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Preface

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 an-
other, 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 understanding 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 chem-
ical shifts and coupling constants are emphasized, because they provide the basis for the
application of modern pulse sequences.

Chapter 5 and 6 describe the basics of modern NMR spectroscopy. The phenomena of
relaxation, of chemical dynamics, and of multiple resonance are considered thoroughly.
One-dimensional multipulse sequences are explored to determine the number of protons at-
tached to carbon atoms, to enhance spectral sensitivity, and to determine connectivities
among carbon atoms. Concepts that have been considered advanced, but are now moving to-
wards 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.

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 strategies
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 in-
sight into the methodology. Consequently, a series of appendices presents a full treatment 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

* classical analysis of chemical shifts and coupling constants for both protons and other
nuclei,

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

* experimental procedures and practical advice relative to the execution of NMR
experiments,
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* a chapter-long worked-out problem that illustrates the application of nearly all current
methods to determine the structure and stereochemistry of a complex natural product,

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

« extensive problems throughout the book.

Joseph B. Lambert
jlambert@northwestern.edu

Eugene P. Mazzola
em 105 @umail.umd.edu
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- Symbols

main magnetic field

magnetic field due to transmitter

magnetic field in double-resonance experiments

hertz (a unit of frequency)

dimensionless spin

spin quantum number in the z direction

indirect spin-spin coupling constant

magnetization

coherence order

tesla (unit of magnetic flux density, commonly, the magnetic-field strength)
spin-lattice (longitudinal) relaxation time

spin-lattice relaxation time (spin locked) in the rotating frame
spin—spin (transverse) relaxation time

effective spin-spin relaxation time (includes magnetic-field inhomogeneity effects
on xy magnetization)

coalescence temperature

acquisition time

transmitter pulse duration or pulse width (in s)
two-dimensional (2D) incremented time

two-dimensional (2D) acquisition time

designation for relaxation pathways, with units of rate constants
flip angle

optimum (Ernst) flip angle

gyromagnetic or magnetogyric ratio

resonance or Larmor frequency (wg)

decoupler field strength (w,)

chemical shift

nuclear Overhauser enhancement

magnetic moment

linear frequency

magnetic shielding

time delay or lifetime

effective correlation time

mixing time

angular frequency
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BIRD
COLOC
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Cp

Cw
CYCLOPS
DANTE
DEPT
DPFGSE
DQF
DR

DT
EXSY
FID

Fn

FT
HETCOR
HMBC
HMQC
HSQC
INADEQUATE
INEPT
LP
MAS
MQC
MRI

nj

NMR
NOE
NOESY
np

ns

ns/i
PFG
ppm
ROESY
RT

S/N

SwW

TMS
TOCSY
WALTZ

WATERGATE

attached proton test

aromatic solvent-induced shift

bilinear rotation decoupling

correlation spectroscopy via long-range coupling
correlation spectroscopy

cross polarization

continuous wave

cyclically ordered phase sequence

delays alternating with nutation for tailored excitation
distortionless enhancement by polarization transfer
double pulsed field gradient spin echo

double quantum filtered

digital resolution

relaxation delay time

exchange spectroscopy

free-induction decay

Fourier number

Fourier transform or transformation

heteronuclear chemical-shift correlation
heteronuclear multiple bond correlation
heteronuclear multiple quantum correlation
heteronuclear single quantum correlation
incredible natural abundance double-quantum transfer experiment
insensitive nuclei enhanced by polarization transfer
linear prediction

magic angle spinning

multiple quantum coherence

magnetic resonance imaging

number of time increments

nuclear magnetic resonance

nuclear Overhauser effect or enhancement

NOE spectroscopy

number of data points

number of scans

number of scans per time increment

pulsed field gradient

parts per million

rotating frame nuclear Overhauser effect spectroscopy
repetition time (DT + t,)

signal-to-noise ratio

spectral width

tetramethylsilane

total correlation spectroscopy

wideband, alternating-phase, low-power technique for zero residual
splitting

water suppression by gradient tailored excitation



Introduction

Structure determination of almost any organic or biological molecule, as well as that of
many inorganic molecules, begins with nuclear magnetic resonance (NMR) spectroscopy.
During the more-than-half-century existence of NMR spectroscopy, the field has undergone
several internal revolutions, repeatedly redefining itself as an increasingly complex and ef-
fective structural tool. Aside from X-ray crystailography, 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 compounds and mix-
tures as either solids or liquids. The process often involves performing several NMR experi-
ments to deduce the molecular structure from the magnetic properties 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 composed of
a single proton and a single electron. The hydrogen atom is denoted 'H, in which the super-
script signifies the sum of the atom’s protons and neutrons (i.e., the atomic mass of the ele-
ment). For the purpose of NMR, the key aspect of the hydrogen nucleus is its angular
momentum properties, which resemble those of a classical spinning particle. Because the
spinning hydrogen nucleus is positively charged, it generates a magnetic field and possesses
a magnetic moment ., just as a charge moving in a circle creates a magnetic field
(Figure 1-1). The magnetic moment . is a vector, because it has both magnitude and direc-
tion, as defined by its axis of spin in the figure. The NMR experiment exploits the magnetic
properties of nuclei to provide information on molecular structure.

M M Figure 1-1 Analogy between

a charge moving in a circle and
a

a spinning nucleus.
Charge moving Spinning spherical
in a circle nucleus
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