMR, has been known since the late 1970s [31–41],

the technique was not implemented widely until the last 15 to 20 years [42–

50]. The first paper on LC-NMR was published in 1978 by Watanabe and

Niki [31] using a stop-flow mode to analyze a mixture of two or three known

compounds as a potential analytical technique for qualitative analysis. At that

time, the limitations on the NMR side (e.g., sensitivity; available NMR

deuterated solvents compatible with HPLC; software and hardware; resolu-

tion achieved only with sample spinning) made direct coupling to HPLC

equipment difficult.Watanabe andNiki [31]modified theNMRprobe tomake

it more sensitive by introducing a thin-walled Teflon tube 1.4mm in inner

diameter and transforming it into a flow-through structural design. The

effective length and volume of this probe were about 1 cm and 15 mL,
respectively. Two three-way valves connected this probe to the HPLC

dielectric constant detector. This connection needed to be short to minimize
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broadening of the chromatographic peaks. During the stop-flow mode, the

time to acquire an NMR spectrum on each peak was limited to 2 h to avoid

excess broadening of the remaining chromatographic peaks. The authors also

mentioned that use of tetrachloroethylene or carbon tetrachloride as solvents

and ETH–silica as the normal-phase column limited the applications for

this technique.

Because solvent suppression techniques were not available at that time,

Watanabe and Niki [31] recognized that more development was required in

the software and hardware on the NMR side to include the use of reversed-

phase columns and suitable NMR solvents, which in turn would broaden the

range of applications. A year later, Bayer et al. [32] carried out on-flow and

stop-flow experiments on standard compounds with a different flow-probe

design. They used normal-phase columns and carbon tetrachloride as

solvent. An external lock arrangement was carried out by placing an

ampoule filled with D2O (deuterated water) near the flow cell to provide

field-frequency stability. One of their observations was that the resolution of

the NMR spectra in the LC-NMR system was poorer than in an uncoupled

NMR system, which made the measurement of small coupling constants

more challenging.

The first application of on-flowLC-NMRwas carried out in 1980 to analyze

mixtures of several jet fuel samples using the refractive index as the HPLC

detector and adding tetramethylsilane (TMS) for reference purposes [33].

Deuterated chloroform, Freon 113, and normal-phase columns were the

common conditions used for LC-NMR [34–38], limiting the use of this

technique. In an attempt to maximize the chromatographic efficiencies

compared to those of conventional analytical detectors such as ultraviolet

detectors, in 1980, Laude andWilkins [39] placed a stainless column inside the

bore of a wide-bore 300-MHz instrument. In this setup, the transfer line from

the column to the flow cell is minimized, andwith the use of a 30-mL flow cell,

the authors claimed that the sensitivity and resolution achievedwere similar to

those of conventional NMR, where the sample is placed inside an NMR tube

for analysis [39]. Unfortunately, this type of system, with the column inside

the bore of the magnet, has not been popular, and technology has developed in

a different direction.

In 1987, Curran and Williams [40] were the pioneers of flow injection

analysis (FIA)/NMRor FIA-NMR. The authors designed anNMRflow cell to

be used in commercial high-resolution 1H NMR probes where the sample

flows from the injector to theNMRflowcell without passing through anHPLC

column for separation purposes. The system is more suitable for rapid kinetic

analysis or unstable samples, due to the short time from injection to

the beginning of analysis compared with conventional methods that place

the sample in an NMR tube, or LC-NMR.
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To minimize the dynamic range of the solvent and the analyte, the use of

deuterated solvents and selected solvent peak suppression techniques to

suppress the solvent signal was recommended. The authors developed a

50-mL NMR flow cell with a flow rate of 1mL/min and indicated that

spectroscopic resolution was better for a flowing system than for a static

sample [40]. The focus of LC-NMR is to detect high-abundance nuclei such as
1H.However, in 1994, Stevenson andDorn [41] explored 13Cdynamic nuclear

polarization (DNP) as a detector for continuous-flow NMR as HPLC-13C

DNP. The instruments consisted of an HPLC, a lowmagnetic field region with

a low-field electron paramagnetic resonance (EPR) flow cell with a silica-

phase immobilized nitroxide radical as the unpaired electron source for the

DNP experiment, and transfer poly(ether ether ketone) (PEEK) tubing going

to the NMR flow cell inside the magnet of an NMR instrument. PEEK tubing

connected the system from the HPLC to the NMR. The sample mixture was

separated in the HPLC, polarized in the EPR source, and transferred to the

NMR for analysis. The types of samples analyzed were organic compounds

with halogens bonded covalently. One drawback for LC-DNP is that not all the

molecules can be polarized by DNP; however, 13C signal enhancement could

increase the Boltzmann magnetization up to 50-fold in a particular magnetic

field. The technique is also suitable for other low-abundance nuclide as long as

the sample responds to DNP [41].

The use of reversed phase columns in LC-NMR complicates the NMR

analysis because of (1) the use ofmore than one protonated solvent,whichwill

very likely interfere with the sample; (2) the change in solvent resonances

during the course of the chromatographic run when using solvent gradients;

and (3) the presence of small analyte signals relative to those of the solvent. In

1995, Smallcombe et al. [51] overcame these problems by developing a

solvent-suppression technique, which greatly improved the quality of the

spectra obtained by on-flow or stop-flow experiments. Optimization of

theWET (water suppression enhanced throughT1 effects) solvent suppression

technique generates high-quality spectra and effectively obtains one-

dimensional on-flow and stop-flow spectra and two-dimensional spectra for

the stop-flow mode, such as WET-TOCSY, WET-COSY, WET-NOESY, and

others [51].

In addition to the exploratory measurement of 13C through DNP enhance-

ment as HPLC-13C DNP [41], proton has become the most common nucleus

for LC-NMR analysis. However, since the early 1990s, there has been some

use of LC-NMRmeasuring 19F as LC-19F NMR. The main applications have

been in the pharmaceutical industry for the identification of metabolites and

impurities [52–54]. Scarfe et al. [54] pointed out an interesting application of

hyphenated LC-19F NMR for the metabolism work, eliminating the need of
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radiolabeling because 19F is 100% naturally occurring, with half-integer spin,

and has a sensitivity of 0.83 related to 1H.

Over the years, the issue of low sensitivity in NMR has prompted the

development of other technologies. There have been two primary ap-

proaches: the development of smaller flow cells to the capillary level and

the increase in sensitivity with cryogenic probes. In the late 1990s, Sweedler

et al. [55,56] developed probes with a microcoil flow cell volume of 1.1 mL
connected to capillary HPLC through capillary tubing. In those cases, the

sample volume injected into the system is about 5mL, injecting less than

5 mg of sample with 750 ng as the amount minimally detectable by NMR.

In the case of cryogenic probes, the sensitivity, increased by cooling the

electronics of the NMR probe to 20 to 25K, is around fourfold in the case of

standard conditions (no-flow conditions) [27]. In the last few years, cryo-

genic probes have become more accessible, and many laboratories can

afford the additional cost. Figure 2-3 depicts the major milestones of the

history and discovery of LC-NMR as they appear in the literature. More

detailed information on their applications and references is provided

in Chapter 4.

2.4. HISTORICAL DEVELOPMENT OF OTHER ANALYTICAL
TECHNIQUES HYPHENATED WITH NMR

During the last decade, the need to solve structural problems in complex

mixtures and small quantities has extended the development of hyphenated

NMR to other analytical techniques in the areas of separation and structural

information. In the area of separation, capillary and solid-phase extraction

techniques have focused on small quantities and trace analysis. In the area of

structural information, mass spectrometric techniques have been the best

developed and most commonly used to solve structural problems.

An early attempt at online coupling of gas chromatography and nuclear

magnetic resonance (GC-NMR) was performed by Tsuda et al. in 1972 [57].
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Tsuda’s group designed three different flow cells inserted in themagnet to test

the technology with a mixture of methyl ethyl ketone (MEK) and p-xylene.

The gases were trapped in a small condenser to be mixed with deuterated

solvent before entering the NMR flow cell [57]. What is today considered

direct hyphenation of GC-NMRwas introduced in the early 1980s by Herzog

and Buddrus [58,59], who also designed a flow cell to trap the gases and

condense them forNMRanalysis. The group evaluated their GC-NMRsystem

with mixtures of components with low boiling points (50�C) and up to 200�C
for high-boiling-point samples [58,59].

In 1988, Hatada et al. measured the molecular weight of polymers by gel

permeation chromatography (GPC) coupled to NMR (GPC-NMR) without

the need to perform calibration curves as done when using GPC alone [60].

The advantage that NMR presents is based on reliable measurement of the

molar ratios of the signal for the end group of the polymer and the monomeric

units. The authors developed a flow cell for the online GPC-NMR instrument.

The data obtained from the proton of GPC-NMRwere in the same range as the

data measured from the GPC calibrated technique [60]. In 1998, in a similar

fashion, Hatada et al. [61] applied size-exclusion chromatography (SEC)

hyphenated to NMR (SEC-NMR) to analysis of the molecular weight

distribution of mixtures of poly(methyl methacrylate) polymers in complex

mixtures.

In 1988, Allen et al. described the direct coupling of supercritical fluid

chromatography (SFC)withNMR (SFC-NMR) [62]. The group built anNMR

flow cell probe with variable temperature and pressure capabilities to operate

at temperatures as high as 100�C with pressures around 3000 psi, required to

couplewith the SFC system [62]. The authors tested the SFC-NMR system on

a model mixture of fuels. In 1994, Albert et al., in collaboration with Bruker

GmbH [63], developed a system with an SFC probe head using a 5-mm

sapphire tube that allowed 120mL of active volume in the flow cell, a

dimension typical for commercial LC-NMR flow cell systems. The SFC-

NMR system was tested with a mixture of phthalates. The authors indicated

that the major advantage of SFC-NMR is that no solvent suppression

techniques are needed when using CO2 as the solvent system [63]. Super-

critical fluid extraction (SFE) hyphenated with NMR (SFE-NMR) works in a

manner similar to SFC-NMR, with the difference that the SFE flow cell

handles the high pressures needed for SFE. SFE-NMR was reported by

Braumann et al. in 1995 [64].

Capillary electrophoresis (CE) is an analytical technique capable of

separating small sample volumes in the nanoliter range. In 1994, Wu

et al. [65] coupled CE to NMR (CE-NMR), designing a 5-nL limit in the

detection cell to expand the ability of NMR in a nanoliter sample volume. In

1998, capillary HPLC (CHPLC or capLC), capillary electrophoresis (CE),
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capillary electrochromatography (CEC), and capillary zone electrophoresis

(CZE) were coupled to NMR to explore their capabilities [66]. Capillary

electrochromatography (CEC) and capillary zone electrophoresis (CZE)were

tested for the identification of knownmetabolites of paracetamol from human

urine [67,68]. The authors claimed that the analysis was carried out on

approximately 10 ng of metabolite detected by NMR. A recent new devel-

opment in the capillary chromatography arena is the hyphenation of capillary

isotachophoresis (cIPT) with NMR (cIPT-NMR), developed in 2001 by

Sweedler’s group [69]. The group demonstrated a twofold increase in

sensitivity using cIPT-NMR [69].

Since early 2000, solid-phase extraction hyphenated with NMR (SPE-

NMR) has become a powerful combination for the structural elucidation of

minor components ofmixtures, including trace analysis. SPE concentrates the

analytes of interest in cartridges in several injections and without the need of

deuterated solvents, followed by drying under N2 prior to online NMR

analysis in the appropriate deuterated solvent. In 2001, Nyberg et al. [70]

explored the application of SPE-NMR to fractions from a plant extract,

Habanero pepper, to determine the structures of their components.

During the last few years, more progress has been achieved by hyphenating

LC-NMR with MS for a more complete structural analysis of components of

complexmixtures. The LC-NMR-MS or LC-NMR/MS (called LC-MS-NMR

in this book) has expanded the structure-solving capabilities by obtaining

simultaneousMS and NMR data from the same chromatographic peak. There

are some compromises that have to be taken into account because of the

differences between MS and NMR, such as sensitivity, solvent compatibility,

and destructive versus nondestructive techniques, among others discussed in

Chapter 3. LC-MS has been used for many years as a preferred analytical

technique. However, with the development of electrospray ionization tech-

niques, LC-MS has been used routinely for the analysis of complex mixtures

in the pharmaceutical industry. LC-MS-NMRis a combination ofLC-MSwith

electrospray inmany cases, and LC-NMR is presented in Chapter 3. In the late

1990s, LC-MS-NMR has been used successfully primarily in drug metabo-

lism [71,72]. An extension of this technique is the hyphenation of NMR and

MS with SPE (SPE-MS-NMR). A common trend is by splitting the flow

between the MS and NMR and having the SPE unit prior to the NMR for

further concentration of analytes of interest forNMRanalysis. SPE-MS-NMR

has been employed mainly in the area of natural products and in drug

metabolism in the last few years [73,74].

Figure 2-4 depicts the major milestones of various analytical separation

techniques coupled with NMR as they appear in the literature. More detailed

information on their applications and references is provided in Chapters 5

and 6.
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2.5. CURRENT TRENDS

The brief history of NMR and hyphenated NMR given in this chapter

demonstrates the importance of the NMR technique as part of complex

analytical techniques to pursue the structural elucidation of components of

complexmixtures.Many analytical techniques have been hyphenated toNMR

to facilitate the analysis of samples from complex mixtures. The application

and hyphenation of NMR are still evolving; not all the current hyphenated

analytical techniques may show the same development, depending on factors

such as cost, engineering needs, and user friendliness to analystswith different

backgrounds. The classical approach of isolation prior to NMR analysis in an

NMR tube is still a commonly used methodology that may not necessarily

disappear with emerging analytical hyphenated techniques in coming years.

Through the coming years, existing and emerging hyphenated NMR techni-

ques will be evaluated by analysts in academia and industry based on

practicality.
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3
Basic Technical Aspects and
Operation of LC-NMR and

LC-MS-NMR

3.1. INTRODUCTION

NMR is one of the most powerful techniques for the structural elucidation of

organic compounds. Separation and isolation of the individual components of

a sample mixture are the normal steps before analyzing their structures by

NMR. Prior to isolation, LC/MS is used routinely to analyze the components

of the mixture to evaluate the need to isolate the compound(s) of interest. In

many cases, however, NMR is necessary for the identification of ambiguous

structures. Even though hyphenated LC-NMR has been known since the late

1970s [1–4], the technique was not implemented widely until the last two

decades [5–10]. For a more complete structural analysis, LC-MS and LC-

NMRhave been combined (LC-MS-NMR) in the last decade, with its efficacy

demonstrated successfully. In this chapter we discuss primarily technical

considerations regarding LC-NMR and LC-MS-NMR.

3.2. TECHNICAL CONSIDERATIONS REGARDING LC-NMR

The decision to use either NMR or LC-NMR for the analysis of components

frommixtures depends on factors related to their chromatographic separation

LC-NMR and Other Hyphenated NMR Techniques: Overview and Applications, First Edition.
Maria Victoria Silva Elipe.
� 2012 John Wiley & Sons, Inc. Published 2012 by John Wiley & Sons, Inc.
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and the ability of NMR to elucidate the structure of organic compounds,

whether or not HPLC and NMR are hyphenated. Figure 3-1 shows the

schematic setup of an LC-NMR system that can also be connected to other

devices, such as a radioactivity detector and a mass spectrometer. The sample

mixture is injected into the injector port of the HPLC unit for separation under

specific conditions (e.g., solvent system, column, temperature) before arriving

at the NMR instrument. Commonly, the separation is monitored by an

ultraviolet (UV) detector, but other detectors, such as a photodiode array, a

refractive index detector, a radioactive detector, or even anMS instrument, can

be used for that purpose. TheHPLC is connected to theNMRflowcell through

red poly(ether ether ketone) (PEEK) tubing. The major technical considera-

tions of LC-NMR, discussed below, are solvent compatibility, solvent sup-

pression, the NMR flow cell, and LC-NMR sensitivity.

3.2.1. Solvent Compatibility

Liquid NMR requires the use of deuterated solvents to minimize the dynamic

range between the solvent(s) and the solute or analyte. Conventionally, the

sample is analyzed as a solution using a 3- or 5-mmNMR tube, depending on

theNMRprobe or amount of sample,which require, respectively, about 150 or

500mL of deuterated solvents. The increased solvent requirements for LC-

NMR make this technique costly compared to other analytical techniques

using nondeuterated solvents. Deuterium oxide (D2O) is the most readily

available, reasonably priced solvent (over $300 per liter). The cost of

Splitter

HPLC

MS
NMR

UV Detector

Trigger

Radioactivity 
Detector

FIGURE 3-1. Schematic setup of an LC-NMR and LC-MS-NMR system with the addition of a

radioactive detector when needed for the identification of radioactive metabolites.
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deuterated acetonitrile (CD3CN) has been decreasing over the years and varies

depending on the percentage of D2O included, but is still over $1000/per liter.

Deuterated methanol (CD3OD) is even more expensive. Deuterated solvents

for normal-phase columns are highly expensive, if available. This restriction

necessitates the use of reversed-phase columns for LC-NMR.With the recent

development of solid-phase extraction (SPE) as SPE-NMR and capillary-

based HPLC as capLC-NMR or microflow NMR (see Chapter 6 for more

information on those techniques), the amount of deuterated solvents needed to

pump the analyte of interest to the flow cell for NMR analysis is much less and

stays in the microliter to milliliter range. These developments make the

hyphenated NMR techniques economically more accessible. However, in the

case of columnless LC-NMR, such as flow injection analysis NMR (FIA-

NMR) and direct injectionNMR (DI-NMR) (discussed briefly in Section 3.6),

other deuterated solvents can be used as solvent systems as a way to transport

the sample to the flowcell without the need for separation byHPLC.Due to the

low volume used in columnless LC-NMR, the use of protonated solvents helps

reduce the costs of the technique tremendously.

3.2.2. Solvent Suppression

Commonly, a system of at least two solvents is used in HPLC to separate the

analytes of the sample mixture. During an LC-NMR run, the signals of the

solvents in the chromatographic peak aremuch larger than those of the analyte

of interest and need to be suppressed. This applies even with deuterated

solvents because they have a percentage of protonation that is larger than the

analytes in the sample mixture for the typical millimolar concentration of

samples. In the early days of LC-NMR, solvent suppression was the downside

of the technique. In the case of acetonitrile, a commonly used solvent for

reversed-phase separations and accessible as deuterated solvent, the two 13C

satellite peaks of either the protonated or residual protonatedmethyl group for

CH3CN or CD3CN also require suppression because they are typically much

larger than signals from the sample. The natural abundance of 13C is 1.108%,

which indicates the enormous difference in dynamic range in molar concen-

trations between the solvent and the millimolar sample concentration. In the

1990s, the first increment of presaturation NOESY was used successfully. It

suppresses the solvent signals better than presaturation; however, the spectrum

is less accurate for quantitation. With optimization of the WET (water

suppression enhanced through T1 effects) solvent suppression technique by

Smallcombe et al. [11] in 1995, the quality of spectra generated during LC-

NMR has been improved significantly and is now routine. The WET solvent

suppression technique is the standard technique for LC-NMR because com-

pared with other techniques, such as presaturation or watergate, it has the
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capability of suppressing several solvent lines with only minimal baseline

distortions. One disadvantage of suppressing the solvent lines is that any

nearby analyte signal will also be suppressed, resulting in loss of structural

information. Completely unknown structures are more difficult to analyze by

LC-NMR than by conventional tube NMR, due to the possibility of having

signals from the analyte suppressed if they are in the same region of the solvent

lines. This factor makes LC-NMR more appropriate for partially unknown

structures than for totally unknown compounds. With the development of

solid-phase extraction NMR (SPE-NMR) and capillary-HPLCNMR (capLC-

NMR) or microflow NMR (see Chapter 6), solvent suppression is not the

major requirement as it is for conventional LC-NMR because less solvent is

needed for NMR analysis of these systems. For samples that do not require

separation prior to NMR analysis, flow injection analysis NMR (FIA-NMR)

and direct injection NMR (DI-NMR) are nonchromatographic NMR techni-

ques inwhich the sample is injected directly and pumped to theNMRflow cell

without passing through a chromatographic column [12]. In those cases, the

dynamic range between the analyte and the solvent signals is less dramatic

than for conventional LC-NMR, due to the absence of a chromatographic

column, which would require a greater quantity of solvent. With the WET

suppression technique, favorable results in the microgram range have been

obtained using protonated or deuterated solvents [12].

3.2.3. NMR Flow Cell

There are three aspects to consider regarding a flow cell inserted in an NMR

probe: the connection to the HPLC, the filling factor, and the homogeneity of

the solution in the flow cell. The flow cell must have an inlet port attached to

capillary tubing (e.g., red PEEK tubing) to be connected to the HPLC system

and an outlet port to go towaste. The filling factor refers to having the receiver

coil around the flow cell, whichmust have an optimized volume to allowmost

of the chromatographic peak to occupy the cell for best NMR sensitivity.

Finally, the homogeneity of the solution must be maximized to avoid distor-

tions in the spectrum due to bubble formation and inhomogeneous solution

caused by variations in the flow rate of the HPLC gradient solvent system over

time. Based on these considerations, the flow cells are designed to have the

inlet line entering the flow cell from the bottom and the outlet line exiting from

the top (Figure 3-2). Conventional NMR flow cells have an active volume of

60mL (i.e., corresponding to the length of the receiver coil around the flow

cell) and a total volume of 120 mL. These commercial flow cells are compa-

rable to 3-mm NMR tubes in diameter. Based on the design, this means that

NMRwill “see” only 60mLof the chromatographic peak. If the flow rate in the

HPLC is 1mL/min when 4.6-mm columns are used, only 3.6 s of the
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chromatographic peak will be seen by NMR. Chromatographic peaks are

generally much wider than 4 s, indicating that less than half of the chro-

matographic peak will be detected (Figure 3-3). This is one of the disadvan-

tages of LC-NMRcomparedwith conventional 3-mmNMRprobes, where the

amount of sample seen by theNMRreceiver coil is independent of thewidth of

the chromatographic peak. In addition, NMRflow cells with active volumes of

10, 30, 60, and 120mL are available commercially. Applications using solid-

waste

RF coil

flow

FIGURE 3-2. Schematic representation of a typical NMRflow cell (not to scale). The flow goes through

the NMR flow cell from the botton (inlet) to the top (outlet), toward waste. The RF coil is the receiver coil.

FIGURE3-3. Schematic representation of a chromatographic peakwherewhat theRFcoilwill be able to

detect is shown in gray (not to scale).
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phase extraction (SPE-NMR) aremore appropriate for 10- or 30-mL flow cells

(see Chapter 6). Microcoil NMR flow cells for capLC-NMR or microflow

NMR have available typical active volumes of 1.5, 5, and 10 mL, but also
volumes ranging from 30mL to 5 nL for samples in low concentration

(see Chapter 6). In recent years, with the development of cryogenic probes,

commercial flow cells have also been available to perform LC-NMR and gain

sensitivity by means of cooling the electronics of cryogenic probes.

3.2.4. LC-NMR Sensitivity

NMR is less sensitive than other analytical techniques, such asMS, and hence

requiresmuch larger samples for structural analysis.MSanalysis is carried out

routinely in the picogram range. Modern high-field NMR spectrometers

(400MHz and higher) can detect proton signals from pure demonstration

samples well into the nanogram range (molecular weight 300Da). However,

samples in the highmicrogramor lowmilligram range are adequate to perform

structural analysis. Smaller amounts are more appropriate for simple struc-

tures and larger amounts for complex molecules in their structure and

molecular size. With cryoprobes (for Bruker NMR instruments) or cold

probes (for Varian NMR instruments, now a division of Agilent Technolo-

gies), depending on the NMR vendor currently available, the sensitivity of

NMR improvesmarkedly: at least fourfold for proton (1H) compared to room-

temperature probes. Samples in the low nanogram range can be detected but

are not appropriate for structural analysis. In the high nanogram range,

structural analysis can be carried out for cryogenic probes. For real-world

samples, however, purity problems become more intrusive with diminishing

sample size and can be overwhelming in the submicrogram domain even as a

result of interference by impurities in the deuterated solvent used for NMR

studies. This places a current practical lower limit on most structural eluci-

dation by NMR, which is estimated by the writer to be close to 500 ng

(molecular weight 300Da) for cryogenic probes.

Although several other important nuclides can be detected byNMR, proton

(1H) remains themostwidely used because of its high sensitivity, high isotopic

natural abundance (99.985%), and ubiquitous presence in organic com-

pounds. Of comparable importance is carbon (13C), 1.108% natural abun-

dance, which, because of substantial improvements in instrument sensitivity,

is now utilized as routinely as protons by direct or indirect detection probes.

Fluorine (19F), 100% natural abundance, is used less since it is present in only

about 10% of pharmaceutical compounds; however, compared to proton,

fluorine displays important properties: its chemical shift dispersion and high

chemical shift sensitivity to moderate structural changes. Another conse-

quence of the intrinsic low sensitivity of NMR is that virtually all samples
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require signal averaging to reach an acceptable signal-to-noise level. Depend-

ing on sample size and amount of sample for structural analysis, signal

averaging timemay range anywhere from several minutes to several days. For

metabolites in the range 1 to 10mg, for example, overnight experiments are

generally necessary. For that amount, only proton experiments are performed

in partially unknown structures such as metabolites.

3.3. TECHNICAL CONSIDERATIONS REGARDING
LC-MS-NMR

Analysis of complexmixtures in a chromatographic run by the hyphenation of

several analytical techniques, such as NMR andMS with HPLC, is becoming

more popular in the pharmaceutical industry and in natural products chem-

istry. NMR and MS data on the same analyte are crucial for structural

elucidation. When different isolates, such as natural products, metabolites,

in-process impurities, or degradation products, are analyzed byNMRandMS,

one cannot always be certain that the NMR and MS data apply to the same

analyte, especially in MS and NMR analysis when the analytes have been

isolated using analytical columns and prep columns, respectively. HPLC

conditions are not always reproducible when analytical and prep-HPLC

columns are used to isolate different amounts of the analytes of interest for

separate MS and NMR analysis. To avoid this ambiguity, LC-MS and LC-

NMR are combined. MS data should be obtained initially because NMR data

collection in the stop-flow mode can take hours or days, depending on the

complexity of the structure and the amount of sample. This is why it is

advisable from the author’s perspective to designate this operation as LC-MS-

NMR or LC/MS/NMR rather than LC-NMR-MS or LC-NMR/MS. In the

literature, LC-NMR-MS is more common, but it does not follow the sample

pathway in the hyphenated MS and LC-NMR system.

Since MS is considerably more sensitive than NMR, a splitter is incorpo-

rated after theHPLC to direct the sample separately to theMS andNMRunits.

As indicated below, the author used a custom-made system [8]. The MS used

in the examples presented here is a classic LCQ instrument (ThermoFinnigan,

San Jose, CA). A custom-made splitter was used with a splitting ratio of 1/100

(Acurate, LC Packings, Sunnyvale, CA). It was designed to deliver 1% of the

sample initially to the MS and the balance 20 s later to the NMR. With a flow

rate of 1mL/min, the final flow rate going to the NMR will be 0.990mL/min

and to the MS will be 0.010mL/min. Electrospray is the only source of

ionization that will work with such a low flow rate (10 mL/min) in LCQ.

Figure 3-1 depicts the schemeof theLC-MS-NMRsystemused in the example

for this book. The technical considerations regarding LC-MS-NMR are the
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same as those for LC-NMR (see Section 3.2), plus the effect of using

deuterated solvents for the MS of LC-MS-NMR.

For the last decade, the LC-MS-NMR (or LC-NMR-MS as designated by

NMR vendors) system has been available commercially from both major

NMR vendors: Bruker BioSpin Corp., and Varian, Inc. (now Agilent Tech-

nologies). The work presented here has been carried out by the author using a

custom design of an LC-MS-NMR system on a Varian NMR instrument, as

explained in Sections 3.4.2 and 3.5.

3.3.1. Deuterated Solvents

An important consideration for an LC-MS-NMR system is the use of

deuterated solvents needed for the NMR part. Analytes with exchangeable

or “active” hydrogens can exchange (i.e., equilibrate) with deuterium (2H)

from the deuterated solvent system at different rates. The analyst should be

alert to this possibility since it could result in the appearance of several closely

spaced molecular ions with pseudo molecular ions increased, depending on

the number of exchangeable hydrogens being deuterated. If the compound of

interest exchanges all the active hydrogens for deuteriums, the pseudo

molecular ion will be [M þ 2H]þ or [M � 2H]� in the positive or negative

mode, respectively, where M is the molecular weight with all the exchange-

able hydrogens deuterated.When buffers or other compatible solvents forMS

are needed, it is recommended that deuterated buffers be used to avoid the

suppression of additional solvent lines in the NMR spectra, which can also

suppress signals from the analyte of interest if those signals are under the

suppressed solvent signals (see Section 3.2.2).

With a splitter near the mass spectrometer, Burton et al. [13] used a second

pump to inject methanol–acetic acid, with the purpose of exchanging the

deuteriums for protons to obtain fully protonated molecular ions. In general,

injecting water or aqueous buffer via a syringe pump to the MS effluent flow

in a 1 : 4 ratio will carry out the D–H back-exchange, providing typical

information on the molecular ions: [M þ H]þ or [M � H]� for the positive

or negative mode, respectively, where M is the molecular weight with all the

exchangeable hydrogens protonated [7].

3.4. MODES OF OPERATION OF LC-NMR

TheHPLC system is connected by red poly(ether ether ketone) (PEEK) tubing

to the NMR flow cell, which is inside the magnet. With shielded cryomagnets

the HPLC can be as close as 30 to 50 cm to the magnet, rather than 1.5 to 2m

for conventional nonshielded magnets. Normally, an ultraviolet detector is
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used in the HPLC system to monitor the chromatographic run. However,

radioactivity or fluorescent detectors can also be used to trigger stopping the

flow when the chromatographic peak(s) of interest are in the NMR flow cell

for analysis.

There are four general modes of operation for LC-NMR: on-flow, stop-

flow, time-sliced, and loop collection. These modes, described below, are

automated by software that controls the valves of the HPLC to stop the flow

when needed, depending on the mode of operation selected for the

LC-NMR system.

3.4.1. On-Flow Mode

The simplest method of performing LC-NMR is in the on-flow mode. In the

on-flow or continuous-flowmode, the chromatographic run continues without

the run stopping at any point. The chromatographic peaks are flowing through

the NMR flow cell while NMR spectra are being acquired over time. In this

mode, NMR experiments require more to analyze “on the fly” because the

resident time in an NMR flow cell is very short (3.6 s at 1mL/min) during the

chromatographic run, which limits this approach to one-dimensional NMR

spectra acquisition only, typically one-dimensional 1H NMR. This mode can

be used to analyze the main components and to rapidly identify the major

known compounds of the mixture. 19F NMR can provide a simplified pseudo-

two-dimensional LC-NMR spectrum compared to 1H NMR for the on-flow

mode [14]. If only one fluorine atom or one trifluoromethyl group is present in

each component of the mixture, the number of components can be accounted

for by the number of individual separate 19F signals when each component has

a different retention time or by a distinct chemical shift in the 19F signals if two

components have similar retention times.

3.4.2. Stop-Flow Mode

Knowledge of the retention time of the chromatographic peak of interest for

NMR analysis is required prior to an LC-NMR run to perform in the stop-flow

mode. In this mode the chromatographic peak is analyzed under static

conditions. The chromatographic peak of interest is submitted directly from

the HPLC to the NMR flow cell. Therefore, stop-flow requires accurate

calibration of the delay time, which is the time required for the sample to

travel from theUVdetector of theHPLC to theNMRflow cell. The delay time

depends on the flow rate and on the length and width of the tubing connecting

theHPLCwith theNMR. If the analyte of interest in the samplemixture has no

UV chromophore or has other characteristics, other detectors can be used in

the HPLC system instead of the typical UV detector, such as radioactive,
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fluorescence, MS, and others. In any case, accurate calibration of the delay

time has to be performed prior to NMR analysis.

Because the chromatographic run is stopped automatically when the peak

of interest is in the NMR flow cell, the amount of sample required for the

analysis can be reduced compared to the on-flow mode, and two-dimensional

NMR experiments such asWET-COSY,WET-TOCSY, and others [11] can be

obtained since the sample can remain inside the flow cell for days. A common

practice is to connect a back-pressure regulator valve at the outlet tubing

coming out the NMR probe to avoid any possible loss of sample due to some

flow in the system affected by back-pressure effects. It is possible to obtain

NMR data on a number of chromatographic peaks in a series of stops during

the chromatographic run without on-column diffusion that causes loss of

resolution, but only if the NMR data for each chromatographic peak can be

acquired in a short time (ideally, 30min or less if more than four peaks have to

be analyzed, but less than 2 h for the analysis for no more than three peaks).

The use of commercially available cryogenic probes (cryoprobes or cold

probes) improves the sensitivity of the stop-flow mode as it does for the

general tube and tubeless NMR modes (see Section 3.2.4).

To perform analysis on a limited amount of sample, such as for the structure

elucidation of metabolites, stop-flow is the preferred mode when the chro-

matography is reasonable or the metabolite is unstable for isolation. The

analysis of the major metabolites of compound I (Figure 3-4) illustrates the

capabilities of the stop-flow mode. Compound I is a ras farnesyl transferase

inhibitor in rats and dogs [15]. Preliminary studies by LC-NMR using a linear

solvent gradient [5 to 75%B0 to 25min, 75 to 95%B25 to 35min, A:D2O, B:

ACN (acetonitrile), 1mL/min, 235 nm, BDS Hypersil C18 column 15 cm�
4.6 cm, 5 mm] indicated that even with the use of protonated acetonitrile in the

solvent mixture, all the resonances were visible for compound I (Figure 3-5).

Figures 3-6 and 3-7 are UV chromatograms from a small injection of dog bile

and dog urine for metabolites M9 (retention time 10min) and M11 (retention

time 21min), respectively. These small injections were carried out to identify

theUV chromatographic peaks of the analytes of interest and to determine any

possible interference coming from other chromatographic peaks that could

cause overlapping of signals from different analytes during stop-flow NMR

analysis.MetaboliteM11was also found in rat urine. To analyze the structures

ofM9 andM11 by NMR, larger injections of dog bile, dog urine, and rat urine

were carried out to perform the stop-flow experiments. The 1H NMRspectrum

in the LC-NMR system (Varian Inova 500MHz equippedwith a 1H–13C pulse

field gradient indirect detectionmicroflowNMRprobewith a 60-mLflow cell;

Palo Alto, CA) of M9 (Figure 3-8) revealed the presence of a 1,2,4-trisub-

stituted aromatic ring in the 3-chlorophenyl ring and the glucuronide moiety.

Neither of the two possibilities for the position of the glucuronidemoiety ring,
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position 4 or 6 (see Figure 3-8), could be distinguished. NOE experiments on

the LC-NMR were not successful because of problems with solvent suppres-

sion. The sample was collected and the NOE was performed in the tube NMR

mode (Varian Unity 400MHz, equipped with a 3-mm 1H–13C pulse field

gradient indirect detection Nalorac probe, Palo Alto, CA) over a weekend

(Figure 3-9). Even though the sample collected containedmore impurities, the

NOE experiment showed that the glucuronide moiety was attached at C-4 by

irradiating the methylene protons at the i position, which elicited NOE signals

from protons H-2 and H-6, thus eliminating the C-6 possibility (Figure 3-9).

LC-MS analysis of M11 indicated it to be only the 1-(3-chlorophenyl)

piperazinone moiety with additional oxidation on the piperazinone ring. The

stop-flow 1H NMR spectrum in the LC-NMR system of M11 lacked the

isolated methylene signal on the piperazine ring (Figure 3-10), indicating it to

be 1-(3-chlorophenyl)piperazine-2,3-dione.

The following case required the use of an alternative detector in the HPLC

system to assure NMRanalysis on the chromatographic peak of interest. Stop-

flow is an ideal mode to use to analyze the structure of volatile analytes. In the

case of radiolabeled metabolites, the use of a radioactive detector is recom-

mended to monitor the run and determine which peak in the UV chromato-

gram is the radiolabeled metabolite. The NMR analysis of the radioactive

N N

N
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Cl

CN

N N

N

N
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CN

OGluc

N N

O

Cl
O

Compound I
[M+H]+=406

       M9
[M+H]+=598
   dog bile

        M11
[M+H]+=225
dog, rat urine

FIGURE 3-4. Structure of compound I, a ras farnesyl transferase inhibitor in rats and dogs, and proposed

structures byMS of its major metabolites in dog bile (M9) and in dog and rat urine (M11). (Reprinted from

reference 8; copyright � 2003, with permission from Elsevier.)
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FIGURE 3-6. UV chromatogram from a small injection of dog bile containing metabolite M9.

(Reprinted from reference 8; copyright � 2003, with permission from Elsevier.).
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(Reprinted from reference 8; copyright � 2003, with permission from Elsevier.)
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volatile metabolite M3 with small molecular weight illustrates application of

the stop-flow mode to LC-NMR studies [16]. Conventional NMR was not

possible because the radioactivity of the sample was lost when the fraction

containing themetabolitewas evaporated to dryness prior to theNMR studies.

In this example, theLC-MSwas not informative, suggesting amolecularweight

below 200Da. LC-NMR was the alternative used to solve this structural

problem. To be able to identify the UV chromatographic peak corresponding

to the radioactive metabolite, a radioactivity detector equipped with a liquid

cell (Radiomatic C150TR, Packard, Meriden, CT) was connected online to

the LC-UV system of an LC-NMR. Figure 3-1 shows the schematic diagram

for this setup. Small injections were carried out initially to identify the

metabolite UV chromatographic peak with the radioactive peak prior to the

stop-flow experiments (Figure 3-11). Stop-flow experiments were triggered

by UV because the transfer delay from the UV to the NMR was shorter than

from the radioactive detector to the NMR, due to the thicker tubing used in the

liquid cell of the radioactivity detector. The 1H NMR spectrum revealed the

presence of the p-fluorophenyl ring with the characteristic splitting pattern,

indicating that the compound was drug related. The downfield shift of the

ortho protons at 7.91 ppm suggested the presence of a carbonyl substituent

(Figure 3-12). The presence of a singlet at 4.85 ppm, integrating for
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FIGURE 3-11. UVand radioactive (C-14) chromatograms of a fraction containing metabolite M3 [16].
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approximately two protons, was consistent with a methylene that was flanked

by the carbonyl and a hydroxyl group (Figure 3-12). These features thus led

to proposing the structure for M3 as p-fluoro-a-hydroxyacetophenone
(Figure 3-12).

3.4.3. Time-Sliced Mode

The time-sliced mode involves a series of stops during elution of the

chromatographic peak of interest. The time-sliced mode is used when two

analytes elute together, when they elutewith close retention times, orwhen the

separation is poor. In addition, this mode is used when the analytes of interest

have poor or non-UVabsorption and no other detector is available to trigger

the stop-flowNMRrun automatically. The time-slicedmode can be performed

automatically by the software controlling the HPLC run, or manually,

depending on the difficulty of the case and the preference of the analyst.

3.4.4. Loop Collection Mode

In the loop collection mode, the chromatographic peaks of interest are stored

automatically in separate loops controlled by the software for later off-line

NMR analysis. During the process of collecting the chromatographic peaks in

loops, the chromatogram is not disturbed, as when sequential stops are

performed during stop-flow NMR experiments. Later, the stored chro-

matographic peaks are transferred to the NMR flow cell individually for

NMR studies. The software is designed to send the stored chromatographic

peaks to the NMR flow cell in the same or different order as that in which they

were stored from the chromatographic run. Loop collection can be used when

there is more than one chromatographic peak of interest in the same run, to

avoid carryover contamination if the analytes have close retention times and if

the amount or concentration of the analytes of interest shows a diverse

dynamic range. In the loop collection mode, the analytes must be stable

inside the loops during the extended period of analysis for all the peaks stored

in the loops. Capillary tubing should be used to avoid peak broadening with

concomitant loss of analyte “seen” by the NMR spectrometer based on the

dimensions of the NMR flow cell. Loop collection can be used in connection

with SPE for SPE-NMR analysis (see Sections 6.12 and 6.13).

3.5. MODES OF OPERATION OF LC-MS-NMR

As mentioned in Section 3.4, with the use of shielded cryomagnets, the

location of theMS instrument will follow the same rule as for the HPLC, to be
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as close as 30 to 50 cm to the magnet. The most common modes of operation

for LC-MS-NMR are on-flow and stop-flow. With stop-flow, the MS instru-

ment can also trigger stopping the flow on the chromatographic peak of

interest that will be analyzed byNMR. These twomodes are presented here by

an example. In the loop collection mode, the MS of the LC-MS-NMR system

may alsomonitor the trapping of the chromatographic peak inside the loop for

cases when the UV detector is not the most appropriate, due to a lack of

chromophores in the sample. The limitations of triggering stop-flowbyMSare

based on the quality of the ionization of the molecular ion or fragment ions of

the analyte of interest. Poor ionization of ions of the analyte of interest limits

the capabilities of MS to control the stop-flow modality in the LC-MS-NMR

system. The time-sliced mode is not practical for LC-MS-NMR, due to

interruption of the chromatographic flow, which makes it difficult to detect

MS data consistently while acquiring NMR data during the time the flow

is stopped.

In the past decade, there have been relatively few cases in the literature

dealing with the application of LC-MS-NMR, mainly in the pharmaceutical

industry. In this chapter, an evaluation of this technology is presented to

determine the pros and cons and to decide which cases are suitable for this

application. To illustrate the on-flow and stop-flow modes of operation, a

group of eight flavonoidswas chosen [8]. Flavonoids are natural productswith

important biological functions that act as antioxidants, free-radical scaven-

gers, and metal chelators, and are important to the food industry. The eight

flavonoids chosen were selected to mimic a real complex mixture of com-

pounds of similar structures that may present some ambiguity in their analysis

that can be resolved by this hyphenated technique versus the individual

nonhyphenated techniques. Figure 3-13 shows the eight flavonoids (Aldrich)

chosen to illustrate the capabilities of LC-MS-NMR. These compounds have

simple structures composed primarily of aromatic protons; some have low-

field aliphatic protons which would not be hidden under NMR solvent peaks.

Phenolic protons exchange rapidlywithD2O so that each compoundwill show

only one pseudo molecular ion with all phenolic protons deuterated.

The chromatographic conditions are as follows: 35 to 50%B0 to 10min, 50

to 80% B 10 to 15min, A: D2O, B: ACN, 1mL/min, 287 nm, Discovery C18

column 15 cm� 4.6 cm, 5 mm. Stock solutions of each compound were

prepared at 1 mg/mL in ACN–MeOH 1 : 1 [8].

AVarianUnity Inova 600-MHzNMR instrument (Palo Alto, CA) equipped

with a 1H(13C/15N) pulse field gradient triple-resonance microflow NMR

probe (flowcell 60mL;3mmo.d.)wasused.Reversed-phaseHPLCanalysis of

the samples was carried out on a Varian modular HPLC system (a 9012 pump

anda9065photodiodearrayUVdetector).TheVarianHPLCsoftwarewasalso

equipped with the capability for programmable stop-flow experiments
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based on UV peak detection. An LCQ classic MS instrument (mentioned in

Section 3.3) was connected online to the HPLC-UV system of an LC-NMRby

contact closure. The 2H resonance of the D2O was used for field-frequency

lock, and the spectrawere centeredon theACNmethyl resonance. Suppression

of the resonances fromHOD, themethyl ofACN, and its two 13C satelliteswas

accomplishedusing a train of four selectiveWETpulses, each followedby aB0

gradient pulse and a composite 90� read pulse as described by Smallcombe

et al. [11]. The on-flow and stop-flowmodes of operation for this example are

described below [8].

3.5.1. On-Flow Mode

As indicated previously, the on-flow experiment was carried out on a mixture

of eight flavonoids (Figure 3-13) in a prepared mixture of 20 mg each. MS

and NMR data were obtained during this on-flow experiment [8]. The UV

chromatogram is depicted in Figure 3-14. Table 3-1 and Figures 3-16 to 3-19

show the pseudo molecular ion information [M � 2H]� in the negative

mode for the eight flavonoids obtained in this on-flow experiment, where

M is themolecularweightwith all the hydroxyl protons deuterated. Figure 3-15
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FIGURE 3-14. UV chromatogram of an on-flow experiment involving injection of a mixture of eight

flavonoids (A: catechin þ epicatechin; B: fisetin; C: quercetin; D: apigenin; E: naringenin; F: baicalein;

G: galangin). (Reprinted from reference 8; copyright � 2003, with permission from Elsevier.)
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is a two-dimensional data set (timeversus chemical shift),where each 1H NMR

spectrum was acquired for 16 scans, decreasing the delays (total time per

spectrum of 20 s) to obtainmore spectra during the chromatographic run and to

acquiremore data points for the 1H NMR spectra of the various components of

the chromatography. Figures 3-16 to 3-19 depict the 1H NMR traces of each

flavonoid extracted from the two-dimensional data set of Figure 3-15. Notice

that catechin and epicatechin coelute under these chromatographic conditions

(peak A of the UV chromatogram of Figure 3-14), due to the similarity of their

structures (see Figure 3-13).Distinguishing these diastereomers byMSalone is

not feasible (Table 3-1 and Figure 3-16) because both have the same pseudo

molecular ion information. Differences in the NMR spectra would be expected

between diasteromers and are, in fact, observed clearly, even as a mixture

(Figure 3-16). The ability of LC-MS-NMR to distinguish signals from the

individual diastereomers is illustrated in Figure 3-16. Protons H-2 and H-3 in

catechin and H-2a and H-3a in epichatechin show different chemical shifts

because of the slightly different local chemical environment around chiral

centers C-2 and C-3 for catechin and C-2a and C-3a for epicatechin as

diasteromers. Those differences are sufficient forNMR tobe able to distinguish

between the diasteromers of organic molecules. The 1H NMR spectrum of

naringenin in Figure 3-18 shows the ability of NMR to analyze a mixture of

two components in different ratios (X denotes the signals coming from

apigenin as the minor component of this chromatographic peak). In this

particular case, NMR shows clearly the presence of the two components of

the mixture. Assignments can be carried out simply based on the different ratio

of the NMR signals for the two compounds because proton signals are in the

molar ratio for the individual components of the mixture. This is another

advantage of NMR versus MS [8].

3.5.2. Stop-Flow Mode

TABLE3-1. MSData ofFlavonoids in theNegativeMode fromtheOn-FlowRun in anLC-MS-

NMR Instrument

Peak Compound MWa Mb m/z, [M� 2H]�

A Catechin þ epicatechin 290 295 293

B Fisetin 286 290 288

C Quercetin 302 307 305

D Apigenin 270 273 271

E Naringenin 272 275 273

F Baicalein 270 273 271

G Galangin 270 273 271

aMolecular weight.
bMolecular weight with all the hydroxyl protons deuterated.

Source: Reference 8; copyright � 2003, with permission from Elsevier.
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Two stop-flow experiments were carried out injecting a solution containing

10 mg on apigenin (Figure 3-13) using, independently, the UV peakmaximum

or the pseudo molecular ion of the chromatographic peak seen in the total ion

chromatogram for the MS instrument to trigger the stop-flow mode [8]. Since

the Varian software automatically triggers the stop-flow mode with the UV

peak, this mode was used as a reference point to stop the flow at the correct

position of the analyte of interest in the chromatogram.When theMSwas used

to trigger the stop-flow, it was carried out manually with a chronometer while

monitoring the molecular ion of apigenin in the negative mode (m/z 275).

After peak detection in the UVor MS and a time delay of about 52 s or 20 s,

respectively, the HPLC pumpwas stopped, trapping the peak of interest in the

flow cell of the LC-NMR microprobe. 1H NMR stop-flow spectra were

acquired using an acquisition time of 1.5 s, a delay between the successive

pulses of 0.5 s, a spectral width of 9000Hz, and 32-K time-domain data points.

The methyl resonance of ACN was referenced to 1.94 ppm. These two

experiments were carried out injecting 10mg of apigenin and acquiring 1H

NMR spectra for about 4.5min (128 scans), giving rise to the same quality of
1H NMR spectra of apigenin (Figure 3-20) [8].

These experiments indicated that for sample mixtures, the on-flowmode of

LC-MS-NMR is useful for obtaining structural information of the major

components. If more detailed analysis is required, or the amount of sample is

small and the compound(s) cannot be isolated because of instability or

volatility, stop-flow is the mode of choice. The LC-MS and LC-NMR

chromatographic conditions must be compatible. In addition, prior evaluation

of the LC conditions in an LC-MS-NMR system is required to assure

consistency with the chromatographic resolution needed in the LC-NMR

part of the system. The sample must ionize well by electrospray to obtain MS

data. When the stop-flow mode is triggered by MS, prior MS information on

the chromatographic peak(s) of interest is needed in deuterated solvent(s) to

evaluate the suitability of the system to provide structural information. When

exchangeable protons are present in the molecule of interest, an evaluation of

the possibility of the presence of multiple pseudo molecular ions in the

deuterated solvent system due to different exchange rates is required to

consider how practical and successful a hyphenated LC-MS-NMR system

will be to perform stop-flow on those conditions for the analyte of interest.

3.6. OTHER MODES OF OPERATION

The focus of this book is on chromatographic flow NMR. However,

nonchromatographic flow NMR methods are becoming popular as optional

modes of operation for hyphenated flow NMR techniques. An excellent
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review article by Keifer describes flow injection analysis NMR (FIA-NMR)

and direct injection NMR (DI-NMR) as two nonchromatographic flow NMR

techniques [12]. In these techniques, separation of components of mixtures is

performed somewhere else, as no HPLC is connected to the system. An LC

pump with reservoirs holding the mobile phase is attached directly to the

NMR flow cell by the appropriate tubing for FIA-NMR. AUV detector is an

optional tool to monitor the flow. On-flow and stop-flow operating modes are

also applied to these columnless LC-NMR techniques. The on-flow mode

can be triggered by a UV signal or by the calibrated delay time from the

injector port to the NMR flow cell at a particular flow rate. DI-NMR is a

simplified version of FIA-NMR in which a simplified pump with no mobile

phase attached is connected directly to the NMR flow cell. The only solvent

used is to dissolve the sample and wash the tubing of the system but at a

different injection time, which explains the absence of mobile phase in the

system. DI-NMR is more appropriate for automated repetitive analysis.

Keifer’s article and its references provide more information on those

columnless techniques [12].

3.7. CHALLENGING CONSIDERATIONS

Hyphenated flow NMR techniques have some limitations that need to be

considered to maximize their applications. The challenges described below

are air bubbles, carryover (especially in autosampler devices), sample solu-

bility and precipitation, flow cell and system cleaning, flow rate and magnetic

susceptibility, and quantitation. Those challenges are absent in the conven-

tional tube NMR version, except for sample solubility and precipitation.

3.7.1. Air Bubbles

Air bubbles come from inhomogeneous mixing of solvents. Degassing

solvents prior to their utilization in an LC-NMR system will prevent or

minimize their presence in the NMR flow cell. Air bubbles inside the NMR

flow cell cause distortions in the NMR line shape, line broadening, and even

loss of the NMR signal during the NMR acquisition time. Eliminating the air

bubbles inside the NMRflow cell is not trivial, and the most common solution

to that problem is to flush the flow cell and begin the analysis over again with a

new sample injection. As indicated above, the best option is to avoid the

formation of air bubbles before injecting the sample for NMR analysis by

carefully degassing the solvents.
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3.7.2. Carryover with and Without an Autosampler

Carryover is a common problem in flow NMR techniques as a result of

continuous injections of several samples for analysis. Washing the LC-NMR

system between injections will avoid the problem. In the conventional

operating mode of an LC-NMR, where each sample is manually injected

for NMR analysis, carryover can be avoided by flushing the system toward

the end of the chromatographic run by changing the gradient of solvent

system and allowing enough chromatographic time to wash the system. The

use of methanol as a solvent during the chromatographic run and for washing

the system can cause carryover because methanol is absorbed into the PEEK

tubing. Flushing methanol from the system can take hours. Therefore,

minimizing the use of methanol will avoid the problem. In addition, cracks

in the system, such as in the tubing or the NMR flow cell, will also produce

carryover. Analysis of small components of a chromatogram will present

carryover when the small components are part of the tailing of larger leading

components in the chromatogram. Carryover is more pronounced in

autosamplers. The needle in an autosampler requires washing in between

injections to minimize carryover from samples injected previously. Not

enough washing time will increase carryover during subsequent injections.

The time increase for washing a system between injections will prolong

the total time of the analysis of all the samples but will minimize the

carryover issues.

3.7.3. Sample Solubility and Precipitation

The solubility of the sample is critical to avoid precipitation and clogging of

the tubing in an LC-NMR system. The ideal situation is to have the sample

soluble in the solvent system used for the chromatography of the LC-NMR. If

the chromatographic separation requires the use of an HPLC gradient solvent

system instead of isocratic elution, the sample should ideally be soluble in

different compositions of the solvent mixture during the chromatographic run

and be very soluble in the solvent composition used at the beginning of the

chromatographic run during the injection time. If the sample is not soluble in

the chromatographic solvent mixture, another solvent must be used to inject

the sample into the system. However, there is a higher risk of precipitation

in these conditions, due to lack of solubility of the sample under the

chromatographic solvent conditions. If the sample precipitates, the tubing

will clog and the NMR flow cell will become dirty, with a high probability of

carryover on the next injection. Clogging can increase the back pressure, due

to blockage of the tubing. Samples may be filtered before injecting them into

an LC-NMR system to minimize clogging due to the presence of particles in
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the sample, but filtering will not solve the problem if solubility is an issue.

Changing the guard column can also help to prevent clogging if the sample

contains solid particles such as silica gel particles from a previous separation,

but it cannot increase the sample solubility if this is the main problem.

Clogging is a bigger issue for chromatographic systems that use capillary

tubing. Therefore, filtering and guard columns are a requirement in these

systems tominimize the need to change the tubing for the entire system, due to

clogging, which makes the use of hyphenated NMR techniques less practical

for the analysis of sample mixtures.

3.7.4. Flow Cell and System Cleaning

As indicated in Section 3.7.3, clogging the tubing and the NMR flow cell of

the LC-NMR system is a major problem that may require replacing the

system’s tubing. The recommendation to prevent or minimize clogging is

that after every chromatographic run, the entire system be washed with a

solvent mixture on a regular basis. If residual sample remains in the NMR

flow cell, the proton lineshape will be compromised and degraded if

contamination persists. The recommendation is to wash the NMR flow cell

monthly using aggressive solvent mixtures such as 3% hydrogen peroxide in

water. In recent years, technology has improved with the commercial

availability of interchangeable or removable NMR flow cells, even for

cryogenic NMR systems. Those flow cells provide a longer life and utili-

zation of the LC-NMR system.

3.7.5. Flow Rate and Magnetic Susceptibility

Another factor that raises concern is the compatibility of the flow rate of an

HPLC gradient solvent system with NMR operations. An HPLC gradient

solvent system with a flow rate greater than 2 to 3% per minute causes

problems in optimizing the magnetic field homogeneity (shimming), due to

gradient solvent mixing along the flow cell. With a flow rate greater than

3% per minute, it may take days for the mixture to equilibrate in the flow cell

beforeNMRexperiments can be carried out. Poormixing in anHPLCgradient

solvent system affects the quality of the NMR spectra, due to nonuniformed

magnetic susceptibility across the area where the coil is located in the NMR

flow cell. Under these conditions, resolution and lineshape will degrade,

providing low-qualityNMR spectra.When these systems are used, the solvent

composition presents another challenge forNMRoperations. Each solvent has

its own optimal shimming conditions that affect the quality of the NMR

lineshape. If two solvents are mixed in an approximate 1 : 1 ratio, shimming

the sample in the NMR flow cell becomes a problem. The recommendation is
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to usemixtures that do not exceed a ratio of 2 : 3 for themixture of two solvents

and to avoid a 1 : 1 ratio, to minimize major shimming issues and degradation

of the lineshape, whichwill renderNMRanalysis of samplemixtures difficult.

3.7.6. Quantitation

With tube-based NMR as the classic methodology, accurate quantitation is

obtained by introducing an internal standard of known purity to calculate the

weight percentage of the analyte of interest in the sample. ERETIC is a

methodology in which a calibrated electronic signal is created that is used as

a standard for quantitation. ERETIC ismore appropriate for the quantitation of

a greater number of samples, such as in 96-well plates and provides a

reasonable but less accurate measurement than when using an internal

standard. These techniques become difficult to implement in LC-NMR

settings. An internal standard would have to elute at the same retention time

as the analyte of interest, and its concentration should not be modified during

the chromatographic run. ERETIC is also in question because it is not an

accurate method for quantitation, so its use is still under debate. In conven-

tional LC-NMR, quantitation becomes less reliable with the use of solvent

suppression techniques. Quantitation with FIA-NMR and DI-NMR may be

more feasible using an internal standardmethodology, but this approach is still

under investigation [12].

3.8. CONCLUSIONS

Structural analysis of mixtures by the hyphenated techniques LC-NMR and

LC-MS-NMR requires careful consideration of HPLC solvent systems,

solvent suppression and sensitivity for NMR analysis, and possible deuterium

exchange if exchangeable protons are present, because they affect interpre-

tation of the molecular ions of analytes for MS analysis. In addition, air

bubbles, carryover, solubility and precipitation, flow rate, system cleanliness,

and quantiation are factors that will affect the results of NMR analysis if they

are not controlled. The most common modes of operation in hyphenated

NMR techniques are on-flow and stop-flow, depending on the amount of

sample available for the investigation. Other optional operational modes are

time-sliced and loop collection, depending on the chromatographic conditions

and the number of chromatographic peaks in the sample mixture that require

NMR analysis. Careful evaluation of those factors will provide the proper

strategy to use to carry out structural analysis of the components of sample

mixtures.
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4
Applications of LC-NMR

4.1. INTRODUCTION

Analysis of complexmixtures has created a need for hyphenated techniques to

determine the structures of the components of mixtures. NMR has been used

successfully in the field of organic chemistry since its discovery to determine

the structure of organic compounds. In many cases, isolating compounds for

NMR analysis may be time consuming and present difficulties, especially for

unstable compounds. The difficulties have prompted the need to develop

alternatives to use to solve structural problems. NMR is a technique that

provides low sensitivity but is powerful because it provides detailed infor-

mation on the structure of compounds. With the development of pulse field

gradients, solvent suppression, new probe designs, and digital signal proces-

sing, NMR has become capable of working with HPLC solvents, in many

cases in their deuterated form, as a hyphenated technique. Those develop-

ments have made LC-NMR a handy methodology for the analysis of sample

mixtures. LC-NMR has become a standard tool in many laboratories as a

hyphenated technique to approach determining the structures of compounds

present in mixtures that may present some issues during isolation or due to

instability. In this chapterwegive an overviewof applications of LC-NMR in a

LC-NMR and Other Hyphenated NMR Techniques: Overview and Applications, First Edition.
Maria Victoria Silva Elipe.
� 2012 John Wiley & Sons, Inc. Published 2012 by John Wiley & Sons, Inc.
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variety offields, aswell as cases to demonstrate the applicability and extensive

use of this hyphenated technique.

4.2. APPLICATIONS OF LC-NMR

LC-NMR has been applied extensively to the field of structural elucidation of

organic compounds in many areas, including natural products, drug metab-

olism, drug discovery, impurity characterization, degradation products, food

analysis, polymers, metabolomics andmetabonomics, and isomers, including

tautomers and chiral compounds. The diversity of applications of LC-NMR

makes it a routine technique commonly used in academic and industrial

laboratories, particularly in the pharmaceutical area. Below is a description of

examples of LC-NMR applied successfully in these areas.

4.2.1. Natural Products

LC-NMR has been widely applied in the field of natural products chemistry.

Two principal approaches have been used: examination of crude extracts and

determination of the structure of unknowns. In the case of crude extracts, the

main focus is to screen these extracts for rapid determination of the presence of

known major components of the extracts and of unknown components, for

further investigation of their structures. The mode of operation for the

screening methodology is on-flow LC-NMR, which makes possible rapid

analysis of complex mixtures for recognition of major known components. If

structural elucidation is needed mainly for the unknown components, stop-

flow is more appropriate. In addition, preliminary pre-purification of the

analytes of interest may be necessary to eliminate or minimize other inter-

ferences from other components present in the mixture that may affect the

structural elucidation analysis when they have retention times similar to those

of the components of interest [1–4].

Traditionally, after HPLC and LC-MS screening of crude extracts from

plant, marine, or microbial sources, analytes of interest have been isolated to

determine their structures. The process is lengthy and requires isolation of a

fewmilligrams to carry outNMRanalysis normally in 3- or 5-mmNMR tubes.

In many cases, unnecessary time is consumed isolating known structures;

therefore, better methodology to identify them has been a need with natural

products. Dereplication is a process of quick identification of known and

undesired compounds from natural product extracts as a means of using

resources wisely by isolating only unknown compounds of interest. LC-MS

has formany years been themethod of choice for dereplication. However, lack

of ionization of some compounds and information on a molecular ion that can
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generate several possiblemolecular formulas are drawbacks to identifying the

known compound in many cases. LC-NMR has been employed as a screening

method in natural products from plants, marine, life, and microorganisms to

discriminate known components and identify the presence of unknown

components of interest. On-flow is the method used for screening, and

stop-flow or loop collection is used to determine the structure of unknown

components of interest by performing other experiments, including two-

dimensional NMR experiments.

Wolfenger et al. [5] performed screening by on-flow LC-NMR on Swertia

calycina, a plant from the Gentianaceae family, to identify antifungal agents in

the extract without isolation. The LC-UV profile was simple, with three major

components in the extract. Two of themwere proposed by LC-MS: sweroside,

a secoiridoid type, and decussatin, a polyphenol, and were confirmed by

LC-NMR (Figure 4-1). The third component was proposed by LC-MS to be

a quinonic compound, but it was not possible to pinpoint its final structure.

Based on the chemical shifts and splitting patterns of the proton signals

from the online LC-1H NMR spectrum, the structure was proposed to be

2-methoxy-1,4-naphthoquinone (Figure 4-1), a naphthoquinone first reported

in the Gentianaceae family at that time. Stop-flow LC-NMR was applied to

O

O

O

H

O-Glc

sweroside

O

O

OCH3

O

OOH OCH3

H3CO

OCH3

decussatin

2-methoxy-1,4-naphthoquinone

OH3CO

Glc

OH O

OH

swertisin

FIGURE 4-1. Structures of four components of two Gentianaceae plants indentified by LC-NMR. The

three major components of Swertia calycinawere identified by on-flow LC-NMR as sweroside, decussatin,

and 2-methoxy-1,4-naphthoquinone. The structure of swertisin or 5,40-dihydroxy-7-methoxy-6-C-gluco-

sylflavone from Gentiana ottonis was identified by stop-flow LC-NMR together with LC-MS/MS [5].
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another extractof aGentianaceaeplant,Gentianaottonis, because it presenteda

more complex LC-UV profile and to increase the sensitivity of LC-NMR. The

stop-flowLC-NMR and the LC-MS/MS experiments facilitated determination

of the position of C-glycosylation of a flavone C-glycoside, not possible by

conventional LC-MS, as the known 5,40-dihydroxy-7-methoxy-6-C-glucosyl-

flavoneorswertisin (Figure4-1).LC-NMRwasperformedusingaWETsolvent

suppression technique on the methyl group and its two 13C satellites of MeCN

and the residual HOD peak. The authors indicated that the detection limits of

the LC-NMR stop-flow mode carried out on their 500-MHz instrument was

approximately 0.05mmol per chromatographic peak, and it was lowered by a

factor of 100 in the LC-NMR stop-flowmode, with acquisition times of several

hours without significant dispersion of the chromatography in the flow cell [5].

Renukappa et al. [6] performed on-flow and stop-flow LC-NMR on the

crude plant extract of Bacopa monniera W. (Scrophulariaceae) to determine

the major active saponin components of the extract. To fully determine their

spin-system connectivities of the three major components as P1, P3, and P4,

WETGCOSYandWETTOCSYexperiments in the stop-flow LC-NMRmode

were performed due to the complexity of their structures. The major compo-

nents identified were bacoside A3 or 3-b-[O-b-D-glucopyanosyl-(1! 3)-O-

[a-L-arabinofuranosyl-(1! 2)]-O-b-D-glucopyranosyl)oxy]jujubogenin for

P1, 3-b-[O-b-D-glucopyanosyl-(1! 3)-O-[a-L-arabinofuranosyl-(1! 2)]-

O-b-D-arabinopyranosyl)oxy]jujubogenin for P3, and bacopasaponin C or

3-b-[O-b-D-glucopyanosyl-(1! 3)-O-[a-L-arabinofuranosyl-(1! 2)]-O-

b-D-arabinopyranosyl)oxy]pseudojujubogenin for P4 (Figure 4-2). LC-NMR

was performed using MeCN/D2O and MeOH/D2O solvent systems with a

WET solvent suppression technique on the methyl groups and their two 13C

satellites of MeCN and MeOH, and the residual HOD peak. The structures

were also confirmed by comparing the spectroscopical data with authentic

samples. The authors concluded that when other types of NMR data, such as

fromNOESY, 1H-13C HSQC, and 1H-13C HMBC experiments, are needed to

clarify structural features, isolation of the chromatographic peak of interest is

a requirement because the amount that can be analyzed by LC-NMR is not

sufficient to perform those experiments [6].

In the last decade, LC-NMR has been applied to plants andmarine natural

products, and also to extracts from microorganisms as a dereplication

technique by the on-flow mode. Stop-flow is employed predominantly when

more structural information is needed than just from the one-dimensional

traces of the on-flow LC-NMR mode by acquiring two-dimensional homo-

nuclear experiments. Two-dimensional COSY spectrum on stop-flow mode

was the key experiment for unambiguous identification of d-tocotrienol
from a crude palm oil extract (Figure 4-3) [7]. After on-flow LC-NMR

carried out to screen naphthylisoquinoline alkaloids in plants from the
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Ancistrocladaceae family, two-dimensional TOCSY and two-dimensional

ROESY in the stop-flow mode were used to identify unequivocally the spin

systems and spatial correlations to establish their relative configuration of

unknown naphthylisoquinoline alkaloids for the monomer alkaloids 1, 2,

and 3 [8] and the dimer alkaloid 4 [9]. However, sometimes isolation of the

compound of interest is necessary to confirm unambiguously the structure of

compounds by two-dimensional ROESY and two-dimensional heteronuclear

NMR techniques such as 1H–13C HMBC to perform carbon assignments and

proton–carbon correlations. Isolation of the monomer naphthylisoquinoline

alkaloid 5 fromAncistrocladus griffithi, a Ancistrocladaceae plant, was needed

to confirm and fully characterize the structure proposed by online LC-NMR

(Figure 4-4) [10].

Other examples in the literature follow the same trend as noted above in the

common practice of performing stop-flow LC-NMR after dereplication

through on-flow LC-NMR analysis, to identify the structure of specific

compounds in a mixture of crude extracts from plants [11–14], marine

life [15,16], and microorganisms [17–21]. Queroiz et al. [19] approached

on-flow LC-NMR differently by reducing the flow rate to 0.1mL/min to

run NMR spectra per chromatographic peak, acquiring 120 increments of

256 transients each for a total chromatographic duration of 19 h. The authors

consider this technique a low-flow LC-NMR method because they were

able to obtain the same separation as with a flow rate of 1mL/min but

with the advantages of having more transients (or scans) per chromatographic

peak. The advantage of a lower flow rate is that the limit of detection is

lowered under these conditions. The authors were able to obtain NMR data

from more than 10 LC peaks from the injected crude extract during a period

of 19 h [19].

In addition to on-flow and stop-flow LC-NMR techniques, trapping chro-

matographic peaks on loop collectors has been used to overcome the low

N

HO

OCH3

CH3

CH3

CH3
H3CO

HO

CH3

5

FIGURE 4-4. Structure of the monomer naphthylisoquinoline alkaloid 5 from Ancistrocladus griffithi,

an Ancistrocladaceae plant [10].
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sensitivity of NMR [22,23]. The chromatographic columnmay be overloaded

with concentrated sample to collect each individual peak in a loop for later

analysis. The loop used is capillary tubing, to avoid diffusion and dilution of

the analyte of interest in the loop. Normally, the stop-flow LC-NMR mode is

employed on selected peaks of interest after loop storage, and not necessarily

in the order of elution in which they have been collected from the chro-

matographic run. However, the loop collector method may fail if the con-

centration of the analytes of interest is insufficient for NMR analysis.

Traditional isolation on those peaks is needed for off-line NMR analysis [23].

Shaha et al. [22] used superheated deuterium oxide (D2O) instead of water as

the mobile phase of the HPLC to minimize any interference from other

solvents present in conventional HPLC organic–aqueous eluents, which often

contain modifiers. This method is appropriate when isothermal conditions

give poor separation and the temperature gradient yields good separation of

the components of the extract, as found in the analysis of ginger extracts,

which are thermally unstable during GC and GC-MS analysis [22].

4.2.2. Drug Metabolism

LC-NMR has been employed extensively and successfully in the field of drug

metabolism.Conventionally,NMRspectroscopy has been used off-line for the

structural determination ofmetabolites through isolation from their biological

matrices (e.g., urine, bile, feces, brain, and other tissues, including in vitro

transformations from microsome and hepatocyte incubations). However,

isolation is time consuming, and with the development of better NMR probe

designs, solvent suppression techniques to accommodate reversed-phase

common deuterated HPLC solvent systems, high-field magnets, and better

electronics in the NMR instruments coupled to common personal computers,

used of LC-NMR has become routine in many laboratories. Currently,

isolation of metabolites is pursued for cases where the complexity of the

structure requires more detailed information from 1H and 13C chemical shift

data through two-dimensional inverse detection NMR experiments (e.g.,

HSQC, HMBC). These experiments are more complex to perform in an

LC-NMR setting, due to the need for solvent suppression and limitations in

increasing the concentration of the metabolites of interest from the chro-

matographic peak of the HPLC run. However, LC-NMR has not replaced the

isolation process, especially for complex matrices such as bile samples.

Preliminary separation of themajor components of thematrix is a requirement

for LC-NMR to eliminate any other endogenousmaterials that may elutewith

the chromatographic peak of interest and interfere with the NMR analysis.

NMR will detect anything above the NMR detection limit that has protons or

whatever nuclei of study on the chromatographic peak that is in the flow cell
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where the RF receiver coil is located. Therefore, overlapping of signals from

components in the same chromatographic peak will complicate the analysis,

providing ambiguous results. Common modes of operation for LC-NMR

analysis of metabolites are on-flow, stop-flow, and loop collection. On-flow

gives an overview of the major metabolites present in the sample mixture;

stop-flow makes it possible to obtain data from major and minor metabolites

that are above the threshold of detection and to obtain two-dimensional NMR

experiments if a sufficient amount of analyte is in the flow cell; and loop

collection provides another mode of separating metabolites into capillary

loops for later NMR analysis [2,24,25].

Tocopherols are components of vitamin E and are sensitive to light and air,

which makes them difficult to analyze from toothpaste and gingival samples

after isolation, due to possible degradation with light and air. Tocopherol

homologs were analyzed successfully by on-flow LC-NMR from human

samples to determine the effect of the enrichment of vitamin E in gingival

tissue after the treatment of toothpastes containing a-tocopherol acetate [26].
Studies have shown that decreasing the flow rate to 0.3mL/min when

performing on-flow LC-NMR provides higher NMR sensitivity but with

lower resolution, due to peak broadening. The lower resolution is sufficient

to identify the proton signals of each chromatographic peak [27]. Unfortu-

nately, when several hydroxylated metabolites are formed, each positional

isomer cannot be easily distinguished from simple inspection in an on-flow

NMR experiment [27]. Murai et at. [27] collected WETNOESY data in the

stop-flowmode to assign the hydroxylation correctly in each positional isomer

for metabolites M1 and M2 (Figure 4-5) [27]. Another way to determine the

number ofmetabolites in a biological sample is by performing on-flowLC-19F

NMR before stop-flow LC-1H NMR analysis to determine the structure of the

metabolites of interest [28]. If the parent drug has 19F, LC-19F NMR has the

advantage of not interfering with signals from the matrix because only drug-

related compounds, and not endogenous compounds, will have 19F in their

structures [28].

Stop-flowmode is the most common approach to determining the structure

of metabolites by simple inspection of an 1H NMR spectrum acquired with a

sufficient signal-to-noise ratio compared to the spectrum of the parent drug to

determine the difference in the structure of the metabolite [29–39]. LC-NMR

plays an important role in the structural analysis of volatile or unstable

metabolites because they cannot be isolated successfully for off-line NMR

analysis [33,36,37]. Dear et al. [33] used ion-exchange HPLC in an LC-NMR

system as a tool to identify the structure of a highly polar radioactive

metabolite that did not have a significantUV chromophore andwas unretained

in reversed-phase HPLC, due to its highly hydrophilic nature [33]. After

cleaning up the sample with solid-phase extraction, ion-exchange LC-NMR
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was employed. Performing stop-flow LC-NMR on the chromatographic peak

of interest provided most of the information regarding the structure of the

metabolite. Unfortunately, the presence ofN-acetyl was not confirmed, due to

overlapping of the signals with the acetonitrile signal from the LC-NMR

solvent system. Therefore, recovering the peak trapped in the flow cell was

necessary to confirm its structure, which also included 13C data through the

HMBC experiment (Figure 4-6) [33].

Identification of the structures of metabolites in different incubations with

microsomes containing recombinant human cytochromeP450 enzymes (CYP)

also provides information on the metabolic pathway of metabolites [37].

Identification of the polar metabolite M3 by HPLC and LC-NMR from the

incubations of [14C]M1 and [14C]M2 metabolites of the drug MK-0869 with

microsomes containing human recombinant CYP1A2, CYP2A6, CYP2B6,

H3C

O

CH3

OH

H3C CH3

O

Gemfibrozil

HOH2C

O

CH3

OH

H3C CH3

O

H3C

O

CH3

OH

H3C CH3

O

M1

M2

HO

FIGURE 4-5. Structure of gemfibrozil and its M1 and M2 hydroxylated metabolites as positional

isomers [27].
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CYP2C8,CYP2C9,CYP2C19,CYP2D6,CYP2E1, orCYP3A4was crucial to

determine the CYPs enzymes involved in the O-dealkylation mechanism

pathway. Only human recombinant CYP2C19, CYP1A2, and CYP3A4 me-

tabolized M1 and M2 to the very polar metabolite M3. These findings suggest

that M1 or M2 converted to M3 via O-dealkylation of the 1-(3,5-bis(trifluoro-

methylphenyl)ethanol moiety, followed by equilibrium of the corresponding

hemiacetal–aldehyde forms of the morpholine ring (Figure 4-7). The aldehyde

or open ring of the morpholine ring could either lose the aminoethanol tether

after oxidation on the benzylic position in the case of M1 or hydrolysis in the

case of M2, giving rise to p-fluorophenylglyoxal, which could be further

reduced to the p-fluoro-a-hydroxyacetophenone orM3 (Figure 4-7) [37]. In the

case of ambiguities on assignments of the one-dimensional 1H NMR from

an LC-NMR run, two-dimensional WETCOSY/TOCSY experiments under

stop-flow conditions will facilitate the proton assignments [32]. Storing the

chromatographic peaks of interest in loops is another option that can be used to

pursue the NMR analysis of more than one analyte from biological samples.

The NMR analysis can be performed in a different order than that used to

collect chromatographic peaks in loop collectors [40]. Recently, with the use of

cryogenic probes, improvement in sensitivity is at least fourfold, facilitating

the analysis of mixtures in the drug metabolism world [41]. Cloarec et al. [41]

also used statistical correlation spectroscopy to deconvolute the overlapping

mixture of components on a single UV chromatographic peak.

An important metabolic pathway is the formation of conjugates of acyl

glucuronide and its acyl migration species, depending on the pH of the

media [42–49]. b-Glucuronidation is a major metabolic pathway for drugs

containing a carboxylic acid or hydroxyl group. In the case of carboxylic acid,

the b-1-O-acylglucuronide adduct formed is labile in vivo and in vitro to

mutarotation or acyl migration under physiological pH and mild basic

conditions, yielding a series of positional isomers for both a- and b-anomers

(Figure 4-8). LC-19F NMR has been used in the on-flow mode to observe

the separation in the chromatography of the various acyl migrated compo-

nents based on their retention times for fluorine-containing parent drug

H3C
H
N

S

NH
O O

H2N

OH

O

*

FIGURE 4-6. Structure of the N-acetyl highly polar metabolite N-acetyl-3-{[2-(ethanimidoylamino)

ethyl]sulfonyl}alanine. The asterisk indicates the radioactive 14C labeled position [33].
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molecules [45]. The greater chemical shift dispersion of 19F simplifies

analysis of the mixture versus the LC-1H NMR version because of the low

number of 19F atoms in the parent drug compared to 1H atoms in the

molecule and the lack of interference with endogenous compounds in the

N
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FIGURE4-7. Proposedmechanismof formation for themetabolic pathwayof themetaboliteM3ofMK-

0869 from incubations of [14C]M1 and [14C]M2 metabolites with microsomes containing recombinant

human CYP2C19, CYP1A2, or CYP3A4 [37].
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sample without fluorine [45]. It has been accepted that the acyl migration

reactions are reversible except for formation of the a- and b-1-O-acyl
isomers, probably due to the high energy barrier to form the C-O bond of

the anomeric position (Figure 4-8). However, the presence of the a-1-O-acyl
glucuronide as a minor component has brought the hypothesis of its formation

from equilibrium with the a-2-O-acyl glucuronide (Figure 4-9) [47].
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FIGURE 4-8. General scheme of formation of any drugwith carboxylic acid into a 1-O-acyl glucuronide

drug adduct, its hydrolysis, and the reaction products arising from internal acyl migration andmutarotation.
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To demonstrate that hypothesis, Nicholson’s group applied LC-1H NMR to

S-naproxenb-1-O-acyl glucuronide during acylmigration and obtained kinetic

information [47,49]. The authors demonstrated that the a-1-O-acyl isomer is

formed from the a-2-O-acyl glucuronide isomer through a postulated intra-

molecular rearrangement where the 1,2-cis-(ax,eq) fused intermediate has a

lower energy barrier formation than the 1,2-trans-(eq,eq) fused intermediate,

favoring the back reaction of a-2-O-acyl glucuronide to a-1-O-acyl isomer

(Figure 4-10) [47]. In addition, the a-1-O-acyl isomer is thermodynamically

more stable and kinetically more unstable than its counterpart, b-1-O-acyl
glucuronide [47].

4.2.3. Drug Discovery

Earlier in the process of discovering drug candidates with potential biological

activities for future development, hyphenated analytical techniques can be

employed in two main areas to assess and determine the components of

complex mixtures in drug discovery: medicinal chemistry and combinatorial

chemistry. LC-MS has been the traditional technique used to analyze the

components of complex mixtures in those areas, due to its high sensitivity.

However, MS has some drawbacks for complete structure determination.

Problems with the ionization and reliability of the molecular ions of analytes

of mixtures in determining their structures can make structural assignments

tentative or impossible, especially to distinguish molecules of the same

molecular weight or between regioisomers [2,50]. In medicinal chemistry,

determination of the components in reaction mixtures, such as by-products or

impurities, is required early in the process to modify the synthesis for better

yield. In addition, identification of degradation products from dosage for-

mulations early in the process provides information on the stability of drug

candidates for future animal studies and in the selection of the drug formula-

tions for development stages [2,50]. Impurity characterization and degrada-

tion products are discussed in detail in the following sections. The identifi-

cation of drug metabolites early in the process is critical in drug discovery

to design better drug candidates with higher efficacy, bioavailability, and

minimum toxicity [2,50]. The application of LC-NMR in drug metabolism

was discussed in Section 4.2.2. Shapira et al. [51] applied ultrafast two-

dimensional TOCSYexperiments in a custom-madeNMRflowcell connected

directly to an ongoing chromatographic separation to determine in situ the

structure of the components of themixture as a potential application tomixture

analysis in drug discovery. In combinatorial chemistry, the analysis of reaction

mixture from high-throughput reaction screening in combinatorial libraries

is critical to the design of better drug candidates [2,50,52]. The use of

LC-NMR has been tested on a mixture of peptides [2,50,52]. Direct flow
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NMR techniques without the presence of the HPLC instrumental component

have also been used, but that is beyond the scope of this book [53].

4.2.4. Impurity Characterization

Impurity characterization by LC-NMR has been employed primarily in the

pharmaceutical industry. During the development of drug candidates, the

structures of impurities present in drug substances and drug products, which

are formulated drug substances, have to be characterized when their levels are

equal or greater than 0.1% of the UV peak area based on HPLC analysis.

Knowledge of their structures can provide an assessment of their potential

toxicological effects and is a requirement of regulatory agencies worldwide.

Impurity characterization is also importantwhen impurities are formed during

the reactions that form the drug substance or active principal ingredient (API)

to understand and optimize chemical reactions and know their potential

formation mechanisms so as to avoid or minimize their presence [50,54].

Traditionally, MS and LC-MS have been the techniques used to characterize

impurities in both drug substances and drug products, but the structural in-

formation obtained by MS is not sufficient to determine their structures

without ambiguity, especially in cases of regioisomers or complex structures

such as dimers, which can have a greater number of possible molecular

formulas for a particular molecular ion. In those cases, isolation is used to

carry out NMR analysis to determine their structures. With the improvements

in electronics, probe design, cryogenic systems, and sensitivity in modern

NMR instruments, LC-NMR has become capable of analyzing complex

mixtures, eliminating or decreasing the number of steps during the impurity

isolation process [50,54]. Early in the 1990s, on-flow and stop-flow NMR

experiments were carried out on simulated mixtures to demonstrate the

sensitivity of LC-NMR for 1H and 19F NMR analysis [55,56]. The time-

sliced operation mode has been used less frequently, but a successful example

is its application to fluticasone propionate (Figure 4-11) to determine any

evidence of the presence of other components in the same chromatographic

peak [57]. In addition, the authors were able to determine the structures of four

impurities as dimers that were at a level of 2% or below without the need of

isolation [57].

In recent years, the common trend toward impurity structural deter-

mination is to pursue isolation after initial LC-NMR and LC-MS analysis.

LC-NMR analysis using on-flow and stop-flow modalities provides propo-

sals of potential structures for impurities of interest. Thereafter, isolation of

those analytes and sometimes synthesis of those proposed structures are

carried out to confirm their definitive structures by MS and NMR, obtaining

one- and two-dimensional NMR data with 1H and 13C connectivities [58–64].
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Sharma and Jones [60] indicated that LC-NMR is a powerful technique but is

more appropriate for pursuing the structure determination of major rather than

minor components, such as a low level of impurities due to low sensitivity, easy

loss of sample in the flow system, relying on a small percentage of the

chromatographic peak detected by the RF coil, and the difficulty of acquiring

two-dimensional homonuclear and, especially, two-dimensional heteronuclear

NMR experimentswith the need ofwater suppression. The authors believe that

isolation of impurities is no more time consuming than redevelopment of the

chromatography to make it compatible with the LC-NMR requirements, such

as using deuterated solvents and appropriate flow rates,minimizing broadening

of chromatographic peaks, increasing the concentration of analyte in the peak,

and other requirements [60].

4.2.5. Degradation Products

The characterization of degradation products is important during the drug

discovery and development processes. In drug discovery, the identification of

degradation products in dosage formulations provides information on the

stability of drug candidates to develop better formulations, increasing drug

stability. In drug development, the drug candidate by itself and in solution

is stressed under specific conditions of temperature, humidity, and pH for a

certain period of time, based on the International Conference of Harmonisa-

tion of Technical Requirements or ICH guidelines for the registration

of pharmaceuticals for human use [65]. Forced degradation testing is a

O
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Fluticasone propionate

FIGURE 4-11. Structure of fluticasone propionate [57].
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requirement from regulatory agencies to register pharmaceuticals for human

use with the purpose of identifying and quantifying degradation products in

formulated drugs that may cause undesirable side effects in patients. LC-MS

has been themethod of choice for the characterization of degradation products

in forced degradation testing of drug substances and drug products, due to its

high sensitivity and fast analysis. However, LC-MS has limitations for the

ambiguous determination of the structures of degradants that have complex

molecular structures with large molecular weight that have a greater number

of possible molecular formulas for their molecular ions. With the improve-

ments in electronics, probe design, cryogenic systems, and sensitivity in

modernNMR instruments, LC-NMR is capable of analyzing complexmixture

of degradation products by eliminating or decreasing the number of steps in

the isolation process [66–79].

Peng et al. [66] characterized six degradation products from a dosage

formulation of the protease inhibitor PGE4410186, N-hydroxy-1,3-di-[4-

ethoxybenzenesulfonyl]-5,5-dimethyl-[1,3]cyclohexyldiazine-2-carboxa-

mide, duringthedrugdiscoveryprocessbyLC-MSandLC-NMR(Figure4-12).

LC-NMR data were acquired in the stop-flow mode. The drug degraded

quickly in a dosage formulation designed for an animal model study. Rapid

identification of the structures of the degradation products by LC-MS and LC-

NMR was useful to its drug discovery process [66]. Fukutsu et al. [71]

presented the typical stressed study or forced degradation study of the drug

substance cefpodoxime proxetil to investigate the stability characteristic and

degradation profile of the drug. The forced degradation study was carried out

in solid and in solution. The drug in the solid state as a drug substance and in its

formulation was treated under a dry and a humid atmosphere at 40�C. In
solution, the drugwas exposed to various pH solutions [71]. Three degradation

products were characterized by LC-MS and LC-NMR in stop-flow mode

without the need of isolation (Figure 4-13) [71]. Even though LC-NMR is

intended to avoid the purification process of degradation products to carry out

their structural analysis in less time, it is a common practice to isolate them to

confirm their structures further by two-dimensional inverse detection NMR

experiments such as 1H-13C HMBC [70,72,75,77]. Murakami et al. [73] used

pre-concentration column trapping to concentrate the fractions with degra-

dation products of stressed commercial tablets of amlodipine maleate (Fig-

ure 4-14) to obtain two-dimensional LC-DQF-COSYand LC-1H-13C-HMBC

data through the stop-flow LC-NMR mode for their structural determination

without the need of isolation. Shah et al. [78,79] collected the individual

chromatographic peaks of the degradation products from the forced degra-

dation studies of irbesartan and telmisartan (Figure 4-14) in fraction loops to

acquire two-dimensional LC-COSYand two-dimensional LC-HMBC data to

facilitate their structure analysis.
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4.2.6. Food Analysis

LC-NMR has not been applied extensively to food analysis. However, there

are few cases in recent years that provide interesting applications in this

field [2,7,80–87]. The four modalities of LC-NMR—on-flow, stop-flow,

time-sliced, and loop collection—have been applied in those cases. On-flow

mode is practical when looking simultaneously at all the components of

the particular food being analyzed to determine the major components of the

mixture [7,80–82,84,86]. An example of the use of stop-flow is in the analysis

of crude extracts from mango [80], beer [81], grape juice [82], and wine [82]

to determine the major components of the extracts and to follow the bio-

chemistry on the effects of ripening, processing, andmicrobial growth [80,84].

Stop-flow is applied to individual components of the mixture to confirm their

structure with better signal-to-noise data, especially for minor components,

and to be able to acquire some two-dimensional NMR experiments, such

as WETGCOSY [7,81,83,85–87]. Examples of stop-flow applications are

determination of the lutein and zeaxanthin steroisomers in sweet corn and

spinach (Figure 4-15) [83], polymethoxylated flavonoids, and an acetylated

tetranortriterpenoid with limonoid structure as proceranone from molecular

distillation of orange peel oils (Citrus sinensis) (Figure 4-15) [85], and in the

analysis of carotenoids in tomato juice, palm oil, and Satsuma mandarin

orange juice [87]. The time-sliced mode is used to determine the composition

of a particular chromatographic peak and to increase the signal-to-noise ratio

compared to the on-flowmode but faster than the stop-flowmode, minimizing

the distortion of the chromatography by stopping the flow for short periods of
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time in the same chromatographic peak [82]. An example of the use of the

time-sliced mode is the analysis of the aromatic composition of beer, grape

juice, and wine extracts [82]. A loop collector is used to analyze chro-

matographic peaks at a later time, and not necessarily in the order of their
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chromatographic elution, with the advantage of acquiring one- and two-

dimensional NMR data for a longer period, as in the stop-flow mode. A loop

collector has the advantage of analyzing many chromatographic peaks stored

in loops individually without disrupting the chromatography [2,80–82,84,86].

Examples of loop collector applications are the determination of the two

isomers of ethyldimethylpyrazine, 2-ethyl-3,5-dimethylpyrazine and 2-ethyl-

3,6-dimethylpyrazine, as food-flavoring agents (Figure 4-15) [86].

4.2.7. Polymers

There are few examples in the literature of the use of LC-NMRwith polymers,

using on-flow LC-NMR as the main mode in their analysis [88–94]. The

behavior of the C30 bonded interphases has been measured indirectly through

the separation of five different isomers of vitamin A acetate at different

temperatures by on-flowLC-NMR[88].At high temperatures theC30 polymer

chains have higher mobility, making the insertion of different vitamin A

isomers into the interphase alkyl chain difficult, restricting the gauche

conformations for the C30 bonded interphases. Under lower-temperature

conditions, the retention times are longer and separation of the different

isomers of vitamin A acetate improves, due to the lower mobility of the C30

interphase alkyl change, increasing the number of trans conformations, which

favors contacts between the alkyl chains of the polymer and the different

vitamin A acetate isomers. Two chromatographic peaks were separated at

50�C and four at 2�C [88]. On-flow LC-NMR has been applied to poly

(ethylene oxide) to determine the chemical structure and degree of polymer-

ization; to oligostyrene to analyze the end group structure, the degree of

polymerization, and its tacticity; and to randompoly(styrene-co-ethyl acrylate)

to determine the chemical composition and chemical heterogenecity at a high

level of conversion [89]. Silicone analysis has been possible by 1H and 29Si

LC-NMR on-flow and stop-flow modes [90,91], including inverse detection

experiments of 29Si through the 1H in stop-flowmode [91]. On-flow LC-NMR

has been used for the analysis of block copolymers such as PC-b-PMMA and

P2EHA-b-PMA to determine their chemically heterogenecity, composition,

and tacticity [92–94].

4.2.8. Metabolomics and Metabonomics

In the last decade, the concept of metabolic profiling in plants, animals, and

human beings has opened new areas of interpreting the data acquired by

various analytical techniques with the application of chemometrics. Meta-

bolomics and metabonomics are concepts that have emerged from these

studies. Metabolomics and metabonomics refer to metabolic profiling of
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metabolites in plants, microorganisms, animal and human biofluids, and

tissues of organisms. Metabolomics is applied mostly to the metabolic

profiling of plants, and metabonomics is applied more to the analysis of

animal and human biofluids and tissues. In the analysis of biofluids, especially

for animals and humans in the pharmaceutical world, metabonomics also

refers to the changes in metabolic profiling over a period of time. Through

analysis of the metabolic composition of biofluids by 1H NMR, pattern

recognitions are usedwith chemoinformatic tools to attempt the interpretation

of the data as a toxicological assessment, a genomic approach to evaluate

altered gene expression after drug exposure, and to assess health and influence

therapies [95,96].

A large portion of theNMRdata acquired formetabolomic ormetabonomic

analysis is not found using hyphenated NMR techniques. The most common

experiment is the one-dimensional 1H NMRof biofluid sampleswith 5 to 10%

D2O to lock in D2O. There are few cases in the literature where LC- NMR is

used in this type of application. On-flow and stop-flow LC-NMR have been

used to perform metabolic profiling on plant crude extracts and rapid

identification of natural products for dereplication and quality control. To

date, metabolomics have been applied to nonhyphenatedNMR to classify and

characterize different species of medicinal plants for quality control, espe-

cially when the active ingredients are unknown [97]. On-flow and stop-flow

LC-NMR modes are valuable tools to identify succinyltaurine as a novel

endogenous urinary taurine-related metabolite for the metabonomic study of

hypertension in rats [98].

4.2.9. Isomers, Tautomers, and Chiral Compounds

The traditional method of analyzing isomers, tautomers, and chiral com-

pounds by NMR is off-line in the NMR tube, but the analysis has been

performed under LC-NMR settings in some cases. In the case of positional

isomers or regioisomers, LC-NMR has been applied to drug metabolism to

assign the correct hydroxylation position on two isomer metabolites in the

stop-flowmode (Figure 4-5) [27] to amixture of three regioisomers combining

on-flow LC-NMR with principal component analysis to determine their

individual structures [99], and in drug discovery for the characterization of

two regioisomer products from the synthesis of 1,5-diarylpyrazoles [100].

Stop-flow LC-NMR has been used to identify cis and trans isomers of

isomerized tretinoin, which is related to retionic acid [101]. Zhou and

Hill [102] have applied LC-NMR in the stop-flow mode to study the

ketonization kinetics of the keto-enol tautomerization of ethyl butyryl acetate

using a cryogenic LC-NMR probe. LC-NMR has been used for determination

of the absolute configuration of secondary alcohols coupled to (R)- and
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(S)-9-anthrylmethoxyacetic acid (9-AMA) as 9-AMA esters [103], and to a

new tetrahydrophenanthrene through its Mosher ester derivative in stop-flow

LC-NMR mode isolated from the aerial parts of the plant Heliotropium

ovalifolium [104]. Recently, LC-CD (circular dichroism) and LC-NMR have

been combined (LC-CD-NMR) for the determination in situ of the absolute

configuration of the individual enantiomeric chromatographic peaks of a

pyridylananine derivative mixture in the stop-flow mode [105].

4.2.10. Others Areas

LC-NMR has been applied to other type of compounds and areas to explore

their capability. Tran et al. [106] have investigated the effects of chro-

matographic peak broadening when executing in the stop-flow mode in

isocratic and gradient elution on each individual peptide of a sample mixture

with a different number of amino acids and at different temperatures. The

authors observed different behaviors depending on the shape and molecular

weight of the peptides in terms of the degradation of the resolution of the

chromatographic peaks with subsequent stops and with the length of time

acquiring NMR data on each peak during stop-flow. The authors concluded

that 30min of stopping the flow provided a safer margin with less degradation

on the chromatography [106]. In the environmental arena, LC-NMR has been

used to identify components for on-flow and time-sliced modes in a leachate

from an industrial landfill holding industrial toxic and hazardous wastes from

different sources [107] and highly polar nitroaromatic compounds for on-flow

mode from leachate and groundwater samples obtained from a former TNT-

contaminated waste site [108].

4.3. CONCLUSIONS AND FUTURE TRENDS

LC-NMR has provided a combination of separation and structural elucidation

analysisofthecomponentsofcomplexmixtures.TheapplicationofLC-NMRto

natural product extracts; drugmetabolites, including the areas ofmetabolomics

and metabonomics; synthetic samples from drug discovery and development

processes, including their impurities and degradation products; food compo-

nents; polymers; and leachates from wasted materials has demonstrated its

validity due to the improvements in NMR technology. Those applications have

demonstrated the capability of LC-NMR methodology for the analysis of

sample mixtures. Therefore, NMR has become a standard tool in many

laboratories as a hyphenated technique for the structural elucidation of the

components of complex mixtures that may present some problems during

isolation or instability. However, LC-NMR has not replaced the option of
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isolating the analytes of interest for further NMR studies as the classical option

for determining their structures, especially when additional NMR data are

necessary to eliminate any ambiguity from simple NMR experiments in the

LC-NMR settings. Two-dimensional heteronuclear NMR experiments with
13C in the seconddimension are still preferredwith isolatedmaterials due to the

low natural abundance of 13C,which limits the use of LC-NMR for those cases.

The analysis of 1H and 19F nuclei present in organic molecules has been

demonstrated successfully byLC-NMR,but off-line analysis of isolatedmateri-

alsisstillpreferredwhen13CNMRdataarerequired.ThetrendtoLC-NMRuseis

toward theanalysisofcomplexmixtures toobtain informationas to theirprofiles,

suchas innatural products anddrugmetabolism,andon the structural analysis of

compoundsthatdonotpresentambiguityissues,withhighnaturalabundanceand

sensitive nuclei, mainly for 1H NMR data. Therefore, off-line NMR of isolated

materials is applied to small components that are in the limit of detection of

LC-NMR, and to compounds with complex molecular structures that require

multiple nuclei analysis by NMR to eliminate ambiguity in their analysis.
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5
Applications of
LC-MS-NMR

5.1. INTRODUCTION

Development of the combination of HPLC as a major analytical separation

technique with structural elucidation techniques such as MS as LC-MS and

NMR as LC-NMR has provided a niche in the structural analysis of complex

mixtures. As indicated in Chapter 4, LC-NMRhas been demonstrated to be an

important tool in many areas in academia and industry and has become a

routine instrument in many laboratories. However, due to the different

requirements on sensitivity in MS and NMR, the sample load in the chro-

matography is not in the same concentration range for LC-MS and LC-NMR.

This issue creates ambiguity as to the assurance of providing accurate

information on MS and NMR for the same chromatographic peak when

LC-MS and LC-NMR are run separately. Further developments on these

hyphenated techniques have brought together a combination of LC-MS and

LC-NMR (LC-MS-NMR or LC-NMR-MS) as one technique that overcomes

the issue of uncertainty in obtainingMS and NMR data from each component

of complex mixtures when analyzed separately using LC-MS and LC-NMR.

Asmentioned inChapter 3, a splitter after theHPLCprovides different sample

loads to theMS and theNMR in the same chromatographic run. LC-MS-NMR

does not require that additional designs in the NMR technology, such as

LC-NMR and Other Hyphenated NMR Techniques: Overview and Applications, First Edition.
Maria Victoria Silva Elipe.
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special NMR flow cells, probes, and experiments, be executed. The main

consideration is the use of deuterated solvents for the MS analysis, which

provides deuterated molecular ions when exchangeable protons are present.

The option of having an additional pump to exchange back to protons for the

compounds of interest in the sample mixture before the sample enters the MS

has provided another aspect of the analysis, as explained in Chapter 3. Those

developments havemade LC-MS-NMRa handymethodology for the analysis

of complex sample mixtures. LC-MS-NMR has become a standard tool in

many laboratories as a hyphenated technique to approach the structural

determination of compounds in mixtures that may present problems during

isolation or instability and eliminates the ambiguity of different chromato-

graphies when MS and NMR are performed separately. In this chapter we

provide an overview of applications of LC-MS-NMR in a variety of fields as

well as examples to demonstrate the applicability and extensive use of this

hyphenated technique.

5.2. APPLICATIONS OF LC-MS-NMR

LC-MS-NMRhas been applied to the field of structural elucidation of organic

compounds in many areas, including natural products, drug metabolism, drug

discovery and development, including combinatorial chemistry and impurity

profiling, and metabolomics and metabonomics. The diversity in the use of

LC-MS-NMR has positioned it as another optional technique employed in

academic and industrial laboratories, particularly in the pharmaceutical area.

Below we discuss briefly cases in which LC-MS-NMR was applied success-

fully in these areas.

5.2.1. Natural Products

LC-MS-NMR is used in the field of natural products chemistry primarily to

examine crude extracts and to determine the structures of unknowns in

sample mixtures. Screening is used to examine crude extracts to determine

rapidly the presence of known and unknown components for further inves-

tigation of their structures, which is an important application in the dere-

plication analysis of natural products. The on-flow mode of operation used

for screening in the LC-MS-NMR methodology provides a rapid analysis of

complex mixtures for the recognition of major known components. Stop-

flow triggered by MS provides another option for analyzing chromatographic

peaks by NMR which it may not be possible to trigger by UV, due to the lack

of chromophores and for peaks of interest with a particular molecular ion or

fragment ion [1–5].
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LC-MS-NMR is not often used in the field of natural products, but the few

examples found in the literature maximize the potential of LC-MS-NMR

when performing on-flow and stop-flow assays triggered by MS [6,7].

Sandvoss et al. [6] performed rapid screening on the starfish Asterias rubens

by LC-MS-NMR after applying matrix solid-phase dispersion extraction

(MSPD) to facilitate the identification of unknowns in the presence of known

compounds. The authors performed stop-flow triggered by MS in an LC-MS-

NMR system successfully to further analyze the structure of the main

components of the chromatographic peaks of interest, including acquiring

two-dimensional WETTOCSY data for their analysis [6]. In a similar

fashion, Fritsche at al. [7] used LC-MS-NMR and CD to analyze the

structures of two secoisolariciresinol diglucosides (SDGs) (Figure 5-1):

[2R,20R]-2,3-bis[(4-hydroxy-3-methoxyphenyl)methyl]-1,4-butanediyl-bis-

b-glucuropyranoside and [2R,20S]-2,3-bis[(4-hydroxy-3-methoxyphenyl)

methyl]-1,4-butanediyl-bis-b-glucuropyranoside, extracted from flaxseed.

Recently, LC-MS-NMR has been applied—not directly to crude extracts

[6,8–10]—but to fractions of crude extracts previously fractionated through

MSPD [6]. Following this trend, LC-MS-NMR has been applied to solid-

phase extraction fractions of an extract from the cyanobacterium Fischerella

ambigua, dried and reconstituted in small volume, for automatic injection in

a capillary NMR flow cell [8]. In addition, LC-MS-NMR has been used as an

incomplete separation strategy applied to plant crude extracts combined with

NMR and LC-MS (NMR/LC-MS) in parallel dynamic spectroscopy or

NMR/LC-MS PDS [9], and to other plant extracts [10].
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FIGURE 5-1. Structure of secoisolariciresinol diglucoside extracted from flaxseed [7].
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5.2.2. Drug Metabolism

During the last decade, LC-MS-NMR has been employed in the field of drug

metabolism as an extension of the successful use of LC-NMR (see Section

4.2.2). Obtaining both MS and NMR information on metabolites from the

same chromatogram presents advantages over performing LC-MS and LC-

NMR separately. When carried out separately, sample loading in the column

requires overloading in the LC-NMR system, due to the lower sensitivity of

NMR than that of an LC-MS system. Retention time shifting and chro-

matographic peak broadening are common effects of column overloading

when running LC-MS and LC-NMR chromatographies separately. This

problem is overcome when the two instrumentations are combined into one

technique, LC-MS-NMR, for identification of the correct chromatographic

peak byMS and NMR, which is critical in determining structural information

on metabolites and other analytes. LC-MS-NMR has the same limitations as

LC-NMR in obtaining two-dimensional heteronuclear NMR data. Therefore,

isolation of metabolites is still pursued where the complexity of a structure

requires more detailed information from 1H and 13C chemical shift data

through inverse detection NMR experiments (e.g., HSQC, HMBC). These

two-dimensional heteronuclear NMR experiments are more complex when

carried out using hyphenated techniques because of limited amounts of

metabolite concentration and the need for solvent suppression. Another

consideration is the deuteration of molecular ions detected by MS when

considering the typical chromatographic run in LC-MS-NMR using deuter-

ated solvents. The problem is solved by attaching another pump before theMS

to reverse-exchange deuteriums for protons. Similar to LC-NMR, common

modes of operation for LC-MS-NMR analysis of metabolites are on-flow,

stop-flow, and loop collection. On-flow gives an overview of the major

metabolites present in a sample mixture. Stop-flow makes it possible to

obtain data from major and minor metabolites that are above the threshold of

detection and to run two-dimensionalNMRexperiments if a sufficient amount

of analyte is inside the flow cell. However, MS data cannot possibly be

acquired in this mode, but MS can be used to trigger the stop-flow mode.

Finally, loop collection provides another mode of separating metabolites into

capillary loops for laterNMRanalysis and of usingMS to trigger the storage of

chromatographic peaks in loops if they do not haveUV chromophores [1,3,4].

On-flow and stop-flow are the most common methodologies in LC-MS-

NMR analysis [11–20]. However, other modes, such as loop collector [21]

and column trapping [22], are also used. The most common configuration of

the system is to place NMR and MS in parallel in the settings [3,4,11–13,15–

22]. However, Dear at al. [14] used serial configuration, having the sample

travel from the HPLC to the NMR and ending in the MS before going to the
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waste area. The flow going to the NMR was split into a 1 : 12 ratio when

entering the electrospray interface of the MS at 50 mL/min [14]. To provide a

sufficient sample for MS and NMR analysis due to the different sensitivities

of the techniques, the flow rate from the HPLC is split. Even though a

splitting ratio of 95 : 5 [11,13,15,17–21] for the flow rate entering the NMR

and MS, respectively, is the most commonly used, researchers also use other

ratios in their systems, such as 50 : 1 [12], 12 : 1 [14], and 20 : 1 [16,22]. In

the drug metabolism world, electrospray in either a positive or a negative

mode is the most common source of ionization for MS analysis [11–16,18–

22]. Occasionally, other sources, such as atmospheric pressure ionization

(API), are employed [17]. H/D back-exchange is another alternative mode

used with MS data to eliminate the ambiguity of having partial deuterated/

protonated (H/D) molecular or fragment ions [12,14]. A pump is equipped

with a T-connection to create a flow with protonated solvents to back-

exchange the deuteriums in the solvent system coming from the LC-NMR

portion of the system [12,14]. Drug candidates with fluorine in their

structures are excellent candidates for alternative use of radiolabeling

metabolism studies. Fluorine (19F) occurs in 100% abundance in nature,

with a relative sensitivity of 0.83 related to 1H, and considering that

fluorinated drugs will have a few fluorine atoms in the molecule, makes
19F NMR a suitable method for pharmacokinetics studies in drug metabolism

or PKDM studies [11,13,15,16]. On-flow 19F NMR as part of an LC-MS-

NMR system helps to determine more easily the number of metabolites with
19F, their 19F chemical shifts, and their retention times, due to the simplicity

of the data [11,13,15,16]. Overall, the combination of LC-MS and LC-NMR

(LC-MS-NMR; frequently termed LC-NMR-MS) can provide detailed

structural information on particular metabolites of interest. The two meta-

bolites for the HIV-I reverse transcriptase inhibitor BW935U83, its glucu-

ronide conjugate and 3-fluororibolactone analyzed by 1H and 19F NMR in an

LC-MS-NMR system (Figure 5-2), are examples of detailed structure

information [16]. In addition, LC-MS-NMR can give overall information

on the metabolic fate of drugs such as paracetamol or acetaminophen

(Figure 5-3) [12].

5.2.3. Drug Discovery and Development

LC-MS-NMR has been employed in two major drug discovery and devel-

opment areas: combinatorial chemistry and impurity profiling [1,3,23].

Combinatorial libraries are an essential tool in the drug discovery process,

with LC-MS as the traditional analytical technique for the analysis of complex

mixtures in an automated mode. With the development of NMR probes,

including cryogenic probes, that performbetter solvent suppressionwithmore
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sensitivity and better electronics, LC-NMR has become another tool for

combinatorial chemistry. LC-NMR-MS combines both analytical tools that

can provide structural information on combinatorial chemistry samples

simultaneously without the ambiguity of having separate chromatographic

runs with different column loads, due to the different sensitivities of MS and

NMR. However, few peer-reviewed articles are published on this particular

application of LC-MS-NMR [3,23–26]. Holt et al. [24] demonstrated the

power of LC-MS-NMR as an analytical technique, obtaining UV, NMR, and

MS data from individual components of a complexmixture of peptides from a

single LC run. Impurity profiling is another area for which LC-MS-NMR has

potential [3,27,28]. However, the examples in the literature of which this

author is aware are hypothetical cases used to demonstrate the validity and

utility of the hyphenated technique.

5.2.4. Metabolomics and Metabonomics

In metabonomics, fingerprinting analysis of biofluids is essential for the

reproducibility of results. Sample preparation has to be simple to maximize

the advantages of high throughput and fast analysis. Commonly, non-

hyphenated analytical techniques such as MS and NMR are used for

metabonomic analysis. HPLC introduces more variables, due to the need
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FIGURE 5-2. Structures of BW935U83 or 5-chloro-1-(20-30-dideoxy-30-fluoro-erythro-pentofuranosyl)
uracil, its glucuronide conjugate, and 3-fluororibolactone [16].
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for specific sample preparation, depending on the matrix or origin of the

sample and the type of column used for the analysis. These variables may

increase the complexity in the area of reproducibility of the analysis. Pham-

Tuan et al. [29] developed anHPLCmethod using a shortmonolithic column

with a rapid gradient and a high flow rate to perform rapid, detailed profiling

of a large number of urine samples. This method was converted to a slow

shallow gradient, high-resolution method to identify the chromatographic

peaks of interest using LC-MS-NMR [29]. In metabolomics, LC-MS and

NMR used separately and in parallel have become the common techniques

forfingerprintingmetabolicprofiles toanalyze the individual smallmolecule

components of interest from organisms or biological systems. However,

when both techniques are online as LC-MS-NMR, it becomes easier to

correlate MS and NMR data with each chromatographic peak of the sample

mixture [30]. The settings of LC-MS-NMR are not straightforward. As

a consequence, hyphenated LC-MS-NMR is not commonly used in
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laboratories, even though it is commercially available [30]. Overall, met-

abolic profiling for metabolomics or metabonomics analysis requires the

measurement of biological systems to identify modifications of their phys-

iological, pathophysiological, and developmental stimuli. These modifica-

tions come from responses outside their fingerprints on their expected

endogenousmetabolicprofiles frombiological samples suchasurine, serum,

or biological tissue extracts. Because of the complexity of injecting biolog-

ical samples with complex matrices directly to the LC-MS-NMR, the

common approach to gathering MS and NMR data separately is to use

LC-MS and NMR separately [31,32]. In addition, metabolic profiling has a
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potential to highlight biomarkers, toxicity, and pathology mechanisms for

preclinical and drug development processes, which prompts for the need of

better accuracy and synchronization of the data coming fromMS and NMR.

This approach may favor a combination of LC-MS and NMR (LC-MS-

NMR), which is not used routinely for this type of analysis [31,32].

5.2.5. Others Areas

Based on the literature available, LC-MS-NMR has not been applied as exten-

sively to other areas as has LC-NMR. A couple of research studies have been

carried out in the food analysis area. Spraul et al. [33] used LC-MS-NMR to

investigate the components of an apple peel extract using a 20 : 1 splitting ratio for

flow into theNMRandMS, respectively, using an ion trapwith electrospray as the

ionization source. Quercetin, quercetin-3-b-D-glucopyranoside, and quercetin-

3-b- D-galactopyranosidewere clearly identified from the apple extract usingMS

and NMR (Figure 5-4) [33]. Gil et al. [34] used LC-MS-NMR to analyze the

aromatic composition of beer from a commercial ale, grape juice from the pulp

and seed of red grapes, and phenolicwine extract from redwine. The systemused

a 95 : 5 splitter to divide the flow going into the NMR andMS, respectively. The

ionization source for the MS instrument was electrospray in the positive and

negative modes. UV and MS triggered the loop collection of chromatographic

peaks of interest for further analysis. Three modes were used to operate the LC-

MS-NMR system: on-flow, time-sliced, and loop collection. MS data were

acquired only in the on-flow mode and during analysis of the peaks coming

from the loop collector. The time-sliced mode was not appropriate for obtaining

MS data because of the stoppage of flow during NMR acquisition [34].

5.3. CONCLUSIONS AND FUTURE TRENDS

LC-MS-NMR has not been applied as extensively as LC-NMR for the

structural elucidation analysis of components of complex mixtures. Natural

products and drug metabolism are the principal areas of its application. Few

applications have been extended to drug discovery, metabonomics/metabo-

lomics, and food analysis. One of the possible reasons for fewer applications

to other areas is the complexity of having two analytical techniques with

different requirements connected to the HPLC. Some of those requirements

are sensitivity, flow rate, solvent composition, the need of deuterated solvents

for the NMR, and their complexity for the MS. Another indication is the cost

of the instruments needed for an LC-MS-NMR system. When several

techniques are required, the preferred method for the analysis of complex

mixtures is isolation. Isolation facilitates the acquisition of two-dimensional
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heteronuclear NMR data, such as the 1H–13C HMBC type, andMS data from

different instruments and sources that are not compatible with NMR and its

requirements. The coming years will provide more information on how LC-

MS-NMR can be used for the structural elucidation of components from

complex mixtures.
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6
Hyphenation of NMR
with Other Analytical
Separation Techniques

6.1. INTRODUCTION

HPLC is a very effective separation analytical technique used widely in

hyphenated form—LC-MS, LC-NMR, and LC-MS-NMR—as seen in

Chapters 3, 4 and 5. However, not all types of separation analysis can use

HPLC. Other separation analytical techniques are commonly used.

Examples of these techniques are gas chromatography (GC), gel permeation

chromatography (GPC), size-exclusion chromatography (SEC), super-

critical fluid chromatography (SFC), supercritical fluid extraction (SFE),

capillary electrophoresis (CE), capillary electrochromatography

(CEC), capillary zone electrophoresis (CZE), capillary isotachophoresis

(cITP), capillary HPLC (capLC), and solid-phase extraction (SPE). These

techniques have been hyphenated with NMR: GC-NMR, GPC-NMR,

SEC-NMR, SFC-NMR, SFE-NMR, CE-NMR, CEC-NMR, CZE-NMR,

cITP-NMR, capLC-NMR, and SPE-NMR. In addition, SPE has been

hyphenated with MS and NMR: SPE-MS-NMR. In This chapter we give

an overview of applications of these hyphenated analytical techniques with

NMR in a variety of fields.

LC-NMR and Other Hyphenated NMR Techniques: Overview and Applications, First Edition.
Maria Victoria Silva Elipe.
� 2012 John Wiley & Sons, Inc. Published 2012 by John Wiley & Sons, Inc.
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6.2. GC-NMR

Early in the 1960s, a combination of gas chromatography (GC) and NMRwas

established by collecting a sample coming from aGC instrument into anNMR

glass microtube through a 17-gauge syringewith a large needle [1]. The top of

the needlewas connected to a Luer lock with a 1
4
-inch T-connector, which was

attached to the GC instrument. After the fraction of interest was trapped in the

tube, the nut to the T-connector was removed to disconnect the tube from

theGC instrument, and the needlewas disconnected from the Luer lock. Next,

the solvent was added to fill the bubble at the end of the tube for NMR

analysis [1]. In the1970s therewere similar attempts to combineGCandNMR,

by trapping the fraction of interest from the GC instrument in more sophis-

ticated NMR tubes considered as flow cells and placing them in the NMR

instrument for analysis [2,3].Neither of these procedures arewhatwe consider

today a hyphenated GC-NMR technique. The first hyphenated GC-NMR

instrument came in 1981 from Buddrus and Hertzog [4]. It was demonstrated

by converting the NMR tube into a flow cell with both sides opened, with the

coil around the tube placed inside the magnet of the NMR instrument and one

end of the openNMR tube connected to theGC instrument and the other end to

waste [4]. A mixture of diethyl ether, 2,2-dimethyl butane, and cyclopentane

was injected into theGCcolumn for separation.The systemworkedonly as on-

flow mode by flowing at 5.2mL/min and acquiring NMR data while the

individual fractions were passing through the flow cell. Due to the settings, an

external lock was needed. Because the NMR tube was not spinning, the data

showed lower resolution than when regular settings were used while spinning

theNMR tube in a field of 100MHz for 1H [4].With the improvement inNMR

technology, the hyphenation of GC and NMR has followed a development

similar to that in regular LC-NMR. Currently, the NMR flow cell consists of a

custom-made solenoildalmicrocoil around a fused-silica capillary tube inside

an NMR magnet that is connected to a GC instrument through capillary

tubing [5,6]. NMR experiments are performed as the on-flow and stop-flow

modes of thegasphaseof the sample [5,6].GC-NMRis not available commerci-

ally; it is still in the development stage to be used in the analysis of complex

mixtures in academia and industry. The coming years may show potential uses

for this technique andmore robust instrumentation if there is enough demand to

solve structural problems of gases that require NMR structural determination.

6.3. GPC-NMR

Online or on-flow gel permeation chromatography (GPC) with NMR as GPC-

NMR methodology has been applied extensively to the analysis of the

molecular weight and structure of polymers in complex mixtures [7–17].
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Hatada et al. [7–12,14] investigated poly(methyl methacrylate) (PMMA) and

poly(butyl methacrylate) copolymers prepared with t-C4H9MgBr in toluene

by on-flow GPC-NMR to determine their molecular weight and polymer size

by calculating the average number of monomers based on the ratio of the

areas of the end terminal monomer unit with a signal from the polymer by 1H

NMR. In addition to PMMA, other polymers, such as polystyrene, poly(butyl

acrylate) (pBA), and polybutadienemixtures have been analyzed successfully

using GPC-NMR [13,15–17]. An important contribution of GPC-NMR

analysis is themolecularweight dependence of tacticity, because it contributes

to an understanding of the mechanism of steroregulation in polymerization.

The major drawbacks for GPC-NMR are the low sensitivity of NMR com-

pared to that of other analytical techniques, the relatively short T1 for

polymers, and the need to acquire sufficient scans to obtain a reasonable

signal-to-noise ratio. However, a significant advantage is the short duration of

the analysis, which takes around 60min for 1mg of sample. Van Gorkom and

Hancewicz [13] have carried out multivariate curve resolution on GPC-NMR

data to analyze the correlation of the molecular weight and the chemical

information for severely overlapped chromatographic peaks during the elu-

tion, which also show overlapping in the spectroscopic data. Hiller et al. [17]

developed an online setup for on-flow and stop-flow GPC-NMR experiments

on olefin homopolymers and copolymers as well as polyolefin blends at

temperatures up to 130�C to separate and determine their sizes and composi-

tions. GPC-NMR is not available commercially at the time of this writing.

Therefore, the coming years will determine if there is enough demand for this

technique to become commercialized.

6.4. SEC-NMR

Online or on-flow size-exclusion chromatography (SEC) with NMR as SEC-

NMR methodology has been employed widely in the analysis of molecular

weight distribution and the structure of polymers in complex mixtures [18–24].

Knowledge of the molecular weight distribution and chemical composition

of the polymers in the sample mixture provide information on the polari-

zation mechanism and facilitate our understanding of the relationship of the

polymer structure and its material properties. Online SEC-NMR is an

efficient method to determine the tacticity of the molar mass dependence

of comonomer composition in a polymer sample. Ute et al. [18] applied

SEC-NMR to determine the molecular weight distribution of poly(methyl

methacrylate) (PMMA) quantitatively. The authors measured the ratio of the

intensity signals for the end terminal proton signal (a-CH3) and other signal

internal to the polymer (t-C4H9) by
1H NMR in a 750-MHz SEC-NMR
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system with a 9.2-fold gain in sensitivity (signal-to-noise ratio) compared

to a 500-MHz SEC-NMR instrument [18]. In a similar fashion, Ute et al.

[19] have performed the same study at 750MHz on ethylene-propylene-

(2-ethylidene-5-norbomene) terpolymers (EPDM) using the on-flow

and stop-flow modes. Other polymers studied using SEC-NMR are

poly[styrene-co-(ethyl acrylate)]s [20], the copolymer obtained from co-

polymerization of t-butyl acrylate and ethyl methacrylate with t-butyl-

lithium/bis(2,6-di-t-butylphenoxy)methylaluminum [21], uniform isotactic

and syndiotactic poly(methyl methacrylate)s (it- and st-PMMA, respec-

tively) [22], the polymer microstructure of polysaccharides alginates [23],

and the molar mass of PS-b-PMMA block copolymer [24]. Off-line SEC-

NMR is still preferred to on-flow or online SEC-NMR for the analysis of

copolymers, but more examples are published in peer-reviewed journals,

demonstrating the capabilities of online SEC-NMR for these studies. SEC-

NMR is not available commercially at the time of this writing. Therefore,

the coming years will determine if there is enough demand for this

technique to become commercialized.

6.5. SFC-NMR

The hyphenation of supercritical fluid chromatography (SFC) with NMR

(SFC-NMR) has an inherent advantage compared to the common LC-NMR

hyphenated analytical technique. The fact that it does not need solvent

suppression is a major advantage because the common solvent of the SFC

system is CO2, a “proton-free” solvent that does not interfere with measure-

ments in 1H NMR. Special NMR flow cells are needed to handle the high

pressure of the SFC system. In the late 1980s, Allen et al. [25] carried out

hyphenated SFC-NMR by fabricating a home-built NMR flow cell that

handled variable temperature up to 100�C and pressures of about 3500 psi to

observe 1H and 14N to identify the components of a fuel model sample to

explore the capabilities of SFC-NMR. In the 1990s, new NMR flow probes

were developed, one with a double wall containing deuteroacetonitrile for

external 2H lock [26] and the other one without that wall because shimming

may be compromised when it interferes with the internal deuterium signal of

the sample [27]. Since then, a variety of applications have been devel-

oped [26–35]. Analysis of plastifiers by 1D 1H NMR in the on-flow

mode [26] and of the components of coffee extract and black pepper extract

in the on-flow and stop-flowmodes including two-dimensional COSY45 [27]

was performed on those designed probes. SFC-NMR has also been applied to

the separation and structural analysis of monomeric acrylates [28–30],

hydrocarbons [30], and separation and identification of the cis/trans isomers
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of vitamin A by on-flow methodology [30,31]. SFC-NMR has been applied

to obtain on-flow data for the NMR analysis of ethylbenzene as a testing

compound and of a mixture of dibutyl and diallyl phthalate for the use of

immobilized free radicals as the packing material of the column of the SFC-

NMR system [32,33]. In both cases the column was inside the probe and near

the NMR flow cell [32,33]. In addition, SFC-NMR has been used in food

analysis for the decomposition of lipids targeting triglycerides from 40

commercial margarine products [34]. SFC-NMR is still underutilized for

broader applications because it is not yet a common hyphenated analytical

technique. SFC-NMR is not available commercially at the time of this

writing. The coming years will determine if there is enough demand for this

technique to be commercialized.

6.6. SFE-NMR

The hyphenation of supercritical fluid extraction (SFE) with NMR (SFE-

NMR) is ideal for monitoring 1H NMR supercritical fluid extraction

processes with CO2 as the eluent of the extraction. Spectra can be recorded

in the on-flow and stop-flow modes, as in SFC-NMR, and as in SFC-NMR,

solvent suppression is not needed for SFE-NMR, which is a major

advantage compared to conventional LC-NMR but with the main difference

of using a flow cell that can handle the SFE high-pressure system as in SFC-

NMR [27,29,30,33,36]. Few applications have been carried out using SFE-

NMR. Examples of applications are the analysis of the components of

coffee extract and black pepper extract in the on-flow and stop-flow modes

with the acquisition of two-dimensional COSY45 [27,29,30,33,36], and

plastifiers from poly(vinyl chloride) (PVC) [33]. SFE-NMR is not available

commercially at the time of this book writing. Again, the coming years

will determine if there is enough demand for this technique to be

commercialized.

6.7. CE-NMR

The low sensitivity of NMR, even when hyphenated with HPLC (LC-NMR),

has encouraged the development of other options to increase its limited

sensitivity. Even with the improvements in electronics and computer tech-

nologies, NMR is still a low-sensitive analytical technique. One way to

improve the sensitivity is by reducing the volume of the sample from the

microliter to the nanoliter range for NMR flow cell volume. Wu et al. [37]
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coupled capillary electrophoresis (CE) with NMR (CE-NMR) by building a

fused-silica capillary NMR flow cell with an RF microcoil directly around

the cell that generated a detection volume for the flow cell of 5 to 200 nL in

approximately 1mm of length. The detection limit was below 50 ng for

amino acids, with an acquisition time of 1min. These types of cells are

appropriate for capillary electrophoresis separation coupled to NMR (CE-

NMR) [37]. However, the residence time for the chromatographic peaks

from CE in the NMR flow cell is around 5 to 10 s, constraining the length of

the NMR acquisition time and limiting its sensitivity [37]. Stop-flow

experiments on CE-NMR were achieved by applying the voltage for 15 s,

stopping the chromatography for 60 s, and acquiring NMR data during that

time [38]. The process was repeated for each chromatographic peak, to avoid

degradation in the chromatography that would potentially affect the NMR

data for late-eluting peaks if the peaks broaden [38]. Schweitz et al. [39]

acquired two-dimensional TOCSY under stop-flow conditions for around

100 ng of adenosine dinucleotide. Sweedler’s group [40,41] developed a new

methodology to obtain NMR data from the stop-flow mode of several

chromatographic peaks without degrading the chromatography through

stopping the flow in each chromatographic peak of interest. The new

methodology consists of splitting the capillary after separation into several

outlets, each directed to a different NMR detection coil in stop-flow. The

group demonstrated the methodology with a mixture of two amines [40,41].

To improve the distortion of the NMR lines in CE-NMR, Li et al. [42]

applied deconvolution by estimating the broadening function from a refer-

ence signal and using a gradient descent method that shows substantial

improvement in the quality of the spectra. Another improvement from

Sweedler’s group [43] is the development of a cyclic NMR with two coils

in two close loops where each loop has a coil for NMR detection. In this

system, one analyte is directed to one coil and stopped in the respective NMR

coil. The rest of the chromatogram is deviated to the second loop and its

separation detected in the second NMR coil [43]. The researchers demon-

strated the methodology by separating a mixture of three amino acids (Ala,

Val, and Thr) in two cycles. During the time Ala was parked in one loop, a

COSY spectrum was acquired on the corresponding coil, while the other two

amino acids were separated in the other loop and detected in the coil of the

second loop [43]. The idea is to build a system with multiple closed loops

with a coil per loop for NMR detection, providing a cyclic CE-NMR

methodology. However, more optimization is needed to achieve that possi-

bility [43]. CE-NMR is an emerging technique that offers a large number of

possible applications to analyze the structure of compounds in the micro- and

nanogram range, although an important limitation is the lack of commer-

cially available CE-NMR instrumentation [35].

148 HYPHENATION OF NMR WITH OTHER ANALYTICAL SEPARATION TECHNIQUES



6.8. CEC-NMR

Capillary electrochromatography (CEC) is an analytical separation technique

that combines the high speed and efficiency of capillary electrophoresis with

HPLC to separate charged analytes in small volumes. An electric field is

directed into the capillary column of the CEC. If the material packing in the

column is for reversed-phase separation, charged analytes are retained by the

hydrophobic interaction with the stationary phase and by the electrophoretic

mobility in the mobile phase. Electroosmotic flow (EOF) and pressure

(pressurized electrochromatography) are the two options that govern the

mobile phase in CEC. EOF is independent of the particle size of the packing

material of the column, which facilitates the use of long columns packed with

small-particle-size materials for better separation. In addition, CEC provides

high separation efficiency similar to capillary electrophoresis in increasing the

number of theoretical plates by a factor of 2 or 3 compared to overpressure-

driven capillary HPLC. Those improvements explain why EOF offers twofold

advantages over conventional pump systems and has been tested by hyphen-

ating it with NMR [42,44–49]. CEC-NMR has been tested in the drug

metabolism arena by on-flow and stop-flowmodes to obtain one-dimensional
1H NMR and two-dimensional 1H–1H TOCSY data on paracetamol meta-

bolites from human urine [44,45]. Gfr€orer et al. [47] analyzed two solutions as
sample mixtures, a solution of the analgesic Tromapyrin, which contains

acetaminophen (or paracetamol), caffeine and acetylsalicylic acid, and a

mixture of caffeine and aspartame using isocratic and gradient elution modes.

The authors tested the system in the on-flow mode for both sample mixtures

and in the stop-flow mode acquiring two-dimensional 1H–1H TOCSY on

aspartame [47].Gfr€orer et al. [48]modifiedCEC-NMRby applying an electric

field to the separation column and not to the entire system to shorten the

chromatographic run at different pressures as pressured CEC-NMR (pCEC-

NMR). The separation of four unsaturated fatty acid methyl esters—

palmitoleic, oleic, eicosenoic, and erucic acid methyl esters—was tested and

went from 110min with capillary HPLC-NMR to 13min with pCEC-NMR,

reducing the chromatographic separation 8.5-fold [48,49]. In addition to on-

flow experiments on amixture of fatty acid esters, the authors performed in the

stop-flow mode to acquire a two-dimensional 1H–1H COSY spectrum on

palmitoleic acid methyl ester to test the system [48,49]. CEC-NMR or pCEC-

NMR is a promising hyphenated analytical technique that offers potential

applications in many fields for the analysis of small quantities of analytes in a

complex mixture, but a commercial system is not currently available. The

coming years may provide more insights on for what applications this

technique is most suitable and if possible instruments may become commer-

cially available.
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6.9. CZE-NMR

Capillary zone electrophoresis (CZE) is another analytical separation tech-

nique that achieves fast and efficient separation of charged analytes.

The hyphenation of CZE with NMR (CZE-NMR) requires that the microcoil

bemounted directly to the capillary to improve the filling factor to increase the

NMR sensitivity. The sample is loaded outside the system, and the capillary is

inserted in the NMR probe head for NMR analysis. This methodology

involves using a new column for each analysis, which makes CZE-NMR

more cumbersome and less practical [44–47]. CEC-NMR seems to have a

larger sample capacity and a better signal-to-noise ratio than those of CZE-

NMR [44–47]. Overall, CZE-NMR is more technically challenging than

CEC-NMR, which makes its development and application more difficult than

those of CEC-NMR [44–47].

6.10. cITP-NMR

NMR is a successful analytical technique for the structural elucidation

analysis of organic compounds. However, the analysis of small quantities of

analytes becomes a challenge due to the inherent low sensitivity of NMR. For

complex mixtures, NMR has been hyphenated with HPLC (LC-NMR) and

capillary techniques to target the analysis of small quantities, as discussed

earlier. Trace analysis is becoming crucial for complexmixtures in the field of

natural products and overall in drug discovery and development, which

includes combinatorial chemistry and drug metabolism. Another capillary

technique that has been hyphenated with NMR is capillary isotachophoresis

(cITP) (cITP-NMR), which increases the sensitivity of NMR because it

concentrates analytes through cITP to the low-microliter-volume range and

separates diluted charged species based on their electrophoretic mobility.

In 2001 Sweedler’s group [50] coupled cITP with NMR (cITP-NMR) and

proved the concept by injecting 7 mL of a test sample mixture containing

200mM of each component (dipeptide Ala-Lys, 87% dye methyl green, and

tetraethylammonium bromide or TEAB) for on-flow mode. In doing so,

sensitivity increased by two orders of magnitude for a concentration range

of on-flow mode. In addition, the authors injected TEAB for stop-flow mode

and acquired COSY spectrum [50]. Wolters et al. [51] improved the instru-

mental coupling of cITP with NMR to isolate a mixture of atenolol as a

makeup trace impurity at 200 mM concentration (Figure 6-1) and sucrose at

200mM concentration. In addition, the authors have proven the capability of

measuring pD and temperature to follow the process by adding tert-butyl

alcohol as an internal reference to all cITP electrolyte solution for online
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cITP-NMR [52]. Atenolol was used for thesemeasurements [52]. There have

been few applications of cITP-NMR during the last decade. Racemic

alprenolol (Figure 6-1), a b-blocker used for cardiovascular disorders, was

used to separate each individual enantiomer by on-flow cITP-NMR with

cyclodextrines as a chiral selector in the nanomole range [53]. Other

examples in this area are the studies carried out on the interaction of

b-cyclodextrine with the pharmaceutical enantiomers S-alprenolol, S-aten-

olol, R-propranolol, R-salbutamol, and S-terbutaline (Figure 6-1) during

cITP concentration [54]. On-flow cITP-NMR has been used as an analytical

method to separate and analyze nanomole quantities of heparine oligosac-

charides, used to prevent blood coagulation, and a heterogeneous mixture of

trisulfated disaccharides [55,56]. In the field of natural products, cITP-NMR

has been applied to separate and concentrate a cationic neurotoxin dimer of

6-bromo-2-mercaptotryptamine (Figure 6-2) from the marine snail Callios-

toma canaliculatum [57]. The neurotoxin was concentrated almost 20-fold

and isolated by cITP-NMR [57]. cITP-NMR has been tested to demonstrate

its capability on the detection and separation of impurities present in drug

formulations, with acetaminophen as an example of drug and 4-aminophenol

as the impurity spiked 0.1% in acetaminophen [58]. In addition, cITP-NMR
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FIGURE 6-1. Structures of atenolol [51,52,54], alprenolol [53,54], propranolol [54], salbutamol [54],

and terbutaline [54].

cITP-NMR 151



has been tested for use as a diagnostic tool in themechanism of cITP stacking

and electrophoretic migration [59]. cITP-NMR is also not available

commercially.

6.11. CapLC-NMR

The first time that capillary separation was hyphenated with NMR for

detection of a nanoliter sample volume in the NMR flow cell was by

Sweedler’s group in 1994 for the application of CE-NMR [37,60]. The

hyphenation of capillary HPLC to NMR (capLC-NMR or CHPLC-NMR)

came after CE-NMRwith anRFmicrocoil wrapped directly to the fused-silica

capillary as the NMR flow cell. The authors observed that having the copper

wire attached directly to the fused-silica capillary provided an excellent filling

factor for a 5-nL detection volume in the NMR flow cell [37,60]. In 1996,

Albert et al. [61] tested the methodology on a 2-mm NMR capillary micro-

probe by injecting diethyl phthalate in deuterioacetone directly to the capillary

cell to simulate stop-flowmode. VitaminA acetate and amixture of vitamin A

acetate reaction products were also injected to the capillary HPLC attached

to the NMR (capLC-NMR) for the on-flow and stop-flow modes to acquire

a two-dimensional 1H–1H TOCSY spectrum of trans-vitamin A acetate

(Figure 6-3) [61]. During the late 1990s and early 2000, the focus was on
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FIGURE 6-2. Structure of 6-bromo-2-mercaptoptryptamine dimer from the marine snail Calliostoma

canaliculatum [57].
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FIGURE 6-3. Structure of all-trans vitamin A acetate [61].

152 HYPHENATION OF NMR WITH OTHER ANALYTICAL SEPARATION TECHNIQUES



the development of the hyphenated technique to improve the compatibility of

the capillary HPLC with the low sensitivity of NMR, with the intention of

increasing the signal-to-noise ratio by improving the design of the NMR flow

cell and the conditions of the capLC. During that time, most of the peer-

reviewed articles did not analyze real samples but, instead, used standard

samples to prove the concept [41,46,48,62–65]. CapLC-NMR has been

available commercially since early in 2000. Sweedler’s group tested the first

commercially available capLC-NMRwith a mixture of known terpenoids for

the on-flow and stop-flow modes [66].

CapLC-NMR has been applied primarily to the field of natural products

discovery and drug metabolism. Albert’s group [67] applied capLC-NMR to

the structural elucidation of isoflavonoids from the plant extract Radix

astragali. By LC-NMR and stop-flow capLC-NMR, the authors were able

to demonstrate the capabilities and practical points of capLC-NMR for rapid

determination of the structures of four isoflavonoids: calycosin, calycosin-7-

O-b-D-glucopyranoside, formononetin, and ononin (Figure 6-4) [67]. In a

similar fashion, Rehbein et al. [68] collaborated with Andrew Webb to

construct a double-resonance solenoidal NMR microcoil 4mm in length and

2 mL in active volume to apply for characterization of the main stereoisomers

of bixin, 90-Z-bixin, and all-E-bixin (Figure 6-5), light- and air-sensitive

carotenoids from Bixin orellana. Sandvoss et al. [69] tested capLC-NMR for

its application in drugmetabolism, exploring the limits of detection (LOD) for

a signal-to-noise ratio greater than 3, and the practical use of stop-flow

experiments for direct analysis of plasma samples in a commercial capLC-

NMR instrument. LOD was tested with a test compound with a molecular
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FIGURE 6-4. Structures of four isoflavonoids, calycosin, calycosin-7-O-b-glucopyranoside, formono-

netin, and ononin, analyzed by capLC-NMR [67].
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weight of 318Da, and the authors determined the LOD at approximately

100 ng or 0.35 nmolwhen acquiring 1D 1H NMR for 1 h in the stop-flowmode

and around 25 ng or 85 pmol when acquiring overnight [69]. The authors also

indicated that handling the sample in such small volumes requires special care

to maintain reliable results and avoid potential precipitation, which may clog

the capillary tubing [69]. In addition, the use of deuterated solvents provides

better-quality spectra without or with little need of solvent suppression

techniques [69]. The system was tested by injecting rat plasma after protein

precipitation that came from dosing 50mg/kg of diclofenac into rats

to analyze its metabolites, two hydroxyl metabolites and a glucuronide

(Figure 6-6) [69]. CapLC-NMR is beginning to be broadly used as a

hyphenated technique, and the coming decadewill reveal howmuch industrial

and academic laboratories will use the technique.

6.12. SPE-NMR

Solid-phase extraction (SPE) has been used extensively before NMR analysis

when LC and NMR are off-line and prior to LC-NMR. SPE provides two

benefits: the elimination of undesirable protonated solvents and additives from

the extraction or separation processes, and concentration of the analytes of

interest prior to NMR analysis by NMR or LC-NMR. In the last decade, SPE

has also been hyphenated to LC-NMR (SPE-NMR or LC-SPE-NMR). SPE is

used in front of the LC to preclean samples, or at the end of the LC to

preconcentrate the analyte(s) of interest before NMRanalysis. The analytes of

interest trapped in the SPE cartridges are eluted and sent to the NMR flow cell
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FIGURE 6-5. Structures of 90-Z-bixin and all-E-bixin, carotenoids from Bixin orellana [68].
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in deuterated solvent(s), eliminating or minimizing the need for solvent

suppression techniques. Themain advantage of SPE is that deuterated solvents

are not needed for chromatographic separation when SPE is used to pre-

concentrate the analytes of interest after chromatographic separation. In this

case, NMR is not a limiting factor in HPLC separation regarding restrictions

on the type of solvent, solvent composition for optimal separation, and flow

rate. In addition, with SPE-NMR it is possible to acquire two-dimensional

homonuclear and heteronuclear NMR experiments, such as 1H–1H COSY,
1H–1H TOCSY, 1H–1H NOESY, 1H–1H ROESY, 1H–13C HSQC, and
1H–13C HMBC. Many of them are not possible in conventional LC-NMR,

especially for heteronuclear experiments. The slowest step for SPE-NMR is

the drying process of the samples in the cartridges when individual analyte is

trapped in a cartridge prior to NMR analysis. When several cartridges need to

be dried, this process can take overnight. Overall, SPE-NMR facilitates the

structural elucidation of a small amount of analytes in samples with complex

mixtures. SPE-NMR has been used widely as a hyphenated technique in

the fields of natural products [70–94], drug metabolism [95–98], drug

development [99,100], trace analysis [101,102], drug degradation products

[103–105], absolute configuration [106], and environmental concerns [107].

SPE-NMR has been used extensively for the structural analysis of major

and minor components of natural products extracts [70–94]. Lambert
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et al. [77] performed good-quality two-dimensional NMR experiments

(1H–1H NOESY, gradient 1H–13C HSQC, and gradient 1H–13C HMBC) to

characterize the structures of two positional isomers, scopoletin and iso-

scopoletin (Figure 6-7), from the root bark of Croton membranaceus. The

methodology included repeated peak trapping in the SPE section of the SPE-

NMR of the two chromatographic peaks selected containing the compounds of

interest, during the SPE cartridges, and flashing the trapped compounds

separately in acetonitrile-d3 into a 30-mL NMR flow cell for NMR analy-

sis [77]. The phenylpropanoids verbascoside and isoverbascoside (Figure 6-8)

were the major components of Blepharis aspera [83]. Mmatli et al. [83]

isolated and confirmedbySPE-NMRthat their structures are subjected tometal

O

H3CO

HO O O

HO

H3CO O

isoscopoletinscopoletin

FIGURE 6-7. Structures of two positional isomers, scopoletin and isoscopoletin, from the root bark of

Croton membranaceus [77].
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FIGURE 6-8. Structure of verbascoside and isoverbascoside, the major components of Blepharis
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complexationwith nickel, iron (only for verbascoside), and copper, whichmay

explainwhy this plant survives in ametal-rich soil in Selkirk, Bostwana [83]. A

novel natural product (Figure 6-9) was identified by SPE-NMR from analysis

of the crude extract of fermentation from Pestalotiopsis virgatula fungus

culture [93]. Two-dimensional gradient 1H–13C HSQC and gradient 1H–13C

HMBC were essential in determining its structure [93].

SPE-NMR has been used less frequently in other areas related to

pharmaceutical applications, such as drug metabolism [95–98], drug

development [99,100], trace analysis [101,102], drug degradation products

[103–105], and absolute configuration [106]. An example in drug metabolism

is the study of the metabolic profiling of ibuprofen from human urine where

SPE-NMR helped identify two metabolites, 2-hydroxyibuprofen and carboxy-

ibuprofen (Figure 6-10) [96]. Larsen et al. [100] used SPE-NMR to study the

impurity profile of an enema formulation of 5-aminosalicylic acid (5-ASA)

with citric acid. The reaction of a high-dose formulation of 5-ASAwith the

excipient citric acid during storage gave rise to three impurities (Figure 6-11)

that were identified by SPE-NMR, leading to a recommendation not to use

citric acid in the formulation [100]. SPE-NMR was the key to characterizing

the structure of the degradation product of a drug candidate (TCH346; see

Figure 6-12) in the formulation form critical for its drug development

process [103]. The degradation product identified, dibenzo[b,f]oxepine-10-

carbaldehyde (Figure 6-12), affected the stability of the drug candidate, due to

its increase in overtime [103]. Conventional electrospray and atmospheric

pressure chemical ionizations for mass spectrometry with positive and

negative modes failed to determine the molecular ion of the degradation

product. GC–MS with chemical ionization (CI) was the only MS technique

that provided molecular ion information. The MS fragmentation pattern was

carried out by CI-MS/MSwith an ion trap spectrometer. However, a definitive

structure with SPE-NMR was possible only after over 300 injections were

collected to obtain enough material for NMR analysis [103]. Based on the

structure of the degradation product, the authors proposed a degradation

pathway for its formation during storage over time, which is thought to be

through the oxidation pathway depicted in Figure 6-12 [103]. Another

O

O

OH

FIGURE 6-9. Structure of broth of 9-hydroxyenzo[c]oxepin-3[1H]-one from the cultured fungus

Pestalotiopsis virgatula [93].
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interesting study is the application of SPE-NMR for the rapid determination of

the three degradation products of the drug loxoprofen sodium hydrate for its

adhesive tape formulation under heat stress at 80�C for up to 3 weeks in

storage (Figure 6-13) [104]. The three degradation products were present at

low levels, 3.3% forDP-1, 0.6% forDP-2, and 1.8% forDP-3, but high enough

to pursue its structural elucidation. The shorter NMR analysis time resulted

from the consecutive trapping of the chromatographic peaks containing the

degradation products of interest in the SPE-NMR system [104].

An example of the application of SPE-NMR in the environmental area is the

study of the components of nonliving natural organic matters from samples

collected from freshwater environments and alkaline soil extract [107]. From

this study, the authors were able to determine the structures of 1-ethyl-4-

methoxybenzene and (2E)-3-(4-hydroxy-3-methoxyphenyl)acrylic acid

(Figure 6-14) as part of the components of soil from the Harvard Forest at

Petersham, Massachusetts [107].

SPE-NMR has been applied in a greater variety of cases than other

analytical separation hyphenated NMR techniques for the structural eluci-

dation of components from a mixture, due to its advantage of concentrating

chromatographic peaks of interest on SPE cartridges, from subsequent

COOH

CH3

H3C

CH3 ibuprofen

COOH

CH3

H3C

COOH
carboxyibuprofen

COOH

CH3

H3C

CH3 2-hydroxyibuprofen

HO

FIGURE 6-10. Structures of ibuprofen and its two metabolites, 2-hydroxyibuprofen and

carboxyibuprofen [96].
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injections prior to NMR analysis. Another advantage is the use of deuterated

solvents only for NMR analysis and not for the separation part of the SPE-

NMR system. SPE-NMR is an excellent technique for trace analysis, and it is

becoming a standard method in many areas, especially in the pharmaceutical

environment.

6.13. SPE-MS-NMR

A further hyphenation of SPE-NMR with MS is SPE-MS-NMR (also termed

SPE-NMR-MS) to obtain a complete set of data for a comprehensive structural

elucidation analysis of the analytes of interest from complex mixtures.

As indicated in Section 6.12, SPE-NMR has been demonstrated to be an

OH

HOOC

NH2

OH

COOH

COOH

HOOC

5-ASA citric acid
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HOOC
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COOH

COOH
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HOOC

HN

O

OH

COOH

COOH

HOOC

FIGURE 6-11. Structures of 5-aminosalicylic acid (5-ASA), citric acid, and its three impurities from a

high-dose enema formulation of 5-ASA with citric acid [100].
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important tool in many areas in academia and industry, and it is becoming a

routine instrument in advanced laboratories. A general setting for SPE-MS-

NMR is splitting the flow rate with a ratio of 95 : 5 going to the NMR andMS,

respectively, but having the SPE unit before the NMR instrument and after

splitting the flow to trap the chromatographic peaks of interest and concentrate

them in SPE cartridges after several injections beforeNMRanalysis.With this

configuration, SPE-MS-NMR should be named more appropriately as LC-

MS-SPE-NMR, based on the sequence of events, but to avoid complexity in

naming, SPE-MS-NMR is the name adopted in this book. In some cases, an

additional pump may be placed before splitting the flow to make up flow if

necessary. Because the SPE unit concentrates and dries the chromatographic

peaks of interest, the HPLC unit does not need to use deuterated solvents for

its solvent system, which eliminate having deuterated molecular ions for the

analytes of the mixture in the MS. As in SPE-NMR, after concentration and

drying of the analytes of interest, the flow going into the NMR flow cell will

be carried out with deuterated solvents to facilitate NMR studies by

minimizing the need for solvent suppression. In many laboratories, SPE-

MS-NMR is becoming a handy methodology for the analysis of complex

mixtures. The technique has the potential to be converted into a standard tool

in industry and academia to approach the structural determination of

analytes of interest that are part of complex mixtures. SPE-MS-NMR can

potentially minimize the timing of the traditional method of isolation before

NMR and MS analysis and accelerate the structural analysis. Another

potential application of SPE-MS-NMR is the analysis of minor compo-
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[O]
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O
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-
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CH3
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O
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dibenzo[b,f ]oxepine-10-carbaldehyde

FIGURE 6-12. Proposed degradation pathway of the drug TCH346 into dibenzo[b,f]oxepine-10-

carbaldehyde under storage over time [103].
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nents of complex mixtures, due to the increase in their concentrations with

several injections in the SPE unit. SPE-MS-NMR has been used widely as

a hyphenated technique in the natural products [108–122], drug metab-

olism [123–127], drug discovery [128], and environmental [129,130]

fields.

SPE-MS-NMR has been used extensively for the structural analysis of

major and minor components of natural products extracts [108–122]. Seger

et al. [109] used SPE-MS-NMR to elucidate the structures of four minor

components from the root tuber extract of Harpagophytum procumbens DC

O

CH3

O

ONa

2 x H2O
loxoprofen sodium hydrate

O

CH3

O

OH

H

O

O

CH3

O

ONa

OH

O

CH3

O

O

CH3

H3C CH3

DP-1

DP-2

DP-3 (loxoprofen L-menthol ester)

FIGURE 6-13. Structures of the drug loxoprofen sodium hydrate and its three degradation products,

DP-1, DP-2, andDP-3, or loxoprofen L-menthol ester from its adhesive tape formulation under heat stress at

80�C for up to 3 weeks in storage [104].
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(Pedaliaceae), a potential phytomedicine plant for the treatment of rheuma-

tism, polyarthritis, and osteoarthritis. With SPE-MS-NMR, the authors were

able to determine the structures of four isobaric iridoid glycoside regioisomers

present in the plant as minor components. The compounds were identified as

E/Z pairs of 60-O-(p-coumaroyl)-harpagide (60-PCHG) and 8-O-(p-coumar-

oyl)-harpagide (8-PCHG) (Figure 6-15). One of the four compounds was

a new natural product, 8-(Z)-PCHG, and two were new constituents for

H. procumbens, 60-(Z)- and 60-(E)-PCHG [109]. The authors also compared

the analysis by collecting the chromatographic peaks into loops prior to NMR

analysis. SPE-MS-NMR was a better approach than the loop collector,

showing sensitivity enhancement for the SPE-MS-NMR compared

to the loop collector LC-NMR approach [109]. In a similar manner,

Christen’s group [110] compared both methodologies, loop collector versus

SPE-MS-NMR, for the structural analysis of four isomeric tropane alkaloids

(Figure 6-16) from the stem bark of Schizanthus grahamii Gill (Solanaceae)

fromChile using a cryogenicNMRprobe. The authors observed an increase in

NMR sensitivity that was 25% higher for SPE-MS-NMR than for LC-NMR

with loop collectors. The main consideration recommended by the authors for

SPE-MS-NMR is to use the correct material in the SPE cartridge for the

chromatographic peak to be retained. SPE-MS-NMR provided MS and NMR

data for individual peaks, making the results of the structural analysis

unambiguous [110]. Another example is the application of SPE-MS-NMR

for the identification of the three drugs—amlodipine (calciumchannel blocker

agent), indapamine (diuretic), and valsartan (angiotensin II receptor blocker)

(Figure 6-17)—as adulterant components of the antihypertensive herbal-

O

CH3

H3C

OH

O

CH3

O OH

1-ethyl-4-methoxybenzene (2E)-3-(4-hydroxy-3-methoxyphenyl)acrylic acid

FIGURE 6-14. Structures of 1-ethyl-4-methoxybenzene and (2E)-3-(4-hydroxy-3-methoxyphenyl)

acrylic acid as nonliving natural organic matter from samples collected from soil in the Harvard Forest

at Petersham, Massachusetts [107].
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based Chinese medicine Gold Nine Soft Capsules [121]. SPE-MS-NMR,

together with in vivo activity in rats, was crucial for rapid quantitation of the

contents of the three active ingredients, which were not listed on the herbal

medicine’s label [121].

SPE-NMR has been used primarily in pharmaceutical applications such

as in the drug metabolism [123–127], drug discovery [128], and environ-

mental [129–130] fields. Lewis et al. [124] compared capLC-NMRwith SPE-

MS-NMR with a cryogenic probe to determine the pros and cons of both

alternatives. The authors recommended capLC-NMR for mass-limited sam-

ples, and SPE-MS-NMR with cryogenic probes where the loading of the

column is limited but it is possible to concentrate material with SPE for NMR

analysis. Test analysis of both techniques was carried out with a druglike

molecule from urine to analyze its metabolites (B, C, and D) from a molecule

with an adamantine type of molecule, compound A (Figure 6-18) [124].

Ceccarelli et al. [127] applied SPE-MS-NMR to the metabolic profile of the

lead compound, 5-aminothiazole-4-carboxylic acid amide (Figure 6-19), in

the metabotropic glutamate receptor type 5 (mGlu) allosteric inhibition

program. The study provided information on the structure of the major

metabolites from rat and on human livermicrosomes tested on 14 recombinant

human CYP450 enzymes. Five main metabolites were formed, and three
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FIGURE 6-16. Structures of four isomeric tropane alkaloids—3a-senecioyloxy-7b-hydroxytropane,
3a-hydroxy-7b-angeloyloxytropane, 3a-hydroxy-7b-tigloyloxytropane and 3a-hydroxy-7b-senecioylox-
ytropane—from the stem bark of Schizanthus grahamii Gill (Solanaceae) from Chile [110].
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CYP450 isoforms, CYP1A2, CYP2C18, and CYP2D6, were identified as

being responsible for those transformations (Figur 6-19) [127].

In the environmental arena, SPE-MS-NMR has been used in contaminated

groundwater from a former ammunition destruction site in the Susten-Stone

Glacier in Switzerland for an analysis of the content of traditional explosives,

such as 2,4,6-trinitrotoluene (TNT), hexogen (RDX), and octogen (HMX),

TNT degradation products, and stabilizer’s of powders and propellants [129].

SPE-MS-NMR was used to analyze one of the most important commercial

anionic surfactants, alkylbenzenesulfonate (LAS), a mixture of homologs and

isomers, used in cases of severe contamination by sewage [130]. It was

possible using SPE-MS-NMR to obtain MS and NMR data on the 20 mayor

LASs species successfully [130].
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FIGURE 6-17. Structure of three drugs—amlodipine (calcium channel blocker agent), indapamine

(diuretic), and valsartan (angiotensin II receptor blocker)—as adulterant components of the antihyper-

tensive herbal-based Chinese medicine Gold Nine Soft Capsules [121].
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SPE-MS-NMR has been used in a variety of cases for the structural

elucidation of components from mixtures. SPE provides an advantage in the

concentration of chromatographic peaks of interest from subsequent injec-

tions prior to NMR analysis. MS is performed before the SPE-NMR section,

R R

OH

R

HO

R

HO

compound A metabolite B

metabolite C metabolite D

FIGURE 6-18. Structures of compound A and its metabolites, B, C, and D, from urine [124].
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which has the benefit of not using deuterated solvents before SPE.

Deuterated solvents are used only when the sample is transferred from the

SPE cartridge to the NMR flow cell, as described in SPE-NMR. SPE-MS-

NMR is an excellent combination of techniques that provides complete

structural analysis of major and minor analytes from complex mixtures.

Currently, the use of SPE-MS-NMR is not as extensive as the use of SPE-

NMR. The coming years will determine the practicality of this multiple

hyphenated technique.

6.14. CONCLUSIONS AND FUTURE TRENDS

Besides the traditional hyphenation of HPLC and NMR as LC-NMR, other

separation analytical techniques have been hyphenated with NMR. Those

techniques are GC, GPC, SEC, SFC, SFE, CE, CEC, CZE, cITP, capLC, and

SPE.Capillary separation techniques such asCE,CEC,CZE, cITP, and capLC

have provided options for the analysis of small components of complex

mixtures and trace analysis. SPE has also been demonstrated to be valuable for

those types of analysis because it makes possible concentration of the

chromatographic peaks of interest in cartridges by subsequent injections.

These analytical separation techniques hyphenated with NMR have made

feasible the structural analysis of minor components of mixtures not possible

by traditional LC-NMR but possible only by time-consuming separation and

isolation procedures. Only capLC-NMR and SPE-NMR are commercially

available, both used much more than the other techniques. SPE-NMR is the

only technique hyphenated with MS (SPE-MS-NMR) at the time of this

writing of which the author is aware. SPE-MS-NMR is also available

commercially and accessible to laboratories in industry and academia, as

demonstrated by peer-reviewed publications during last decade. The twomain

areas of application of these hyphenated techniques are natural products and

drug metabolism. Few applications in the areas of drug discovery and

development, trace analysis, drug degradation products, absolute configura-

tion of organic compounds, and environmental analysis have been reported for

some of these techniques. There are two major drawbacks to appling these

techniques to complex analysis, not all of them available commercially. Those

that are available are costly, due to the complexity of the instrumentation, and

they require training and experience in multiple analytical techniques.

CapLC-NMR and, especially, SPE-NMR have provided more applications,

including the acquisition of two-dimensional heteronuclear NMR data, such

as the 1H–13C HMBC type, with less demand for solvent suppression. The

SPE-NMR and capLC-NMR techniques are becoming common in many

laboratories. SPE-MS-NMR seems to follow its simple SPE-NMR version

but at a lower rate of usage. The other hyphenated NMR techniques need to
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be available commercially to increase their applications in industry and

academia. The coming years will provide more information on which

techniques are used most often for the structural elucidation of components

from complex mixtures.
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7
Special Topics and

Applications Related to
LC-NMR

7.1. INTRODUCTION

Since the late 1970s, scientists have attempted the hyphenation of NMR with

separation analytical techniques to target the structural elucidation of organic

components from complex mixtures because NMR plays a major role in

detecting how the atoms are bonded and spatially distributed in the molecule

(see Sections 2.3 and 2.4 for more details on the historical development of

hyphenated NMR). However, hyphenated NMR is not always the choice for

that type of structural analysis. The classical methodology is to isolate the

analytes of interest and perform structural analysis. Thismethod is still used in

many laboratories. There are cases of complex mixtures, chiral analysis, and

reaction monitoring in which NMR has played a role in both modalities as an

off-line and an online technique. Understanding when to carry out off-line or

online analysis (depending on the type of sample and the question to be

answered through the analysis) is crucial in providing accurate results in a

timely fashion. In addition, approaches other than hyphenated NMR have

been applied directly to complex mixtures for the structural analysis of their

components. All those cases are discussed to evaluate the best options to use to

solve analytical problems in those areas.

LC-NMR and Other Hyphenated NMR Techniques: Overview and Applications, First Edition.
Maria Victoria Silva Elipe.
� 2012 John Wiley & Sons, Inc. Published 2012 by John Wiley & Sons, Inc.
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7.2. OFF-LINE VERSUS ONLINE NMR FOR STRUCTURAL
ELUCIDATION

When to apply off-line or online NMR for structural analysis is the key to

providing timely structural analysis results. If the hyphenated techniques are

not available commercially, it is difficult to access them to solve problems. The

selection of off-line or online analysis will depend on the type of sample and

the difficulty of the analysis.

7.2.1. Cases Solved Off-Line

Separation analytical techniques commonly populate analytical laboratories

formany types of analysis and profiling of complexmixtures.Avast number of

analytical chemists are trained to useHPLCas amajor technique for analyzing

mixtures and separating their components.Only a small percentage of analysts

are trained to perform NMR analysis. Therefore, the highly successful

classical methodology is to separate the analytes of interest for off-line NMR

analysis. In many of these cases, separation of the analytes is not problematic

as long as the sample is stable during the isolation process. Many packing

materials for column separation have been developed and are available

commercially, providing an entire set of different conditions under which to

separate components of complex mixtures with different properties, such as

polarity, molecular size, ionic nature, and others. Sometimes there is no need

to perform complete isolation of the components of mixtures to determine

their structures. This was the case for the two dimer impurities (unknowns

1 and 2) of the drug substance AMG 517, where a partial purification with a

fraction containing the two dimer impurities was analyzed by MS and NMR

(Figure 7-1) [1]. During the kilogram scale-up production of the drug

substance AMG 517, two new impurities (unknowns 1 and 2) were detected

at greater levels than 0.1% in several batches and needed to be characterized,

due to regulatory requirements for potential toxicological effects [1]. Pre-

liminary LC-MS analysis indicated that potentially they matched the dimeric

structure of the drug substance, and accurate mass determination suggested

one unknown to be a simple dimer of AMG 517 and the other a dimer with an

additional 32 mass units, potentially [dimer þ 2O] or [dimer þ S]. As

indicated previously, an enriched fraction containing the two impurities was

analyzed by conventional NMR in which the sample was dissolved in

deuterated solvent (DMSO-d6) and transferred to a 2.5-mm NMR tube for

NMR analysis. Comparing the NMR data of the fraction containing both

dimers with AMG 517, it was concluded that both dimers were symmetric,

with the monomers attached to the corresponding benzothiazole rings with a

2,4,7 substitution pattern for that ring compared to the drug substance AMG
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517, which had a 2,7 substitution pattern for the benzothiazole ring. In

addition, the proton and carbon chemical shifts of the benzothiazole rings

were not significantly different. This points to the option of a simple dimer for

one,with the other dimer having one sulfur between the twomonomers instead

of two oxygens somewhere in the dimermolecule (Figure 7-1) [1]. Figures 7-2

and 7-3 show the aromatic region of AMG 517 and an enriched fraction

containing both impurity dimers for one-dimensional 1HNMR spectra, a two-

dimensional 1H–13C HSQC spectrum for the enriched fraction, and a two-

dimensional 1H–13C HMQC spectrum for AMG 517—which point out the

slight differences described above. Based on the NMR analysis and accurate
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mass information, the structures proposed for the dimers were a simple dimer

and [dimer þ S] (Figure 7-1). Further investigation by the authors indicated

that the source of dimer impurities present in the bezothiazole startingmaterial

was carried over through the synthetic process of AMG 517 (Figure 7-4) [1].

7.47.78.08.38.68.9

f2 (ppm)

7.47.78.08.38.68.9
f2 (ppm)

100

105

110

115

120

125

130

135

140

145

150

155

160

165

170

1212'

3',5' 3,5

9

2',6'

9'

2,6

17'

16' 16

17

95

f1
(p

pm
)

100

105

110

115

120

125

130

135

140

145

150

155

95

f1
(p

pm
)

160

165

170

1212'

3',5' 3,5

9

2',6'

9'

2,6

17'

16' 16

17

(a)

12

18

2,6

16

17

3,5

9

(b)

12

18

2,6

16

17

3,5

9

FIGURE7-3. Aromatic region of the two-dimensional 1H–13C HSQCspectrumof the enriched impurity

fraction (panel a, 600MHz) and the two-dimensional 1H–13C HMQC spectrum of AMG 517 (panel b,

400MHz) inDMSO-d6. Figure 7-1 shows the numerical atomic labeling for AMG517 used for 1H and 13C

NMR assignments. The numbers designated as prime (e.g., 20) in panel a represent the signals of the

impurity named unknown 1, and all others represent the signals of unknown 2 [1].

OFF-LINE VERSUS ONLINE NMR FOR STRUCTURAL ELUCIDATION 183



N
N

O
S

N
F

3
C

H
N

O C
H

3

A
M
G
5
1
7

N
N

O
S

N
F

3
C

H
N

O C
H

3 S

N

H N

O C
H

3

O

N

N

C
F

3

N
N

O
S

N
F

3
C

H
N

O C
H

3

S

N

H N

O C
H

3

O

N

N

C
F

3

S

U
n
k
n
o
w
n
1

U
n
k
n
o
w
n
2

F
3
C

N
N

C
l

S

N

H
N

C
H

3

O

H
O

S

N

H
N

C
H

3

O

H
O

S

N

H
N

O C
H

3

O
H

S

N

H
N

C
H

3

O

H
O

S

N

H
N

O C
H

3

O
H

S

+

F
3C

N
N

C
l

F
IG

U
R
E
7
-4
.
S
y
n
th
et
ic

fo
rm

at
io
n
o
f
A
M
G

5
1
7
an
d
p
ro
p
o
se
d
fo
rm

at
io
n
p
at
h
w
ay

fo
r
th
e
tw
o
d
im

er
im

p
u
ri
ti
es

(u
n
k
n
o
w
n
s
1
an
d
2
)
[1
].

184



This case was solved without the use of hyphenated techniques except for

LC-MS and without complete purification of the dimer impurities. The

information gathered from HPLC, MS, and NMR was sufficient to propose

the structures and the synthetic formation pathway of these impurities [1].

Sharman and Jones [2] indicated that LC-NMR is practical for major

components but not as convenient for minor components of mixtures. The

major drawbacks of LC-NMR for the analysis of minor components is the

need to overload the column by injecting 1000 times the amount of sample to

analyze 0.1%minor components, which is the threshold level for determining

the structures of drug impurities based on regulatory requirements. This

means that to analyze 1 mg of sample for a component that comprises 0.1% of

the sample mixture, it is necessary to inject at least 1mg of sample containing

0.1% of the impurity of interest.When the injection overloads the column, the

chromatographic peaks are broad and occupy a larger volume than the typical

volume of NMR flow cells. Therefore, only a portion of the chromatographic

peak is “seen” by the receiver coil in the NMR flow cell [2]. Sharman and

Jones [2] also indicated that when handling the sample in the NMR tube, there

is no chance to lose it through complications from leakage through the

plumbing of the LC-NMR system, and more NMR experiments can be

conducted when the sample is in the NMR tube, as long as it is stable.

LC-NMR provides some advantages for unstable and light-sensitive sam-

ples [3]. Sharman and Jones [2] claimed that the vast majority of samples are

relatively stable, because unstable samples should not be detected or observed

in the first place, especially considering that sample handling in an NMR tube

is more robust than for LC-NMR [2]. In fact, isolation of the analytes of

interest for their structural elucidation has not decreased in recent years,

especially in the areas of impurities and degradation products [3–20].

Hiriyanna et al. [6] isolated the forced stress degradation products of olanza-

pine under acidic, basic, oxidative, and light conditions to determine their

structures off-line by MS and NMR (Figure 7-5). Sharma’s group [20]

determined the structure of a new degradation product of sultamicillin during

stability storage studies (Figure 7-6). For its characterization, the impurity

was isolated and a complete set of one- and two-dimensional homo- and

heteronuclear NMR experiments was performed. The stability data indicated

that the degradation product was formed following temperature rises over

time. During thermal stress conditions, sultamicillin degrades to ampicillin,

releasing formaldehyde as a by-product that will react further with the amino

group of sultamicillin, forming the degradation product after cyclization

(Figure 7-6) [20].

Off-lineNMRhas the advantages of not being dependent on thewidth of the

chromatographic peak of interest, HPLC conditions, and NMR solvent

suppression techniques, because it is independent of HPLC conditions of
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isolation. In addition to these factors, using deuterated solvents to dissolve the

sample and transfer it to the NMR tube makes two-dimensional homo- and

heteronuclear NMR experiments more convenient to perform than online or

hyphenated LC-NMR because the amount of sample under the coil is well

known in the NMR tube but not in the flow cell of the LC-NMR system.

7.2.2. Cases Solved Online

As shown in Chapters 4, 5 and 6, there are many cases of structural analysis of

complex mixtures that have been solved by numerous separation analytical

techniques hyphenated with NMR in the areas of natural products, drug
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metabolism, drug discovery and development, drug degradation products and

impurity characterization, food analysis, polymers, metabonomics and me-

tabolomics, the environmental field, and others. Unstable or volatile analytes

are ideal candidates for online structural determination by hyphenated NMR.

As shown in Chapter 6, capillary analytical techniques are excellent options

for trace analysis. However, most of those hyphenated techniques are not

available commercially or are less accessible to analytical laboratories. SPE

has bloomed as SPE-NMRand even SPE-MS-NMR for the structural analysis

of minor components, including trace analysis. The advantage of SPE for

structural analysis of the analyte of interest as part of a complex mixture is its

concentration in an SPE cartridge by subsequent injections into the HPLC for

separation. Once the analyte is concentrated and dried, it will be flushed

toward the NMR flow cell with deuterated solvents for its structural analysis.

With SPE-NMR, the NMR analysis is independent of the HPLC separation

conditions, solvent system, and width of the chromatographic peak in the

chromatogram during separation. The LC-MS-NMR technique is available

commercially through NMR vendors, but it is not commonly available in

many laboratories, due to its cost and the cumbersome combination of

techniques with different sensitivities (see Chapters 3 and 5). Even though

hyphenatedNMRhas been available since its development in the late 1970s as

a noncommercial technology, it has not replaced the off-line approach of

HPLCandNMR.As indicated earlier, the traditionalmethodologyof isolating

the analyte of interest is still in wide use. Online NMR has been used detached

fromHPLCfor the purpose of rapid analysis butwithout separating the analyte

of interest prior to NMR analysis. Those options have been covered some-

where else, as they are not the objective of this book [21].

7.3. ANALYSIS OF CHIRAL MOLECULES BY NMR

Determination of the absolute configuration of the chiral center of an organic

molecule by NMR is challenging. The main issue is that NMR cannot

distinguish enantiomers because they are mirror images, and magnetically

active nuclei such as protons have the same chemical environment in both

enantiomers. Diasteromers have some differences in the local chemical

environment for some of the protons or other magnetically active nuclei in

the molecule around the chiral center. Therefore, NMR will show some

differences in the chemical shifts and even in some coupling constants around

the chiral portion of the molecule. If the absolute configuration of one of the

chiral centers in a molecule is known, it is possible to determine the relative

stereochemistry of another chiral center in the molecule when it is in the

surrounding area and no farther away than 5A
�
, typically carried out by
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one-dimensional NOE/ROE and two-dimensional NOESY/ROESY NMR

experiments. Theclassical approach for these chemistry problems is bycarrying

out theanalysis inanNMRtube.TherehavebeensomeattemptstoperformNMR

experiments through hyphenated LC-NMR, as described below.

7.3.1. Classical Approach: Off-Line

The classical approach to conformational analysis by NMR is through one-

dimensional NOE/ROE and two-dimensional NOESY/ROESY NMR experi-

ments [22]. However, as indicated above, absolute configuration by NMR is

not possible whenmeasuring enantiomeric molecules directly and if no chiral

information is known for diastereomeric molecules to determine the relative

stereochemistry of chiral centers in spatial proximity. Knowing that NMR

provides such detailed information on how the atoms are bonded in three-

dimensional space, two indirect approaches have been developed to determine

absolute stereochemistry in organic compounds. The first approach is through

chemical derivatizationwith chiral agents, and the second is through exposing

the molecule to an alignment medium.

The chiral derivatization approach, known as theMosher method, was first

described in 1973 [23]. The method uses the Mosher reagent, a-methoxy-

a-trifluoromethylphenylacetate (MTPA) esters to distinguish the (R)- and (S)-

absolute configuration of chiral compounds through differences in the

chemical shifts of the derivatives due to anisotropic effects, depending on

the orientation of the chiral ester toward the phenyl group ofMTPA [23]. Since

then, many other chiral agents have been developed [24,25]. The functional

groups attached to the chiral center of interest that are derivatized are a-chiral
secondary alcohols, b-chiral primary alcohols, a-chiral tertiary alcohols,

a-chiral primary amines, secondary amines, a-chiral carboxylic acids, b-chiral
carboxylic acids, chiral sulfoxides, and chiral polyhydroxylated compounds,

studied bymeasuring the differences in the chemical shifts of 1H, 19F, and 13C

when applicable. A description of thosemethodsmay be found in the literature

(e.g., references 24 and 25). Riguera’s group [24,26] developed a faster

method by mixing the auxiliary reagent bound to a solid matrix with the

chiral substrate of interest directly in the NMR tube to acquire NMR data a few

minutes after the mixing step and without the need for further chemical

manipulation. The authors tested this methodology by derivatizing chiral

alcohols and amines. In addition, they carried out the complexation of the

resin bound to methoxyphenylacetic acid (MPA) esters or amides with Ba2þ

ion coming from BaClO4 added to the solution in the NMR tube for NMR

analysis [24,26].

A newmethodology applied to organic smallmolecules is themeasurement

of residual dipolar couplings (RDCs)when the analyte of interest is exposed to
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an alignment medium [27–30]. The molecules of the analyte of interest are

oriented in a particularmanner based on the alignmentmedia and themagnetic

field. The absolute configuration of the chiral centers of the molecule can be

determined through measuring RDCs under those conditions [27–30]. At the

time of thiswriting, no alignmentmediawere available commercially,making

it difficult to convert this methodology in a routine analysis. For more

information on this topic, see references 27 to 30.

7.3.2. Nonclassical Approach: Online

The online approach to determining the absolute configuration of molecules

has been carried out only through chemical derivatization or by connecting a

CD instrument to an LC-NMR system, as described in Section 4.2.9.

Hyphenated NMR has not been used to determine RDCs, due to the need

of purematerials. Its complexity in some of theNMRexperiments required for

RDCs, and other characteristics of LC-NMR, will not be a benefit when

solvent suppression is required. In addition, the method will require the

analyte to be under the alignment medium at all times, which would

complicate adjusting the HPLC conditions to that case. For the case of

chemical derivatization, LC-NMR has been employed to determine the

absolute configuration of secondary alcohols coupled to (R)- and (S)-9-

anthrylmethoxyacetic acid (9-AMA) as 9-AMA esters [31]. It has also been

used for a new tetrahydrophenanthrene isolated from the aerial parts of the

plant Heliotropium ovalifolium through its Mosher ester derivativatization in

the stop-flow LC-NMRmode [32].When applying CD to the stereochemistry

study, LC-CD and LC-NMRhas been combined (LC-CD-NMR) to determine

in situ the absolute configuration of the individual enantiomeric chro-

matographic peaks of a pyridylananine derivative mixture in the stop-flow

mode [33].

7.4. MONITORING CHEMICAL REACTIONS IN SITU

Reactionmonitoring is an emerging areawhere analytical techniques are used

to understand the kinetics of reactions, if the reactions go into completion, and

the yield of the reactions. Reactions will contain a group of components

comprised of the reactants, possible intermediates if they are stable, products,

solvents, and additives that facilitate or catalyze the reactions. Reactions can

be monitored in situ if a device can be placed in the reaction vessel and

connected to an analytical instrument to monitor the reaction. Reactions can

also be monitored on a small scale to study their kinetics through a variety of

analytical techniques. NMR is a preferred technique that provides detailed
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structural information on organic molecules. The traditional method of

studying kinetics by NMR is based on the scale of the NMR tube. However,

in recent years more attempts have been carried out using NMR to monitor

reactions in situ in the reactors. Below is a description of both methods.

7.4.1. Classical Approach: Off-Line

The classical approach to monitoring reactions by NMR is through the NMR

tube. However, this is limited to small-scale testing, and the kinetics may not

be reproducible when the reaction is carried out in reactors on a large scale. In

addition, solvent selection is another factor that affects kinetics. When

deuterated solvents are used in the reaction, they make NMR operations

easier with convenient lock, shimming, and referencing. However, deuterated

solvents can affect the kinetics of reactions through their isotopic effect, as

discussed in a study of the formation of formaldehyde polymer in water, D2O,

and methanol [34]. To minimize the isotopic effects, no-Deuterium NMR

(no-DNMR) is an alternative method used to run the reaction in an NMR tube

without deuterated solvents [35,36]. On a small scale, no-D NMR provides

useful information on the kinetics and yield of the reaction without isotopic

effects. The reagent concentrations must be in the molar range (0.1 to 1.0M)

for the protonated solvents, not to exceed a reagent/solvent ratio of 1:10 or

1 : 100 because organic solvents are normally at a concentration of 10M. The

effect of the dynamic range in concentrations between the solvents and the

species in solution cannot exceed that range for NMR to be effective as a

monitoring reaction tool [35,36]. A classical example is the Fisher esterifi-

cation of acetic acid in ethanol catalyzedwith sulfuric acid and followed in the

NMR tube [35].

A proton is the commonnucleus used to follow reactions byNMR, but other

nuclei can sometimes be a better option when the one-dimensional 1H NMR

spectra are complex or when othermagnetically sensitive nuclei are present in

the molecule that can provide simple spectra and analysis. 19F and 31P which

are 100% abundant in nature, with one-half nuclear spin (I¼ 1/2) and with

0.83 and 0.0663 relative sensitivity compared to 1H, are part of many organic

compounds. A recent case study by 31P NMR is the hydrolysis reaction of

phosphoryl trichloride, commonly known as phosphorus oxychloride

(POCl3) [37]. POCl3 (1) is a common reagent used in many reactions in

organic chemistry, such as the Vilsmeier–Haack and Bischler–Napieralski,

Bechman rearrangement, and others. In addition, POCl3 (1) is a very reactive

compound, extremely irritative and exothermic, that requires extra care for its

elimination from reactions during hydrolysis under acidic conditions. There-

fore, POCl3 (1) is more difficult to manage for large-scale reactions. The

purpose of the studywas tomonitor the hydrolysis in high concentrations with
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no deuterated solvents (water/acetonitrile 1 : 3 v/v) in the NMR tube to

understand the kinetics and the intermediate species formed during the

hydrolysis at different pH and temperature values, and to provide safe

quenching of energetic metastable intermediates [37]. The study confirmed

that the hydrolysis goes through individual replacement of each chlorine atom

by a hydroxyl until there is complete conversion to phosphoric acid (4)

(Figure 7-7). In addition, the study proved what the literature proposed: that

the rate constant k3wasmuch greater than k2, and that of POCl3 (1)was rapidly

converted to the first species, the dichlorophosphoric acid [POCl2(OH) (2)]

intermediate, which was metastable with a long half-life, depending on

temperature and pH conditions. Figure 7-8 depicts some snapshots by 31P

NMR of the hydrolysis reaction, with different temperatures and times

showing that dichlorophosphoric acid [POCl2(OH) (2)] is a predominant

OPCl3 OPCl2 OPCl(OH)2(OH) OP(OH)3
H2O

-HCl

k1 k2 k3

H2O

-HCl

H2O

-HCl1 2 43

FIGURE 7-7. Mechanism of phosphorus oxychloride (POCl3) hydrolysis [37].

5C t = 0 min

5C t = 25 min

35C t = 45 min

35C t = 50 min

4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

f1(ppm)

–0.5 –1.0 –1.5 –2.0 –2.5 –3.0 –3.5

1

2

3

4

5
35C t = 1 hr 18 min

OPCl3 (1) 2
t = 0

2

3 4

2

3

OPCl3 (1) 2 +  3
t > 0

OPCl3 (1) 2 +  3  +  4
t >> 0

2

FIGURE 7-8. 31P NMR reaction monitoring of the hydrolysis of POCl3 at different temperatures and

times [37]. The numbers corresponds to the species numbered in Figure 7-7.
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species, and monochlorophosphoric acid [POCl(OH)2 (3)] is a minor species

that remains relatively constant during the reaction. Figure 7-9 depicts

snapshots of the hydrolysis at 25�C when no base is added, and Figure

7-10, when 1 equivalent of base is added. Figure 7-10 shows that with base,

the monochlorophosphoric acid [POCl(OH)2 (2)] species is not detected

because it converts rapidly to phosphoric acid (4) [37]. The signal of

phosphoric acid (4) in the spectra in Figures 7-8 to 7-10 was not referenced

to 0.00 ppm, to show the changes in chemical shifts due to changes in pH

during the reaction under different conditions. The half-life of dichloropho-

sphoric acid [POCl2(OH) (2)] from the 31P NMR studies was hours,

depending on the pH and temperature in water/acetonitrile 1 : 3 v/v (t1/2
¼ 26 h at 5�C, t1/2¼ 3.7 h at 25�C, t1/2¼ 1.1 h at 35�C, t1/2¼ 7.9 h at 5�C
with 1 equivalent of NaOH) [37]. Based on these results, the researchers

recommended quenching the excess POCl3 (1) from the corresponding

organic chemistry reaction at 20�C in the presence of base (1.5 equivalents

of NaOH) to avoid the formation of metastable intermediate containing

P�Cl bonds while considering of the solvent and product formation used in

the corresponding organic chemistry reaction [37].

In academic settings, fast NMRmethodologies such as the two-dimensional

ultrafast (UF) TOCSYexperiment are being used to monitor reactions in real

time in the NMR tubeþ [38]. Herrera et al. [38] tested the methodology on

one pot reaction with a simple ketone, 3-pentanone, and triflic anhydride in

OP(OH)3OPCl(OH)2

OPCl2(OH)
t = 0 hr

t = 2 hr

25C

4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

f1(ppm)

–0.5 –1.0 –1.5 –2.0 –2.5 –3.0 –3.5

1

2

3

4

5

FIGURE 7-9. 31P NMR of the decomposition kinetics of dichlorophosporic acid POCl2(OH) at

25�C [37].
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deuterated acetonitrile in a 5-mm NMR tube. While aquiring UF TOCSY

experiments during the reaction, the researchers were able to detect and

determine the structures of intermediates of the reaction and its kinetics [38].

The only concern with these ultrafast NMRmethodologies is that they are not

available commercially or easy to use directly from any instrument. As they

become available,more optionsmaybe applied tomonitor reactions using two-

dimensional NMR data from fast methodology such as UF TOCSY or even

Hadamard spectroscopy.

7.4.2. Nonclassical Approach: Online

In recent years, researchers in the pharmaceutical industry and academia have

been exploring the concept of monitoring reactions by NMR beyond the

traditional methodology of the NMR tube [39–42]. As indicated above, the

NMR tubemethodology gives preliminary information on the kinetics and can

be comparable when reactions are carried out at a small scale, especially

without deuterated solvents, to avoid isotopic effects. However, when reac-

tions are carried out at a scale larger than just a few milliliters, better

methodologies are needed to understand in situ the kinetics and speciation,

and how to control the reaction.NMR is the ideal technique to provide detailed

5C

25C

OP(OH)3

OPCl2(OH)

25C

25C

t = 0 min

t = 9 min

t = 20 min

t = 35 min

4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

f1(ppm)

–0.5 –1.0 –1.5 –2.0 –2.5 –3.0 –3.5

1

2

3

4

FIGURE 7-10. 31P NMR of the decomposition kinetics of dichlorophosporic acid POCl2(OH) with

1 equivalent of base (per POCl3) at 25
�C [37].
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information on structural changes in the reagents toward formation of the

product of the reaction through the intermediates of the reaction. To accom-

plish this measurement, the reactor and the NMR instrument have to be

attached online. Bernstein’s group [39,41,42] has applied online or on-flow

NMR by connecting the reactor to the NMR through tubing, allowing the

reaction mixture to go to the NMR flow cell to monitor the kinetics of

the reaction in situ. In the settings they used, a filter was placed at the end of the

tubing that was submerged in the reactor, to avoid solid material blocking

the tubing in heterogeneous reactions. In addition, stainless steel tubing was

used when solvents corrosive to PEEK tubing [e.g., tetrahydrofuran (THF)]

were used. Conventional NMR flow cells provide limited uses for reactions,

with minimum variations in pressure and temperature.When temperature and

pressure are important variables and they are far from room-temperature

conditions, an NMR flow cell for supercritical fluids chromatography (SFC)

(SFC-NMR) is a better option [39,40]. Recently, Bernstein’s group has

developed an inexpensive and simple flow cell to monitor reactions that can

handle low flow rates and pressures [42]. Another important consideration in

reaction monitoring is to have the minimum distance between the reactor and

the magnet of the NMR system, to maximize the residence times of the

reaction in the NMR flow cell; to have a reasonable signal-to-noise ratio; and

to minimize the distance between the reactor and the NMR to make the

measurement of in situ reactionmonitoringmeaningful. Due to the changes in

the species and their concentrations during the reaction, field homogeneity

may become a problem, providing distorted NMR signals. To make the data

acquisition useful to the study, shimming should only be performed before and

after a reaction [41].

Researchers working on establishing the methodology for in situ moni-

toring reactions by NMR connected directly to chemical reactors are proving

the concept by using small reactors attached by tubing to high-resolution

NMR instruments, and testing the methodology with known reactions.

Examples of reactions are simple imine–aminal formation [39], hydrogen

bonding of methanol in near-critical and supercritical carbon dioxide condi-

tions [40], Fisher esterifications [41], hydrolysis of urea [41], simple alkyl-

ation reactions [41], simple demesitylation [41], and hydrolysis of simple

esters [42]. As more knowledge is gathered from those simple reactions in the

coming years,more applicationswill become available for the pharmaceutical

industry, with the potential to use this technique on process analytical

technology platforms toward process control in manufacturing. Researchers

are focusing on implementing high-resolution NMR in this application, but in

a manufacturing setting there is also potential for low-resolution NMR. In

addition, when the chemical process is at the manufacturing level, the kinetics

and control of the reaction are well known, and the needs are in the process
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control area. Therefore, simple NMRs, already being used in the petroleum

industry, are a key to providing simple process control at low cost. The coming

years will see a trend toward in situ reaction monitoring by online NMR in the

research and manufacturing areas in the pharmaceutical industry and perhaps

in other industries as well.

7.5. ANALYSIS OF MIXTURES OFF-LINE, ONLINE, AND
BY OTHER NMR METHODOLOGIES

As is becoming obvious through the many examples and variations of the

NMRmethodology discussed in this book,mixture analysis is important in the

pharmaceutical, chemical, and environmental industries, among others, and in

academia.Wehavepresentedmany examples of the application of hyphenated

separation technologies, NMR and MS-NMR being the two main technolo-

gies in the structural elucidation arena. However, there are cases where

separation is not used to analyze complex mixtures. In this final section of

the chapter we deal with those cases to understand when and how to apply

separation technology hyphenated with NMR and when to carry out direct

analysis of mixtures without separation.

7.5.1. Traditional Analysis of Mixtures by Off-Line HPLC and
NMR

Asmentioned in Section 7.2.1, isolation of individual components ofmixtures

is the classical approach to analyzing the structure of compounds from

complex mixtures. The two principal reasons for the use of off-line HPLC

and NMR are (1) the need for two-dimensional heteronuclear NMR experi-

ments that are less sensitive than the common proton homonuclear two-

dimensionalNMRexperiments for complete structural elucidation of analytes

of interest, to avoid ambiguity as to their structural assignment, and (2) when

direct analysis of a complex mixture by LC-NMR does not provide data of

sufficient quality for NMR analysis. When an analyte of interest is unstable

and decomposes during analysis, neither LC-NMRnor off-lineNMR is a good

choice for structural analysis. Isolation of unstable analytes before NMR

analysis will also become an issue, due to sample instability during the

process. An example of instability is the structural analysis of unstable

metabolites from caspofungi acetate (MK-0991), a semisynthetic pneumo-

candin developed for systematic fungal infections such as those caused by

Candida and Aspergillus species [43]. Urine samples from healthy human

beings exposed toMK-0991 collected over time indicated the presence of two

metabolites, M1 and M2, as hydrolysis products of MK-0991, which were
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polar and unstable. Direct injection of a urine sample into an LC-NMR system

was not successful, due to the complex chromatography (Figure 7-11). M2

was highly polar and extremely unstable under acidic conditions. Therefore,

the metabolite was transformed to a less polar product that it was possible

to isolate for NMR analysis, identified as N-acetyl-4(S)-hydroxy-4-

(4-hydroxyphenyl)-L-threonine g-lactone (M2D). Consequently, the under-

ivatized M2 was identified as g-hydroxy acid, N-acetyl-4(S)-hydroxy-4-

(4-hydroxyphenyl)-L-threonine (Figure 7-12). Chemical derivatization of M1

as des-acetyl-M2 provided the clues of its structure. M2 was also derivatized

with ethyl chloroformate under basic conditions to avoid the lactonization by

forming an ethoxycarbonylM2 derivative (Figure 7-12). Figure 7-13 shows the
1H NMR spectra of M2D in three deuterated solvent systems. In deuterated

acetonitrile (ACN-d3) itwas not possible to observe thephenolic proton, and the

proton signal of theN-acetyl group overlaps with the residual protonated signal

of the deuterated solvent (ACN-d3). In DMSO-d6, those two signals are shown

clearly, as well as the exchangeable protons from the phenol, the hydroxyl, and

the NH of theN-acetyl. The phenol and hydroxyl groups were exchanged when

D2O was added to the NMR solution (Figure 7-13). Figure 7-14 shows the 1H

NMR spectrum of the ethoxycarbonyl of M2 in DMSO-d6, where the

exchangeable protons are visible with a small amount of lactone in the

FIGURE 7-11. UVchromatogram of the on-flow experiment of human urine of caspofungin acetate [43].
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spectrum [43]. Chemical derivatization was the key to determining the struc-

tures of the polar metabolites of caspofungi acetate (MK-0991) [43].

Separation of the analyte of interest is the best approachwhen its structure is

not known orwhen changes in the structure are difficult to predict. An example

in this category is the structural elucidation of one of the glutathione adducts

of compound I (Figure 7-15), a potent thrombin inhibitor, which went through

an unexpected biotransformation via rearrangement of a pyrazinone ring [44].

Incubations of compound I in human and rat liver microsomes fortified with

glutathione (GSH) revealed the presence of two GSH adducts, GSH-1 and

GSH-2, which required extensive structural analysis to determine the met-

abolic activation pathways and provide guidance on the design of a better drug

candidate to minimize the metabolic activation of chemically reactive inter-

mediates [44]. LC-MS/MS revealed a different fragmentation pattern, where
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FIGURE 7-12. Metabolism pathway and structures of caspofungi acetate (MK0991) and its metabolites

M1 and M2 as the ethoxycarbonyl of M2 and the lactone M2D [43].
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GSH-1 lost GSH, as expected, in the two fragments withm/z 431 andm/z 609,

and GSH-2 showed only fragment m/z 609, suggesting different bonding to

compound I of the sulfur in glutathione (Figure 7-16). Figure 7-17 depicts the

aliphatic region of the 1H NMR spectra of compound I, GSH, and GSH-1

FIGURE 7-14. 1H NMR spectrum of the ethoxycarbonyl derivative of M2 metabolite of caposfungi

acetate (MK-0991) from human urine in DMSO-d6 [43].
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FIGURE 7-15. Structure of compound I and its two glutathione adducts, GSH-1 and GSH-2, isolated

from human and rat liver microsomes [44].
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adduct where the position of the aliphatic protons of GSH-1 are predictable

following the same behavior as that of compound I and GSH. Figure 7-18

depicts the aliphatic region of the 1H NMR spectra of compound I, GSH, and

GSH-2 adduct, where major differences are noted for GSH-2 adduct with the

absence of proton 8, proton 9 upfield-shifted, and proton 11 downfield-shifted

compared to compound I. The initial proposal of a simple GSH adduct in

position 8 for GSH-2 adduct was not plausible because of the difference in
1H–13C HMBC and NOE correlations compared to compound I. The GSH-2

adduct showed fewer C�H correlations in the 1H–13C HMBC spectrum

than for compound I (Figure 7-19). The NMR experiments that revealed

key information to suggest the structure of the GSH-2 adduct were one-

dimensionalNOEand two-dimensionalNOESY (Figures 7-20 and 7-21). Both

experiments showed the spatial correlation of the methyl protons (12) with the

methylene protons (11), which are far apart in compound I (Figures 7-19 to

7-21). The structures proposed for both GSH adducts, GSH-1 and GSH-2, can

accommodate the MS and NMR data without exceptions. Based on those

structures, the researchers proposed a different mechanism of formation for

both GSH adducts. Figure 7-22 depicts the mechanism proposed for the

formation of GSH-1 adduct: via the typical two-electron oxidation of the 6-

methyl-2-oxo-3-aminopyrazinone moiety through the expected electrophilic

imine–methine intermediate. Figure 7-23 depicts the proposed mechanism of

formation of the GSH-2 adduct through the addition of GSH to an epoxide

formed by CYP450-mediated oxidation of the double bond in position 5–6 of

the pyrazinone of compound I. After the opening of the epoxide from the GSH

addition, the intermediate species is unstable as carbinolamine, which can

easily open the ring to a more stable keto form, then rearrange it self by

cyclizing with the external amino of the pyrazinone ring. After aromatization,

it gives rise to the imidazole ring on the GSH-2 adduct (Figure 7-23) [44]. This

work would be difficult to solve using hyphenated NMR experiments, due

to the complexity of the GSH-2 structure, which required two-dimensional

homo- and heteronuclear experiments that are better performed with isolated

materials, to minimize such other factors as solvent suppression. Hyphenated

NMR would not provide enough information to propose the structure of the

GSH-2 adduct.

7.5.2. Online NMR Analysis of Mixtures

Hyphenated NMR came into being to determine the structures of analytes

from complex mixtures. In Chapters 3, 4, 5, and 6 we have described many

examples of cases where onlineNMRhas solved this type of analysis problem

successfully. In some cases, online NMR hyphenated with analytical sepa-

ration techniques including MS has been applied to natural products, drug
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FIGURE 7-20. Apliphatic region of two-dimensional NOESY spectrum of GSH-2 adduct in

CD3OD [44].
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metabolism, drug discovery and development, drug degradation products and

impurity characterization, food analysis, polymers, metabonomics and me-

tabolomics, the environmental field, and other areas. From volatile to non-

volatiles and from stable to nonstable components of mixtures, LC-NMR has

FIGURE 7-21. Aliphatic region of the 1H NMR spectrum of GSH-2 adduct (bottom) and one-

dimensional NOE experiment of GSH-2 irradiating the methyl protons at position 12 (top) [44].
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provided another alternative to the conventional isolation and structural

analysis carried out in an NMR tube. The target of LC-NMR and other

hyphenated NMR techniques is to obtain structural data from the analytes of

interest while avoiding or minimizing the overlapping of signals from other

components of the mixture.

7.5.3. Other NMR Methodologies That Mimic LC-NMR
Separation

Separation and isolation of a component of interest for the purpose of NMR

analysis is time consuming. In addition, using hyphenated NMR techniques

requires making some compromises as to the need for solvent suppression

techniques, detection of only a percentage of the chromatographic peak

around the coil in the NMR flow cell, and limitations on the solvent systems

used, to be compatible with the LC and NMR sections of the system. In

addition, concerns about not detecting exchangeable protons due to certain

solvent selection for hyphenated NMR limit the structural analysis. Further-

more, even when using SPE cartridges in an SPE-NMR system to concentrate

the analyte of interest, the technique may take overnight to dry the analyte in

the cartridge for NMR analysis a day later. There are times where partial

structural information is sufficient to solve certain analytical issues, and

either isolation of the analyte before NMR analysis or using hyphenated

NMR may not be the best choice for a rapid analysis of the components of

mixtures. Analyzing complex mixtures directly by NMR can be complex

using 1H NMR, but it can be less cumbersome using 19F NMR if the analyte

of interest has fluorine in its structure. Partial structural information regard-

ing analytes of mixtures can be obtained by selective excitation experiments

such as one- or two-dimensional TOCSY, and by diffusion experiments such

as one- or two-dimensional diffusion-ordered spectroscopy (DOSY). Those

types of NMR experiments mimic separation by selectively seeing a portion

of the molecule based on spin system information or by separating the

molecules of the mixture based on their sizes by the different diffusion

coefficients.

A one- or two-dimensional TOCSY experiment is the classical approach

to looking into a mixture with no prior separation of its components.

One-dimensional TOCSY has been used in forensic cases to identify heroin

from street doses that contain mixtures of components [45]. In a few minutes

it is possible to obtain the “fingerprint” information for heroin without

the need for chemical or physical treatment prior to the analysis [45].

Sandusky and Raftery [46] applied the information from semiselective one-

dimensional TOCSYon rat and human urine samples to principal components

analysis (PCA) to distinguish rapidly the subtle differences in metabolite
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concentrations in the fields of metabonomics andmetabolomics. Similar to the

previous study, one-dimensional TOCSY was applied to insect venom using a

1-mm cryogenic NMR probe to determine the major components of the

mixture without the need for extensive purification prior to the NMR analy-

sis [47]. Br€uschweiler’s group [48,49] has applied information obtained from

one-dimensional TOCSY experiments to public Web servers to identify and

determine the quantitative metabolite concentrations for biomarker identifi-

cation in mixture analysis by covariance NMR.

Another option for analyzing a mixturewithout isolation of its components

is by one- and two-dimensional DOSY NMR experiments. Molecules with

different molecular weight or different three-dimensional shape (e.g., sphe-

roidal versus ellipsoidal) will have different diffusion coefficients under the

gradients in NMR diffusion experiments, and they can be distinguished and

“separated“ in the experiment. Two-dimensional DOSY experiments have

been employed to analyze solutions of mixtures of polymers from industrial

polypropylene and polystyrene samples to distinguish the components of the

mixtures based on their different translational diffusion coefficients as a

reflection of their molecular weight distributions [50]. Mistry et al. [51]

measured diffusion coefficients to distinguish monomeric and dimeric com-

ponents as impurities from a sample mixture of production batches of

fluticasone propionate. Two-dimensional DOSYexperiments have been used

as a screening methodology to distinguish which small molecules bind to

polymers commonly conducted for biological activity in drug discovery [52].

Another example of the application of two-dimensional DOSY based on the

shape of molecules is distinguishing between two isomers in a mixture that

have identical mass but different diffusion coefficients, because one is

spherical and the other is ellipsoidal [53]. In the natural products arena

focused on medical applications, two-dimensional DOSY is a useful tool for

the analysis of complex mixtures in herbal dietary supplements marketed as

natural substances to detect active and inactive ingredients and determine if

any of the compounds are not listed as ingredients and should perhaps be

considered as potential adulterants in the formulation [54]. To enhance the use

of two-dimensional DOSY, Kavakka et al. [55] demonstrated that using a

soluble polymer, poly(vinylpyrrolidine) (PVP), considered as a “stationary

phase,” can “separate” the components of the mixture in the DOSY exper-

iment based on their interaction with PVP, giving rise to more distinct

diffusion coefficients than if PVP were not present. As an application of

one- and two-dimensional DOSY experiments in the drug metabolism area,

Khera et al. [56] have analyzed the major metabolites of ethacrynic acid and

mefenamic acid from rat bile to be their glucuronic conjugates (Figure 7-24)

as a fast methodology to obtain information about the major metabolites

present in the sample mixture.
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7.6. CURRENT TRENDS

Complex sample mixtures can be analyzed using various methodologies with

or without separation of the individual components. Structural analysis by

NMR is possible in both cases, depending on the amount of information

needed, the target of the study, and the complexity of the mixture. These

parameters should facilitate the decision as to whether to use hyphenated or
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FIGURE 7-24. Structures of the glutathione adducts of ethacrynic acid (top) and mefenamic acid

(bottom) [56].
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nonhyphenatedNMR for the structural analysis ofmixture components. Some

specific studies, such as chiral determination and reactionmonitoring kinetics,

can be performed off-line in anNMR tube or injected directly to theNMRflow

cell as online methodology. On the other hand, some mixture analyses can be

performed without isolation and by specific experiments such as by one- and

two-dimensional TOCSY and DOSY. Depending on the information needed

and the resources, analysts decide on the best approach for the studies. The

current trend is decided case by case based on the expertise available, the

information needed, and the methodologies available. The coming years will

provide more information as to how the methodologies discussed in this

chapter will find more common use in industrial and academic laboratories.

REFERENCES

[1] M.V. Silva Elipe, Z.J. Tan, M. Ronk, and T. Bostick, A Multidisciplinary

Investigation to Determine the Structure and Source of Dimeric Impurities in

AMG 517 Drug Substance, Int. J. Anal. Chem. 2009, article ID 768743, 12

pages, doi: (online article).

[2] G.J. Sharman and I.C. Jones, Critical Investigation of Coupled Liquid Chro-

matography–NMR Spectroscopy in Pharmaceutical Impurity Identification,

Magn. Reson. Chem. 41 (2003), 448–454.

[3] R.A. Seburg, J.M. Ballard, T.-L. Hwang, and C.M. Sullivan, Photosensitized

Degradation of Losartan Potassium in an Extemporaneous Suspension Formu-

lation, J. Pharm. Biomed. Anal. 42 (2006), 411–422.

[4] A.L. Huidobro, F.J. Rup�erez, and C. Barbas, Isolation, Identification and

Determination of the Major Degradation Product in Alprazolam Tablets During

Their Stability Assay, J. Pharm. Biomed. Anal. 44 (2007), 404–413.

[5] S.G. Hiriyanna, K. Basaviaih, H.N. Pati, and B.K. Misha, Separation, Isolation,

and Characterization of Isoform Impurities of Gemcitabine Formed During the

Anomerization of Protecteda-Gemcitabine toGemcitabine, J. Liq. Chromatogr.

Relat. Technol. 30 (2007), 3093–3105.

[6] S.G. Hirayanna, K. Basavaiah, P.S.K. Goud, V. Dhayanithi, K. Raju, and H.N.

Pati, Identification and Characterization of Olanzapine Degradation Products

Under Oxidative Stress Conditions, Acta Chromatogr. 20 (2008), 81–93.

[7] M. lin, M. Li, A.V. Buevich, R. Osterman, and A.M. Rustum, Rapid Structure

Elucidation of Drug Degradation Products Using Mechanism-Based Stress

Studies in Conjunction with LC-MSn and NMR Spectroscopy: Identification

of a Photodegradation Product of Betamethasone Dipropionate, J. Pharm.

Biomed. Anal. 50 (2009), 275–280.

[8] M. Kra�cun, A. Kocijan, A. Bastarda, R. Grahek, J. Plavec, and D. Kocjan,

Isolation and Structure Determination of Oxidative Degradation Products of

Atorvastatin, J. Pharm. Biomed. Anal. 50 (2009), 729–736.

REFERENCES 211



[9] Q. Chen, D. Zielinski, J. Chen, S. Nowak, and C.C. Zhou, Structural Identi-

fication and Characterization of Potential Degradants of Zotarolimus on Zotar-

olimus-Coated Drug-Eluting Stents, J. Pharm. Biomed. Anal. 50 (2009),

778–786.

[10] V.G. Dongre, P.D. Ghugare, P. Karmuse, D. Singh, A. Jadhav, and A. Kumar,

Identification and Characterization of Process Related Impurities in Chloro-

quine and Hydroxychloroquine by LC/IT/MS, LC/TOF/MS and NMR,

J. Pharm. Biomed. Anal. 49 (2009), 873–879.

[11] M. Xia, T.-J. Hang, F. Zhang, X.-M. Li, and X.-Y. Xu, The Stability of Biapenen

and Structural Identification of Impurities in Aqueous Solution, J. Pharm.

Biomed. Anal. 49 (2009), 937–944.

[12] V.J. Kumar, P.B. Gupta, K.S.R.P. Kumar, K.V.V.P. Rao, K.R. Rao, S.J. Prasana,

J.H.K. Sharma, and K. Mukkanti, Identification and Characterization of New

Degradation Products of Cefepime Dihydrochloride Monohydrate Drug Sub-

stance During Stress Stability Studies, Anal. Sci. 26 (2010), 1081–1086.

[13] Y. Sato, D. Breslin, H. Kitada, W. Minagawa, T. Nomoto, X.-Z. Qin, and

S.B. Karki, Parenteral Formulation and Thermal Degradation Pathways of a

Potent Rebeccamycin Based Indolocarbazole Topoisomerase I Inhibitor,

Int. J. Pharm. 390 (2010) 128–133.

[14] P. Srinivasu, D.V. Subbarao, R.V.K. Vegesna, and K.S. Babu, A Validated

Stability-Indicating LC Method for Acetazolamide in the Presence of Degra-

dation Products and Its Process-Related Impurities, J. Pharm. Biomed. Anal. 52
(2010), 142–148.

[15] M.K. Mone and K.B. Chandrasekhar, Degradation Studies of Pentoxifylline:

Isolation and Characterization of a Novel gem-Dihydroperoxide Derivative as

Major Oxidative Degradation Product, J. Pharm. Biomed. Anal. 53 (2010),

335–342.

[16] Y. Li, D.Q. Liu, S. Yang, R. Sudini, M.A. McGuire, D.S. Bhanushali, and A.S.

Kord, Analytical Control of Process Impurities in Pazapanib Hydrochloride by

Impurity Fate Mapping, J. Pharm. Biomed. Anal. 52 (2010), 493–507.

[17] B. Raman, B.S. Sharma, P.D. Ghugare, S. Nandavadekar, D. Singh, P.K.

Karmuse, and A. Kumar, Structural Elucidation of Process-Related Impurities

in Escitalopram by LC/ESI-MS and NMR, J. Pharm. Biomed. Anal. 53 (2010),
895–901.

[18] H.S. Neto, F.A.P. Barros, F.M.S. Carvalho, and J.R. Matos, Thermal Analysis of

Prednicarbamate and Characterization of Thermal Decomposition Product,

J. Therm. Anal. Calorim. 102 (2010), 277–283.

[19] L. Turco, S. Provera, O. Curcuruto, E. Bernabe, A. Nicoletti, L. Martini, D.

Castoldi, Z. Cimarosti, D. Papini, C. Marchioro, and R. Dams, Detection,

Identification and Quantitation of a New De-fluorinated Impurity in Casopitant

Mesylate Drug Substance During Late Phase Development: An Analytical

Challenge Involving aMultidisciplinary Approach, J. Pharm. Biomed. Anal. 54

(2011), 67–73.

212 SPECIAL TOPICS AND APPLICATIONS RELATED TO LC-NMR



[20] V.J. Kumar, P.B. Gupta, K.S.R.P. Kumar, U.K. Ray, B. Sreenivasulu, G.C.S.

Kumar, K.R. Rao, and H.K. Sharma, Identification, Isolation and Characteri-

zation of aNewDegradation Product in SultamicillinDrug Substance, J. Pharm.

Biomed. Anal. 54 (2011), 582–587.

[21] P.A. Keifer, Flow Techniques in NMR Spectroscopy, Annu. Rep. NMR Spec-

trosc. 62 (2007), 1–47.

[22] D. Neuhaus and M.P. Williamson, The Nuclear Overhauser Effect in Structural

and Conformational Analysis, 2nd ed., Wiley, New York, 2000.

[23] J.A.Dale andH.S.Mosher, NuclearMagnetic Resonance EnantiomerReagents:

Configurational Correlations via Nuclear Magnetic Resonance Chemical

Shifts of Diasereomeric Mandelate,O-Methylmandelate, and a-Methoxy-a-tri-
fluoromethylphenylacetate (MTPA) Esters, J. Am. Chem. Soc. 95 (1973),

512–519.

[24] J.M. Seco, E. Qui�no�a, and R. Riguera, The Assignment of Absolute Config-

uration by NMR, Chem. Rev. 104 (2004), 17–117.

[25] T.J. Wenzel, Discrimination of Chiral Compounds Using NMR Spectroscopy,

Wiley, Hoboken, NJ, 2007.

[26] S. Porto, J. Dur�an, J.M. Seco, E. Qui�no�a, and R. Riguera, “Mix and Shake”

Method for Configurational Assignment by NMR: Application to Chiral

Amines and Alcohols, Org. Lett. 5 (2003), 2979–2982.

[27] L. Verdier, P. Sakhaii, M. Zweckstetter, and C. Griesinger, Measurement of

LongRangeH,CCouplings inNatural Products inOrientatingMedia: ATool for

Structure Elucidation of Natural Products, J. Magn. Reson. 163 (2003),

353–359.

[28] C.M. Thiele, Use of RDCs in Rigid Organic Compounds and Some Practical

Considerations Concerning Alignment Media, Concepts Magn. Reson. A 30A

(2007), 65–80.

[29] G. Kummerl€owe and B. Luy, Residual Dipolar Couplings as a Tool in Deter-

mining the Structure of Organic Molecules, Trends Anal. Chem. 28 (2009),

483–493.

[30] C. Gayathri, N.V. Tsarevsky, and R.R. Gil, Residual Dipolar Couplings (RDCs)

Analysis of Small Molecules Made Easy: Fast and Tuneable Alignment by

Reversible Compression/Relaxation of Reusable PMMAGels,Chem. Eur. J. 16

(2010), 3622–3626.

[31] J.M. Seco, L.-H. Tseng, M. Godejohann, E. Qui�noa, and R. Riguera, Simul-

taneous Enantioresolution and Assignment of Absolute Configuration of Sec-

ondary Alcohols by Directly Coupled HPLC-NMR of 9-AMA Esters, Tetra-

hedron Asymmetry 13 (2002), 2149–2153.

[32] D.Guilet, A.Guntern, J.-R. Loset, E.F.Queiroz,K.Ndjoko, C.M. Foggin, andK.

Hostettmann, Absolute Configuration of a Tetrahydrophenenthrene from He-

liotropium ovalifolium by LC-NMR of Its Mosher Esters, J. Nat. Prod. 66

(2003), 17–20.

REFERENCES 213



[33] T. Tokunaga, M. Okamoto, K. Tanaka, C. Tode, and M. Sugiura, Chiral Liquid

Chromatography–Circular Dichroism–NMR for Estimating Separation Condi-

tions of Chiral HPLC Without Authentic Samples, Anal. Chem. 82 (2010),

4293–4297.

[34] I. Hahnestein, M. Albert, H. Hasse, C.G. Kreiter, and G. Maurer, NMR

Spectroscopic and Densimetric Study of Reaction Kinetics of Formaldehyde

Polymer Formation inWater, DeuteriumOxide, andMethanol, Ind. Eng. Chem.

Res. 34 (1995), 440–450.

[35] T.R. Hoye, B.M. Eklov, T.D. Ryba,M. Voloshin, and L.J. Yao, No-DNMR (No-

Deuterium Proton NMR) Spectroscopy: A Simple Yet Powerful Method for

Analyzing Reaction and Reagent Solutions, Org. Lett. 6 (2004), 953–956.

[36] T.R.Hoye, J.E. Kabrhel, andR.C.Hoye,No-DNMRStudy of the Pathway for n-

BuLi “Oxidation” of 1,5,-Cyclooctadiene to Dilithium Cyclooctatetraene Dia-

nion [Li2COT
2� ], Org. Lett. 7 (2005), 275–277.

[37] M.M. Achmatovicz, J.T. Coyler, O.R. Thiel, J. Tomaskevitch, J. Hu, M.V. Silva

Elipe, J.S. Tedrow, and R.D. Larsen, Hydrolysis of Phosphoryl Trichloride

(POCl3). Characterization, In Situ Detection and Safe Quenching of Energetic

Metastable Intermediates, Org. Process Res. Dev. 14 (2010), 1490–1500.

[38] A. Herrera, E. Fern�andez-Valle, R.Mart�ınez-�Alvarez, D.Molero, Z.D. Pardo, E.

S�aez, and M. Gal, Real-Time Monitoring of Organic Reactions with Two-

Dimensional Ultrafast TOCSY NMR Spectroscopy, Angew. Chem. Int. Ed. 48

(2009), 6274–6277.

[39] M.A. Bernstein, M. Stefinovic, and C.J. Sleigh, Optimising Reaction Perfor-

mance in the Pharmaceutical Industry by Monitoring with NMR,Magn. Reson.

Chem. 45 (2007), 564–571.

[40] M. Maiwald, H. Li, T. Schnabel, K. Braun, and H. Hasse, On-Line 1H NMR

Spectroscopic Investigation of Hydrogen Bonding in Supercritical and Near

Critical CO2-Methanol up to 35 MPa and 403 K, J. Supercritical Fluids 43

(2007), 267–275.

[41] M. Maiwald, O. Steinhof, C. Sleigh, M. Bernstein, and H. Hasse, Quantitative

High-Resolution Online NMR Spectroscopy in Pharmaceutical Reaction and

Process Monitoring, in U. Holzgrabe, I. Wawer,and B. Diehl (eds.), NMR

Spectroscopy in Pharmaceutical Analysis, Elsevier, Oxford, England, 2008,

pp. 471–491.

[42] M. Khajeh, M.A. Bernstein, and G.A. Morris, A Simple Flowcell for Reaction

Monitoring by NMR, Magn. Reson. Chem. 48 (2010), 516–522.

[43] S.K. Balani, X.Xu, B.H. Arison,M.V. Silva, A.Gries, F.A.DeLuna, D. Cui, P.H.

Kari, T. Ly, C.E.C.A. Hop, R. Singh, M.A. Wallace, D.C. Dean, J.H. Lin, P.G.

Pearson, and T.A. Baillie, Metabolites of Caspofungin Acetate, a Potent

Antifungal Agent, in Human Plasma and Urine, Drug Metab. Dispos. 28

(2000), 1274–1278.

[44] R. Singh, M.V. Silva Elipe, P.G. Pearson, B.H. Arison, B.K.Wong, R.White, X.

Yu, C.S. Burgey, J.H. Lin, and T.A. Baillie, Thrombin Inhibitor: Evidence for

214 SPECIAL TOPICS AND APPLICATIONS RELATED TO LC-NMR



Novel Biotransformation Involving Pyrazinone Ring Oxidation Rearrange-

ment, and Covalent Binding to Proteins, Chem. Res. Toxicol. 16 (2003),

198–207.

[45] N. Suryaprakash, M. Azoury, Z. Goren, and R. Jelinek, Identification of Heroin

in Street Doses Using 1D-TOCSY Nuclear Magnetic Resonance, J. Forensic

Sci. 45 (2000), 963–969.

[46] P. Sandusky and D. Raftery, Use of Semiselective TOCSY and the Pearson

Correlation for the Metabonomics Analysis of Biofluids Mixtures: Application

to Urine, Anal. Chem. 77 (2005), 7717–7723.

[47] F. Zhang, A.T.Dossey, C. Zachariah,A.S. Edison, andR.Br€uschweiler, Strategy
for Automated Analysis of Dynamic Metabolic Mixtures by NMR: Application

to an Insect Venom, Anal. Chem. 79 (2007), 7748–7752.

[48] S.L. Robinette, F. Zhang, L. Br€uschweiler-Li, and R. Br€uschweiler, Web Server

BasedComplexMixtureAnalysis byNMR,Anal. Chem. 80 (2008), 3606–3611.

[49] F. Zhang, S.L. Robinette, Br€uschweiler-Li, and R. Br€uschweiler, Web Server

Suite for ComplexMixture Analysis by Covariance NMR,Magn. Reson. Chem.

47 (2009), S118–S122.

[50] A. Jerschow and N. M€uller, Diffusion-Separated Nuclear Magnetic Resonance

Spectroscopy of Polymer Mixtures, Macromolecules 31 (1998), 6573–6578.

[51] N. Mistry, I.M. Ismail, R.D. Farrant, M. Liu, J.K. Nicholson, and J.C. Lindon,

Impurity Profiling in Bulk Pharmaceutical Batches Using 19F NMR Spectros-

copy and Distinction Between Monomeric and Dimeric Impurities by NMR-

Based Diffusion Measurements, J. Pharm. Biomed. Anal. 19 (1999), 511–517.

[52] P. Hodge, P. Monvisade, G.A. Morris, and I. Preece, A Novel NMRMethod for

Screening Soluble Compound Libraries, Chem. Commun. (2001), 239–240.

[53] P. Thureau, A. Th�evand, B. Ancian, P. Escavabaja, G.S. Armstrong, and

V.A. Mandelshtam, Identification of Two Isomers from an Organic Mixture

by Double-Stimulated-Echo NMR and Construction of the DOSY Spectra by

the Regularized Resolvent Transform Method, ChemPhysChem 6 (2005),

1510–1513.

[54] S. Balayssac, S. Trefi, V. Gilard, M. Mallet-Martino, R. Martino, and

M.-A. Delsuc, 2D and 3D DOSY 1H NMR, a Useful Tool for Analysis of

Complex Mixtures: Application to Herbal Drugs or Dietary Supplements for

Erectile Dysfunction, J. Pharm. Biomed. Anal. 50 (2009), 602–612.

[55] J.S. Kavakka, I. Kilpel€ainen, and S. Heikkinen, General ChromatographicNMR

Method in Liquid State for Synthetic Chemistry: Polyvinylpyrrolidone Assisted

DOSY Experiments, Org. Lett. 11 (2009), 1349–1352.

[56] S. Khera, M. Grillo, P. Schnier, and S. Hollis, Application of Diffusion-Edited

NMR Spectroscopy for the Structural Characterization of Drug Metabolites in

Mixtures, J. Pharm. Biomed. Anal. 51 (2010), 164–169.

REFERENCES 215



Index

Absolute configuration, 155, 157, 167,

188–190

Active principal ingredient (API), 111

Acyl glucuronide, 105, 107–108

Acyl migration, 105,107–108

Air bubbles, 89

Areas, see Signal intensity

Bond correlations, 23–27

capLC-NMR (CHPLC), 49–50, 61–62,

64, 152–154

Carryover, 77, 90

CE-NMR, 50, 147–148

CEC-NMR, 51, 149

Chemical shift (d), 8–13, 24, 27, 40–42,

64, 81, 134–135, 181, 188–189, 193

Chiral compounds, 119–120,

188–189. See also Absolute

configuration

cIPT-NMR, 51, 150–152

Combinatorial chemistry, 108,

135–136, 150

Computer of averaging transients

(CAT), 42–43

Correlation time (tc), 28

COSY, 24, 44

Coupling constants, see Spin–spin

coupling constants

Cryogenic probe, 45, 49, 64, 68, 105,

135, 162, 164, 209

Cytochrome P450 (CYP), 104–105,

164–165, 203

CZE-NMR, 51, 150

Degradation products, 108, 112–114,

155, 157–158, 165, 185,

188, 206

DEPT, 32

DEPT-135, 32

DEPTQ, 33

Dereplication, 96, 98, 101, 119, 132

LC-NMR and Other Hyphenated NMR Techniques: Overview and Applications, First Edition.
Maria Victoria Silva Elipe.
� 2012 John Wiley & Sons, Inc. Published 2012 by John Wiley & Sons, Inc.

217



Deuterated solvents, 33, 46–48, 50–51,

60, 64, 66, 112, 132, 134, 154–155,

159–160, 167, 180, 186, 188,

191–192, 194, 197

D-H back exchange, 66, 132, 134–135,

155, 157–158, 165, 167

Diamagnetic shielding effect, 10–11

Dimer impurity, 151, 180–185

DI-NMR, 61–62, 89, 92

DNP, 48

DOSY, 31, 208–209

Double resonance experiment, see Spin

decoupling

Drug development, 135–136, 150, 155,

157, 188, 206

Drug discovery, 108–111, 135–136,

150, 161, 164, 167, 188,

206, 209

Drug metabolism, 102–108, 134–135,

149, 150, 153, 155, 157, 161, 164,

167, 188, 206, 209

Electromagnets, 41

Electromagnetic radiation, 2

Environmental, 155, 161, 164, 188, 206

EPR, 48

ERETIC, 92

Exchangeable protons, 22, 31–32

Fast-FT, 43

FIA-NMR, 47, 61–62, 89

FID, 7, 43–44

Filling factor, 62

Flavonoids, 78, 80

Flow cell, 62–64, 66–69, 77–78, 89–91,

102–104, 132–134, 135, 144,

146–148, 152–154, 156, 161, 167,

188, 195, 208

Flow rate, 89–91, 101, 103, 135, 155,

160, 195

Food analysis, 115–118, 139, 147, 188,

206

Forced degradation testing, 112–113

FT, 43

Gated decoupling, 23

GC-NMR, 49–50, 144

Glucuronide metabolite, 68, 154, 209.

See also Acyl glucuronide

GPC-NMR, 50, 144–145

Glutathione (GSH), 198, 200–203

Hartmann-Hahn experiment, 41

HETCOR, 44

HMBC, 25–27, 44, 98, 102, 134,

155–156, 167, 203

HMQC, 44, 181

HPLC-NMR, see LC-NMR

HSQC, 25–26, 33–34, 44, 98, 102, 134,

155, 157, 181. See also HSQC-

TOCSY

HSQC-TOCSY, 34

ICH guidelines, 112

Impurity characterization, 108,

111–112, 188

Impurity profiling, 135–136, 157

INADEQUATE, 44

INEPT, 41, 44

Integrals, see Signal intensities

Internal standard, 22

Infrared (IR), 43

Isomers, 119–120, 156, 162, 165, 209

Karplus equations, 16

Lamour frequency, 7, 28

LC-CD, 120, 190

LC-CD-NMR, 120

LC-DNP, 48

LC-19F NMR, 48, 103, 105, 111, 135

LC-MS, 46, 51, 96–98, 108, 111,

113, 131, 136, 138–139, 180, 185,

188,198

LC-MS-NMR, 51, 59, 65–66, 77–78, 81,

87, 131. See also Chapters 3 and 5

LC-NMR, 46–49, 59–69, 75, 80, 87,

89–92. See also Chapters 3 and 4

LC-NMR-MS, see LC-MS-NMR

218 INDEX



LC-NMR sensitivity, 64–65

Limit of detection (LOD), 153–154

Loop collection mode, 77, 97, 103, 115,

134, 139, 162

Low-flow LC-NMR, 101

Magnetic susceptibility, 91–92

Metabolomics, 118–119, 136–139, 188,

206, 209

Metabonomics, 118–119, 136–139,

188, 206, 209

Microcoil flow cell, 49

Molecular ions, 68, 87, 96, 108, 111,

113

Monitoring chemical reactions in

situ, 190–196

Mosher reagent, 189–190

MSPD, 133

Natural products, 96–102, 132–133,

150–152, 155–157, 161–162, 167,

186, 203, 209

NOE, 20, 23, 28–30, 43, 189, 203

NOESY, 28–29, 44, 98, 155–156, 189,

203

Nuclear spin (I), 2, 7, 11, 15, 18, 20, 24,

41, 43, 191

Off-line NMR, 180–186, 189–190,

191–194, 196–203

On-flow mode, 67, 80–86, 96–98,

101, 103, 105, 111, 115, 118–119,

126, 133–135, 139, 144–147,

149–153, 195

On-line NMR, 186–188, 190, 194–196,

203–208

Pascal’s triangle, 15

Pauli’s hyperfine splitting lines, 39

Pauli’s principle, 15

PCA, 208

pCEC-NMR, 149

Permanent magnets, 41–42
31P NMR, 191–193

Polymers, 118, 144–146, 188, 206, 209

Process analytical technology

(PAT), 195

Pseudomolecular ion, 66, 78, 80–81,

87

qNMR, 22. See also Quantitation

Quantitation, 22–23, 92, 164

Radioactive metabolite, 69, 103

Radiolabeledmetabolite, seeRadioactive

metabolite

RDC, 189–190

Ring current effects, 12

ROE, 29, 189

ROESY, 28, 44, 101, 155, 189

Roofing effect, 21

Room temperature probe, 64

Sample solubility and

precipitation, 90–91

SEC-NMR, 50, 145–146

SFC-NMR, 50, 146–147

SFE-NMR, 50, 147

Signal intensities, 21–23

Signal-to-noise S/N ratio, 6, 103, 115,

144, 146–150, 153, 195

Sinomenine, 13

Solvent compatibility, 60–61

Solvent suppression, 48, 61–62,

98, 102, 134–135, 146–147,

154–155, 160, 167, 185, 190,

203, 208

Spatial correlations, 27–30

SPE-NMR, 51, 61–62, 64, 77, 154–159,

188, 208

SPE-MS-NMR, 51, 159–167

Spin decoupling, 41

Spin-lattice or longitudinal relaxation

time, see T1
Spin-spin coupling constants, 13–21,

40, 47

Spin-spin or transverse relaxation

time, see T2
Spin systems, 20–21

Splitting paterns, 18, 20, 40

INDEX 219



Stop-flow mode, 67–77, 87,

97–98, 101–105, 111, 113,

118–120, 133–134, 144–150,

152–153, 190

Super conducting magnets, 41–42

System cleaning, 91

T1, 7, 22

T2, 7

Tautomers, 119–120

TIC, 87, 201

Time-sliced mode, 77, 115–116, 120,

139

Tetramethylsilane (TMS), 8, 12

TOCSY, 24–25, 29, 34, 44, 101,108,

148–149, 152, 155, 208, 193,

209, 211

tc, see Correlation time

Trace analysis, 150, 155, 157, 159, 188

Ultra-fast TOCSY, 193–194

Unstable metabolites, 103, 188, 196

Volatile metabolites, 69, 75, 188

Weight percentage, see Quantitation

WET, 48, 98

WET-COSY, 48, 68, 105

WETGCOSY, 98, 115

WETGTOCSY, 98

WET-NOESY, 48

WET-TOCSY, 48, 98, 105, 133

Zeeman effect, 39

220 INDEX




