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Preface to First Edition

Nuclear magnetic resonance (NMR) has become the chemist’s most general structural
tool. It is one of the few techniques that may be applied to all three states of matter. Some
spectra may be obtained from less than a microgram of material. In the early 1960s,
spectra were taken crudely on strip-chart recorders. The field has since seen one major
advance after another, culminating in the Nobel prizes awarded to Richard R. Ernst in
1991 and to Kurt Wiithrich in 2002. The very richness of the field, however, has made
it intimidating to many users. How can they take full advantage of the power of the
method when so much of the methodology seems to be highly technical, beyond the
grasp of the casual user? This text was written to answer this question. The chapters
provide an essentially nonmathematical introduction to the entire field, with emphasis
on structural analysis.

The early chapters introduce classical NMR spectroscopy. A thorough understand-
ing of proton and carbon chemical shifts (Chapter 3) is required in order to initiate
any analysis of spectra. The role of other nuclei is key to the examination of molecules
containing various heteroatoms. An analysis of coupling constants (Chapter 4) provides
information about stereochemistry and connectivity relationships between nuclei. The
older concepts of chemical shifts and coupling constants are emphasized, because they
provide the basis for the application of modern pulse sequences.

Chapters 5 and 6 describe the basics of modern NMR spectroscopy. The phenomena
of relaxation, of chemical dynamics, and of multiple resonance are considered thor-
oughly. One-dimensional multipulse sequences are explored to determine the number
of protons attached to carbon atoms, to enhance spectral sensitivity, and to determine
connectivities among carbon atoms. Concepts that have been considered advanced, but
are now moving towards the routine, are examined, including phase cycling, composite
pulses, pulsed field gradients, and shaped pulses. Two-dimensional methods represent
the current apex of the field. We discuss a large number of these experiments. It is our
intention to describe not only what the pulse sequences do, but also how they work, so
that the user has a better grasp of the techniques.

Two chapters are dedicated to experimental methodologies. Although many people
are provided with spectra by expert technicians, increasing numbers of chemists must
record spectra themselves. They must consider and optimize numerous experimental
variables. These chapters address not only the basic parameters, such as spectral width
and acquisition time, but also the parameters of more advanced techniques, such as
spectral editing and two-dimensional spectra.

xiii
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Preface to First Edition

To summarize modern NMR spectroscopy, Chapter 8 carries out the total structural
proof of a single complex natural product. This chapter illustrates the tactics and strate-
gies of structure elucidation, from one-dimensional assignments to two-dimensional
spectral correlations, culminating in stereochemical analysis based on Overhauser
effects.

The theory behind NMR not only is beautiful in itself, but also offers considerable
insight into the methodology. Consequently, a series of appendices presents a full treat-
ment of this theoretical underpinning, necessary to the physical or analytical chemist,
but possibly still edifying to the synthetic organic or inorganic chemist.

This text thus offers
o classical analysis of chemical shifts and coupling constants for both protons and other

nuclei,

e modern multipulse and multidimensional methods, both explained and illustrated,

e experimental procedures and practical advice relative to the execution of NMR exper-
iments,

o a chapter-long worked-out problem that illustrates the application of nearly all cur-
rent methods to determine the structure and stereochemistry of a complex natural
product,

e appendices containing the theoretical basis of NMR, including the most modern
approach that uses product operators and coherence-level diagrams, and

e extensive problems throughout the book.

Joseph B. Lambert
Eugene P Mazzola

Acknowledgments

The authors are indebted to numerous people for assistance in preparing this
manuscript. For expert word processing, artwork, recording of spectra for figures,
or general assistance, we thank Curtis N. Barton, Gwendolyn N. Chmurny, Frederick
S. Fry, Jr., D. Aaron Lucas, Peggy L. Mazzola, Marcia L. Meltzer, William F. Reynolds,
Carol J. Slingo, Mitchell J. Smith, Que. N. Van, and Yuyang Wang. In addition, we
are grateful to the following individuals for reviewing all or part of the manuscript:
Lyle D. Isaacs (University of Maryland, College Park), William F. Reynolds (University
of Toronto), Que. N. Van (National Cancer Institute, Frederick, Maryland), and
R. Thomas Williamson (Wyeth Research).



Preface to Second Edition

During the 15years since the first edition of this book was published, experimental
techniques have gained prominence and are changing the way that NMR is, and will
continue to be, practiced. In this second edition, we introduce and explain several new
techniques in a manner that should be comprehensible to advanced undergraduate and
junior graduate students in chemistry.

The first new procedure is “nonuniform sampling,” which is a data-processing method
to enhance indirect-dimension NMR data. It has the capability of enabling either (i)
NMR spectra of equal resolution in the nondetected, f; dimension to be acquired in
less time than in the past or (ii) spectra of greater f, resolution to be acquired in the
same time as standard two-dimensional NMR spectra.

The second new technique is “pure shift NMR,” which involves both NMR data
accumulation and processing. This method permits the acquisition of both one- and
two-dimensional proton-decoupled, NMR spectra to be acquired. The procedure is
extremely useful when heavily overlapping proton NMR spectra are encountered, an
increasingly prevalent situation.

The third procedure, “covariance NMR,” is also a data-processing technique, which
comes in two forms: homonuclear “direct” and heteronuclear “general indirect” covari-
ance. Direct covariance is applied to symmetrical, homonuclear 2D data, such as COSY
and NOESY, to produce two-dimensional data in which the resolution is identical in
both the f, and the f, domains. General indirect covariance is employed with hetero-
nuclear data so that two, relatively short, NMR experiments, such as HSQC and TOCSY,
can be combined to yield the HSQC + TOCSY spectrum in far less time than it would
take to acquire the HSQC-TOCSY spectrum directly.

We consider this book to be introductory, and these topics at present are covered in no
other introductory book. In addition to adding these topics, we have revised the entire
book, made minor corrections throughout, and added many new problems, to bring the
material up to a standard for the 2020s.

18 January 2018 Joseph B. Lambert
San Antonio, Texas

Eugene P. Mazzola
College Park, Maryland

Clark D. Ridge
College Park, Maryland
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Introduction

Structure determination of almost any organic or biological molecule, as well as that
of many inorganic molecules, begins with nuclear magnetic resonance (NMR) spec-
troscopy. During its existence of more than half a century, NMR spectroscopy has under-
gone several internal revolutions, repeatedly redefining itself as an increasingly complex
and effective structural tool. Aside from X-ray crystallography, which can uncover the
complete molecular structure of some pure crystalline materials, NMR spectroscopy is
the chemist’s most direct and general tool for identifying the structure of both pure com-
pounds and mixtures, as either solids or liquids. The process often involves performing
several NMR experiments to deduce the molecular structure from the magnetic prop-
erties of the atomic nuclei and the surrounding electrons.

1.1 Magnetic Properties of Nuclei

The simplest atom, hydrogen, is found in almost all organic compounds and is com-
posed of a single proton and a single electron. The hydrogen atom is denoted as 'H, in
which the superscript signifies the sum of the atom’s protons and neutrons, that is, the
atomic mass of the element. For the purpose of NMR, the key aspect of the hydrogen
nucleus is its angular momentum properties, which resemble those of a classical spin-
ning particle. Because the spinning hydrogen nucleus is positively charged, it generates
a magnetic field and possesses a magnetic moment p, just as a charge moving in a cir-
cle creates a magnetic field (Figure 1.1). The magnetic moment y is a vector, because
it has both magnitude and direction, as defined by its axis of spin in the figure. In this
context, boldface symbols connote a vectorial parameter; when only the magnitude is
under consideration, the symbol is depicted without boldface, as y. The NMR experi-
ment exploits the magnetic properties of nuclei to provide information on the molecular
structure.

The spin properties of protons and neutrons in the nuclei of heavier elements combine
to define the overall spin of the nucleus. When both the atomic number (the number
of protons) and the atomic mass (the sum of the protons and neutrons) are even, the
nucleus has no magnetic properties, as signified by a zero value of its spin quantum
number, I (Figure 1.2). Such nuclei are considered not to be spinning. Common non-
magnetic (nonspinning) nuclei are carbon (}2C) and oxygen (}¢O), which therefore are
invisible to the NMR experiment. When either the atomic number or the atomic mass is
odd, or when both are odd, the nucleus has magnetic properties that correspond to spin.

Nuclear Magnetic Resonance Spectroscopy: An Introduction to Principles, Applications, and Experimental Methods,
Second Edition. Joseph B. Lambert, Eugene P. Mazzola, and Clark D. Ridge.
© 2019 John Wiley & Sons Ltd. Published 2019 by John Wiley & Sons Ltd.



2

Nuclear Magnetic Resonance Spectroscopy

" " Figure 1.1 Analogy between a charge moving in a circle and
A a spinning nucleus.

b

Charge moving  Spinning spherical

in a circle nucleus
Figure 1.2 Three classes of nuclei.
No spin Spinning sphere Spinning ellipsoid
=0 =1 1=1,2,2
> 2

For spinning nuclei, the spin quantum number can take on only certain values, which is
to say that it is quantized. Those nuclei with a spherical shape have a spin I of 5, and
those with a nonspherical, or quadrupolar, shape have a spin of 1 or more (in increments
of 1/2).

Common nuclei with a spin of 14 include 'H, 3C, 1°N, '°F, 2Si, and 3!P. Thus, many
of the most common elements found in organic molecules (H, C, N, P) have at least one
isotope with I = 1 (although oxygen does not). The class of nuclei with /= 14 is the most
easily examined by the NMR experiment. Quadrupolar nuclei (I > 1) include 2H, !B,
1N, 170, 335, and *CL

The magnitude of the magnetic moment produced by a spinning nucleus varies from
atom to atom in accordance with the equation y = yhlI (see Appendix A for a derivation
of this equation). The quantity # is Planck’s constant / divided by 2z, and y is a char-
acteristic of the nucleus called the gyromagnetic or the magnetogyric ratio. The larger
the gyromagnetic ratio, the larger is the magnetic moment of the nucleus. Nuclei that
have the same number of protons, but different numbers of neutrons, are called isotopes
(*H/?*H, "*N/'*N). The term nuclide generally is applied to any atomic nucleus.

To study nuclear magnetic properties, the experimentalist subjects nuclei to a strong
laboratory magnetic field B, with units of tesla, or T (1T =10* Gauss, or G). In the
absence of the laboratory field, nuclear magnets of the same isotope have the same
energy. When the B, field is turned on along a direction designated as the z-axis, the
energies of the nuclei in a sample are affected. There is a slight tendency for magnetic
moments to move along the general direction of B, (+z) rather than the opposite direc-
tion (—z). (This motion will be more fully described presently.) Nuclei with a spin of 14
assume only these two modes of motion. The splitting of spins into specific groups has
been called the Zeeman effect.

The interaction is illustrated in Figure 1.3. At the left is a magnetic moment with a
+z component, and at the right is one with a —z component. The nuclear magnets are
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Figure 1.3 Interaction between a spinning nucleus and an external magnetic field B,,.

not actually lined up parallel to the +z or —z direction. Rather, the force of B, causes
the magnetic moment to move in a circular fashion about the +z direction in the first
case and about the —z direction in the second. In terms of vector analysis, the B, field
in the z-direction operates on the x component of u to create a force in the y-direction
(Figure 1.3, inset in the middle). The force F is the cross, or vector, product between
the magnetic moment p and the magnetic field B (a vector with magnitude only in
the z-direction at this stage with value B), that is, F = y X B. The nuclear moment
then begins to move toward the y-direction. Because the force of B, on y, is always
perpendicular to both B, and u (according to the definition of a cross product), the
motion of y describes a circular orbit around the +z or the —z-direction, in complete
analogy to the forces present in a spinning top or gyroscope. This motion is termed
precession.

As the process of quantization allows only two directions of precession for a spin- 14
nucleus (Figure 1.3), two assemblages or spin states are created, designated as I, =+
for those precessing with the field (+z) and I, = — 14 for those precessing against the field
(—2) (some texts refer to the quantum number I, as m1,). The assignment of signs (+ or —)
is entirely arbitrary. The designation I, =+15 is given to the slightly lower energy. In
the absence of B, the precessional motions are absent, and all nuclei have the same
energy.

The relative proportions of nuclei with + z and —z precession in the presence of B, is
defined by Boltzmann’s law (Eq. (1.1)),

—”1 <+%> = exp (ﬁ—ﬁ) (1.1)

in which # is the population of a spin state, k is Boltzmann’s constant, T is the absolute
temperature in kelvin (K), and AE is the energy difference between the spin states.
Figure 1.4a depicts the energies of the two states and the difference AE between
them.

The precessional motion of the magnetic moment around B, occurs with angular fre-
quency w,, called the Larmor frequency, whose units are radians per second (rads™!).
As B, increases, so does the angular frequency, that is, w, « B, as is demonstrated
in Appendix A. The constant of proportionality between @, and B, is the gyromag-
netic ratio y, so that w,=yB,. The natural precession frequency can be expressed as
linear frequency in Planck’s relationship AE =hv,, or as angular frequency AE = hw,
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(a) (b)

Figure 1.4 (a) The energy difference between spin states. (b) The energy difference as a function of
the external field B,.

(wo = 27v,). In this way, the energy difference between the spin states is related to the
Larmor frequency by the formula of Eq. (1.2).

AE = hw, = hvy = yhB, (1.2)

Thus, as the B, field increases, the difference in energy between the two spin states
increases, as illustrated in Figure 1.4b. Appendix A provides a complete derivation of
these relationships.

The foregoing equations indicate that the natural precession frequency of a spinning
nucleus (w, = yB,) depends only on the nuclear properties contained in the gyromag-
netic ratio y and on the laboratory-determined value of the magnetic field B,. For a
proton in a magnetic field B, of 7.05 T, the frequency of precession is 300 MHz, and the
difference in energy between the spin states is only 0.0286 cal mol~! (0.120 ] mol~!). This
value is extremely small in comparison with the energy differences between vibrational
or electronic states. At a higher field, such as 14.1 T, the frequency increases propor-
tionately to 600 MHz in this case.

In the NMR experiment, the two states illustrated in Figure 1.4 are made to intercon-
vert by applying a second magnetic field B, at radio frequency (RF) range. When the
frequency of the B, field is the same as the Larmor frequency of the nucleus, energy
can flow by absorption and emission between this newly applied field and the nuclei.
Absorption of energy occurs as + !5 nuclei become —14 nuclei, and emission occurs as
—1, nuclei become +14 nuclei. Since there is an excess of 415 nuclei at the beginning
of the experiment, there is a net absorption of energy. The process is called resonance,
and the absorption may be detected electronically and displayed as a plot of frequency
vs amount of energy absorbed. Because the resonance frequency v, is highly dependent
on the structural environment of the nucleus, NMR spectroscopy has become the struc-
tural tool of choice for chemists. Figure 1.5 illustrates the NMR spectrum for the protons
in benzene. Absorption is represented by a peak directed upward from the baseline.

Because gyromagnetic ratios vary among elements and even among isotopes of a sin-
gle element, resonance frequencies also vary (w, = yB,)). There is essentially no overlap in
the resonance frequencies of different nuclides, including isotopes. At the field strength
at which protons resonate at 300 MHz (7.05 T), 13C nuclei resonate at 75.45 MHz, 1°N
nuclei at 30.42 MHz, and so on. At 14.1 T, the frequencies would be doubled, respec-
tively, 600, 150.9, and 60.84 MHz.
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Figure 1.5 The 300 MHz "H spectrum of benzene.

The magnitude of the gyromagnetic ratio y also has an important influence on the
intensity of the resonance. The difference in energy, AE = yhB, (Eq. (1.2)), between the
two spin states is directly proportional not only to B,, as illustrated in Figure 1.4b, but
also to y. From Boltzmann’s law (Eq. (1.1)), when AE is larger, there is a greater popula-
tion difference between the two states. A greater excess of I, = +14 spins (designated the
E, state) means that more nuclei are available to flip to the E, state with I, = — 14, so the
resonance intensity is larger. The proton has one of the largest gyromagnetic ratios, so
its spin states are relatively far apart, and the value of AE is especially large. The proton
signal, consequently, is very strong. Many other important nuclei, such as '3C and °N,
have much smaller gyromagnetic ratios and hence have smaller differences between the
energies of the two spin states (Figure 1.6). Thus, their signals are much less intense.

When spins have values greater than 15, more than two spin states are allowed. For
I =1 nuclei, such as 2H and '*N, the magnetic moments may precess about three direc-
tions relative to By: parallel (I, = +1), perpendicular (0), and opposite (—1). In general,
there are (21 + 1) spin states—for example, six for I =5/2 (O has this spin). The values

E, _
By=704T
AE('H)
—
AE('3C)
;
E, | L T AE(™N)
Vo = 300 MHz 75.5 MHz 25.4 MHz

Figure 1.6 The energy difference between spin states for three nuclides with various relative
magnitudes of the gyromagnetic ratio (|y|): 26.75 for 'H, 6.73 for 3C, and 2.71 for ">N.
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of I, extend from +/ to —I in increments of 1 (+, (+/ — 1), (+/ — 2), ..., —I). For example,
I,=+1,0,and -1 for I =1, and +3/2, + 4, — ', and —3/2 for I = 3/2. Hence, the energy
state picture is more complex for quadrupolar than for spherical nuclei.

In summary, the NMR experiment consists of immersing magnetic nuclei in a strong
field B, to distinguish them according to their values of I, (+4 and —14 for spin-14
nuclei), followed by the application of a B, field whose frequency corresponds to the Lar-
mor frequency of the nuclei under examination (w, = yB,). This application of energy
results in a net absorption, as the excess +14 nuclei are converted to — 14 nuclei. The
resonance frequency varies from nuclide to nuclide according to the value of the gyro-
magnetic ratio y. The energy difference between the I, spin states, AE = hv, which deter-
mines the intensity of the absorption, depends on the value of B, (Figure 1.4) and on the
gyromagnetic ratio of the nucleus (AE = yhB,) (Figure 1.6).

1.2 The Chemical Shift

The remaining sections in this chapter discuss the various factors that determine the
content of NMR spectra. Uppermost is the location of the resonance in the spectrum,
the so-called resonance frequency v, (or w, as angular frequency), which depends on
the molecular environment as well as on y and B, (v, = yB,/27 or w, = yB,). This depen-
dence of the resonance frequency on structure is the ultimate reason for the importance
of NMR spectroscopy in chemistry.

The electron cloud that surrounds the nucleus also has charge, motion, and, hence, a
magnetic moment. The magnetic field generated by the electrons alters the B, field in the
microenvironment around the nucleus. The actual field present at a given nucleus thus
depends on the nature of the surrounding electrons. This electronic modulation of the B,
field is termed shielding and is represented quantitatively by the Greek letter sigma (o).
The actual field at the nucleus becomes B, ., and may be expressed as B, .,; = By(1 — 0),
in which the electronic shielding o is positive for protons. The variation of the resonance
frequency with shielding has been termed the chemical shift.

By substituting B, ,, for B, in Eq. (1.2), the expression for the resonance frequency in
terms of shielding becomes Eq. (1.3).

yBy(1 - 0)
Vg= —
2n

Decreased shielding thus results in a higher resonance frequency v, at constant
B,, since o enters the equation after a negative sign. For example, the presence of an
electron-withdrawing group in a molecule reduces the electron density around a proton
so that there is less shielding and, consequently, a higher resonance frequency than in
the case of a molecule that lacks the electron-withdrawing group. Hence, protons in
fluoromethane (CH,F) resonate at a higher frequency than those in methane (CH,),

because the fluorine atom withdraws electrons from around the hydrogen nuclei.
Figure 1.7 separately shows the NMR spectra of the protons and the carbons of methyl
acetate (CH;CO,CH,). Although 98.9% of naturally occurring carbon is the nonmag-
netic 2C, the carbon NMR experiment is carried out on the 1.1% of *C, which has an
I of 15. Because of differential electronic shielding, the 'H spectrum contains separate
resonances for the two types of protons (O—CH; and C—CHj,), and the *C spectrum

(1.3)



