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Foreword

Ovei the past decade manj ifnotmost graduate students and 
postdoctoral fellows in organic chemistry seem to have come to 
icgai d nuclear magnetic resonance spectioscopy as a black 
box Something in which you mseit an unknown and out 
comes the data to establish structural formula Perhaps this 
tiend in the way NMR is perceived is really not surpnsing 
because how manufacturers have tried to package then instru­
ments to be user friendly and because of the enormous 
growth in the sophistication of what NMR instrumentation can 
do

Those of us who were fortunate to be m on the beginning of 
the applications of NMR to oigamcchemistiv in the mid-1950 s 
were able to more or less grow with the field and come into 
the modern arena of multipulse and multidimensional NMR 
with substantial experience with NMR fundamentals Those 
w ho now wish to stait using NMR in their research surely must 
feel, at least somewhat overwhelmed by the enormity and 
sophistication of the currently available knowledge of NMR 
and must hav e further concerns at being told by the specialists 
that fantastic fuithei even more sophisticated developments 
are in the offing A black box that would function with no 
need to worry about its inner workings must then be an attrac 
tivc proposition The pioblem is that to properly use modern 
NMR icquiies a lot of rather specialized knowledge The 
effects of couplings of exchange of relaxation times of low 
sensitivity of solvent and so on, make selection of instrumental 
parameteis foi taking spectra far fiom routine Serious errors 
oi inefficient use of very expensive instrumentation come with 
ease

The best wav to learn NMR spectioscopv is by doing it but 
textbooks guidebooks and leferencc books are v italic neccs 
sarv Having written two books about NMRbasics with a third 
in progress I know something about the difficulities of making 
available what every NMR user should know And it is to this 
objective that Professor Friebolin has made a wonderfullv 
broad contribution This book will be of interest and help to 
both those needing to learn and those needing a reference 
book to refresh their memories or extend their capabilities m 
NMR spectroscopy It is not a book intended to replace the 
treatises of Abragam or Bodenhausen Ernst and Wokaun



However, even though it does start at a useful elementary 
level, it goes rather deeply into the difficult basics of multipulsc 
and multidimensional spectroscopy. The result is material that 
almost every reader will find of value.

The beginner can start with the elements of chemical shifts 
and couplings and later proceed to more difficult matters. The 
expert can find ways of explaining what he is doing, without 
necessarily resorting to density matrices: or else, in impatience 
with an eager, but dull, learner, can sav "Go read about it in 
Friebolin. then we can talk".

Much is covered in this book in meaningful detail. There is a 
plethora of structural parameters for proton and carbon NMR 
and many examples of how they can be used. Best of all. 
though, are very dear, meticulously written descriptions of 
INEPT. DEPT. INADEQUATE, COSY, NOESY. and the 
like, in one- and two-dimensional NMR spectroscopy. Experts 
may prefer mathematical equations for compactness and "it is 
easy to see". I prefer descriptions such as those used by Profes­
sor Friebolin, which will indeed require careful reading, 
rereading and drawing and redrawing one’s own vector dia­
grams, but can lead to a real level of understanding. Such 
understanding in its turn can only result in improved ability to 
take and interpret NMR spectra.

November 28, 1990 John D. Roberts 
Pasadena. California



The Nightingale and the Lark

What can one say to those writers who blithely 
fly far above the heads of most of their read­
ers? The same, surely, as the nightingale said 
to the lark: My friend, are you soaring so high 
in order that your song cannot be heard?

Gotthold Ephraim Lessing

Preface
This book is a revised and extended version of the introductory 
text "Ein- und zweidimensionalc NMR-Spektroskopie" pub­
lished in German in 1988. In it I have set out to present in as 
simple a way as possible the physical fundamentals, the meas­
urement techniques, the significance of the spectral para­
meters. and the analysis and interpretation of NMR spectra. 
The theoretical derivations have therefore been kept to a mini­
mum, and where exact quantum mechanical calculations are 
involved, the book usually merely states the results and applies 
them.

The first six chapters have been written mainly with the 
beginner in mind. Chapters 8 and 9 then describe the basic 
principles and applications of the one- and two-dimensional 
experiments that are currently the most important, such as 
DEPT, COSY, relayed H,H- and H.C-COSY, and INADE­
QUATE. The choice of topics and the descriptions are based 
on my experience of teaching these in lecture courses and prac­
tical classes. In order to understand the basis of these new tech­
niques, the reader must first have mastered the principles of 
pulse and spin-echo measurements as described in Chapters 1 
and 7. Some useful variations such as "phase-sensitive" or 
"inverse" NMR spectroscopy have had to be left out for rea­
sons of space. However, I regard this as a justfiablc simplifica­
tion in an introductory treatment.

Chapters 10-13 are concerned with special methods and their 
applications. The choice of these - NOE, DNMR. shift rea­
gents and synthetic polymers - is a subjective one.

The final chapter is concerned with applications in bio­
chemistry and medicine, including in vivo NMR spectroscopy 
and magnetic resonance tomography. For readers such as bio­
logists and medical scientists whose interest lies mainly in this 
part of the book, I recommend at least working through the 
chapters on the fundamentals of NMR measurements 
(Chapter 1) and on relaxation (Chapter 7).

In this introduction many aspects receive no more than a 
mention, but guidance for further reading is provided by the 



bibliographies at the ends of the chapters. These list only the 
most important references, limited in general to those that are 
accessible to students.

For many compounds T have deliberately used their trivial 
names, e. g. acetylene and ethylene: the systematic names are 
given in the index of compounds.

With only minor exceptions the book is restricted to and 
L’C NMR spectroscopy, since the majority of readers only 
encounter spectra of these two nuclides; however, it should not 
be difficult to begin work on the NMR spectroscopy of other 
nuclides after becoming familiar with the basics.
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Abbreviations and Acronyms

ADP 
ATP 
CLA 
COSY 
CSA

Adenosine diphosphate 
Adenosine triphospate 
Complete line-shape analysis 
Correlated spectroscopy 
Chiral shift agent 
or Chemical shift anisotropy

CW
2D 
DD 
DEPT

Continuous wave
Two-dimensional
Dipole-dipole
Distortionless enhancement by polarization 
transfer

DMSO
DNMR
DPM

Dimcthylsulfoxide
Dynamic NMR
Dipivaloylmethane, (2,2,6.6-tetramcthyl- 
heptandione)

FID
FDD
FT

Free induction decay
Heptafluoro-7.7-dimethyl-4.6-octandionc
Fourier transform/transformation

INADEQUATE Incredible natural abundance double
quantum transfer

INEPT Insensitive nuclei enhanced by polarization 
transfer

LSR 
MO 
NOE 
NOESY 
PCr 
P, 
PMMA 
PPm 
S:N 
SPI 
TMS

Lanthanide shift reagent
Molecular orbital
Nuclear Overhauser effect/cnhancement
Nuclear Overhauser effect spectroscopy
Creatine phosphate
Inorganic phosphate
Polymethylmethacrylate
Parts per million
Signal-to-noisc ratio
Selective population inversion
Tetramethylsilane



Symbols used

B()
Bi- B2
Bclf

X
L'C{lHI

Static magnetic field (flux density) 
Radiofrequency field with frequencies r, and v2 
Effective field at position of nucleus
Two-fold axis of symmetry
Magnetic susceptibility
Observation of bC resonance while II is 
decoupled

d Chemical shift relative to a standard 
(e.g. TMS)

E 
AE 
dE 
Fa 
Ex 
>1
V' 
0
F, f2 
ag*
i 
h 
AH*
I

Energy
Energy difference between two states 
Uncertainty in the energy of a state 
Arrhenius activation energy 
Electronegativity of substituent X 
Fractional enhancement in NOE
Phase difference between two vectors
Bond angle or dihedral angle
Frequency axes in a 2D NMR spectrum 
Free (Gibbs) enthalpy of activation 
Gyromagnetic ratio; also y. = v/2.t 
Planck constant; also Ti = h/lxt
Enthalpy of activation
Nuclear angular momentum quantum number 
(spin)

I
"J

Nuclear spin operator
Coupling constant through n bonds

■/red 

K 
k 
kc

Reduced coupling constant
Equilibrium constant
Rate constant
Rate constant at the coalescence temperature
T

/■’o

A 
fi­

‘c
Boltzmann constant
Frequency factor
Magnetic moment (of nucleus) 
Component of ft along the static field 
direction (z-axis)

rn
Ma

Magnetic quantum number
Macroscopic magnetization of the sample 
in the static field B(l

Mx My, Transverse magnetization components in the 
x’- and v'-directions



M- Longitudinal magnetization in the z-direction 
(static field direction)

Mx
Mf. M}f

Magnetization vector for the X nuclei 
'll magnetization vectors in a two-spin system 
with the LlC nuclei in the a and fi states

Mf. Mf LlC magnetization vectors in a two-spin system 
with the protons in the a and ft states

N
Nn- Np
N,

Total number of nuclei in sample
Numbers of nuclei in the a und /3 states 
Number of nuclei in level i

V
I’L 
1’, 

I'l

Frequency
Larmor frequency
Resonance frequency of nucleus i
Frequency of r. f. generator 
(observing frequency)

1’2 

*■'1/2 

P 
P. 
eQ 
R 
r 
o
S(t), S(f)
S,

Decoupling frequency
Half-height width
Angular momentum of nucleus
Component of P in the z-direction
Electric quadrupole moment
Universal gas constant
Interatomic (or internuclear) distance
Shielding constant
Signal as a function of time or of frequency
Substituent increment for predicting

JS*
T
Tc
*1

chemical shifts
Entropy of activation
Time interval between pulses
Correlation time
Lifetime of a nucleus in a particular spin state 
or magnetic environment

TP

Aero
Pulse duration
Zero-crossing point (time at which M- = 0 
after a 180° pulse)

n Variable time in a 2D experiment: usually 
increased in regular steps

L

A
T
T
T}
E
/■

Acquisition time
Fixed time interval in a 2D pulse sequence 
Tesla (unit of magnetic flux density) 
Absolute temperature (in K)
Spin-lattice or longitudinal relaxation time 
Spin-spin or transverse relaxation time 
Experimentally observed transverse relaxation 
time (including effect of field inhomogeneity)

0
w(), wb w2

X

Pulse angle
Transition probabilities for zero-quantum, 
single quantum and double quantum 
transitions by relaxation processes 
Molar fraction
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1 The Physical Basis 
of NMR Spectroscopy

1.1 Introduction

In 1946 two research groups, that of Bloch, Hansen and 
Packard and that of Purcell, Torrey and Pound, independently 
observed nuclear magnetic resonance signals for the first time. 
Bloch and Purcell were jointly awarded the Nobel Prize for 
Physics in 1952 for their discovery. Since then nuclear magnetic 
resonance (NMR) spectroscopy has developed into an indis­
pensable tool for chemists, biochemists, physicists, and more 
recently medical scientists. As is shown by the new techniques 
that have emerged in the last few years, the development of 
NMR spectroscopy is still far from being at an end. even after 
40 years.

This book aims to explain why it is that, for chemists espe­
cially, NMR spectroscopy has become (possibly) the most 
important of all spectroscopic methods.

The main field of application of NMR spectroscopy is that of 
determining the structures of molecules. The necessary infor­
mation for this is obtained by measuring, analyzing and inter­
preting high-resolution NMR spectra recorded on liquids of 
low viscosity. In this book we will confine our attention to this 
high-resolution form of NMR spectroscopy. It is certainly also 
possible to study solids, but this requires quite different experi­
mental techniques, and different methods of interpretation.

The nuclides which mainly interest us are protons ('H) and 
carbon-13 (k'C). as their resonances are the most important 
ones for determining the structures of organic molecules. 
However, in the chapter on in vivo experiments we shall meet 
examples of ’’P NMR spectra, and there are other nuclides 
whose NMR signals can now be observed without difficulty, 
although they do not lie within the scope of this book.

In order to understand NMR spectroscopy we first need to 
learn how nuclei which have a nuclear angular momentum P 
and a magnetic moment // behave in a static magnetic field. Fol­
lowing this we shall discuss the basic NMR experiment, the dif­
ferent methods of observation, and the spectral parameters.
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1.2 Nuclear Angular Momentum 
and Magnetic Moment

Most nuclei possess a nuclear or intrinsic angular momentum 
P. According to the classical picture the atomic nucleus, 
assumed to be spherical, rotates about an axis. Quantum 
mechanical considerations show that, like many other atomic 
quantities, this angular momentum is quantized:

P=K7(m)7i (1-1)

Here 71 = hlljt. where h is Planck’s constant (= 6.6256 x 10- ’4 
J s), and / is the angular momentum quantum number, usually 
called simply the nuclear spin. The nuclear spin can have the 
values I = 0, 1/2, 1. 3/2, 2 ... up to 6 (see also Table 1-1). Nei­
ther the values of I nor those of P can yet be predicted from 
theory.

Table 1-1.
Nuclear spins, natural abundances, resonance frequencies and 
gyromagnetic ratios y‘‘" for some nuclides of importance in NMR 
spectroscopy.

Nu­
clide

Spin 
I

Natural 
abundance 
[%]

NMR frequency 
[MHz]
(B„ = 2.3488 T)

Gvromagnetic 
ratio y:" 
[107 rad T~‘ s~ ']

!H 1/2 99.98 100.000 26.7519
2H 1 0.016 15.351 4.1066
7’H‘” 1/2 — 106.663 28.535

'"B 3 19.58 10.746 2.8746
NB 3/2 80.42 32.084 8.5843
l2C 0 98.9 — —
12’C 1/2 1.108 25.144 6.7283
IJN 1 99.63 7.224 1.9338
I5n 1/2 0.37 10.133 2.712
1(’O 0 99.96 — —
,7O 5/2 0.037 13.557 - 3.6279
I9p 1/2 100 94.077 25.181
2,,Si 1/2 4.70 19.865 ■ 5.3188
31 p 1/2 100 40.481 10.841

;l) y,.yalues from [1], l” "H is radioactive.

The angular momentum P has associated with it a magnetic 
moment fi. Both are vector quantities, and they are propor­
tional to each other:

/< = 7 P (1-2)



The proportionality factor y is a constant for each nuclide 
(i e each isotope of each element), and is called the gyromag- 
netic ratio, or sometimes the magnetogyric ratio. The detection 
sensitivity of a nuclide in the NMR experiment depends on y; 
nuclides with a large value of y are said to be sensitive (i.e. easy 
to observe), while those with a small y are said to be insensitive.

By combining Equations (1-1) and (1-2) we obtain for the 
magnetic moment /<:

= }’ V 1(1+1) h (1-3)

Nuclides with spin 1 = 0 therefore have no nuclear magnetic 
moment. Two very important facts for our purposes are that 
the l2C isotope of carbon and the l6O isotope of oxygen belong 
to this class of nuclides - this means that the main building 
blocks of organic compounds cannot be observed by NMR 
spectroscopy.

For most nuclides the nuclear angular momentum vector P 
and the magnetic moment vector ft point in the same direction, 
i. e. they are parallel. However, in a few cases, for example l;,N 
and 29Si (and also the electron!), they are antiparallel. The con­
sequences of this will be considered in Chapter 10.

1.3 Nuclei in a Static Magnetic 
Field

1.3.1 Directional Quantization

If a nucleus with angular momentum P and magnetic 
moment // is placed in a static magnetic field the angular 
momentum takes up an orientation such that its component P. 
along the direction of the field is an integral or half-integral 
multiple of Ti:

P. = m h (1-4)

Here m is the magnetic or directional quantum number, and 
can take any of the values m = I. 7—1.............— I.

It can easily be deduced that there are (2/ + 1) different 
values of m, and consequently an equal number of possible 
orientations of the angular momentum and magnetic moment 
in the magnetic field. This behavior of the nuclei in the magnet­
ic field is called directional quantization. For protons and LlC 
nuclei, which have I = 1/2, this results in two m-values (+ 1/2 

~~ ^-) ■ however, for nuclei with 7=1, such as 2H und UN, 
there are three values (m = + 1, 0 and - 1; see Fig. 1-1).

Figure 1-1.
Directional quantization of the 
angular momentum P in the mag­
netic field for nuclei with 1 = 1/2 
and 1.
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From Equations (1-2) and (1-4) wc obtain the components of 
the magnetic moment along the field direction z:

fi- = m v Ti (1-5)

In the classical representation the nuclear dipoles precess 
around the e-axis. which is the direction of the magnetic field - 
their behavior resembles that of a spinning top (Fig. 1-2). The 
precession frequency or Larmor frequency iq is proportional 
to the magnetic flux density B(l:

(1-6)
Figure 1-2.
Precession of nuclear dipoles 
with spin / = 1/2 around a 
double cone: the half-angle of 
the cone is 54c44'.

However, in contrast to the classical spinning top. for a pre­
cessing nuclear dipole only certain angles are allowed, because 
of the directional quantization. For the proton with / = 1/2, for 
example, this angle is 54°44'.

1.3.2 Energy of the Nuclei in the 
Magnetic Field

The energy of a magnetic dipole in a magnetic field with a 
flux density is:

(1-7)

Thus, for a nucleus with (2/ + 1) possible orientations there 
are also (21 + 1) energy states, which are called the nuclear 
Zeeman levels. From Equation (1-5) we have:

E = — m y (1-8)

For the proton and the klC nucleus, both of which have 
1 = 1/2. there are two energy values in the magnetic field corre­
sponding to the two/tt-values + 1/2 and — 1/2. Ifm = + 1/2, fi- 
is parallel to the field direction, which is the energetically pre­
ferred orientation; conversely, for m = — 1/2, u: is anti­
parallel. In quantum mechanics the m = + 1/2 state is described 
by the spin function a. while the m = — 1/2 state is described by 
the spin function [1; the exact form of these functions need not 
concern us here.

For nuclei with I = 1. such as 2H and l4N. there are three re­
values (+1, 0 and — 1) and therefore three energy levels 
(Fig. 1-3).
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figure 1-5.
Energy level schemes for nuclei 
with I = 1/2 (left) and I = 1 
(right).

The energy difference between two adjacent energy levels is:

AE = yTi (1-9)

Figure 1-4 illustrates, taking the example of nuclei with Z = 1/2, 
that AE is proportional to Bn.

Figure 1-4.
The energy difference AE be­
tween two adjacent energy levels 
as a function of the magnetic flux 
density Bn.

1.3.3 Populations of the Energy Levels

How do the nuclei in a macroscopic sample, such as that m an 
NMR sample tube, distribute themselves between the different 
energy states in thermal equilibrium? The answer to this ques­
tion is provided by Boltzmann statistics. For nuclei with J = 1/2, 
if we represent the number of nuclei in the upper energy level 
by TVp and the number in the lower energy level by Na. then.

Nu kRT kRT

where kB is the Boltzmann constant (= 1.3805 x 10 IK ) 
and T is the absolute temperature in K.

For protons - and also for all other nuclides - the energy dif­
ference AE is very small compared with the average energy 
k$Tof the thermal motions, and consequently the populations 
of the energy levels are nearly equal. The excess in the lower 
energy level is only in the region of parts per million (ppm).
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Numerical example for protons:
O With a magnetic flux density Bo = 1.41 T (resonance frequency 

60 MHz) the energy difference is given bv Equation (1-9) as: 
AE =» 2.4 x 10“2 J mol 1 (= 0.6 x 10“2 cal mol
The /-value needed for the calculation can be obtained from Table 
1-1; alternatively we can anticipate Section 1.4.1 and calculate it 
from Equation (1-12).
For a temperature of 300 K these values give:
Ay = 0.9999904 A'„.
For = 7.05 T (resonance frequency 300 MHz) the difference is 
greater:
A/ = 0.99995 A„.

Figure 1-5.
Distribution of the precessing 
nuclear dipoles (total number 
A' (= A'„ + Ay) around the 
double cone. As A'„ > Ay there 
is a resultant macroscopic 
magnetization Mn.

1.3.4 Macroscopic Magnetization

According to the classical picture, a nucleus with I = 1/2 
(e. g. 'H or L’C) precesses around the field axis z on the surface 
of a double cone as shown in Figure 1-5. If we addthez-compo- 
nents of all the nuclear magnetic moments in a sample we 
obtain a macroscopic magnetization Mo along the field direc­
tion, since Nu is greater than N^. The vector A/() plays an impor­
tant role in the description of all types of pulsed NMR experi­
ments.

1.4 Basic Principles of the 
NMR Experiment

1.4.1 The Resonance Condition

In the nuclear magnetic resonance experiment transitions 
are induced between different energy levels by irradiating the 
nuclei with a superimposed field Bt of the correct quantum 
energy, i. e. with electromagnetic waves of the appropriate fre­
quency This condition enables the magnetic component of 
the radiation to interact with the nuclear dipoles.

Let us consider the protons in a solution of chloroform 
(CHCI3). The energy level scheme on the left-hand side of 
Figure 1-3 is appropriate for this case, and transitions between 
the energy levels can occur when the frequency tq is chosen so 
that Equation (1-11) is satisfied:

h iq = AE (1-11)



Transitions from the lower to the upper energy level corre­
spond to an absorption of energy, and those in the reverse 
direction to an emission of energy. Both transitions are pos­
sible and they are equally probable. Each transition is asso­
ciated with a reversal of the spin orientation. Due to the popu­
lation excess in the lower level, the absorption of energy from 
the irradiating field is the dominant process. This is observed as 
a signal, whose intensity is proportional to the population dif­
ference Na-Np, and is therefore also proportional to the total 
number of spins in the sample, and thus to the concentration. 
However, if the populations are equal (N„ = Ap) the absorp­
tion and emission processes cancel each other and no signal is 
observed. This condition is called saturation.

From Equations (1-9) and (1-11) we obtain the resonance
condition:

vL = t’i = (1-12)

The term "resonance" relates to the classical interpretation 
of the phenomenon, since transitions only occur when the fre­
quency v [ of the electromagnetic radiation matches the Larmor 
frequency vL.

So far we have considered nuclei with/ = 1/2, for which there 
are only two energy levels. But what transitions are allowed 
when there are more than two such levels, as is the case for nuc­
lei with I > 1 (Fig. 1-3, right-hand level scheme), and for the 
coupled systems with several nuclei which will be discussed 
later? The answer provided by quantum mechanics is that only 
those transitions in which the magnetic quantum number m 
changes by 1, i. e. single quantum transitions, are allowed:

Am = ± 1 (1-13)

Therefore the only transitions that can take place are those 
between adjacent energy levels. According to this selection 
rule the transition from m = + 1 to m = — 1 for a 14N nucleus is 
forbidden.

Although coupled spin systems will not be treated until later, 
we shall point out here that a simultaneous flipping of two or 
more spins is forbidden. For example, in a two-spin system one 
could imagine, in addition to the single-quantum transitions, 
two other possible transitions, wherebv both nuclei are initially 
in the a-state (m = + 1/2) and simultaneously change to the |3- 
state (m = — 1/2). This would be a double quantum transition, 
since the sum of the magnetic quantum numbers changes by 
two (Am = 2). Or again we could have one nucleus switching 
from the a- to the |3- state while simultaneously the other 
switches from the |>- to the a-state. In this casezlm = 0, i. e. we 
would have a zero-quantum transition. According to Equation 
(1-13) such double-quantum and zero-quantum transitions arc 
forbidden.



1.4.2 The CW Spectrometer

Figure 1-6 shows in schematic form the construction of a 
simple NMR spectrometer, of the type which was used almost 
exclusively up to about 1970. The apparatus used by Bloch was 
essentially of this design. It consistsofa magnet (b), a radiofre­
quency transmitter (e) which generates the resonance fre­
quency. and a receiver (d) to detect the resonance signals. The 
transmitter and receiver coils are at right angles to each other, 
and their axes are also perpendicular to the magnetic field 
direction z. Transitions are induced in the sample (a) when the 
resonance condition, Equation (1-12). is satisfied. There are 
two different methods for achieving this, by either 
• varying the magnetic flux density by means of sweep coils

(c) while the transmitter frequency iq is held constant, or 
• varying the transmitter frequency iq with a constant value of

Both these techniques, the field sweep method and the fre­
quency sweep method, are used in practice.

In the resonance condition a signal is induced in the receiver 
coil (d). and after amplification (f) it is displayed on a pen 
recorder (h) or an oscilloscope (g). In both the above methods 
the spectrum is recorded point by point while Bn or tq is altered 
continuously. This is therefore called the continuous wave or 
CW method of recording spectra.

Figure 1-6.
Schematic arrangement of an 
NMR spectrometer of the conti­
nuous wave (c. w.) type 
a sample tube; b magnet; 
c sweep coils; d receiver coil; 
e transmitter; f amplifier; g oscil­
loscope; h recorder.
In principle this diagram also 
serves to illustrate the arrange­
ment in a pulse spectrometer, 
with the modifications that "e" 
becomes a radiofrequency pulse 
generator, and “f” is replaced by 
a more complex system of elec­
tronic units and a computer for 
recording, storing and processing 
the NMR signals (see also Sec­
tion 1.5.3).



NMR spectrometers arc expensive instruments, as the 
ex eriment imposes exacting requirements both on the homo­
geneity and stability of the magnet and on the performance of 
the electronics.

Magnets with flux densities varying from 1.41 to 14.09 T are 
used in practice. In accordance with Equation (1-12) this range 
corresponds to proton resonance frequencies of 60 to 
600 MHz. Table 1-2 lists magnetic flux densities B() and reson­
ance frequencies for some of the spectrometers commonly 
used in 'H and ,JC NMR spectroscopy.

For magnetic flux densities of up to 2.1 T the static magnetic 
field can be provided by either a permanent magnet or an elec­
tromagnet. while for 2.35 T it is almost always provided by an 
electromagnet. Higher magnetic flux densities can only be 
reached by using cryomagnets which work on the principle of 
superconductivity.

The CW method was, and still is. suitable for recording the 
spectra of sensitive nuclides such as *H.  lyF and ’‘P; these have 
/ = 1/2 with large magnetic moments, and also high natural 
abundance. Routine measurements on insensitive nuclides and 
those with low natural abundance. L’C for example, and also 

Table 1-2.
'H and L,C resonance frequencies 
at different magnetic flux densi­
ties Bn.

Bn Resonance

IT]
frequencies
[MHz]

'H l3C

1.41 60 15.1
1.88 80 20.1
2.11 90 22.63
2.35 100 25.15
4.70 200 50.3
5.87 250 62.9
7.05 300 75.4
9.40 400 100.6

11.74 500 125.7
14.09 600 150.9

on very dilute solutions, were at first out of the question. To 
make this possible it was necessary to develop new NMR 
spectrometers and new measurement techniques.

With regard to spectrometers an important innovation was 
the introduction of cryomagnets. which make possible consid­
erably higher magnetic field strengths than can be reached with 
permanent magnets or electromagnets (see Fig. 1-6). and 
therefore higher sensitivities. However, the decisive step for­
ward was achieved through pulsed NMR spectroscopy, a techni­
que whose development has been closely linked to the rapid 
advances made in computer technology. This method will be 
described in detail in the next section, as it forms the basis of 
modern NMR spectroscopy.

1.5 The Pulsed NMR Method

1-5.1 The Pulse

In the pulse method all the nuclei of one species in the 
sample, e. g. all the protons or all the 13C nuclei, are excited 
simultaneously by a radiofrequency pulse. What does such a 
pulse consist of, and how is it generated?

A tadiofrequency generator usually operates at a fixed fre­
quency I-,. However, if it is switched on only for a short time



rP, one obtains a pulse which contains not just the frequency tq 
but a continuous band of frequencies symmetrical about the 
center frequency iq. However, only a part of the frequency 
band is effective in exciting transitions, and this part is approxi­
mately proprortional to rP ’. In NMR experiments the pulse 
duration rP is of the order of a few ps (Fig. 1-7).

The choice of the generator frequency iq is determined by B() 
and the nuclide to be observed. For example, to observe pro­
ton transitions at = 1.41 T. the required generator fre­
quency is 60 MHz, whereas for observing L,C resonances it 
must be 15.1 MHz. The pulse duration needed for the experi­
ment depends on the width of the spectrum. For example, if 
rP = 10 ? s the frequency band is about 10'’ Hz wide. Provided 
that iq is correctly chosen, all the frequencies in the spectrum to 
be recorded arc contained in this band (Fig. 1-8).

The amplitudes of the frequency components of a pulse de­
crease with increasing separation from rq. Since, however, it is 
desirable that all the nuclei should be irradiated equally in the 
experiment so far as possible (see Section 1.6.3), "hard pulses’" 
are used, i. e. short pulses of high power. The pulse duration is 
so chosen that the frequency band width exceeds the width of 
the spectrum by one to two powers of ten; the power level is 
typically several watts.

F 6
Figure 1-7.
Schematic representation of a 
pulse. The r. f. generator (fre­
quency iq) is switched on at time 
ttl and off at q. The pulse 
duration rP is typically several ps.

z -•------

Figure 1-8.
Frequency components of a 
pulse. The band extends approxi­
mately from iq - rP~ 1 to iq + 
7(. iq is the generator fre­
quency and vA and tq5 are the 
resonance frequencies of nuclei 
A and B.

1.5.2 Classical Description of the 
Pulse Experiment

1.5.2.1 Pulse Angle

We consider the simplest case, that of a sample containing 
only one nuclear species i, for example the protons in a chloro­
form solution (CHClj). As shown in Figure 1-5, the nuclear 
moments precess with the Larmor frequency vL on the surface 
of a double cone, and as a result of the difference in popula­
tions there is a macroscopic magnetization Af(l along the field 
direction. To induce NMR transitions the radiofrequency pulse 
is applied to the sample along the direction of the x-axis. The 
magnetic vector of this electromagnetic radiation is then able to 
interact with the nuclear dipoles, and therefore with So 
that we can more easily visualize this quantum mechanical 
process, the linear alternating magnetic field along the x-direc- 
tion will be represented by two vectors with the same magni­
tude Bj, rotating in the x, y-plane with the same frequency vL, 
one of which. B\ (r), rotates clockwise, while the other, B\ (1), 
rotates anticlockwise. As shown in the accompanying sketch, 



the sum of these two vectors gives the alternating magnetic 
field alone the x-direction, its maximum value being 2B{. Of 
the two rotating magnetic field components only the one which 
has the same direction of rotation as the precessing nuclear 
dipoles can interact with them (and thus with Af0); from now on 
this component will be called simply Bb Under its influence 
is tipped away from the e-axis (the direction of the static field 
Bo)- this tilting occurs in a plane perpendicular to the direction 
of Bi- However, as this plane rotates with the Larmor fre­
quency rL, the complicated motion of Mo is difficult to show in a 
diagram. If instead of the fixed coordinate system x, y, z we use 
a rotating coordinate system x', y', z, which rotates with the 
same frequency as Bb the orientation and magnitude of B, in 
this system are fixed. As the x'-axis of the rotating coordinate 
system is normally defined as being along the direction of Bb 
the effect ofBj is to turn the vector Mn about the x'-axis, i. e. in 
they', z-plane. Equation (1-14) shows that the angle ©through 
which it is tipped increases with the amplitude B, of the com­
ponent of the r. f. pulse at the frequency u, of the nuclear reso­
nance transition, and with the length of time for which the pulse 
is applied.

0 = y Bi rP (1-14)

The angle 0 is called the pulse angle. The majority of pulse 
techniques can be understood in terms of two special cases, 
namely experiments with pulse angles of 90° and 180°. If, as in 
the case just described, the direction of Bj coincides with that of 
the x'-axis, these are called 90° and 180° pulses. In Figure 1-9 
the position of the magnetization vector following a 90°- pulse, 
a 180°' pulse, and a pulse of arbitrary angle 0V- is shown. In the 
vector diagrams the direction of B, is indicated by a wavy line.

If 8, is along the direction of the y'-axis, as in experiments 
that we shall meet in Chapters 8 and 9. we speak of a 90° - or a 
180°. pulse; in the vector diagrams the wavy line is then along 
the y'- axis of the rotating coordinate system.

From these vector diagrams it is seen that the transverse 
magnetization A7,.. is greatest immediately after a 90° pulse, 
and is zero for 0 v- = 0° or 180°. The transverse component M,.. is 
crucial for the observation of an NMR signal, since the receiver 

90(. 180J.
z z

Figure 1-9.
Direction of the macroscopic 
magnetization vector Mo in the 
rotating coordinate system: 
a) after a pulse of arbitrary angle 
0V; b) after a 90° pulse; c) after 
a 180) pulse. The wavy line 
along the x'-axis indicates the 
direction of the effective B field.

x

Representation of a linear alter­
nating field (max. 2BJ as the 
sum of two rotating fields. B, (r) 
(clockwise) and B (1) (anticlock­
wise).



coil is orientated with its axis along the v-direction (Fig. 1-6). 
and as a consequence of the detection method used a signal 
proportional to is induced in it. This signal is a maximum 
for a 90° pulse, whereas for a 180° pulse no signal can be 
observed.

Without going into the details, this can be illustrated by the 
following experiment. Equation (1-14) shows that the pulse 
angle can be increased either by increasing the amplitude of the 
pulse component B, or by increasing the pulse duration rP, To 
obtain the results reproduced in Figure 1-10 we kept constant 
and increased the pulse duration rP in steps of 1 us: the signal 
recorded in each case is shown. The signal amplitude passes 
through a maximum at a rP value of about 7 to 9 ps, then again 
falls and is approximately zero at rP = 15 to 16 ps. The maxi­
mum corresponds to a pulse angle of 90°, and where the signal 
passes through zero the pulse is 180°. The experiment also 
shows that the time interval rP needed for a 90° pulse must be 
doubled to give a 180° pulse. Figure 1-10.

Dependence of the NMR signal 
from a water sample on the pulse 
angle 0. In the experiment the 
pulse duration rP was increased 
in 1 us steps. The maximum sig­
nal amplitude is obtained with a 
90° pulse, which in this case cor­
responds to a pulse duration of 
about 8 us. For rP = 15 to 16 ps 
the signal amplitude is zero, as 
the pulse angle is then 180°. For 
still longer pulses the signal 
amplitude is negative.

For still greater values of rP a signal is again observed, but 
with negative amplitude, i. e. it appears in the spectrum as an 
inverted peak. From the vector diagram we can understand 
why this is so: for a pulse angle greater than 180° a transverse 
component — in the direction of the negative y'-axis 
appears, inducing a negative signal in the receiver coil.

Up to now we have described, with the help of vector dia­
grams (Fig. 1-9), the effects of the pulses on the macroscopic 
magnetization vector But what has become of the 
N = Nr, + individual spins which together make upM0? The 
condition of the spin system after the 180°' pulse is easy to 
visualize: the populations and A); have been exactly 
reversed by the experiment, so that there are now more nuclei 
in the upper than in the lower energy level. However, to 
describe the situation after the 90°- pulse is more complicated. 
In this case M. = 0, and the two Zeeman levels are equally 
populated. However, this situation differs from that of satura­



tion which was mentioned earlier (see Section 1.4.1), because 
after the 90°' pulse a magnetization in the y'-direction is pres­
ent whereas in saturation it is not. The way in which this trans­
verse magnetization comes about can be understood by the 
following picture: under the influence of the B\ field the indi­
vidual nuclear dipoles no longer precess with their axes in a uni­
form random distribution over the surface of the double cone, 
but instead a (small) fraction precess in phase, bunched 
together. This condition is referred to as phase coherence 
(Fig. 1-11; see also Section 7.3).

Figure 1-11.
Pictorial representation of phase 
coherence: after a 90° pulse a 
fraction of the nuclear spins (not 
all!) are bunched together in 
phase as they precess about the 
field direction z.

1.5.2.2 Relaxation

At the instant when the pulse is switched off the magnetiza­
tion vector Mo is deflected from its equilibrium position 
through an angle 0. Ma, like the individual spins, precesses 
about the z-axis with the Larmor frequency rL; its orientation 
at any instant is specified in the stationary coordinate system by 
the three components Mx, Mx and M-, which vary with the 
time t (Fig. 1-12).

The spin system now reverts to its equilibrium state by 
relaxation, with M. growing back to its original value Mg, while 
Mx and Mr approach zero. The rather complicated motion of 
the magnetization vector, both during the application of the 
radiofrequency field and in the subsequent relaxation, was 
mathematically analyzed by F. Bloch. He assumed that the 
relaxation processes were first-order and could be described by 
two different relaxation times T। and T2.The analysis leads to a 
set of equations (or a single vector equation) which describe the 
variation with time of Mx, Mv and M-. If, instead of the station­
ary coordinate system x, y, z, we use a rotating coordinate 
systemx', y', z which rotates at the Larmor frequency (see pre­
vious section) the equations become much simpler, as they no 
longer include the precession about the z-axis. For the situation 
after the pulse has been switched off (B = 0). this gives the 
Bloch equations for relaxation in the rotating frame:

Figure 1-12.
The macroscopic magnetization 
vector Mn. after being turned 
from its equilibrium orientation 
through an angle 0 by applying a 
pulse, now precesses with the 
Larmor frequency rL. At the in­
stant t it has the coordinates M,, 
M,. and AL in the stationary coor­
dinate svstem.

T\ is the spin-lattice or longitudinal relaxation time, while 74 is 
t e spin-spin or transverse relaxation time.
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The reciprocals 1\~ 1 and [y 1 of the relaxation times corre­
spond to the rate constants for the two relaxation processes.

To illustrate how simple the description of relaxation 
becomes in the rotating coordinate system, we will use the 
above equations to consider what happens to the transverse 
magnetization after a 90)- pulse.

After the pulse lies along y '-axis at the instant t = 0. Con­
sequently Mo = Mv‘. Since the y’-axis rotates at the Tarmor fre­
quency of the nuclei, the transverse magnetization in the v'- 
direction remains constant, or more exactly, its magnitude only 
decreases with time at a rate determined by the loss through 
relaxation. According to Equation (1-16) this decrease is expo­
nential (Fig. 1-13), and its rate is determined by the transverse 
relaxation time T2.

In the discussion of one- and two-dimensional pulse techni­
ques in Chapters 8 and 9 we shall return in detail to the question 
of the motion of the vectors in the stationary and rotating coor­
dinate systems. The phenomenon of relaxation will be treated 
in Chapter 7.

Figure 1-13.
Decay of the transverse ma
zation component Mv 
spin relaxation.

by

so 
•;spin-

1.5.2.3 The Time and Frequency Domains; 
the Fourier Transformation

A decay curve like that shown in Figure 1-13 is not normally 
observed. Because of the detection method used, such a curve 
would only be obtained if the generator frequency rq and the 
resonance frequency of the observed nuclei accidentally coin­
cided. Instead the receiver produces a curve like that shown for 
CHJ (1) in Figure 1-14 A. The envelope of this curve corre­
sponds to the curve of Figure 1-13. In this example, where there 
is only a single resonance frequency for the three equivalent 
protons of the methyl group, the time interval between succes­
sive maxima is 1/Af, the reciprocal of the difference in fre­
quency between iq and the resonance frequency v, of the nu­
clei. This decay of the transverse magnetization as detected in 
the receiver is called the free induction decay (FID).

If the sample contains nuclei with different resonance fre­
quencies. or if the spectrum consists of a multiplet as a result of 
spin-spin coupling (see Section 1.6), the decay curves of the dif­
ferent transverse magnetization components are superim­
posed and interference between the FIDs occurs. Figure 1-15 A 
shows such an interferogram for the 1 ’C resonance of L’CH3OH 
(2). This interferogram contains the resonance frequencies and 
intensities which are of interest to us. However, we cannot ana­
lyze the interferogram directly, as we are accustomed to inter­
preting spectra in the frequency domain rather than in the time



Figure 1-14.
90 MHz 'H NMR spectrum of 
methyl iodide CH?,I (1): one 
pulse, spectral width 1200 Hz. 8 K 
data points, acquisition time 
0.8 s. A: time domain spectrum 
(FID): the generator frequency 
is almost exactly equal to the 
resonance frequency of the 
sample: B: frequency domain 
spectrum obtained by Fourier 
transformation of A.

Figure 1-15.
22.63 MHz ’’C NMR spectrum of 
methanol ‘-’CHjOH (2): sol­
vent: D;O, 17 pulses, spectral 
width 1000 Hz. 8 K data points. 
A: Time domain spectrum 
(FID): B: frequency domain 
spectrum obtained by Fourier 
transformation of A. This con­
sists of a quartet, as the L’C 
nucleus is coupled to the three 
protons of the methyl group.

domain. Nevertheless, the two spectra can each be derived 
from the other by a mathematical operation called the Fourier 
transformation (FT):

JW) = f(t)e""'dt (1-17)

/(/) corresponds to the spectrum in the time domain, and 
f(w) to that in the frequency domain. is a complex func­
tion. i. e. it consists of a real part Re and an imaginary part Im. 
In principle it is equally valid to display the spectrum by using 
either the real part or the imaginary part, since both represent 
the frequency spectrum. However, the phases of the signals dif­
fer by 90°. and thus in the first case an absorption mode signal is 
obtained, whereas in the second case one has a dispersion mode 
signal. In one-dimensional NMR spectroscopy it is usual to 



represent the spectrum by the real part and thus to display 
absorption mode signals.

Because of the method of detection used one usually obtains 
after the Fourier transformation signals containing both 
absorption and dispersion components. However, by means of 
a mathematical operation called phase correction the disper­
sion component can be removed, so that all the signals in the 
spectrum arc of the usual absorption form.

Figures 1-14 B and 1-15 B show the phase-corrected fre­
quency spectra obtained by Fourier transformation of the 
interferograms 1-14 A and 1-15 A. The 'H NMR spectrum of 
methyl iodide consists of a singlet, whereas the k’C spectrum of 
l’CH3OH is a quartet.

In two-dimensional NMR spectroscopy, for example in dis­
playing COSY spectra, one often uses the “absolute values” of 
the signals, thus giving the "magnitudes spectrum” M. For this 
purpose the spectrum is computed by using the expression 
M = V Re2 + Im2. This too gives a frequency spectrum with 
absorption-type signals, but the peaks computed in this way 
have a broader base than those computed from the real com­
ponent. However, the great advantage of this form of presenta­
tion is that no problems arise from any phase differences 
between the signals that may occur. We shall return to this 
problem in Section 9.4.2.

The theory of the Fourier transformation, descriptions of 
computer programs for performing FT calculations, and other 
details of the technique can be found in Ref. [2] and in the spe­
cialist literature [3-6].

1.5.2.4 Spectrum Accumulation

Usually the intensity of an individual FID is so weak that 
after Fourier transformation the signals are very small com­
pared with the noise. This is especially so for nuclides with low 
sensitivity and low natural abundance (e. g. bC or '■‘’N), or for 
very dilute samples. Therefore the FIDs of many pulses are 
added together (accumulated) in the computer, and only then 
transformed. In this accumulation the random electronic noise 
becomes partly averaged out, whereas the contribution from 
the signals is always positive and therefore builds up by addi­
tion. The signal-to-noise ratio S : N increases in proportion to 
the square root of the number of scans NS:

S:N~/NS (1-18)

The accumulation of many FIDs - sometimes many hun­
dreds of thousands over a period of several days - calls for very 



recise field-frequency stability and requires that the data from 
each FID are stored in the exactly corresponding memory ad­
dresses in the computer. Any variation, including also that of 
temperature, causes a line broadening and a consequent loss of 
sensitivity (S: N).

Recording an FID and storing it in digital form requires a 
certain length of time, which is called the acquisition time, and is 
proportional to the number of memory locations used. The 
number of locations chosen depends on the width of the spec­
trum. and it is therefore not possible to specify values which are 
universally valid. For a spectrum with a width of 5000 Hz and 
8 K memory locations, for example, about 1 second is needed 
to store the data (1 K = 210 = 1024). This is also the shortest 
possible time interval between two successive pulses (the pulse 
interval). The system is already starting to undergo relaxation 
during the storage of the data, as can be observed directly on 
the oscilloscope (Figs. 1-14 A and 1-15 A).

Because the magnetization decreases with time owing to 
relaxation, the interferogram contains a higher proportion of 
noise at the end of the acquisition than at the beginning. The 
rate at which the FID decays is determined by the relaxation 
time T2 and by field inhomogeneities (4Bn). This fact is partic­
ularly important when choosing the pulse interval for the expe­
riment, since in order to make precise intensity measurements 
the system must be fully relaxed, i. e. must return to the equili­
brium condition, before each new pulse (see Section 1.6.3.2).

1.5.3 The Pulsed NMR Spectrometer

In the context of this book it would be neither practicable nor 
appropriate to describe in detail the construction and mechan­
ism of operation of a pulsed NMR spectrometer. The discus­
sion which follows will therefore only briefly outline some of 
the basic points.

The basic units of a pulse spectrometer are the magnet, a 
transmitter and a receiver, and the computer. The schematic 
construction of a CW spectrometer as sketched in Figure 1-6 
also applies in principle to the pulse spectrometer.
Magnet: All pulse spectrometers operating at magnetic flux 
densities B() greater than 2.35 T (i. e. with proton resonance 
frequencies above 100 MHz) employ a cryomagnet.
Tiansmitter unit: The transmitter unit consists of an oscillator 
which generates pulses with a frequency tq and duration rp.

e values of iq and rp can be adjusted according to the needs 
of the experiment, and are under the control of the computer. 

eceiver unit: As has already been mentioned in Section 



.5.2.1, a radiofrequency voltage proportional to the trans- 
erse magnetization Mv is induced in the receiver coil. The fre- 
(uency correspond to that of the NMR transition, and is there- 
ore in the region of a few hundred MHz. However, as we shall 
ee in the next section, we are interested only in a small fre- 
]uency band of a few kHz width, i. e. the region covered by the 
:hemical shifts. Since this low-frequency region of a few kHz 
ran be handled much more easily and quickly than frequencies 
n the MHz region, the method of detection makes use of a 
rick whereby the frequency iq of the pulse generator is used as 
i reference and is mixed with the NMR signal to produce a fre­
quency which is the difference between the two. The signal 
nduced in the receiver now consists only of superimposed sinu­
soidal components whose frequencies correspond to these dif­
ferences. The curve which is recorded is the interferogram, 
examples of which are shown in Figures 1-14 A and 1-15 A.

An interferogram represents the NMR spectrum in the form 
of an analog signal. The data must be put into digital form for 
further processing in the computer. To do this, the amplitudes 
of the interferogram (i. e. voltages) at regular time intervals are 
measured and stored. In order that the NMR signal after Fouri­
er transformation should appear at the correct frequency, these 
time intervals must be short enough to ensure that at least two 
data points per sine wave period are recorded. If fewer than 
this are recorded, the apparent frequency will be lower, so that 
the signal with the higher frequency appears at a lower position 
(‘’back-folding”). The highest frequency that can be handled 
correctly is called the Nyquist frequency.

As explained above, because of the method of measurement 
only the difference between the signal and reference frequen­
cies (and only its absolute value at that) is determined. Conse­
quently the same result is obtained whether the signal fre­
quency is greater or less than rq. Thus, if two signals acciden­
tally occur at the same interval from v ।, one being at higher and 
the other at lower frequency, only one signal will be obtained in 
the spectrum. Therefore one must ensure that the reference 
frequency iq lies at one end of the spectrum and not in the 
middle. However, this means that not only does one half of the 
frequency band defined by the pulse duration rp remain unused 
(see Section 1.5.1), but also the electronic noise in this unused 
region is folded back into the spectrum. This leads to a loss of 
sensitivity.

To avoid this disadvantage most modern pulse spectrome­
ters employ quadrature detection. In this technique two phase­
sensitive detectors are used, one of which records the y-com- 
ponent My of the magnetization vector while simultaneously 
the other records the x-component Mx, whose phase is shifted 
by 90° relative to My. If both components are used for the Fou­
rier transformation, frequencies which are above or below the 



reference frequency can be distinguished by their different 
phases. It therefore then becomes possible to position r, in the 
middle of the spectral range to be observed. This means that 
the spectral width determined by the pulse duration can be 
reduced, so that no noise is folded back into the spectrum.
Compared with the method in which iq must be placed at the 
end of the spectrum, this gives an improvement of a factor of 
/T in detection sensitivity.
Computer: The computer stores the digitized data and carries 
out the Fourier transformation in a matter of seconds. It is used 
to correct the phase, to convert the spectrum into the desired 
form, to display selected regions of the spectrum, to integrate 
the sienals. and for many other tasks. Most of the spectrometer 
functions are also controlled through the computer. Spectrum 
recording can even be automated to such an extent that the 
computer controls an automatic sample changer, which in turn 
ensures optimal utilization of the spectrometer in routine op­
eration. The one- and two-dimensional NMR experiments with 
complex pulse sequences which are described in Chapters 8 and 
9 can only be carried out with the help of a powerful computer. 
It is also possible, by using suitable programs, to calculate and 
display simulated spectra as described in Section 4.6.

1.6 Spectral Parameters: 
a Brief Survey

1.6.1 The Chemical Shift

1.6.1.1 Nuclear Shielding

The discussion up to this point would lead one to expect only 
one nuclear resonance signal for each nuclear species. If this 
were really so the technique would be of little interest to the 
chemist.

Fortunately, however, the resonances are influenced in char­
acteristic ways by the environments of the observed nuclei. Just 
to make things simpler we have up to now assumed that we arc 
dealing with isolated nuclei. However, the chemist is concerned 
with molecules, in which the nuclei are always surrounded by 
electrons and other atoms. The result of this is that in diamag­
netic molecules the effective magrictic field J3at the nucleus is 
always less than the applied field B(l, i. e. the nuclei are shield­
ed. The effect, although small, is measurable. This observation 
ls expressed by Equation (1-19):
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Bc[i = Bt] - a Bo = (1 _ a) B„ (1-19)

Here a is the shielding constant, a dimensionless quantity 
which is of the order of 10' for protons, but reaches larger 
values for heavy atoms, since the shielding increases with the 
number of electrons. It should be noted that o-values are mole­
cular constants which do not depend on the magnetic field. 
They are determined solely by the electronic and magnetic 
environment of the nuclei being observed.

The resonance condition, Equation (1-12). thus becomes:

>'i = — (i - Bo (1-20)
2ct

The resonance frequency is proportional to the magnetic 
flux density Bn and - more importantly for our purpose - to the 
shielding factor (1 — o). From this statement we arrive at the 
following important conclusion: nuclei that are chemically non­
equivalent are shielded to different extents and give separate 
resonance signals in the spectrum.

The 90 MHz 'H NMR spectrum (Bo = 2.11T) of a mixture of 
bromoform (CHBr3, 3), methylene bromide (CH2Br2, 4), 
methyl bromide (CH3Br, 5) and tetramethylsilane (TMS, 
Si(CH3)4, 6), recorded by the frequency sweep method (see 
Section 1.4.2), is reproduced in Figure 1-16. The signal of TMS 
appears at exactly 90000000 Hz = 90 MHz; the signals of the 
other compounds are found at 90000237 Hz (CH3Br), 
90000441 Hz (CH2Br2) and 90000614 Hz (CHBr3). Thus the 
proton in bromoform has the highest measured resonance fre­
quency and the protons in TMS the lowest. It follows from the 
resonance condition. Equation (1-20), that the protons are 
least shielded in bromoform and most shielded in TMS, i. e.:

a (CHBr3) < a (CH2Br2) < o (CH3Br) < o (TMS)

-•------ v [Hz]

Figure 1-16.
90 MHz 'H NMR spectrum of a 
mixture of CHBr, (3), CH2Br2
(4). CH,Br (5) and TMS (6).



In accordance with a universal convention, resonance signals 
in NMR spectroscopy are recorded in such a way that the 
shielding constant o increases from left to right.
(In a spectrum recorded by the field sweep method - constant fre­
quency i’i and variable flux density B„ - to keep the signals in the same 
sequence on the abscissa the magnetic flux density must increase from 
left to ri^ht. Because of this fact it is customary for historical reasons to 
use expressions such as “a signal appears at higher field”, or "a signal is 
at lower field').

1.6.1.2 Reference Compounds 
and the d-Scale

In Figure 1-16 no absolute values are given for the magnetic 
flux density Bo or for the resonance frequencies iq, since the 
measured frequencies are only valid for the experiment carried 
out with = 2.11 T. In NMR spectroscopy there is, unfortuna­
tely, no absolute spectral scale, since the resonance frequency 
and the magnetic flux density are interdependent as a conse­
quence of the resonance condition (Equation 1-20). A relative 
scale is therefore used, whereby one measures the frequency 
difference A v between the resonance signals of the sample and 
that of a reference compound. Modern spectrometers are cali­
brated in such a way that the separation between the signals can 
be read off directly in Hz.

Before each measurement the reference compound is added 
to the sample to be examined, and in such cases it is therefore 
called an internal standard. In [H and L’C NMR spectroscopy 
tetramethylsilane (TMS) is usually employed for this purpose. 
TMS is particularly suitable from both the spectroscopic and 
the chemical points of view. The fact that it contains twelve 
equivalent, highly shielded protons means firstly that only a 
small amount needs to be added, and secondly that it gives only 
a single sharp peak, which is at the right-hand end of the spec­
trum clearly separated from most other resonances (Fig. 1-16). 
Moreover, TMS is chemically inert, magnetically isotropic, and 
non-associating. In addition, because of its low boiling point 
(26.5°C), it can be easily removed in cases where the sample 
needs to be recovered.

If we measure the peak positions in the spectrum shown in 
Figure 1-16, we obtain for the frequency differences Av from 
TMS as internal standard the values 614, 441 and 237 Hz 
respectively for bromoform, methylene bromide and methyl 
bromide. (In the pulse method all the line positions are calcu­
lated by Fourier transformation and the frequency differences 
are printed out directly).



But the A v values also depend on Bf. One therefore defines 
a dimensionless quantity d, the chemical shift, as follows:

* leterencc
(1-21)

The factor 10" is introduced in order to simplify the numeri­
cal values, and because of it the d-values are always given in 
parts per million (ppm). However, the ppm is not a dimen­
sional unit, and it is not written when quoting d-values. If for 
the denominator in Equation (1-21) one inserts in place of 
’’reference the observing frequency as given by the instrument 
manufacturer, no significant error is introduced; otherwise it 
would be necessary to measure the absolute position of the 
TMS signal for each spectrum. With this simplification we 
obtain:

Av
d =-------------------------- x 106 (1-22)

observing frequency

The d-value for the reference compound TMS is, by definition, 
zero, since in this case Av = 0; thus:

d(TMS) = 0 (1-23)

According to Equation (1-22) the d-values. starting from the 
TMS signal, are positive to the left and negative to the right of 
it.
Examples:
O For the three compounds of Figure 1-16 we calculate the following 

chemical shifts:

614
d(CHBr,) = ----------x 10'’ = 6.82

90 x 10"

441 d(CH,Br,) =----------x 10" = 4.90
90 x 10"

237
d(CH-.Br) = ----------x 10" = 2.63

90 x 10"

From the d-values we can. by using Equation (1-22). calculate the 
interval in Hz between the resonance and the TMS signal for any 
arbitrary observing frequence. Thus, assuming in our example an 
observing frequency of 300 MHz these intervals are:

CHBr, : Av = 2046 Hz 
CH2Br2: Av = 1470 Hz 
CH3Br : Jr = 789 Hz

It is not always possible to add TMS to the sample under 
examination. For example, TMS is insoluble in water. In such 
cases a different reference compound is added to the sample 



and the results are converted to the TMS scale. Occasionally 
too an external standard is used. This is a reference compound 
which is sealed into a capillary and its resonance recorded along 
with that of the sample. For this purpose it is best to use special 
coaxial sample tubes which are commercially available. 
However, in calculations using such data and for comparing 
with literature values one must take into account the fact that 
the nuclei at the position of the reference standard experience a 
different shielding from those in the sample.

The relationships between chemical shifts and molecular 
structure will be described in detail in Chapter 2.

1.6.2 Spin-Spin Coupling

1.6.2.1 The Indirect Spin-Spin Coupling

In the mixture of CHBr3. CH2Br2. CH3Br and TMS (3-6) we 
observe a singlet for each compound (Fig. 1-16). since each 
compound contains only one group of chemically equivalent 
protons. This is an unusual example; in general most of the sig­
nals exhibit a fine structure. Figure 1-17 shows a simple 
example, the spectrum of ethyl acetate (7). From left to right 
we see a quartet, a singlet, a triplet, and the TMS signal. The 
protons within each group are certainly chemically equivalent, 
and therefore the splitting of the signals cannot be caused by 
any differences of chemical type between individual protons. 
The cause of this fine structure will be explained below by tak­
ing examples from 'H NMR spectroscopy, but the same con­
siderations can be extended to L,C and other nuclides.

 v (Hz] 
450 375 300 225 150 75 0

0ii 
c-ch3

CH3

TMS

5 4 3 2 ~6 0

h3c-c-och2ch3
7

Figure 1-17.
90 MHz 'H NMR spectrum of 
ethvl acetate CH,COOCH,CH3 
(7). 



boring magnetic dipoles in a molecule interact with each other. 
In the ethyl group of ethyl acetate the two methylene protons 
are coupled to the three protons of the methyl group. This spin­
spin coupling affects the magnetic field at the positions of the 
nuclei being observed. The effective field is stronger or weaker 
than it would be in the absence of the coupling, and in accord­
ance with Equation (1-20) for the resonance condition this 
alters the resonance frequencies.

The fine structure seen in Figure 1-17 is caused by the so- 
called indirect spin-spin coupling, indirect because it occurs 
through the chemical bonds (see Section 3.6).

Nuclear dipoles can also be coupled to each other directly 
through space. For example, this direct spin-spin coupling has 
an important role in solid-state NMR spectroscopy. In high- 
resolution NMR spectroscopy, when making measurements on 
low-viscosity liquids, this coupling is averaged to zero by mole­
cular motions. In the following discussion we will be concerned 
only with the indirect spin-spin coupling.

Before considering in detail the multiplet structure of the 
resonances of ethyl group protons, we must first try to under­
stand how the spectrum is altered by the effects of indirect spin­
spin coupling, taking the example of two coupled nuclei A and 
X. Examples of two-spin systems of this type are the molecules 
H-F, 13CHC13, and Ph-CHA = CHXCOOH. This model will 
then be extended to multi-spin systems.

1.6.2.2 Coupling to One Neighboring Nucleus 
(AX Spin System)

In a two-spin system AX, if we consider only the chemical 
shifts the spectrum consists of two resonance signals with fre­
quencies vA and vx. If now A and X are coupled to each other, 
we find two signals for the A-nuclei and two for the X-nuclei 
(Fig- M8).

A X

Figure 1-18.
Sketch to explain the fine struc­
ture in the spectrum of an AX 
spin system with a coupling con­
stant JAX. rA and rx are the 
resonance frequencies in the 
absence of coupling.
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Let us first confine our attention to the two resonances for 
A. To understand the splitting into a doublet we must distin­
guish between two situations. In the first the nucleus X, 
coupled to A, is in the a-state, and its magnetic moment thus 

24



has a comptmcuL p.- mv nciu uucuiun, we represent tins 
by an arrow directed upwards (A-X | ). If on the other hand X 
is in the p-state, //.- points in the negative field direction (A-X 
j, • see Section 1.3). The interaction between A and X pro­

duces an additional field contribution at the position of A, and 
for the two states of the X-nucleus the contributions, although 
equal in magnitude, have opposite signs. In the first situation, 
therefore, t’A is shifted to higher frequency by a fixed amount, 
whereas in the second situation it is shifted to lower frequency 
by the same amount. We are unable to predict whether an 
X-nucleus in the a-state will shift the A-resonance to higher or 
lower frequency. The assignment indicated in Figure 1-18 is 
arbitrarily chosen. We shall return to this problem in Section 
4.3 in connection with the signs of coupling constants.

Since in a macroscopic sample the numbers of molecules 
with the X-nucleus in the a-state (A-X |) and in the p-state 
(A-X J.) are nearly equal, two signals of equal intensity appear 
in the spectrum, i. e. the single peak in the spectrum without 
coupling is split into a doublet.

An analogous situation applies for the X-nucleus. since the 
coupling to A similarly causes two X resonances, i. e. a doublet.

The interval between the two lines of each doublet is the 
same for the A and X parts of the spectrum: it is called the indi­
rect or scalar coupling constant and is denoted by Since the 
splitting is due solely to the nuclear magnetic moments, the 
value of the coupling constant JAX - unlike the chemical shift - 
does not depend on the magnetic flux density Bo. It is therefore 
always given in Hz.

It should be noted that the chemical shift always corresponds 
to the middle of a doublet, which would be the position of the 
signal if there were no coupling.

The spectrum of the two olefinic protons of cinnamic acid (8, 
Fig. 1-19) is of the AX type. However, the intensities within the 
doublet deviate to some extent from the ideal 1: 1 ratio (“roof 
effect"). There are two reasons for this: firstly the signals of the 
proton in the a-position are slightly broadened by coupling to 
the ring protons, and secondly the spectrum of our two-spin 
system is in this case not quite of the first-order type. These 
complications will be discussed in more detail in Sections 
1.6.2.8 and 4.3.2.

C-COOH

Ha

Figure 1-19.
Part of the 250 MHz ’H NMR
spectrum of cinnamic acid (8) in
CDC13; b(OH) —11.8.

25



1.6.2.3 Coupling to Two Equivalent Neigh­
boring Nuclei (AX2 Spin System)

As an example of coupling between three nuclei we will con­
sider the three-spin system CHA-CH*  Nucleus A now has two 
equivalent neighbor nuclei X, for which there are three pos­
sible spin orientations in the magnetic field. Considering only 
the z-components u: of the magnetic moments, the two spins 
of the X-nuclei can be parallel to each other, either along the 
field direction ( [ f1 : eta) or opposite to the field direction 
(1 1 : |3|3), or they can be antiparallel to each other ( f 1 : a|3 
or 1 1 : pa) (Fig. 1-20). If the X-spins are antiparallel the addi­
tional field contributions at the position of nucleus A cancel to 
zero, and the resonance signal is in the position which it would 
occupy if there were no coupling. The two parallel spin arran­
gements cause additional field contributions at the position of 
A which are equal in magnitude but opposite in sign. This 
results in two further resonance signals, and a triplet is there­
fore observed for the protons HA. The interval between any 
two adjacent lines is /AX. The intensities are in the ratio 1:2: 1. 
The middle signal is thus of double intensity, since in a macro­
scopic sample molecules with an antiparallel arrangement of 
the X-spins are twice as numerous as those with a parallel 
arrangement in either one or the other direction.

For the two protons Hx of the CH*  group we obtain a dou­
blet, as they are coupled to only one neighbor nucleus HA. The 
total intensities of the triplet and of the doublet are in the ratio 
1:2.

The chemical shifts dA and dx are calculated from the signal 
positions vA and rx in the absence of coupling, as was done in 
the case of the two-spin system AX: i>A corresponds to the 
middle signal of the triplet and vx to the mid-point of the dou­
blet. As an example Figure 1-21 shows the spectrum of benzyl 
alcohol (9), in which the triplet at d ~ 5.3 is assigned to the pro­
ton attached to oxygen (HA), and the doublet at d — 4.4 to the 
two protons of the methylene group (CH*)-

Figure 1-20.
Sketch to explain the splitting 
pattern observed for a three-spin 
AX2 system: the arrows indicate 
the orientations of the two X 
spins.

Figure 1-21.
60 MHz 'H NMR spectrum of 
benzyl alcohol (9).



1 6.2.4 Coupling to Three or More 
Equivalent Neighboring Nuclei 
(AXn Spin System)

The splitting patterns for couplings to three or more equiva­
lent neighboring nuclei can be constructed in the same way as 
was shown in the previous section for two equivalent neighbor­
ing nuclei. If a proton is coupled to three neighbors X, e. g. to 
the three protons of a methyl group, as in CHA-CH*  one 
expects to find for HA a quartet with the intensity distribution 
1:3:3: 1 (Fig. 1-22). For the methyl protons Hx one again 
finds a doublet, since these are coupled to only a single neigh­
bor. HA- A spectrum of this type is obtained for paraldehyde 
(10). which is the trimer of acetaldehyde (Fig. 1-23).

Hl Hl 
HI Hl Itl III

Itt lit

. Ax Ax Ax:J-----to—1----- L

Figure 1-22.
Sketch to explain the splitting 
pattern observed for a four-spin 
AX, svstem: the arrows indicate 
the orientations of the three X 
spins.

Figure 1-23.
250 MHz 'H NMR spectrum of paraldehyde (10). The quartet and doublet are shown expanded, both 
by the same factor.

1.6.2.5 Multiplicity Rules

The number of lines in a multiplet, which is called the multi­
plicity M. can be calculated from Equation (1-24):

M = 2nl + 1 (1-24)
Here n is the number of equivalent neighbor nuclei. For nuclei 
with I = 1/2, which includes those that most concern us. Equa­
tion (1-24) simplifies to:

M = n + 1 (1-25)



For couplings to nuclei with / = 1/2 the signal intensities 
within each multiplet correspond to the coefficients of the bi­
nomial series, which can be obtained from Pascal's Triangle:

n = 0 1
n = 1 11
n = 2 12 1
n = 3 13 3 1
n = 4 1 4 6 4 1

We can now understand the splitting patterns for ethyl acetate 
(7) in Figure 1-17. The two methylene protons are coupled to 
the three equivalent CIE protons of the ethyl group, and in 
accordance with Equation (1-25) they give a quartet (d ~ 4.1). 
The three methyl protons are coupled to the two equivalent 
protons of the methylene group, which gives a triplet (d = 1.4). 
Such a combination of a quartet and a triplet in the intensity 
ratio 2 : 3 always enables one to recognize immediately that the 
compound being examined contains an ethyl group. Finally, 
the singlet at d ~ 2 in the spectrum of 7 originates from the 
three methyl protons of the acetyl group.

1.6.2.6 Couplings between Three Non­
equivalent Nuclei (AMX Spin System)

Figure 1-24 shows the spectrum of styrene (11). Here we are 
only interested in the signals of the three mutually coupled non­
equivalent vinyl protons HA, HM and Hx (three-spin AMX sys­
tem).

In the spectrum we find for each proton four signals of nearly 
equal intensities. The splitting schemes shown above the 
expanded regions of the spectrum in Figure 1-24 show how the 
multiplets for each of the protons can be reconstructed and 
analyzed. One begins by considering the spectrum without 
coupling, which would consist of three resonance lines at vA.

and nx. Then one restores one of the couplings for each nu­
cleus - preferably the largest in each case - and splits each line 
into a doublet corresponding to the coupling constant. This is 
repeated for the second, smaller, coupling constant, so that 
each line of the first doublet is further split into a doublet. This 
leads to a doublet of doublets for each of the protons H'\ HM 
and Hx, whose centers (vA, and vx) correspond to the 
d-values.



Figure 1-24.
250 MHz 'H NMR spectrum of styrene (11) in CDC13. The protons HA. HM and Hx each give a doublet 
of doublets, shown expanded by the same factor in each case.
JAM = 17.6 Hz. JAX = 10.9 Hz. Aix = 1-0 Hz.

1.6.2.7 Couplings between Equivalent Nuclei 
(An Spin Systems)

Why is it that in the ’H NMR spectrum of an isolated methyl 
group we find only one signal, even though each proton has as 
its neighbors two other protons of the methyl group, thereby 
providing the conditions for coupling to occur? Why does one 
only find one signal for the six protons of benzene, despite the 
fact that in benzene derivatives the protons are seen to be 
coupled to each other?

Exact answers to these questions are provided by quantum­
mechanical calculations. Without going into the details of the 
theory, we shall here merely express this result in the form of a 
general rule:
Couplings between equivalent nuclei cannot be observed in the 
spectrum!

In the next section it will become necessary to qualify this 
rule to some extent, as it applies only to first-order spectra.



In the methyl and methylene groups considered up to now, 
and in benzene, the protons are equivalent. Consequently the 
couplings within them cannot be observed, and the spectra are 
simple and easy to interpret.

1.6.2.8 The Order of a Spectrum

A spectrum which contains only singlets is said to be a zero­
order spectrum. Most 13C NMR spectra belong to this class as a 
result of the method of recording which is used ('H broad-band 
decoupling; see Section 5.3).

If the multiplets can be analyzed according to the rules 
already given, one is dealing with a first order spectrum. Such 
spectra are to be expected in all cases where the frequency 
interval Av between the coupled nuclei is large compared with 
the coupling constants, i. e. Av > J. If this condition is not satis­
fied the intensity ratios within the multiplets alter, and addi­
tional lines may appear. Such a spectrum is described as being 
of higher order. These effects will be considered in more detail 
in Chapter 4. In higher-order spectra the couplings between 
equivalent nuclei also become evident. The analysis of such 
spectra is more complicated, and often it is only possible by 
using a computer. In the course of such an analysis it also 
emerges that the coupling constants can have either positive or 
negative sign. However, we shall see (in Section 4.3.1) that the 
appearance of spectra of the first-order type is not affected by 
the signs.

12chcl3
1.6.2.9 Couplings between Protons and 

other Nuclei; 13C Satellite Spectra 

In the 'H NMR spectra of organic molecules one normally 
only sees H.H couplings. However, for molecules containing 
fluorine, phosphorus or other nuclei which have a magnetic 
moment, the couplings to these nuclei are also seen. The same 
rules apply as for H.H couplings. For these heteronuclear cou­
plings there is the additional simplification that Av > \J\, and 
thus the condition for first-order spectra is nearly always ful­
filled.

At this point special mention must be made of the couplings 
between protons and L’C nuclei. These C,H couplings make 
themselves apparent in the 'H NMR spectrum by the LlC satel­
lite signals. What are 'C satellites? Figure 1-25 shows the H

13C-Sat 13C-Sat.

______________A_______________

7.6 7.4 7.2 7.0 6.8 <5

Figure 1-25.
250 MHz *H  NMR spectrum of 
chloroform; the l3C satellites are 
shown with a 15-times amplifica­
tion; 'J (C.H) = 209 Hz.



NMRspectrum °f chloroform. It consists of a main peak atd = 
7 94 with two small peaks to the right and left of it (in the 
figure these are shown greatly amplified). The smaller peaks 
are caused by the 1.1% of chloroform molecules that contain a 
13C nucleus, i- e. by 13CHC13. The proton is coupled to the 'C 
nucleus, and this gives a doublet in the NMR spectrum, the 
1?C satellites- The interval between the two satellite peaks is
equal to J(C,H) = 209 Hz. The intensity of each satellite is 
0 55% °f that l'ie ma'n Peak. (A corresponding doublet 
with the separation 7(C,H) is also observed in the L’C NMR 
spectrum of chloroform.) The 13C satellite signals are not 
always so easy to interpret as in the chloroform spectrum (see
Section 4.7).

1.6.3 The Intensities of the 
Resonance Signals

1.6.3.1 Signal Intensities

The area under the signal curve is referred to as the intensity 
of the signal. It is measured by means of a stepped curve, the 
integral. Comparing the step heights in a spectrum directly 
gives the ratios of the protons in the molecule. In the case of 
multiplets one must, of course, integrate over the whole group 
of peaks. An example of an integration is shown in Figure 1-26.

In the ’H NMR spectrum of benzyl acetate (12) we find three 
singlets corresponding to C6H5, CH2 and CH3. Integration 
gives the result 5:2:3 for the ratio of their areas, and from this 
all the signals can be assigned.

Signal intensities arc next in importance to chemical shifts 
and indirect spin-spin coupling constant as aids to structure 
determination; they also make possible the quantitative 
analysis of mixtures.

B--- -
900 750 500 450 30G 150 0

10 9 9

CH2OCOCHj
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1 03

Figure 1-26.
90 MHz ‘H NMR spectrum of 
benzyl acetate (12) with integrat­
ed curve.



1.6.3.2 L’C Signal Intensities

In principle it should also be possible from the signal intensi­
ties in LlC NMR spectra to reach conclusions about the num­
bers of carbon atoms present in the molecule. However, 
because of the low natural abundance and sensitivity compared 
with protons, detection methods are used which have the 
undesirable side-effect of distorting the integrals. For this 
reason it is not usual to give integral curves in k’C NMR 
spectroscopy. The detailed causes of this are as follows:
• The amplitudes of the different frequency components of 

the pulse become smaller with increasing distance from the 
transmitter frequency v,. Consequently nuclei with different 
resonance frequencies are excited to varying extents (Sec­
tion 1.5.1 and Fig. 1-8).

• A resonance peak is not stored in the computer as a com­
plete continuous curve but as a relatively small number of 
points (Fig. 1-27). In the integration one determines the area 
bounded by the straight lines joining these points. The closer 
the spacing of the points the more exact is the integral. The 
number of data points used in recording the spectrum is 
usually determined by the time available for the recording. 
Of the two curves shown in Figure 1-27 one - the broken 
curve - was recorded with 32 K data points, and the other - 
the solid curve - was recorded with 2 K data points. Whereas 
in the broken curve the points are at intervals of about 
0.01 Hz, the intervals in the solid curve are more than 
0.2 Hz. One can clearly see that the latter curve does not 
correctly reproduce the line shape. The amplitude is too 
small, the half-height width is too great, and consequently 
the integral must also be incorrect. Furthermore, the posi­
tions of the maxima in the two curves, from which the 
d-values are calculated, differ by about 0.1 Hz. In practice, 
however, this error is negligible.

• The time interval between two successive pulses during the 
accumulation is usually so short that the spin system cannot 
return to equilibrium by relaxation. This leads to incorrect 
integrals, the effects being much greater for nuclei with long 
relaxation times 7) than for those with a short T\.

• L'C NMR spectra are normally recorded with H  broad­
band decoupling (Section 5.3). Under these conditions the 
signals are amplified by the nuclear Overhauser effect 
(NOE, Chapter 10). The increase in intensity depends on 
the number of directly bonded hydrogen atoms, and on 
other factors influencing the relaxation times (Chapter 7).

*

Figure 1-27.
Comparison of the same 'H 
NMR signal recorded with 32 K 
data points (dashed curve) and 
with 2 K data points (solid line). 
The dashed curve gives the true 
line shape. The solid line gives 
only a distorted peak, with errors 
in height, width, area and posi­
tion of maximum.

Every 13C NMR spectrum is affected by all these four sources 
of error. It is not possible to generalize about the magnitudes of 



the different effects and of the total integration error - every 
measurement therefore involves an individual compromise 
between accuracy and time spent in recording. The causes of 
incorrect intensity measurement can be completely, or at least 
partially, avoided by taking precautions with the spectrometer 
and the recording technique - although at the cost of increased 
recording times. For accurate determination of L'C intensities 
the following measures are essential:
• The pulse must be of sufficiently high power to ensure that 

the fall-off of intensity in the frequency components over the 
full width of the spectrum is negligible. This condition is 
usually satisfied for ‘H spectra, but not for L’C spectra. It is 
even more critical for other nuclides - jlP for example - for 
which the spectral width is greater than for 13C.

• Where the spectral width is large and the lines are narrow a 
computer with a large memory capacity is needed. If a spec­
trum with a width of 5000 Hz is recorded using 4 K ( = 4096) 
data points the resulting digital resolution is only 1.25 Hz per 
data point. However, the line widths are usually less than 
this, so one needs to use 8 K, 16 K or 32 K data points, or 
alternatively to record spectra of a smaller width, i. e. select­
ed regions of the spectrum.

Errors caused by different relaxation times 1\ and different 
NOEs are more difficult to eliminate; furthermore, these are 
the largest sources of error. The following methods are avail­
able:
• Errors caused by too high a pulse repetition rate can be 

avoided by inserting a delay equal to 5 1\ between successive 
pulses. A spin system needs this amount of time to undergo 
nearly complete relaxation after a 90° pulse. For relaxation 
times as long as 100 s, such as are found for quaternary car­
bon nuclei, this would require a waiting time of 8 to 10 
minutes between pulses! In practice such an experiment 
would be unrealistic, and in these circumstances it is usual to 
do without intensity measurements.

• If all the sources of error discussed up to now have been 
eliminated by a suitable choice of experimental conditions, 
it becomes worthwhile to suppress the NOE for each quanti­
tative measurement. This can be achieved in two ways:

Adding paramagnetic ions to the sample solution short­
ens the relaxation times T} (and Tf). Chelate complexes 
of chromium, such as Cr(acac)3, are generally used for 
this purpose, but too high a concentration must be avoid­
ed as it would broaden the lines (Section 7.3.3). This 
method is not usually employed, and is especially 
unsuitable if the sample is needed for further experi­
ments. Another method has therefore been developed, 
viz.



- a pulse experiment which is the inverse of the gated 
decoupling described in Section 5.3.2. In this the broad­
band (BB) decoupler is switched on only during the 
observing pulse and the subsequent data accumulation. 
One obtains a decoupled k’C NMR spectrum with the 
correct intensities, since the NOE is unable to build up 
during this short time. When the FID has been stored and 
the BB decoupler switched off, the system must relax 
again before the next pulse. However, the time needed 
for this is shorter than 5 7\.

To summarize, quantitative C NMR measurements are 
possible if the following conditions are ensured:
• high pulse power and small spectral width
• high digital resolution
• a pulse repetition rate that is not too high
• suppression of the NOE.

All the methods described can be carried out without diffi­
culty, but they are very costly in measurement time, and are 
therefore only used in special circumstances.

1.6.4 Summary

Three types of spectral parameters are obtainable from 
NMR spectra: chemical shifts, indirect spin-spin couplings, and 
intensities.
• In this chapter we learned that the chemical shift is caused 

by the magnetic shielding of the nuclei by their surround­
ings. mainly by the electrons. The resonance frequencies 
depend on the magnetic flux density, and for this reason 
absolute line positions are never specified. Instead we de­
fine a dimensionless quantity, the d-value, which gives the 
position of the signal relative to that of a reference com­
pound. and also relates it to the measurement frequency. 
Consequently d-values are independent of the spectrometer 
used and can be directly compared. The reference com­
pound generally used in H  and L,C NMR spectroscopy is 
tetramethylsilane (TMS).

*

• The interaction between neighboring nuclear dipoles leads 
to a fine structure. The strength of this interaction is given by 
the spin-spin coupling constant./. Since the coupling occurs 
through chemical bonds, it is called the indirect spin-spin 
coupling. The splitting patterns and intensity distribution of 
the multiplets can be predicted using simple rules. The indi­
rect spin-spin coupling is independent of the external field. 



and the coupling constants./ are therefore given in Hz. Cou­
plings are observed not only between nuclei of the same spe­
cies but also between different nuclei (heteronuclear cou­
plings). For our purposes the most important are the H.H 
and C.H couplings.

• [n ‘H NMR spectroscopy the signal intensities are also 
determined for each spectrum, but in routine L'C NMR 
spectra the intensities cannot be measured.

The relationships between chemical shifts and molecular 
structure will be examined in detail in Chapter 2. and those be­
tween coupling constants and molecular structure in Chapter 3.
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2 The Chemical Shift

2.1 Introduction

In molecules the nuclei are magnetically shielded, i.e. the 
effective field at the position of a nucleus is weaker than the 
externally applied field. This effect is measured by the shielding 
constant a.

There have been many attempts at calculating the shielding 
constants o from theory, but none of the theoretical ap­
proaches has yielded exact values. If such calculations were 
possible, the spectrum could be exactly predicted. Theory and 
experiment lead to the conclusion that the reduction of the field 
Bo and of the associated resonance frequency is determined 
mainly by the distribution of electron density in the molecule. 
The chemical shifts are therefore considerably affected by sub­
stituents which specifically influence this electron distribution.

Whereas inductive and mesomeric substituent effects are 
transmitted through chemical bonds, interactions through 
space are also possible - for example if the observed nuclei 
have magnetically anisotropic neighbors such as a carbonyl 
group, a CC double or triple bond, or a phenyl ring. Intermole­
cular interactions also contribute to the shielding.

In the following we shall limit the discussion to the shielding 
of 'H and 13C nuclei, which are the most important ones - at 
least for organic chemistry.

So as to get a general idea of the positions of the NMR signals 
for different classes of compounds, some data are summarized 
in Figures 2-1 and 2-2. It is seen that the resonances of hydro­
gen or carbon nuclei in similar bonding situations are grouped 
m characteristic regions. Because of this fact the chemist can 
reach conclusions from the signal positions about the structure 
of the molecule under investigation, or at least about certain of 
its structural components. Before discussing specific examples. 
we must first consider the causes of the difference between the 
shieldings of 'H and bC nuclei, and of the differences between 
chemical shifts in H and ‘ ’C NMR spectroscopy.



Figure 2-1.
Chemical shifts of 'H nuclei in organic compounds.

2.1.1 Influence of the Charge Density 
on the Shielding

As has already been mentioned, the magnetic shielding of a 
nucleus is determined mainly by the shell (or shells) of elec­
trons. The effect is explained by assuming that the magnetic 
field induces an electron current in the electron shell. This 
produces an opposing field at the position of the nucleus, which 
reduces the effective j?0.

For the hydrogen atom with one electron, and for other nu­
clei with a spherically symmetric charge distribution, this con­
tribution to the shielding, called the diamagnetic shielding term 
odia. can be calculated using the simple classical model of an 
electron in a circular orbit (Lamb formula). For the hydrogen 
atom this gives a value of 17.8 x 10~6for odia. This value is small, 
but as the number of electrons increases odia increases rapidly. 
Thus, for 'C odia is already 260.7 x IO-6, and for ’'P it is 
961.lx 10 " [1], However, in practical NMR spectroscopy these 
absolute shielding constants arc unimportant. The simple clas­
sical model fails for molecules, as the charge distribution here is 
not usually spherically symmetric. Attempts were nevertheless 
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Figure 2-2.
Chemical shifts of 13C nuclei in organic compounds.

made to apply it to small molecules, but it was found to give 
values that were too large. For the hydrogen molecule H2, for 
example, the calculation gave a value of odja = 32.1 x 10'. 
compared with the observed value of 26.6 x 10

A second term, called the paramagnetic shielding term apara, 
aims to correct these discrepancies by taking into account the 
effect of the non-spherical charge distribution. (The name 
"paramagnetic" comes from the fact that opara has the opposite 
sign to oj;.,.) In order to be able to calculate the paramagnetic 
shielding term opara one needs to know, amongst other things, 
the wave functions of excited states, but these are only known
in a few exceptional cases. Exact calculations have therefore 
only been possible up to now for small molecules such as H2 
and LiH. However, the theory provides an important result 
which enables us to understand some basic differences between 
'H and 15C NMR spectroscopies, namely that opara is inversely 
Proportional to ZiE, the average electronic excitation energy:

opara (2-1)



In other words this means that the smaller A Eis, the greater 
is the contribution of <7p.lra to the shielding. For the hydrogen 
atom - even when it is bound - AE is very large, and conse­
quently opara plays only a minor part in H NMR spectroscopy. 
For heavy atoms, and even for bC, the situation is very differ­
ent. These atoms have low-lying excited states, so that AE is 
small and opitra becomes an important factor. However, opara is 
never greater in magnitude than otlia. and the net shielding 
therefore remains positive.

The charge distribution, and therefore also the shielding, are 
greatly influenced by substituents. Electronegative substi­
tuents reduce the shielding owing to their -1 effect, while elec­
tropositive substituents cause a corresponding increase in 
shielding. Such substituent effects, and also mesomeric effects, 
will be examined in detail later for individual classes of com­
pounds.

The shielding constants <j-and therefore also the chemical 
shift - are in general anisotropic quantities. As the molecules in 
solutions are in rapid motion, averaged signal positions are 
always observed in the spectra.

2.1.2 Effects of Neighboring Groups

From the foregoing discussion we have:

o = odia + opara (2-2)

However, the two shielding terms odia and opara are not suf­
ficient to bring the calculated and measured shielding constants 
into agreement. Further terms must be included to take into 
account the intermolecular contributions. The most important 
of these are found to be:
• the contribution from the magnetic anisotropy of neighbor­

ing groups (oN)
• the ring current effect in arenes (oR)
• the electric field effect (oe)
• effects of intermolecular interactions (Oj). e.g. hydrogen 

bonding and solvent effects.

Equation (2-2) is therefore replaced by:

O = ct'io'1 + Cfpara + + (JR + Oe + <7, (2-3)

odJa;l1 and are essentially the same as odia and opara in Equa­
tion (2-2), but they specifically exclude contributions other 
than those from electrons in the immediate vicinity of the nu­
cleus under observation.

In 'H NMR spectroscopy the most important additional 
contributions are oN and oK.



2 1.2.1 Magnetic Anisotropy of 
Neighboring Groups

Chemical bonds are in general magnetically anisotropic; 
thev have different susceptibilities along the three directions 
(Cartesian axes) in space. Consequently the magnetic 
moments induced by an external magnetic field Bn are not 
equal for different directions, and the shielding of a nucleus 
depends on its geometrical position in relation to the rest of the 
molecule.

For groups with an axially symmetric charge distribution the 
derivation of the theoretical relationships is straightforward. In 
this case there are two susceptibilities and perpendicular 
to and parallel to the bond axis respectively. The effect on the 
shielding for this case has been calculated by McConnell (Eq. 
(2-4)). He made the simplifying assumption of treating the 
induced magnetic moment in the field as a point dipole; he also 
took into account the fact that the dissolved molecules change 
their orientations.

on = (Zii - Zx) (1 - 3 cos2 0) (2-4)
3 r3 4cr

This gives oN, the averaged contribution to the shielding of a 
nucleus, as a function of
• the distance r to the point dipole's center Z, and
• the angle 0 between the line joining this center to the 

observed nucleus and the axis A, which is the direction of 
the induced magnetic moment.

Figure 2-3 shows two hydrogen atoms HA and HB in a dipo­
lar field. Whereas the external field at HA is reinforced by the 
induced magnetic moment in the magnetically anisotropic 
neighboring group, the field at HB is weakened.

From Equation (2-4) we can recognize two important facts: 
• oN depends only on the geometry and the susceptibilities, 

and not on the nuclide being observed! Therefore the mag­
nitude of the effect is the same for *H  and bC nuclei.

• oN becomes zero when the angle 0 = 54.7°! Thus we can 
define a double cone around the magnetically anisotropic 
group separating regions of positive and negative shielding 
contributions. At the surface of the double cone b\ = 0.

The classical example of a magnetically anisotropic group is 
acetylene. Figure 2-4a shows the double cone for this case and 
1 e signs of the shielding contributions.

Figure 2-3.
Differential shielding of HA and 
HB in the dipolar field of a mag­
netically anisotropic neighboring 
group (McConnell model).
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Here the hydrogen atom lies on the molecular axis within the 
region of positive sign, and is additionally shielded. Conse­
quently the signal of this proton in the 'H NMR spectrum is 
found at relatively high field, at d = 2.88. On the basis of the 
electron density distribution alone, one would have expected a 
smaller shielding than for the protons in ethylene, which have a 
b value of 5.28. Thus, the magnetic anisotropy of the CC triple 
bond explains one of the more striking observations of 'H 
NMR spectroscopy (Figure 2-1).

Although the electron density distribution in the CC and CO 
double bonds is no longer axially symmetric, anisotropy cones 
have also been calculated for these groups (Figure 2-4 b and c). 
The magnetic anisotropy of the carbonyl group explains quali­
tatively why aldehydic protons (d ~ 9 to 10) are so weakly 
shielded: the aldehydic proton is in the region of the cone for 
which the shielding contribution is negative.

For cyclohexane derivatives with a sterically fixed chair con­
formation, chemical shift differences of 0.1 to 0.7 ppm between 
the axial and equatorial protons are found, the axial protons 
being more strongly shielded than the equatorial. On the basis 
of observations such as these a magnetic anisotropy is also 
ascribed to the CC single bond (Figure 2-4 d). It can be seen 
from Figure 2-4 that in all these types of molecules, with the 
exception of acetylene, the regions with a negative shielding 
contribution lie along the direction of the bond axis.

The anisotropy effect is independent of the nuclide being 
observed, as we have already seen above. The shifts for pro­
tons and 'C nuclei are therefore equal in magnitude; they 
amount to several ppm. However, since the total range of che­
mical shifts in L’C NMR spectroscopy is much greater than for 
protons, the fraction attributable to magnetic anisotropy is 
smaller - although not negligible.

The bC resonances of the triple-bonded carbon atoms in 
acetylene and its derivatives are found - as in the ’H NMR 
spectra - between those of the alkanes and the alkenes. The 
magnetic anisotropy of the triple bond is, of course, only partly 
responsible for the large shielding in alkynes; a significant pro­
portion of it may be attributed to the higher excitation energy 
AE in alkynes compared with alkenes (see Section 2.1.1). Car­
bon atoms directly bonded to a triply-bonded carbon atom 
show an additional shielding. This corresponds to similar 
effects found in the JH NMR spectra.

a

b

d
Figure 2-4.
Shielding contribution due to the 
magnetic anisotropy of the CC 
triple bond (a), the CC and CO 
double bonds (b and c). and the 
CC single bond (d).
+ : increased shielding zone:
—: reduced shielding zone.



2 1 2.2 Ring Current Effects

The 'H NMR signal of the protons in benzene is found at 
<5 = 7 27, and that of ethylene at d = 5.28. Furthermore this is 
not an isolated case, but applies quite generally: protons in 
arenes are less shielded than those in alkenes.

This effect can be explained in terms of an induced ring cur­
rent, which is set up when the molecule with its delocalized 
7-eIectrons is placed in a magnetic field. The ring current in 
turn generates an additional magnetic field, whose lines of 
force at the center of the arene ring are in the opposite direc­
tion to the external magnetic field Bn (Figure 2-5). This again 
leads to regions of increased and reduced shielding in the vicin­
ity of the arene molecule. Hydrogen atoms directly attached to 
the arene ring are in a position where the lines of force increase 
the Bo field, i.e. in the region of reduced shielding.

Figure 2-5.
Sketch showing the ring current 
effect in arenes, with zones of 
increased (+) and reduced ( —) 
shielding.

The ring current effect is greatest when the plane of the ben­
zene ring is perpendicular to the field direction, as shown in 
Figure 2-5. It is zero when the molecule is orientated with one 
of its in-plane axes parallel to the field, i. e. when the magnetic 
field lines do not pass through the ring. Experimentally one 
always measures averaged values, as the molecules in solution 
are in rapid motion. (The ring current model is only one of the 
possible models for interpreting the experimental results [2].)

A few examples from *H  NMR spectroscopy will show how 
large the ring current effect on chemical shifts can be:

O In 1.4-decamcthylenebenzene (1) it is found that the CH, protons 
in the middle of the chain are more strongly shielded (d = 0.8) than 
those directly adjacent to the benzene ring (<5 « 2.6). It is true that 
the chemical shift of the latter is influenced by the inductive effect 
ot the ring, but this alone cannot account for the difference.

In large unsaturated ring systems where the number of 
■^-electrons satisfies the Hiickel rules (4/t + 2), effects are 
ound which again indicate the existence of a ring current. Two 

examples of this are:

0.8
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O In the [18]-annulene (2) the six inner hydrogen atoms project into 
the region where the shielding contribution is positive, whereas the 
twelve outer ones are in the region of negative shielding contribu­
tion. In the spectrum (Figure 11-5, Chapter 11) we find one signal at 
d = — 1.8 and a second signal of twice the intensity at d = 8.9. Com­
paring these values with the d-valuc of 5.7 for the protons of the 
non-planar. non-aromatic molecule cyclooctatetraene (3). the 
effect of the ring current is clearly seen.

O In nw;s-10b.l0c-dimethyldihydropyrcne (4) the signal of the 
methyl protons is found at d = —1.25! In the absence of the spe­
cific shielding effect of the ring current one would have expected a 
signal at about d ~ 1.

There are many examples showing how useful the ring cur­
rent model is. Attempts have even been made to use it as a 
means of defining aromaticity.

In L’C NMR spectroscopy the ring current effect is less 
important, as it contributes only a few percent to the total 
shielding in this case. For benzene this can be explained, 
though in a greatly over-simplified way, by the fact that the car­
bon atoms are on the "current loop”, which is just where the 
induced field is zero.

8(H) = 5.7

2.1.2.3 Electric Field Effects

In a molecule containing polar groups such as a carbonyl or 
nitro group an intramolecular electric field exists. This field in­
fluences the electron density distribution in the molecule and 
therefore the magnetic shielding of the nuclei. From this point 
of view the shifts of 'H and 13C resonances which occur on pro­
tonation - e. g. of amines - are also a result of electric field 
effects.

2.1.2.4 Intermolecular Interactions - 
Hydrogen Bonding and 
Solvent Effects

Hydrogen bonding: Protons attached to oxygen by hydrogen 
bonds have particularly low shielding values, the b-values 
being greater than 10 in many cases. However, exact chemical 
shift values cannot be specified, as the signal positions depend 
on the temperature and the concentration. This is also the case 
for exchangeable protons in NH and SH groups.



The protons bonded to the oxygen atom in enols have ex­
tremely low shieldings. For acetylacetone in the enol form with 
chloroform as solvent the signal of the OH proton is found at 
$ = 15.5 (0 - This extreme downfield shift is probably caused by 
the electron withdrawing effect of the two oxygen atoms (see 
Section 11.3.6 and Figure 11-6).

Solvent effects: If the dissolved substance interacts with the 
solvent this shows up as a shift in the positions of the signals. 
Such effects are clearly seen when the spectrum of a substance 
is measured in turn in a non-polar solvent (CCI4). in a polar 
solvent ([DJ-DMSO). and in a magnetically anisotropic sol­
vent ([DtJ-benzene). However, it is not possible to make gen­
eralizations.

On the basis of such effects, solvents can be used as an aid to 
assigning signals. This topic will be treated in Sections 6.2.4 and 
6.3.5. The special interaction effects between chiral solutes and 
chiral solvents will be discussed in detail in Chapter 12.

2.1.2.5 Isotope Effects

Figure 1-25 (Section 1.6.2.9) shows the H resonances of 
I2CHC13 and 1jCHC13: a singlet at d = 7.24 for 12CHCI3 and a 
doublet - the so-called l3C satellites - for 13CHC13. The center 
of the doublet is shifted by about 0.7 Hz to the right (i. e. to 
higher shielding) relative to the main signal. This shift is caused 
by the isotope effect.

Replacing l2C by l3C causes only a small shift of the 'll reso­
nances. Effects that are much greater and more commonly 
observed occur in the 13C NMR spectra of deuterated com­
pounds. Figure 2-6 shows the effect on the 13C resonances of 
benzene when all the hydrogen atoms are replaced by deuter­
ium. The figure shows the I;’Cf1HJ NMR spectrum of a mix­
ture consisting of about 10 % C6H6 and 90 % C6D6. For Q,H(1 
we obtain a singlet at d = 128.53, and for C6D6 a triplet, as the 
C.D coupling is not eliminated by the lH broad-band decou­
pling. The middle line of the triplet is shifted relative to the sin­
glet by 33.3 Hz (with an observing frequency of 62.89 MHz). 
Or 0.53 ppm! The average shift caused by a directly bonded 
deuterium atom is about 0.25 ppm, and that caused by a 
geminal deuterium atom is about 0.1 ppm.

Here again, as in chloroform, replacement of the lighter iso­
tope by the heavier isotope results in an increased shielding.
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Figure 2-6.
2)2.0 MHz L’C {'H] NMR spec­
trum of a mixture of about 10% 
CUT and 90 % CSD(V For CbD6 a 
triplet is obtained because of the 
C.D coupling. Isotope shift: 
33.3 Hz (0.53 ppm):
7 (C.D) = 24.55 Hz.

2.1.3 Summary

JH NMR: The chemical shifts of protons are determined 
mainly by the diamagnetic shielding term crdj;1. The paramag­
netic shielding term Opar;1 is only a correction term of relatively 
minor importance. Substituents, magnetic anisotropy of neigh­
boring groups, ring current effects and electric field effects, 
hydrogen bonding, and intermolecular interactions with sol­
vents and complexing agents influence the shielding in specific 
ways. All these effects contribute to the differences that are 
found between the resonance frequencies of protons with dif­
ferent bonding.

I3C NMR: The positions of the resonances for 1 ’C and heavi­
er nuclides are determined mainly by o-para. Intra- and intermo­
lecular effects, expressed in ppm, are similar in magnitude to 
those in 71 NMR spectroscopy, and when considered in rela­
tion to the total shifts they are therefore less important.

The and bC chemical shifts of important classes of com­
pounds will first be described, and this chapter will then con­
clude with a discussion of how spectra are affected by symme­
try, equivalence and chirality.



2 2 Chemical Shifts of 
Organic Compounds

What relationships exist between the chemical shifts and the 
structure of a molecule.’

As we saw in Section 2 I, exact theoretical predictions are 
rarelv possible. I he spectroscopist must therefore proceed 
with interpretation in an empirical wav. reiving either on his 
own experience or on published results - textbooks, published 
tables, spectra catalogs, and more recently on computerized 
spectral data. As an aid to getting started, an account will be 
given below of the chemical shifts of some classes of com­
pounds and - so far as possible -of their special characteristics.

Experience teaches that the signals of more than 95 % of the 
protons in organic molecules lie within rhe narrow range of 
b = 0 to 10. Characteristic ranges for different functional 
groups are shown in Figure 2-1, on a d scale relative to the tetra­
methylsilane reference signal (d (TMS) =- 0). Definite limits for 
the individual groups cannot be given, however. Also the 
ranges often overlap. For example, signals of olefinic protons 
occasionally appear in the range for aromatic signals, or ali­
phatic proton signals in the range for olefinic protons. 
Although the overall spread of about 10 ppm for the proton 
resonances of nearly the entire range of different types of 
molecules may seem very small, one must appreciate that the 
chemical shifts (d-values) can be determined with a precision of 
0.01 ppm or better.

2.2.1 Alkanes and Cycloalkanes

n-Alkanes: The main influence on the chemical shifts of pro­
tons in alkanes is that due to substituents. The signals of substi­
tuted alkanes are distributed over a wide range. Table 2-1 lists a 
few values for methane derivatives. Of the protons in methyl 
halides, the most strongly shielded are those of CH3I. while the 
least shielded are those of CH3F. One may suspect that there is 
a relationship here between the chemical shift and the electro­
negativity of the substituent. This idea is supported by the 
values for the series C-CH3, N-CH3, O-CH3: with increasing 
electronegativity of the substituents the shielding becomes 
smaller, i. e. the d-value increases. The strongly electronega­
tive nitro group shifts the methyl signal down as far as d = 4.33. 
n organometallic compounds such as LiCH3, the protons are 

Particularly strongly shielded as a result of the electropositive 
character of this element. The reference substance TMS also 
e’ongs to this class of compounds.

Table 2-1.
'H chemical shifts of methyl pro­
tons for different substituents X.

X d(X-CH;) Ex‘"

Li -1 1.0
R,Si 0 1.8 (Si)
H 0.4 2.1
CH, 0.8 2.5 (C)
NH, 2.36 3.0 (N)
OH 3.38 3.5 (O)
1 2.16 2.5
Br 2.70 2.8
Cl 3.05 3.0
F 4.25 4.0
COOH 2.08
NO, 4.33

Ex: electronegativities accord­
ing to Pauling [4]
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All these examples are generally considered in terms of 
inductive substituent effects. The effects decrease with the dis­
tance between the substituents and the observed protons, as is 
shown by the following sequence:

influence of each additional

CH,C1
b: 3.05

ch3-ch2-ci ch3-ch2-ch,-ci
1.42 1.04

For multiple substitution the 
substituent is slightly less:

CH4 CHjCI CH2C12 CHCI3
b: 0.23 3.05 5.33 7.26

zlb: 2.82 2.28 1.93

For assigning 'H NMR signals, b-values are in practice often 
estimated by using empirical rules. Out of the many such rules 
that exist, only two will be mentioned here (for some others see 
Section 6.2.2):

• For a given substituent X, methyl protons are usually more 
strongly shielded than methylene protons, and these in turn 
are more strongly shielded than methine protons, e. g.

(CH3)2CHC1 ch3ch2ci ch3ci
b: 4.13 3.51 3.05

• For methylene group protons X-CH2-Y with two substi­
tuents X and Y the chemical shift can be estimated to a good 
approximation using Shoolery’s rule:

d = 0.23 + (2-5)

Here and Sv are effective shielding constants whose 
values for some substituents are listed in Table 6-1 (Section 
6.2.2.1).

o As an example we will assume that it is desired to calculate the 
chemical shift of the methvlene protons in X-benzvlmethylamine 
(5):

Sphenvl =1-83 
= 1-57

2 6 -3.41)

d (CH,) = 0.23 4- 3.40 = 3.63

Comparing this with the observed b-valuc of about 3.6 (Figure 2-7) 
wc find good agreement between the estimate and the experimen­
tal result. The remaining three signals in Figure 2-7 can be easily 
assigned on the basis of the signal intensity ratio (5:2:3: I).

dR



Figure 2-7.
60 MHz 'H NMR spectrum of 
.V-benzylmethylamine (5) with 
integral curve.

Shoolerv's rule can also be applied to trisubstituted 
methanes provided that appropriate care is taken.

Cycloalkanes: In cycloalkanes the chemical shifts of the pro­
tons depend on the size of the ring, on the conformational 
mobility, and on steric effects. In alkyl substituted cycloalkanes 
the steric effect predominates over all others. The d-values 
for a few small-ring cycloalkanes are given in Table 2-2.

The most striking feature is the high shielding of the protons 
in cyclopropane, with the value d = 0.22! This is accounted for 
by the diamagnetic anisotropy of the cyclopropane ring and is 
therefore also the case for substituted cyclopropanes.

When the spectrum of an unknown sample is found to con­
tain signals in the neighborhood of the TMS signal, a three­
membered ring is immediately suspected. Other compounds 
with signals in this region, such as metal alkyl compounds, can 
in most cases be easily ruled out on the basis of the sample’s 
chemical history.

From cycloheptanc up to the larger rings the d-values arc 
nearly constant, varying only by tenths of a ppm.

Table 2-2.
'H chemical shifts of cyclo­
alkanes.

Compound b

Cyclopropane 0.22
Cvclobutane 1.94
Cyclopentane 1.51
Cyclohexane 1.44
Cycloheptane 1.54
Cyclooctane 1.54

Table 2-3.
'H chemical shifts of monosubsti­
tuted ethylenes:
d (ethylene) = 5.28.

H1 H2\ /C=C
X H3

2.2.2 Alkenes

Table 2-3 lists d-values for the olefinic protons in substituted 
ethylene derivatives, which range fromd = 4 to 7.5. The effects 
of substituents can be inductive, mesomeric or steric. A 
method for estimating the chemical shifts using empirically 
determined substituent increments will be described later, in 
Section 6.2.2.2, by giving examples of its application.

X d(H') 
(gem)

b(H2) 
(trans)

b(H?’)
(cis)

CH; 5.33 4.88 4.97
QH; 6.72 5.20 5.72
F 6.17 4.03 4.37
Cl 6.26 5.39 5.48
Br 6.44 5.97 5.84
1 6.53 6.23 6.57
OCH; 6.44 3.88 4.03
OCOCH; 7.28 4.56 4.88
NO, 7.12 5.87 6.55
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2.2.3 Arenes

In aromatic compounds the shielding is determined mainly 
by the mesomeric effects of the substituents. Thus in aniline (6) 
the protons in the ortho and para positions are more strongly 
shielded than the meta (Figure 2-8). Scheme 1 illustrates this by 
showing the mesomeric limiting structures.

6
Scheme I

Furthermore, all the protons here are more strongly shield­
ed than those in benzene (d = 7.27). Evidently the amino 
group increases the electron density in the ring through the + M 
effect - especially at the ortho and para positions in this case.

For nitrobenzene (7) on the other hand, all the signals 
appear at greater d-values; the protons are less shielded than 
the protons in benzene, as the nitro group withdraws electrons 
from the ring (— M effect). Those most strongly affected are 
again the ortho protons, with a d-value of 8.17. These are fol­
lowed by the para protons at d = 7.69 and the meta protons at 
d = 7.53 (Figure 2-9). The mesomeric limiting structures 
(Scheme II) again give a qualitatively correct prediction of this 
result.

It has been found experimentally that for multiple substitu­
tion the substituents give nearly constant additive contribu-



1
Scheme II

H-2,6

Figure 2-9.
250 MHz 'H NMR spectrum of 
nitrobenzene (7) in CDCI;.

tions to the chemical shifts of the remaining ring protons. For 
many substituents these contributions have been determined 
from the experimental data in the form of incremental con­
stants. These can be used, together with the d-value for 
benzene (7.27), to estimate the chemical shifts of the aromatic 
protons for different benzene derivatives. The necessary 
formula and incremental constants are given in Section 6.2.2.3 
together with an example of their application.

2.2.4 Alkynes

The special position of acetylene has already been discussed 
in detail in Section 2.1.2.1. where the cause of the unexpectedly 
high shielding was explained. Unfortunately the region where 
the chemical shifts of acetylenic protons are found (d ~ 2 to 3) 
overlaps with those of many other types of protons, especially 
that of substituted alkanes. Consequently a signal in this region 
does not provide unambiguous evidence for protons next to a 
triple bond. The coupling multiplet pattern and the magnitudes 
of the coupling constants may serve as further aids to assign­
ment. since acetylenic proton signals can only be split by long- 
range couplings. An example is provided by the spectrum of 
Propynol (8) (Figure 2-10).
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Figure 2-10.
250 MHz ’H NMR spectrum of propynol (8). The multiplets are shown expanded by the same factor in 
each case. 4./(H.H) = 2.4 Hz: V(H.OH) = 5.8 Hz.

The chemical shifts of acetylenic protons in individual cases 
depend on the electronegativities of the substituents, on the 
conjugation, and - to an especially large extent in alkynes - on 
the solvent.

For example, an alkyl group increases the shielding, while an 
aryl group reduces it:

HC = CH HC = ( - CH3 HC = C C6H5 
d: 2.36 1.8 3.0

2.2.5 Aldehydes

The signals of aldehydic protons RCHO can be recognized 
immediately from their characteristic position in the region 
d ~ 9 to 11. Whenever signals consisting of simple multiplets 
appear in this part of the spectrum of an unknown substance, 
an aldehyde is at once suspected.

For propionaldehyde (9). for example, we find a triplet at 
d ~ 9.8 (Figure 2-11).



ch3

Figure 2-11.
250 MHz 'H NMR spectrum of propionaldehyde (9) in CDC1,. The multiplets are shown expanded by 
the same factor in each case. J (H'.H") = 1.4 Hz.

The substituent effects in this case are not large. Thus, the 
signal of the aldehydic proton of acetaldehyde (10) is at b = 9.8. 
while that of crotonaldehyde (11) is at d = 9.48, and that of 
benzaldehyde (12) at b = 10.0. Even conjugation with a CC 
double bond or with a phenyl ring docs not cause any great 
shifts, as these examples show.

/C-CH3 
H9.8 w

xc-ch=ch2
H
9.48 , ,

2.2.6 OH, SH, NH 0

The positions of the resonances of protons in OH, SH and 
NH groups are subject to considerable variation. These hydro­
gen atoms can form hydrogen bonds, they can undergo 
exchange, and they have varying degrees of acidic character. 
Their chemical shifts are further influenced by concentration, 
temperature, solvent, and by impurities such as water. The 
measured d-values are only reproducible under well-defined 
experimental conditions. Consequently the chemical shift 
ranges listed in Table 2-4 for a few particular classes of com­
pounds can be used for signal assignment only with great care.

H
1 o.o 1 2



Some generalizations are possible from these values, however: 
OH signals may be found anywhere in the spectrum, whereas 
SH and NH resonances usually fall within narrower regions.

The spectra of two alcohols have already been encountered: 
that of benzyl alcohol in Figure 1-21. and that of propynol in 
Figure 2-10. For benzyl alcohol under the measurement condi­
tions used the OH signal is at about d = 5.3; it is split into a tri­
plet by its coupling with the methylene protons. The OH sig­
nal of propynol is found at d = 4.11. This signal too is split into 
a triplet by coupling with the methylene protons. OH signals 
are more usually singlets, however, and these are often broad­
ened. This is caused by the exchange of the hydrogen atoms 
under observation (Section 11.3.7). Where several exchange­
able hydrogen atoms are present in the molecule, intra- and 
intermolecular exchange processes lead to averaged signals.

In amides the NH protons do not usually exchange so read­
ily, with the result that even couplings to vicinal protons can be 
observed.

The exchange of hydrogen atoms with deuterium is of great 
practical importance, as the corresponding signals in the 
*H NMR spectrum disappear following the H-D exchange. 
This effect is used as an aid to assignment (Section 6.2.5).

Compound types d (H)

Table 2-4.
Chemical shift ranges for OH, 
NH and SH protons.

- OH: Alcohols 1 - 5
Phenols 4 - 10
Acids 9 - 13
Enols 10 - 17

— NH: Amines 1 - S
Amides 5 — 6.
Amido groups
in peptides 7 - 10

- SH: Thiols
aliph. 1 - 2.
arom. 3 - 4

2.3 13 C Chemical Shifts of
Organic Compounds

Figure 2-2 gives an impression of the regions in the spectrum 
where one can expect to find the 'C resonance signals of the 
carbon atoms in organic molecules. As in *H  NMR spectro­
scopy. the reference substance is TMS. It should be noticed 
that LlC resonances extend over a range of 200 ppm, which is 
about twenty times greater than that for 'H resonances. Conse­
quently, for the same line width one can expect to obtain better 
separation of the signals in L’C spectroscopy than in 'H spec­
troscopy. Owing to the method of observation used, the chemi­
cal shifts are usually the only parameters that can be obtained 
from the C NMR spectrum. A knowledge of the relationships 
between chemical shifts and molecular structure is therefore 
even more important in 1 'C spectroscopy than in 'H spectros­
copy.

Often the spectrum contains simply one signal for each car­
bon atom in the molecule, and it is thus necessary to assign each 
signal to the correct carbon atom. In the following sections the 
chemical shifts of some selected classes of compounds will be 



discussed by considering a few examples. More detailed infor­
mation on aids to assignment and special techniques will be 
given in Section 6.3. There we shall also discuss how chemical 
shifts can be predicted using empirical correlations.

The d-values listed in Tables 2-5 to 2-14 are taken from the 
extensive collection of data published by Kalinowski, Berger 
and Braun [5].

2.3.1 Alkanes and Cycloalkanes

Whereas the ‘H NMR spectra of hydrocarbons consist of 
broad unresolved bands in the narrow range d == 0.8 to 2, their 
l3C resonances extend over 50-60 ppm, with the result that 
usually a separate signal appears for each carbon atom, unless 
the molecule has a symmetrical structure. Comparing the 'H 
and '"C NMR spectra of methylcyclohexane (13) in Figure 
2-12 A and B, the superiority of L,C spectroscopy for this class 
of compounds is clearly seen.

Figure 2-12.
A: 250 MHz 'H NMR spectrum 
of mcthylcyclohexane (13).
B: 62.89 MHz 13C NMR spec­
trum of 13.



Alkanes: In alkanes the chemical shift of a particular klC nu­
cleus depends on the number of neighboring carbon atoms at 
the a and p positions and on the degree of branching. Some 
representative d-values are given in Table 2-5.

The chemical shifts can be predicted very satisfactorily using 
the relationships derived by Grant and Paul and by Lindeman 
and Adams (Section 6.3.2).

Substituents have a considerable influence on the chemical 
shifts. This is shown in Table 2-6 where a number of propane 
derivatives are taken as examples. It is seen that merely replac­
ing a hydrogen atom by a methyl group reduces the shieldings 
of the a- and/L^C nuclei by 8.8 and 8.6 ppm respectively, while 
in contrast the shielding of the y-k'C nucleus is increased by 
3 ppm (referred to as the «-, /?- and y-effects respectively). The 
a-cffect increases with increasing electronegativity of the sub­
stituent (Table 2-6) - fluorine induces a shift of nearly 70 ppm! 
For chloro- and bromopropane too there is a clear relationship 
to the electronegativity. The effect of iodine is an exception to 
the pattern. Here the large number of electrons in the iodine 
atom and the spin-orbit coupling [6] apparently influence the 
diamagnetic shielding term of the directly bonded l3C nucleus; 
this “heavy atom effect" increases where there is multiple sub­
stitution. Thus for CI4 we find b = — 292.2, which is up to now 
the largest upfield shift found for a neutral molecule.

The /3-effect is much smaller, and is always a deshielding 
effect. However, there appears to be no direct relationship to 
the electronegativity. The y-effect causes the 'C nuclei con­
cerned - those of the CI I , group in our example - to be more 
strongly shielded. Such an increase in shielding is found for 
almost all substituents in acyclic alkanes. This y-effect is attri­
buted to steric interactions.

In Section 6.3.2.1 we shall see how substituent increments 
can be used to predict the chemical shifts of the klC nuclei at the 
a-, ft- and y-positions.

Cycloalkanes: Table 2-7 gives the b-values for cyclopropane 
up to cycloheptane. The k,C nuclei in cyclopropane have an 
exceptionally large shielding, which is an effect similar to that 
found in II NMR spectroscopy. For all other rings from the 
five-membered up to the largest the k’C resonances are within a 
very narrow range between about b = 24 and b = 29. Only for 
the strained ring cyclobutane does the shielding remain some­
what greater than that for the larger rings.

Substituent effects have been studied in particular detail for 
the cyclohexane system, especially for alkyl substitution [7],

Compound d (C1) b (C2)

Table 2-5.
I3C chemical shifts of alkanes.

ch4 - 2.3
H3C-CH3 6.5
CH,(CH3), 16.1 16.3
(H,C-CH2)2 13.1 24.9
CH(CH,), 24.6 23.3
( iCII 27.4 31.4

Tabelle 2-6.
L'C chemical shifts of propane 
derivatives
XC“H2—C’H,— ( II

X b(C“) b (Cj) b (C)

H 16.1 16.3 16.1
CH, 24.9 24.9 13.1
NH, 44.6 27.4 11.5
OH 64.9 26.9 11.8
NO, 77.4 21.2 10.8
F 85.2 23.6 9.2
Cl 46.7 26.0 11.5

35.4 26.1 12.7
1 9.0 26.8 15.2

Table 2-7.
I!C chemical shifts of cyclo­
alkanes.

Compound b

Cyclopropane - 2.8
Cvclobutane 22.4
Cyclopentane 25.8
Cyclohexane 27.0
Cycloheptane 28.7



2.3.2 Alkenes

The l3C resonances of double-bonded carbon nuclei are 
found in a broad range from d ~ 100 to 150. The chemical shifts 
oiven in Tables 2-8 and 2-9 for some ethylene derivatives show 
how these are affected by alkyl substituents and by substituents 
with widely differing inductive and mesomeric properties.

From the few values given in Table 2-8 we can already see 
that for alkyl-substituted ethylenes the olefinic L’C nuclei carry­
ing the substituents are less shielded (d ~ 120 to 140) than those 
at the terminal position (d ~ 105 to 120). The presence of a 
second alkyl group in geminal dialkyl derivatives further 
increases this effect (d > 140 in most cases). Scarcely any differ­
ence is found between £ and Z isomers.

Table 2-8.
"C chemical shifts of alkenes.

Compound b(C') d(C2) d(C2)

H,C = (If 123.5
HjC’C'H = C2H, 133.4 115.9 19.9

HtCCH = CHCH, £«) 124.2 11.4
H,CCH = CHCH, (trans) 125.4 16.8
(H,C),C = CH, 141.8 111.3 24.2

Cyclohex-l-ene 127.4 25.4
(C4: 23.0)

The large effects that substituents can cause are seen in Table 
2-9. With the exceptions of Br, CN and I. the substituent effects 
reduce the C1 shielding and increase the C2 shielding compared 
with ethylene. Thus, in contrast to the alkanes the substituent 
effect alternates in this case. The large influence on the C1 
shielding can be qualitatively accounted for by the inductive 
substituent effect. In addition one expects a contribution from 
the mesomeric effect.

The very large ^-effects of CH3O and CH,COO as substi­
tuents can best be understood by considering the mesomeric 
limiting structures (14). These show that the mesomeric effect 
increases the electron density at the C2 atom and therefore also 
the nuclear shielding.

© o
1I:C ~ Q - C'H = C2H2 H3C - O = CH - C2H2

Table 2-9.
L’C chemical shifts of mono- 
substituted ethylenes.

H H\ 1 2 /c=c/ \X H

dC) d(C2)

52.5 153.2 84.1

133.4 115.9
CH = CH. 137.2 116.6

123.5 123.5

C(,H5 137.0 113.2
F 148.2 89.0
Cl 125.9 117.2
Br 115.6 122.1
I 85.2 130.3
OCH, 153.2 84.1
OCOCHj 141.7 96.4
NO, 145.6 122.4
CN 108.2 137.5

14



Iodine behaves anomalously as a substituent owing to the 
heavy atom effect.

In Section 6.3.2.2 we shall see how empirically determined 
substituent increments can be used to predict the chemical 
shifts of substituted olefins.

2.3.3 Arenes

The 'C signals of benzene, alkyl-substituted benzenes, 
fuzed ring arenes and annulenes are found within the compara­
tively narrow range of d — 120 to 140. This is illustrated by the 
examples shown in Scheme III.

128.3
126,6

126.3
==/126.3 :2.4

19.6

126.1
Scheme III

Introducing substituents extends the range of chemical 
shifts, and signals of substituted arenes can be expected any­
where within the range d = 100 to 150. As we have already 
seen, the LlC resonances of alkenes also lie within this region, 
and this can sometimes cause problems in assignments. Table 
2-10 lists the bC resonances of the ring carbons for some mono- 
substituted benzenes.

Table 2-10.
bC chemical shifts of monosubstituted benzenes.

X b(C') 0 (C2) d(C2) d(C4)

H 128.5
Li 186.6 143.7 124.7 133.9
CH, 137.7 129.2 128.4 125.4
COOH 130.6 130.1 128.4 133.7
F 163.3 115.5 131.1 124.1
OH 155.4 115.7 129.9 121.1
NH, 146.7 115.1 129.3 118.5
NO, 148.4 123.6 129.4 134.6
I 94.4 137.4 131.1 127.4



Comparing these with the d-value for benzene, the extreme 
cases in the table are phenyllithium (d = 186.6) with a very 
large downfield shift of the C1 resonance relative to benzene, 
and iodobenzene (b = 94.4) with a large upfield shift of C1. In 
all such compounds the I3C resonance most strongly affected is 
that of the carbon atom bearing the substituent, followed by 
the C2'6 (ortho) and C4 (para) resonances; the C' "’ (meta) reso­
nances show the smallest effects. The shifts depend on the 
inductive and mesomeric properties of the substituents. (For 
substituents with appreciable +M or — M effects, such as OH. 
bd-T or NO2, it is helpful to draw the mesomeric limiting struc­
tures.) In addition steric effects or anisotropy effects may play 
a part, and for iodine the heavy atom effect must again be 
taken into account.

It should be mentioned here that there have been many 
attempts, with varying degrees of success, to correlate such 
chemical shifts with theoretically calculated charge densities. or 
with substituent constants such as the Hammett and Taft con­
stants [8.9].

The large amount of experimental data that are available on 
benzene derivatives with two or more substituents have led to 
the conclusion that the substituent effects are, to a good ap­
proximation, additive. Based on this a convenient incremental 
system has been developed for predicting chemical shifts, and 
will be described in Section 6.3.2.3 together with a table of 
increments and examples of its use. Experience shows that 
good agreement is obtained between calculated and measured 
values, provided that there are not too many substituents and 
that they are not in positions ortho to each other.

Heteroaromatic compounds: In aromatic heterocycles the 
shieldings of the ring carbon nuclei are essentially determined 
by the heteroatom. Pyridine (15) will be considered as a typical 
representative of this class of compounds. Here the L’C nuclei 
at the a and y positions are less shielded than the carbons of 
benzene, whereas those at the [3 position are slightly more 
shielded. These observations are qualitatively accounted for by 
the electron density distribution and the mesomeric limiting 
structures shown in Scheme IV

136.0

15
Scheme IV

For pyridine derivatives the chemical shifts can again be pre- 
^lc c< using substituent increments, taking as the starting 

values for the individual LlC nuclei those measured for 
Pyridine itself [9],



2.3.4 Alkynes

Comparing the measured d-values for acetylene (71.9) and 
ethylene (123.5) we see that the C nuclei in acetylene are 
remarkably highly shielded. The magnetic anisotropy of the 
CC triple bond, which accounted for the large shielding of the 
protons in alkynes (Section 2.2.4). is insufficient to explain the 
L’C shielding. To find the main cause we must look at the para­
magnetic shielding term up:lr:i, as it is chiefly this term which 
determines the shieldings of nuclei (Section 2.1.1). Since 
zlE is greater for acetylene than for ethylene, this means that 
fjpLlr;l is smaller in magnitude for acetylene than for ethylene. 
However. opara is a negative correction term in Equation (2-2). 
and consequently the LlC nuclei in acetylene are more highly 
shielded than those in ethylene. The same argument also holds 
for substituted alkynes (Table 2-11). The substituent effects arc 
surprisingly large in some cases, e. g. for the ethoxy group.

In halogen-substituted acetylenes the heavy atom effect 
is particularly noticeable when the series is compared. In 
C4H9-C2 = C’-I the C1 signal is found at d = — 3.3, while that 
of C2 is at 96.8.

X d(C‘j d(C2)

Table 2-U.
L’C chemical shifts of mono­
substituted acetylenes.
H - C s C - X

H- 71.9
Alkyl- 68.6 84
H-C s C- 64.7 68.8
Phenyl- 77.2 83.6
CH,CH,O- 23.4 89.6

2.3.5 Allenes

In allene (16) the most striking feature is the low shielding of 
the central carbon nucleus (C2) with d = 212.6. The same effect 
is also observed in allene derivatives, whose central carbon 
nuclei have d-values between 195 and 215. Conversely the two 
outer nuclei (Ci ?l have shieldings greater than those of the 
olefinic carbons in alkenes. The shielding values are influenced 
by substituents: replacing all four hydrogen atoms by methoxy 
groups (17) even reverses the relationship between the chemi­
cal shifts.

H, 212.6
'C = C = C 73.5

HZ XH
16

HjCO. 114.2 /0CH3 
'C = C=C 152.1

H3CC> OCHj

17

2.3.6 Carbonyl and Carboxy Compounds

The 12’C resonances of carbonyl groups (in ketones and alde­
hydes) and of carboxyl groups and derivatives thereof (in 
anhydrides, esters, acyl halides and amides) are found in the 
range from d = 160 to 220 (Fig. 2-2). In most cases these are 
quaternary carbon atoms, which in general give very low signal 
intensities owing to their long spin-lattice relaxation times T,



(see Chapter 7). The low shielding values of the LiC nuclei in 
these functional groups are mainly attributable to the paramag­
netic shielding term.

2.3.6.1 Aldehydes and Ketones

The 13C chemical shifts for a number of aldehydes and 
ketones are listed in Table 2-12. These examples show that the 
shielding values of the carbonyl L’C nuclei in aldehydes and 
ketones are among the smallest found, being in the range from 
(5 = 190 to 220.

With increasing alkyl substitution the carbonyl shieldings are 
further reduced (i.e. d increases). Di-/-butyl ketone with 
d = 218.0 and hexachloroacetone with d = 175.5 are two 
opposite extreme cases. Where there is conjugation with an 
unsaturated moiety such as a vinyl or phenyl group the 
shielding is increased. However, the substituent effects arc 
much smaller than for alkanes.

Table 2-12.
|!C chemical shifts of aldehydes and ketones.

Compound 6(C) d(C2) h(C3) 6(0

H,C2-C‘HO 200.5 31.2
h,c-ch2-cho 202.7 36.7 5.2
(CH,),CH-CHO 204.6 41.1 15.5
(CH,),C-CHO 205.6 42.4 23.4
H.C = CH-CHO 193.3 136.0 136.4
C6H,-CHO 191.0
ch,c2oc'h., 30.7 206.7
c4h,c’h2c2oc'h, 27.5 206.3 35.2 7.0
(CH,),CHCOCH, 27.5 212.5 41.6 18.2
(CH,),CCOCH, 24.5 212.8 44.3 26.5
(CH,),CC;OC2(CH,), 28.6 45.6 218.0
Ph-CO-Ph 195.2
C1,C‘C2OCC1, 90.2 175.5
HT = C2H-C’OCH, 128.0 137.1 197.5 25.7

The chemical shift ranges for aldehydes and ketones over­
lap. and in many cases a clear decision between the two 
Possibilities cannot be made on this basis alone. Such a 
Problem can easily be resolved, however, by recording the L’C 
spectrum with off-resonance decoupling (Section 6.3.3); the 
signal of the carbonyl 13C nucleus in a ketone remains a singlet



in the off-resonance spectrum, whereas that in an aldehyde 28.s 566
becomes a doublet. yp [<201.1

In 1,3-diketones the b-values are about the same as in mono- 0 q
ketones. For example, the carbonyl signal of acetylacetone in ~ 20%
the keto form 18a is at b = 201.1, differing considerably from' 1 OQ
the signal of the corresponding carbon in the enol form 18b
(Scheme V). 1

2.3.6.2 Carboxylic Acids and Derivatives

The shieldings of the carboxyl group 1 ’C nuclei in monocar­
boxylic acids are greater than those for the carbonyl group in 
ketones and aldehydes. These resonances are found in the 
region from b ~ 160 to 180. Table 2-13 lists chemical shifts for 
several compounds that are derived, either directly or formally, 
from acetic acid; the corresponding substituted derivatives of 
other carboxylic acids show similar trends in their b-values.

~ 80%
18b

Scheme V

Table 2-13.
i3C chemical shifts of acetic acid derivatives.

Compound b(C') b(C2)

C2H,C'OOH 176.9 20.8 (pD 1.5)“’
CH ( ()() 182.6 24.5 (pD 8)'”
( Il ( <)\i( II ) 170.4 21.5 CH,: 35 and 38.0
CH,COO 170.4 33.6
CH,COOCH, 171.3 20.6 OCH,: 51.5
CH,COOCH = CH, 167.9 20.5 =CH: 141.5

= CH2: 97.5
(CH,CO),O 167.4 21.8
CH,COSH 194.5 32.6

Solvent: D2O.

The transition from the acid to the carboxylate ion which 
occurs in alkaline solutions causes a reduction in the shielding 
of the carboxyl 13C nucleus, and also in those of the carbon nu­
clei at the a, fi and y positions. On the other hand the shielding 
in amides, acyl halides, esters and anhydrides is in all cases 
greater than in the parent acids; in general the b-values 
decrease in the sequence stated.

If the hydrogen atoms of the CH, group in acetic acid are for­
mally replaced by methyl groups, the carboxyl L'C signal 
appears at a higher b-value (Table 2-14).



shifts of a-substituted acetic acids.
Table 2-14.
i’C chemical

Compound d(C') d(C:) d(C3)

.--- ------
h-ciicooii 175.7 20.3
C’H.-C H ,_C' OOH 179.8 27.6 9.0
(CHft-CH —COOH 184.1 34.1 18.1
(CH-.ftC-COOH 
h,n_CH--COOH (D?O)

185.9 38.7 27.1

pD 0.45 171.2 41.5
pD 12.(15 182.7 46.0

HO_CH -COOH (D;O) 177.2 60.4
CICH.-COOH 173.7 40.7
ChC-COOH 167.0 88.9
H,C’= C:H —COOH 168.9 129.2 130.8
GH.-COOH 168.0

The chemical shifts of amino acids arc strongly pH-depend- 
ent, as expected from their amphoteric character (Scheme VI).

Carboxylic acids form dimers by hydrogen bonding. Dimers 
and monomers coexist in solution, the equilibrium being 
dependent on concentration, temperature and, above all, on 
the choice of solvent. Chemical shift changes of several ppm 
due to effects of this kind are generally found.

Where the carboxyl group undergoes conjugation with an 
unsaturated group, as in acrylic acid (d = 168.9) or benzoic acid 
(d = 168.0). the shielding is increased, i.e. the d-value is 
smaller than that for acetic acid.

In the unsaturated dicarboxylic acids maleic acid (19) and 
fumaric acid (20). the effect of the two different carboxyl group 
configurations on the carboxyl l?C resonances is less noticeable 
than that on the olefinic resonances.

When the oxygen atom in carbonyl compounds is replaced 
by sulfur, the signals for all these classes of compounds are 
shifted 20-40 ppm towards higher d-values, i. e. the LlC nuclei 
are less shielded. Finally, it should be mentioned that for carbo­
xylic acids and amino acids too there exist empirical correla­
tions for predicting the chemical shifts as functions of the types 
and positions of substituents [10].

H®R-CH-COOH R-CH-COOH
®NH3 \ h® nh2

Scheme VI

Hx130.4zH
/C = C\ 166.1HOOC COOH

19

HOOC 134.2 H
/C = C\ 166.1H COOH

20



2.4 Relationships between the 
Spectrum and the Molecular 
Structure

2.4.1 Equivalence, Symmetry and Chirality

In Chapter 1 we learned the following two rules:
• equivalent nuclei have the same resonance frequency, and 
• couplings between equivalent nuclei cannot be observed in 

first-order spectra.

From these rules we can, by a purely qualitative argument, 
conclude further that the greater the extent of equivalence be­
tween the nuclei in a molecule, the simpler will be its spectrum 
and the fewer the lines in it.

Equivalence can result not only from molecular symmetry, 
but also from conformational mobilities such as rotations or 
inversions (Chapter 11). The effects of equivalence and symme­
try are seen especially clearly in the k’C NMR spectrum, where, 
due to the large chemical shift differences, a singlet is usually 
found for each chemically different type of carbon atom in the 
molecule, provided that C.H couplings are eliminated by II 
broad-band decoupling. The number of signals is reduced 
according to the extent of equivalence between the l3C nuclei.

Examples to illustrate effects of equivalence:
O Methyl groups play an important role in 'H NMR spectroscopy, as 

the three hydrogen nuclei are always equivalent. In methylene 
groups also the two hydrogen nuclei are often equivalent: thus it is 
usually easy to recognize the signals of an ethyl group - a triplet and 
a quartet.

O In benzene, as a result of the high degree of symmetry in the mole­
cule. all the T1 nuclei and all the L’C nuclei are equivalent, giving 
only one line in each spectrum.

O In a monosubstituted benzene the symmetry gives three sorts of 
hydrogen nuclei, the ortho pair, the meta pair, and the single para 
proton. The spectrum can be very complex, as in the case of nitro­
benzene (7) (Figure 2-9). but despite this one can recognize the 
three groups of multiplets. The L’C spectrum of 7 shows the mole­
cular symmetry very clearly, with only four signals for the six car­
bon nuclei (Table 2-10).

O Figure 2-13 shows the ’H NMR spectra of three isomeric disuhsti- 
tuted benzenes. The three spectra can be correctly assigned at once 
from symmetry considerations: p-dichlorobenzene (21) gives only 
one signal; o-dichlorobenzcne (22) gives a symmetrical spectrum of 
the AA'BB' or [AB], type (Sect. 4.5.2): //z-dichlorobenzene (23) 
has three chemically different types of hydrogen nuclei, and 
accordingly gives a more complex spectrum (AB,C type). The L’C



H-6.5H-3.6

A

Figure 2-13.
250 MHz 'H NMR spectra of 
A: p-dichlorobenzene (21) in 
CDCU
B: nt-dichlorobenzene (23) in 
CDCL
C: p-dichlorobenzene (22) in 
acetone/CDClj.

7-8 7.7 7.6 7.5 7.^ 7.3 7.2 5

spectra can be assigned even more easily: for para substitution only 
two signals are obtained, for meta substitution four, and for ortho 
substitution three!
There are three isomeric dichlorocyclopropanes, namely the 1.1 
(24). cis-1.2 (25) and tratis-1.2 (26) isomers.
Here the method of assigning the spectra by simply counting the 1 C 
NMR signals fails, as all three compounds give two singlets.



However, in this case the 'H NMR spectra clearly show the sym­
metry. In 1.1-dichlorocyclopropane (24) the four protons are equi­
valent. giving only one signal. The trans isomer (26) has a C2 axis of 
symmetry, and the molecule therefore has two sorts of protons. 
The cis isomer (25) has a plane of symmetry, giving three sorts of 
protons, and therefore the most complex of the three spectra.

° Next we consider the 'H NMR spectra of allyl alcohol (27). propy­
lene oxide (methyloxirane. 28). and trimethylene oxide (oxetane. 
29). which are shown in Figure 2-14. These three compounds - to­
gether with propionaldehyde (9). whose spectrum is shown in 
Figure 2-11-are constitutional isomers with the common molecular 
formula C,H6O. Although the spectra are very complex in parts, 
they can be assigned by analyzing the structural formulas in terms 
of symmetry elements and equivalent protons.

The reader should note that many of the finer details of the 
spectra shown in this section will be better understood after 
studying the next two chapters.

To end this section we consider the spectra of chiral mole­
cules, i. e. those that can occur in two enantiomeric forms. The 
NMR spectra of the two forms are exactly the same. Neverthe­
less, it is possible to distinguish between them by preparing 
diastereomers, which have different chemical and physical 
properties, and also different NMR spectra (see Chapter 12).

If a molecule contains a diastereotopic group, evidence of 
chirality can be obtained even without preparing diastereo­
mers. In practice such studies are confined to 'H NMR spec­
troscopy, the commonest diastereotopic groups being CH2 and 
C(CH3)2 groups. Since experience has shown that difficulties 
are often encountered with the analysis and interpretation of 
such data, we will have a closer look in the next section at the 
problems posed by homotopic, cnantiotopic and diasterco- 
topic groups.



CH3
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Hc 0*  CH3
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Figure 2-14.
250 MHz 
in CDC1,.

‘H NMR spectra of A: trimethylene oxide (29), B: propylene oxide (28), C: allyl alcohol (27)



2.4.2 Homotopic, Enantiotopic and 
Diastereotopic Groups

If we consider a methylene group CH2 or an isopropyl group 
C(CH;,)2. are the two constitutionally identical hydrogen 
atoms or methyl groups equivalent or not? The answer to this 
question is of great importance for solving stereochemical 
problems.

If we first confine our attention to the methylene group, we 
need to answer the following questions: firstly, do the two 
methylene protons give a singlet or a four-line AB type spec­
trum (Section 4.3.2). and secondly, what does this tell us?

In stereochemistry it is usual to distinguish three possible 
relationships between the two hydrogen atoms of a CH2 group; 
according to Mislow the pair can be homotopic, enantiotopic or 
diastereotopic.

Homotopic protons are equivalent, and therefore give one 
signal in the spectrum, if we are considering an isolated CH2 
group. An example is methylene chloride, CH2C12 (30), in 
which the two hydrogen atoms are homotopic. The molecule 
has a two-fold (C2) axis of symmetry; this is both a necessary 
and a sufficient condition for the equivalence. The methylene 
protons in most ethyl groups are also equivalent like those in 
methylene chloride, as a result of rapid rotation.

However, there are some methylene groups in which the 
protons only appear to be equivalent, even though they would 
exchange positions if reflected in a plane (mirror symmetry 
plane). An example is bromochloromethane (31). If we 
imagine looking from H1 towards the carbon atom we see that 
the other substituents Br, Cl and H are arranged in a clockwise 
(pro-7?) configuration, whereas viewed from FT the order of 
the substituents is reversed, being in the anticlockwise (pro-S) 
configuration. Or, putting this in another way, if we were to 
replace one of the hydrogen atoms by deuterium, two different 
enantiomers would be formed. Hydrogen atoms with this 
property are called enantiotopic. Compound 31 is said to be 
prochiral, not chiral. In the allene derivative 32 the two methy­
lene protons are again enantiotopic. In the *H  NMR spectrum 
we find that enantiotopic protons are indistinguishable. If we 
assume for the moment that there are no spin-spin couplings to 
other neighboring nuclei, such a pair gives a singlet.

If the two hydrogen atoms of a methylene group cannot be 
imagined to exchange positions either by rotation about an axis 
of symmetry or by reflection in a plane of symmetry, they are 
said to be diastereotopic. As an example we will consider the 
two methylene protons HA and HB in 1.2-propandioI (33). If 
one of these hydrogen atoms were replaced by a substituent R. 
two different diastereomers would be obtained - hence the

30

H1

H2
31

XCOOH 
AC=C=(/

H \
32



term diastereotopic. The two atoms HA and HB are attached to 
a prochiral center, and are therefore not equivalent; further­
more, even rapid rotation around the C'-C2 bond does not 
make them equivalent. Consequently HA and HB always give 
separate signals, except in cases where the resonance frequen­
cies are accidentally equal (isochronous). The simplest way of 
explaining this is by considering the Newman projection formu­
las for the three rotational isomers as shown in Scheme VIII.

CH, I HO-C2-Hc
ho-c1-ha

33

Scheme VIII

How do the respective environments, and thus the magnetic 
shieldings, appear to the protons HA and HB in the three 
conformers I, Il and III? If we list only the nearest and second 
nearest neighbors, we obtain the following expressions:

for Ha:
OH,CH3/H,H(b1) OH,OH/H,CH3(<52) OH,H/H,OH(b3) 

for Hb :
H,H/OH,OH(b4) H,CH3/OH,H(b5) H,OH/OH,CH3(d6)

All six environments are different. If the rotation around the 
central C-C bond were frozen out the chemical shifts observed 
for Ha would be bt in rotamer I, b2 in rotamer II, and b3 in 
rotamer III, while for HB the corresponding d-values would be 
^4, and b6. However, as very fast rotation occurs at room 
temperature, these b-values become averaged:

bA = bj H- Xu b2 + xnl b3 (2-6~)
bB = Xj b4 + Xu d5 + xln b6

*i ’ *11 and xin are the weightings (i. e. molar fractions) which 
must be applied to the b-values to take into account the relative 
probabilities of the three rotamers I to III (see Chapter 11). It 
follows directly from (2-6) that, even in the case when all three 
[planters are present in equal amounts (xj = xn = xin = 1/3).

and bB are not equal, unless they coincide accidentally! The 
same argument applies whether one considers the enantiomer 
Or the racemate.

CH2 groups or C(CH3)2 groups are always non-equivalent 
'''hen the molecule contains an asymmetrical atom (which may 
e a carbon. trivalent phosphorus or sterically fixed trivalent



nitrogen atom), or, expressing this more generally, when the 
molecule is chiral.

Examples:
(n the spectrum ot valine (34. Figure 2-15) the methyl protons give 
four signals near d « 1. This is explained by the fact that CJ is an 
asymmetrical carbon atom, and the two methyl groups are there­
fore diastereotopic: consequently they give separate resonances. 
Due to the coupling with H'’ we find two doublets.

3.5 3.0 2.5 2.0 1.5 1.0 5

HOOC-
,?qA)

-CH-CH
NH2 CH5(B)

34

Figure 2-15.
250 MHz 'H NMR spectrum of

Figure 2-16.
60 MHz 'H NMR spectrum of 
the biphenyl derivative 35 in 
CDClj. Adding a trace of 
CF3COOH causes the signal at 
b = 3 to disappear (exchange of 
the OH proton, see Section 
11.3.7).

valine (34) in D2O. The methyl 
region is shown expanded.

c For the biphenyl derivate 35 (Figure 2-16) we find two signals at 
r) = 1.42 and 1.65 for the two methyl groups of the isopropyl 
moiety. In this case the molecule is chiral owing to the hindered 
rotation around the central CC bond (i. e. it exhibits atropisomer- 
ism. or has conformational enantiomers).

There are some CH? groups in which the two hydrogen 
atoms are diastereotopic even though the molecule as a whole 
is achiral. The classical example is acetaldehyde diethyl acetal 
(36). in which the two methylene protons of each ethyl group 
are diastereotopic. The ethyl group component of the spec­
trum is much more complex than usual (Figure 2-17). and is of 
the ABX3 type (see Chapter 4). In this case C1 is a prochiral 
center.
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Figure 2-17.
250 MHz H NMR spectrum of 
•■icetaldehyde diethyl acetal (36) 
>n CDC1-, with mteurated curve.

An analogous situation is found in the partly deuterated 
citric acid (37, Figure 2-18). Here too the two methylene pro­
tons are diastereotopic, and they give an AB type spectrum 
(see Section 4.3).

COOD
HA-C-HB I DOOC-C-OD 37
ha—c—hb I COOD

2.8 2.7 2.6 2.5 5

Figure 2-18.
250 MHz 'H NMR spectrum of 
citric acid (37) in D:O.

Disregarding for the moment the last two cases of molecules 
with a prochiral center, one can formulate the following general 
rule: if the methylene protons or the two methyl groups of an 
isopropyl moiety are non-equivalent, the molecule is chiral. On 
the other hand, if the spectrum indicates that they are equiva­
lent the converse is not necessarily true, since it is possible for 
the resonance frequencies to coincide accidentally.

2.4.3 Summary

Molecular symmetry has the effect of simplifying the spec­
trum, since equivalent nuclei have the same resonance fre­
quency, i.e. they are isochronous. Enantiomers are indistin­
guishable in the NMR spectrum. If a methylene or isopropyl 
group is attached to a chiral group, the geminal hydrogen 
atoms or methyl groups are diastereotopic; they have different 
magnetic shieldings and therefore give separate signals.
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3 Indirect Spin-Spin Coupling

3.1 Introduction

How are the magnitudes of the coupling constants related to 
chemical structure? Are H.H and C.H coupling constants in­
fluenced in the same way by substituents? What is the signifi­
cance of the signs of coupling constants? Can coupling con­
stants be calculated from theory? What is the underlying 
mechanism of the coupling?

In this chapter we will attempt to answer these questions. 
The main emphasis will be on H.H and C.H couplings, but C,C 
and H,D couplings will also be discussed.

Coupling constants between protons will be denoted by 
J(H,H), those between klC nuclei by J (C.C), between protons 
and deuterons by J(H,D) and between protons and L’C nuclei 
by J(C,H). The number of bonds between the coupled nuclei 
will be indicated by a superscript preceding the /; thus 
denotes a coupling between the nuclei of atoms directly bonded 
to each other, 2J a geminal coupling, 7 a vicinal coupling, and 
> + '7 a long-range coupling.

In practice the most important types of couplings are those 
between protons, since 7-values occur as spectral parameters in 
every !11 NMR spectrum. In contrast C.H coupling constants 
are not usually evident from the bC NMR spectrum, as their 
effects are eliminated by 'H broad-band decoupling (Section 
5.3). Whether or not it is worthwhile to undertake a separate 
experiment to determine these couplings depends on the 
nature of the problem. With regard to determining C.C cou­
pling constants, the question of time and effort in relation to 
the value of the information arises even more forcefully.

Table 3-1 gives an approximate indication of the ranges of 
values that can be expected for the different types of coupling 
constants, extreme cases being here ignored.

The values of lJ. 2J and ’7 vary over quite wide ranges. Evi­
dently, therefore, the internuclear distances alone cannot 
account for the values. Analysis of the known data has shown 
that the molecular structure is of crucial importance. For this 
reason coupling constants arc very interesting spectral para- 
meters from the chemist’s point of view.
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Table 3-1.
General summary of the orders of magnitude and signs of H,H. 
C.H and C.C coupling constants.

J(H.H) Sign 
[Hz]

./(C.H) 
[Hz]

Sign ./(C.C) Sign1'1 
[Hz]

'J 276al positive 125-250 positive 30-80 positive
-J 0-30 usually neg. - 10 to + 20 pos./neg. <20 pos./neg.

0-18 positive 1-10 positive 0-5 positive
0- 7 pos./ncg. < 1 pos./neg. < 1 pos./neg.

For H2. b) Determined in only a few cases.

The factors influencing coupling constants include:
• the hybridization of the atoms involved in the coupling
• bond angles and torsional angles
• bond lengths
• the presence of neighboring .T-bonds
• effects of neighboring electron lone-pairs
• substituent effects.

The coupling constant is therefore not an easy quantity to 
interpret; furthermore, theoretical predictions of values have 
only been successful in a few special cases. It is nearly always a 
question of proceeding the other way round, i. e. trying to 
account theoretically for the experimentally determined cou­
pling constants.

The majority of spectra are analyzed by first order methods. 
This gives the absolute magnitudes of the coupling constants, 
which is quite sufficient for most problems. However, certain 
effects can only be understood by introducing the sign into the 
discussion.

The following sections will show some of the ways in which 
H,H, C,H and C,C coupling constants are influenced by the 
chemical structures of the molecules under investigation. Cou­
plings between the 'll or L’C nuclei and other species such as 
UN, ^N, WF, 29Si. 31P or 19bPt will only be mentioned occasion­
ally; however, couplings to deuterium will be discussed in some 
detail, as they are of considerable practical and theoretical 
importance. The final part of the chapter will give a simplified 
discussion of the theory of the coupling mechanism, and will 
consider some other related questions such as how one can 
measure coupling constants when the coupled nuclei are equiv­
alent (Section 3.6.2).



3.2 H,H Coupling Constants and 
Chemical Structure

3.2.1 Geminal Couplings 2J(H,H)

A geminal coupling can be observed between the protons of 
a CH2 group, provided that they are not chemically equivalent 
(Section 1.6.2). They are non-equivalent if, for example, the 
CH2 group forms part of a rigid molecular structure , or, more 
generally, if the two protons are diastereotopic (Section 2.4.2).

The results from analyzing a large amount of experimental 
data have shown that the magnitude of the geminal coupling 
depends on:
• the H-C-H bond angle
• the hybridization of the carbon atom, and especially
• the substituents.

Geminal coupling constants are usually negative, i. e. 
2J(H,H) < 0.

3.2.1.1 Dependence on Bond Angle

The dependence of geminal coupling constants 2/(H,H) on 
the bond angle is illustrated by the values for methane (1), 
cyclopropane (2) and ethylene (3) (Figure 3-1).

H
c <t> 
V

-2 to -5
120° 

cyclopropane:

-4.5 Hz

2

IHzl -11 to -14
® 109°

Examples: methane:

-12.4 Hz

+3 to -3 
120°

ethylene:

+2.5 Hz

3

Figure 3-1.
Dependence of geminal coupling 
constants on the bond angle 0.1

From these and many other examples the following correla- 
hon is observed: the greater the bond angle <t> between the 
coupled nuclei, the more positive is 2J(H,H).

The coupling constant of —4.5 Hz for cyclopropane lies be­
tween the values for methane and ethylene. Thus we again find 
that cyclopropane and its derivatives occupy a special position, 
as Was the case for the ' H and 13C chemical shifts (Sections 2.2.1 
and 2.3.1).



3.2.1.2 Substituent Effects

Substituted alkanes and cycloalkanes: In saturated com­
pounds an electronegative substituent at the a position intro­
duces a positive contribution to the geminal coupling. The 
coupling constants listed in Table 3-2 show this effect taking a 
number of methane derivatives as examples. For multiple sub­
stitution the substituent effects are additive.

In three-membered rings (Table 3-3) 2/(H,H) again 
becomes more positive with increasing electronegativity of the 
substituent.

It is seen from these examples that the signs of the coupling 
constants must be taken into account. If the signs were ignored 
the values for the three-membered rings would not show a con­
sistent trend.

In cycloalkanes the geminal coupling constants generally 
have values of — 10 to — 15 Hz. The only exception is cyclo­
propane with a value of — 4.5 Hz.

Formaldehyde (4) has a coupling constant of + 41 Hz, which 
is the largest so far known. This is probably due to a combina­
tion of several different factors, namely the hybridization, the 
electronegativity of the substituent, the proximity to a .T-bond, 
and the electron lone pair on the oxygen atom.

Substituted ethylenes: In the case of ethylene derivatives an 
electronegative substituent (e. g. fluorine) at the position 
causes a negative contribution to the geminal coupling, 
whereas an electropositive substituent such as lithium causes a 
positive contribution. Values for a few compounds are listed in 
Table 3-4.

Compound 2J [Hz]

Table 3-2.
Geminal H,H coupling constants 
in substituted methanes.

ch4 -12.4
CHjOH -10.8
CH3C1 -10.8
CH3F - 9.6
ch2ci2 - 7.5
CH2O + 41.o

H / 
O=C \ 

H 
4

Table 3-3.
Geminal H,H coupling constants 
in three-membered rings.

O + 5.5 3.5

X 2 J [Hz] Z7 a) ^X

ch2 - 4.5 2.5
s (±)0.4 2.5
NR + 2.0 3.0

a> Electronegativities according to 
Pauling.

3.2.1.3 Effects of Neighboring ^'-Electrons

Neighboring ^-electrons generally cause a negative contri­
bution to the geminal coupling. Since 27(H,H) usually has 
negative sign, the absolute magnitude increases. This effect is 
especially large when the line joining the two coupled protons is 
parallel to the neighboring p- or T-orbital (see sketch).

Such a stereochemical configuration is present in cyclopent­
ene-1,4-dione (5), for which 2/(H,H) = —22 Hz! The effect is 
also apparent in toluene (6), in which the methyl protons have 
a geminal coupling constant of — 14.4 Hz. It is true that this 
value is only 2 Hz more negative than that found for methane, 
but here one must take into account the fact that the measured 
value is an average; the rapid rotation of the methyl group does 
not result in the optimal relative orientation.

5
2 J = -22 Hz



3.2-2 Vicinal Couplings V(H,H)

Vicinal proton-proton couplings in saturated compounds 
have been very thoroughly studied, both experimentally and 
theoretically, and the factors influencing 3J(H,H) are therefore 
very well understood. They are: 
• the torsional or dihedral angle 
• the substituents
• the distance between the two carbon atoms concerned
• the H-C-C bond angle.

An initial impression of the values and trends is obtained 
from Table 3-5, which summarizes the expected ranges and 
typical values for different classes of compounds, the sign being 
positive throughout.

In the following discussion the main emphasis will be con­
cerned with the dependence of vicinal coupling constants on 
the dihedral angle and on substituents.

Table 3-4.
Geminal H,H coupling constants 
in monosubstituted ethylenes.

X 2/(H,H)a) 
[Hz]

p b)

Li + 7.1 1.0
H + 2.5 2.2
Cl - 1.4 3.0
och3 -2.0 3.5
F -3.2 4.0

a) Values from [1] p. 384.
h| Electronegativities according to 

Pauling.
Table 3-5.
Ranges and typical values of vicinal H,H coupling constants.

Compound V(H,H) [Hz]
Rangeb> Typical valueb)

Cyclopropane cis 6-10 8
trans 3- 6 5

Cyclobutane cis 6-10 -
trans 5- 9 -

Cyclohexane a, a 6-14 9
a,e 3- 5 3
e, e 0- 5 3

Benzene ortho 6-10 9
Pyridine 2,3 5- 6 5

3,4 7- 9 8
H-C-C-H 0-12 7
=CH—CH= 9-13 10
-ch=ch2 cis 5-14 10

trans 11-19 16
>cH-CHO 1- 3 3
=cH-CHO 5- 8 6
cH-NHa) 4- 8 5
CH- OHa) 4-10 5
CH-SHa) 6- 8 7

Not exchanging. b) All values are positive.



3.2.2.1 Dependence on the Dihedral Angle

Karplus curves: An important contribution to the under­
standing of vicinal couplings in saturated systems was made by 
M. Karplus [2]. On the basis of calculations he stated the form 
of the dependence of the vicinal coupling constant on the 
dihedral angle <P. The lower curve of Figure 3-2 corresponds 
approximately to the theoretical Karplus curve. The hatched 
area indicates the range within which 3J(H,H) is found to vary 
in practice.

Figure 3-2.
Range of observed vicinal 
coupling constants for different 
values of the dihedral angle # 
(Karplus curve).

Evidently the coupling constants are largest for <£> = 0° or 
180°, and smallest for 0 = 90°.

The most important uses of the Karplus relationship are in 
determining the conformations and configurations of ethane 
derivatives and saturated six-membered rings. It is also applied 
when the coupling is transmitted through nitrogen, oxygen or 
sulfur atoms, provided that no exchange of protons attached to 
the heteroatom occurs. The dependence of the vicinal coupling 
constant on the dihedral angle, as formulated by Karplus, is 
without doubt one of the most important relationships in con­
formational analysis, possibly more so than any other.

Ethane derivatives: The vicinal coupling constants 3J(H,H) 
for ethane derivatives, e. g. in ethyl groups, are usually about 
7 Hz. This typical value corresponds to an averaged coupling, 
since at room temperature there is rapid exchange between the 
different rotamers (Scheme I).



Scheme I

In rotamers I and III there is a gauche coupling (’’./„) with 
<p = 60°, while in rotamer II there is a trans coupling (3Jt) with 
<p = 180°. From Figure 3-2 we read off the following values for 
the coupling constants at these angles: 3Jg « 3-5 Hz, 

~ io -16 Hz. If all three rotamers are involved in the equili­
brium in equal amounts, fast rotation results in a vicinal cou­
pling constant which is the arithmetic average as given by 
Equation (3-1):

’./ = 1/3 (2 3Jg + 3Jt) « 7 Hz (3-1)

However, if the three rotamers have different energies the 
position of the equilibrium is determined by the energy differ­
ences between them. The observed coupling constant is then 
given by :

J x j Jg I x J। I .x j j j Jg (3-2)

where x represents the molar fraction of each rotamer. If the 
spectrum is recorded at different temperatures the equilibrium 
ratios are shifted, and in such cases the observed coupling 
constant3J is temperature-dependent.

Example:
0 For 2-methyl-3-dimethyIamino-3-phenylpropionic acid ethyl ester 

(7) the vicinal coupling constant is found to be 11 Hz, and is unaf­
fected by whether the molecule is in the threo or erythro form. This 
value is significantly larger than the 7 Hz average that one would 
expect from Equation (3-1) if we had x । = xn = xln = 1/3. From this 
we can conclude that in both forms the two coupled protons occur 
preferentially in the trans conformation, i. e. the equilibrium in 
each case is shifted in favor of conformer II (see Scheme II).

cooc2h5
H-C-CH, 

I 3 
(ch3)2n-c-h

Ph 
7

Six-membered rings, cycloalkanes: The conformational ana­
lysis of ring compounds, especially cyclohexane derivatives and 
the stereochemically similar carbohydrates of the pyranose 
type, presents a rich field for the application of the Karplus 
curve. The preferred conformation of all these six-membered 
nngs - e. g. cyclohexane (8) - is the chair form. In this confor­
mation a distinction is made between the axial (a) and equato- 
nal (e) positions of the hydrogen atoms. Depending on the 
relative positions of the coupled hydrogen nuclei three differ­
ent vicinal couplings are thus possible: 3Jaa, 3Jae and 3Jee. For 
t e coupling 3./a;i the dihedral angle is approximately 180°, and a 
e^Pling constant of 10-16 Hz is therefore expected. The values



H
h3c h

H
h5c2ooc ch3

h5c( n(ch3)2 
cooc2h5

H5C6

erythro

n(ch3)2

H
ch3

n(ch3)2 
cooc2h5

H5C6

h3c

n(ch3)2

cooc2h5

threo

Scheme II

found experimentally are about 7-9 Hz. For protons in the ee 
or ae conformations the angle is only about 60°, which should 
give coupling constants of about 3-5 Hz. In practice values of 
about 2-5 Hz are found. ,j ~

As the two ranges are quite well separated it is nearly always 3 3 aa
possible to distinguish between aa couplings on the one hand ^ae ~ ^ee ~ 
and ae or ee couplings on the other hand. Having determined Ha
the relative positions of the hydrogen atoms from the vicinal 
H,H coupling, those of the substituents follow automatically.
By this means it has been possible to elucidate the structures of He
many sugars. 8

7-9 Hz
2-5 Hz

He

Example:
O Figure 3-3 shows the 250 MHz H NMR spectrum of glucose in 

D2O. The solution contains glucose in the a and forms (9 a and 
9£).
We wish to find the relative proportions of these two anomers. For 
this we first need to know which signals come from a-glucose and 
which from /3-glucose. The simplest method is to look for the reso­
nance of the proton on C1. This anomeric proton, H-l, is the least 
shielded of the ring protons because of the two a oxygen atoms. 
Furthermore, it is coupled to only one other proton, H-2, and is 
therefore the only proton in the molecule which gives a doublet. 
We find one such doublet at <5 = 4.65 and the other at <5 = 5.24. 
These have vicinal coupling constants V(H-l,H-2) of 7.9 Hz and 
3.7 Hz respectively. The larger value is characteristic of an axial- 
axial coupling, which one expects for /3-glucose where the OH 
group is in the equatorial configuration. The smaller coupling is 
therefore identified as the axial-equatorial coupling in a-glucose. 
The integrated areas of the two doublets give proportions of about 
40% a-glucose and 60% /i-glucose.



Figure 3-3.
250 MHz 'H NMR spectrum of glucose (9) in D2O. The residual HDO signal of the solvent was sup­
pressed (see Section 7.2.4 and Ref. [32] of Chap. 11).

Cyclopropane (2) and its derivatives are the only cyclo­
alkanes - apart from six-membered ring compounds with a 
rigid chair conformation - for which stereochemically distinct 
vicinal coupling constants are found. The 3J values for cis pro­
ton pairs are usually between 6 and 10 Hz, while those for trans 
proton pairs are between 3 and 6 Hz (see sketch).

3.2.2.2 Substituent Effects

Saturated compounds, alkanes: From the coupling constants 
for a few ethane derivatives as listed in Table 3-6 a general tend­
ency can be seen: electronegative substituents reduce the 
coupling, but the effect is not very great.

The relationship between coupling constants and the 
differences between the electronegativities Ex of the substi­
tuents and the value Etl for hydrogen can be described by a 
s*mple empirical equation:

3J(H,H) = 8.0 - 0.8 (Ex - £h) (3-3)

However, we must bear in mind that usually only an aver- 
agcd vicinal coupling is observed owing to rotation about the 
CC bond.

X-CH2 - CH3

Table 3-6.
Vicinal H,H coupling constants 
in monosubstituted ethanes.

X
[Hz]

F a>

Li 8.4 1.0
H 8.0 2.2
CHj 7.3 2.5
Cl 7.2 3.0
OR 7.0 3.5

a) Electronegativities according to 
Pauling.



Ethylene derivatives: In ethylene and ethylene derivatives 
the coupling between cis proton pairs is smaller than that 
between trans proton pairs.

H H H
\ / \ 

c=c c=c \ 
H

= 6-14 Hz (usually 10) = 14-20 Hz (usually 16)

Scheme III

As is evident from the data in Table 3-7, both these types of 
couplings are greatly affected by substituents, and become 
smaller as the electronegativities of the substituents increase.

Table 3-7.
Vicinal H,H coupling constants in monosubstituted ethylenes.

X 3J„S |Hzp [Hz]i>) f N

Li 19.3 23.9 1.0
H 11.6 19.1 2.2
Cl 7.3 14.6 3.0
OCH, 7.1 15.2 3.5
F 4.7 12.8 4.0

a) Values from [1] p. 384. b) Electronegativities according to 
Pauling.

The dependence of the cis and trans coupling constants on 
substituent electronegativity is empirically described by Equa­
tions (3-4):

37cis = 11-7 - 4.7 (Ex - Eh) n 4,
Xans = 19.0 - 3.3 (Ex - Eh) 1 J

The resulting ranges of values for3 Jcis and 3Jtrans do not over­
lap except in a few cases (Li and F), and the measured coupling 
constants can therefore be used to determine the configuration 
at the double bond.

Cycloalkenes: In small strained rings the cis vicinal couplings 
remain significantly smaller than the normally expected value 
of about 10 Hz (Table 3-8), and only when we reach the seven­
membered ring does the coupling increase to 10 Hz. Evidently 
the H-C-C bond angle has an important effect here.

Table 3-8.
Vicinal H,H cis coupling con­
stants in cycloalkenes.

34s [«zlCompound

Cyclopropene 1.3
Cyclobutene 3.0
Cyclopentene 5.0
Cyclohexene 9.0
Cycloheptene 10.0



Aldehydes: The vicinal coupling to an aldehydic proton is 
relatively small. For acetaldehyde (10) 3 J is 2.9 Hz, and for 
propionaldehyde (11, see Figure 2-11) it is 1.4 Hz.

10

0
3.2.3 H,H Couplings in Aromatic 

Compounds
,c-ch2-ch3

1.4 Hz

Benzene derivatives: In benzene and its derivatives the ortho, 
meta and para couplings are different (Table 3-9), and by ana­
lyzing the aromatic region of the proton spectrum (<5 = 6 to 9) 
one can therefore determine the arrangement of the substi­
tuents. It is often possible to analyze the spectrum by first- 
order methods, particularly if the spectra have been recorded 
at a high resonance frequency. A good review of this topic is 
given in the article by M. Zanger [3].

For naphthalene (12) two different ortho coupling constants 
are found: 3J12 = 8.3 Hz and 3/23 = 6.9 Hz (J13 = 1.2 Hz and 
j14 = 0.7 Hz). The difference between the ortho couplings is 
probably due mainly to the different bond lengths.

Heteroaromatics: In heteroaromatics the coupling constants 
depend on the electronegativity of the heteroatom, the bond 
lengths, and the charge distribution in the molecule.

H,H coupling constants in ben­
zene and benzene derivatives.

Table 3-9.

J [Hz] Benzene Derivatives

Jo 7.5 7-9
Jm 1.4 1-3
Jp 0.7 < 1

Table 3-10.
H,H coupling constants in pyridine and pyridine derivatives.

J (H,H) [Hz] 
Pyridine Derivatives

ortho 2.3
3.4

4.9
7.7

5-6
7-9

meta 2.4 1.2 1-2
3.5 1.4 1-2
2.6 -0.1 0-1

para 2.5 1.0 0-1

H

11

In pyridine (13) and its derivatives the ortho coupling is, as in 
benzene, considerably larger than the meta and para couplings, 
and thus it is usually possible from these and the chemical shifts 
to completely determine the pattern of substitution.

In five-membered aromatic heterocycles such as furan, thio- 
Phene and pyrrole, on the other hand, the differences between 

e ortho, meta and para couplings are much smaller, and con- 
Sequently they do not always lead to structural assignments.
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3.2.4 Long-range Couplings

In saturated systems couplings through more than three 
bonds are often less than 1 Hz. However, they can be particu­
larly large for molecules in which the bonds linking the coupled 
nuclei are in a sterically fixed “W” configuration, as shown by 
the examples 14 to 18 in Scheme IV

H
+3 to +4

15

Scheme IV

Coupling constants 47(H,H) in W configurations always 
have positive sign.

In non-fixed systems such as propane (19) and its derivatives, 
4J(H,H) values are less than 0.5 Hz, and are therefore only 
observable under conditions of good resolution.

Couplings through four bonds between protons in allylic 
compounds can be quite large. These couplings are strongly 
dependent on the angle 0 between the C-H bond and the axis 
of the %-orbital in the double bond (see sketch). The sign of the 
allylic coupling is always negative.

Couplings through five or more bonds can only rarely be 
observed. Exceptions to this are found for couplings through 
zig-zag bond systems in unsaturated compounds, e. g. in naph­
thalene (20), benzaldehyde (21), and in allenes (22) and 
alkynes (23) (see Scheme V).

Very large values are often found for homo-allylic proton 
pairs. In unsaturated five-membered heterocycles (24) a 5J 
coupling through four single bonds and one double bond is 
observed.

<t> = 0° : maximum (-3 Hz) 
= 90 °: minimum (—0.5 Hz)

h3C\ z,h
c=c=cz

h3cz \
H3C-C=C-CH2CHj

X = 0, NH 
up to 7.0 Hz

24
3.0 Hz

22
2.6 Hz

23

Scheme V



3,3 C,H Coupling Constants 
and Chemical Structure

33I C,H Couplings through One Bond
V(C,H)

3.3.1 -1 Dependence on the s-Fraction

The C,H coupling constants measured for ethane, ethylene 
and acetylene (Table 3.11) suggest that there may be a relation­
ship between V (C,H) and the hybridization of the carbon atom 
involved. These observations are in fact described by an em­
pirical correlation between the s-fraction (denoted by s) and 
the coupling constant:

7(C,H) = 500 5 (3-5)

The quantity 5 can assume values which range from 0.25 to 
0.5 as the hybridization changes from sp3 to sp.

Table 3-12.
Coupling constants ‘J(C,H) in 
cycloalkanes [4],

Compound ‘J(C,H) [Hz]

Cyclopropane 160.3
Cyclobutane 133.6
Cyclopentane 128.5
Cyclohexane 125.1

Cyclodecane 124.3

Table 3-U.
Coupling constants 7(C,H) in ethane, ethylene, benzene and 
acetylene with hybridization and fraction of s-character in the 
hybrid orbitals.

h3c-ch3 h2c=ch2 C6H6 hc=ch

'/(C.H) [Hz] 124.9 156.4 158.4 249.0
Hybridization sp3 sp2 sp2 sp
s-fraction 0.25 0.33 0.33 0.5

Equation (3-5) is valid to a good approximation for acyclic 
hydrocarbons and for both saturated and unsaturated cyclic 
hydrocarbons with six or more carbon atoms in the ring (Tables 
3-12 and 3-13). For the strained three- and four-membered 
nngs, however, larger deviations from the equation are found.

Compound 'J(=C,H) [Hz]

Table 3-13.
Coupling constants V(C,H) in 
cycloalkenes.

Cyclopropene 228.2
Cyclobutene 168.6
Cyclopentene 161.6
Cyclohexene 158.4
C„H2„ _ 2 (n > 6)= 156

$-3.1.2 Substituent Effects

Substituents have a considerable influence on C,H coupling 
instants. If, for example, one of the hydrogen atoms of 
^ethane is replaced by the strongly electronegative substituent 

u°nne, the coupling constant increases from 125 Hz to
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149.1 Hz, whereas lithium, being an electropositive substitu­
ent, reduces it to 98 Hz. It seems likely that the changes in 
^(CjH) with these highly polar substituents are due to their 
inductive effects rather than to differences in hybridization. 
Some further data are listed in Table 3-14.

The effects found for methane derivatives can also be 
observed for other saturated compounds, and this leads to the 
following general rule: electronegative substituents increase 
!J (C, H) while electropositive substituents reduce it.

In ethylene derivatives too, 7(C,H) is strongly affected by a 
geminal substituent; for example, ^(C.H) for the a-carbon in 
fluoroethylene (25) is 200.2 Hz compared with 156.4 Hz in 
ethylene (Table 3-11)!

The value of ^(CjH) for benzene is 158.4 Hz (Table 3-11). In 
a monosubstituted benzene there are three different (C.H) 
values, namely 1J(C-2, H-2), */(C-3,  H-3) and ^(C-d, H-4), 
and the effect of the substituent diminishes with increasing dis­
tance; the largest deviations from the benzene coupling con­
stant are found to be about 10 Hz.

'/(C.H) coupling constants are always positive!

Table 3-14.
Coupling constants ‘/(C,H) in 
monosubstituted methanes.

13CH3-X 7(C,H) [Hz]

F 149.1
Cl 150.0
OH 141.0
H 125.0
CH3 124.9
Li 98.0

3.3.2 C,H Couplings through Two or 
More Bonds

3.3.2.1 Geminal Couplings
(i. e. 2J(C,H) in H-C-13C)

The magnitudes of geminal coupling constants depend on 
the molecular system in question, as is evident from the values 
listed in Table 3-15. If we exclude the extreme values found for 
acetylene and its derivatives, the rest of the geminal coupling 
constants lie within the range — 10 to + 20 Hz.

From a chemical standpoint the structural element H-C-13C 
can undergo many different possible variations in making up a 
molecule: substitution at one or both carbon atoms, incorpora­
tion into chains or rings, single or double bonding between the 
carbon atoms, etc. All these variations affect the coupling con­
stant in different ways [6]. The couplings in arenes will be dis­
cussed in Section 3.3.3.

Table 3-15.
Geminal C,H coupling constants 
(2/(C,H)) in ethane, ethylene, 
benzene and acetylene.

Compound i/tC.H) [HZJ

Ethane 
Ethylene 
Benzene 
Acetylene

- 4.5
- 2.4
+ 1.1
+ 49.6



<13 2 2 Vicinal Couplings
’ ’ (i.e. 3J(C,H) in H-C-C-13C)

Since the coupling between vicinal protons is of such great 
importance for elucidating the stereochemistry of organic 
molecules (Section 3.2.2), it is appropriate to ask whether this 
also applies to ’./(C.H) couplings. Theoretical studies on pro­
pane [7,8] do in fact lead to a relationship between these vicinal 
coupling constants and the dihedral angle, which is identical to 
that shown for H,H couplings in Figure 3-3. The shape of the 
curve has been confirmed by measurements on nucleosides and 
carbohydrates. The largest couplings of 7-9 Hz were found for 
0 = 0° and 180°, while for <X> = 90° the coupling was near zero. 
The relationship \/(180°) > ’./ (0°) was again found to hold. 
The vicinal couplings also depend on the CC bond length, the 
bond angle and the electronegativities of substituents.

In ethylene derivatives such as propene (26) the trans cou­
pling is found to be greater than the cis coupling, as in case of 
the corresponding H,H couplings. Also in toluene (27), with 
the coupled nuclei in a cis configuration, 3/(C,H) is smaller 
than in benzene (28) with a trans configuration. However, both 
these couplings are smaller than the corresponding couplings in 
propene (26). (This comparison does not take into account the 
different bond lengths.)

7.6 Hz

26

27

28

3.3.2.3 Long-range Couplings 3 + '7(C,H)

Long-range C,H couplings are not usually detectable, but a 
few exceptions to this rule have been found for conjugated 
7-bonded systems.

3-3.3 C,H Couplings in Benzene Derivatives

In benzene there are four different C,H couplings: 7(C,H), 
•I (C,H),3J (C,H) and 4 J (C,H). In a monosubstituted benzene 
there are 16 coupling constants, excluding any couplings to the 
substituent nuclei, namely three V(C,H) couplings, five each 
°f 2/(C,H) and 37(C,H) couplings, and three 4/(C,H) cou­
plings. Table 3-16 lists a selection of these coupling constants 
for benzene, toluene, chlorobenzene and fluorobenzene; in 
each case the couplings given are those between C1 and the ring 
Protons. These data serve merely to indicate the approximate 
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magnitudes of the different types of J(C,H) couplings in these 
compounds. (The remaining 13 coupling constants for these 
and many other monosubstituted benzenes can be found in 
[6])-

The most important result is: couplings through three 
bonds are greater than those through two bonds, i. e. 
3/(C,H) >2J(C,H).

Table 3-16.
Some C,H coupling constants for benzene, toluene, chlorobenzene 
and fluorobenzene.

H

X ‘/(C'.H1) 2/(C\H2) 3J(C'.H3) 4J(C\H4) 
[Hz]

H 158.4 + 1.1 + 7.6 - 1.3
ch3 + 0.5 + 7.6 -1.4
Cl -3.4 + 10.9 - 1.8
F -4.9 + 11.0 -1.7

This statement still holds when the coupled 13C nucleus is at 
the 2, 3 or 4 position in the ring.

The effects of substituents on the coupling constants differ 
greatly, and no generalizations are possible. To give an indica­
tion of the range of variations that can be found for a single 
substituent, the ranges of the couplings for chlorobenzene (29) 
are listed here.

For heteroaromatic compounds such as pyridine there is not 
such a clear division between the ranges of values found for 
2J(C,H) and 3J(C,H).

V(C,H):
2/(C,H):
3J(C,H):
4J(C,H):

161.4 to
-3.4 to

5.0 to
— 0.9 to

ci

29

164.9 Hz 
+ 1.6

11.1
-2.0 a k

 s 
N

 N N
3.4 C,C Coupling Constants and 

Chemical Structure

Despite new measurement techniques and spectrometers 
with high sensitivity, measuring C,C coupling constants is still a 
time-consuming task; this is because the probability of two 13C 
atoms being present together in the same molecule is low 
(about 10 4). One must either have a very large sample 
(> 100 mg) and a very long data accumulation time, or resort to 
using l3C-labeled compounds with an enrichment of 80 to 
90%.



The 7(C,C) values given in Table 3-17 for ethane, ethylene 
and acetylene show how widely the coupling constants vary, 
suggesting that they have the potential to yield much useful 
information.

For the biochemist especially the qualitative evidence of a 
’J(C,C) coupling is interesting, as it can contribute to the eluci­
dation of biochemical reaction pathways (Chapter 14).

labie >i/.
C,C coupling constants in 
ethane, ethylene and acetylene.

Compound V(C,C) [Hz]

Ethane 34.6
Ethylene 67.6
Acetylene 171.5

3.5 Correlations between C,H and
H,H Coupling Constants

Having now encountered in this discussion a wide variety of 
C,H and H,H couplings, we need to consider whether there 
exist patterns which are common to both. Are C,H and H,H 
couplings affected in similar ways by stereochemical factors, 
changes in hybridization, substituents and other variables? - in 
other words, is there a correlation between C,H and H,H cou­
plings?

Let us therefore compare the C,H and H,H coupling con­
stants for molecules with the same or similar structures, first for 
geminal then for vicinal couplings. If such a correlation exists 
we should expect to find a constant value for the ratio 
J(C,H) :7(H,H).

With this aim in mind Marshall and Seiwell [9] synthesized a 
series of carboxylic acids with 13C-labeled carboxyl groups, e. g. 
crotonic, benzoic and cyclohexylcarboxylic acids. As compari­
son compounds for measuring the H,H coupling constants they 
took propene, benzene and cyclohexane respectively. To 
explain which pairs of C,H and H,H coupling constants are to 
be compared, just one example is illustrated here, that of 
labeled crotonic acid (30) and propene (31) (Scheme VI).

The experiments gave widely differing results. The ratio 
•?(C,H) :37(H,H) for the couplings through three bonds for 
alkanes, alkenes and arenes is always within the range 0.5 to 
0.85, with an average value of 0.61. The variations are so small 
(standard deviation 0.061) that we can state the following cor­
relation:

37(C,H) «= 0.6 37(H,H) (3-6)

Scheme VI

In cases where H,H coupling constants can be measured 
Equation (3-6) can be used to estimate the corresponding C,H 
couplings. However, the following points must always be kept 
>n mind:

the comparisons are only valid for molecules with similar 
structures;
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• in arriving at the correlation (3-6), the compounds studied 
were those in which a hydrogen atom in the comparison 
compound was replaced by a carboxyl or methyl group;

• the calculation gives only an approximate estimate of C,H 
coupling constants.

A comparison of C,H and H,H couplings through two bonds 
unfortunately does not lead to any simple general relationship. 
For alkanes it is found that the ratio 2J(C,H):2J (H,H) is less 
than 0.5, whereas for alkenes and arenes it varies between 1.5 
and 4, and for carbonyl compounds between 0.5 and 1.0. 
Although these ratios can be used to give rough estimates of 
2J(C,H) values in each of the different types of compounds, 
the large differences found between the different compound 
types indicate that substituents and changes in hybridization in 
the H-C-l3C and H-C-H structural units do not affect the two 
coupling constants in the same way in these cases.

3.6 Coupling Mechanisms

3.6.1 The Electron-Nuclear Interaction

In Section 1.6.2. Iwe excluded the direct interaction through 
space from our discussion, since in solution it is averaged to 
zero. We assumed instead that the interaction between neigh­
boring nuclei with magnetic moments, the indirect spin-spin 
coupling, takes place through the bonds. It depends on the 
magnetic moments of the coupled nuclei, and is independent of 
the strength of the applied magnetic field (Chapter 1). Is there 
a simple physical picture to describe this interaction and give us 
a clear understanding of its mechanism?

The only way in which information can be carried between 
the coupled nuclei is through the bonding electrons. However, 
in order for the electrons to transmit information about the 
orientations of neighboring nuclei in the magnetic field, there 
must be an interaction between the nuclei and the electrons. In 
the case of H,H and C,H couplings this interaction arises from 
the so-called Fermi contact term. The Fermi contact is the name 
used to describe the direct interaction between the magnetic 
moments of the nuclei and those of the bonding electrons in 
s-states, since these are the only ones which have a finite proba­
bility density function at the position of the nucleus. In hydro­
gen these are the Is electrons, and in carbon the 2s electrons.



We can use a greatly simplified vector model (due to Dirac) 
to understand the coupling mechanism, taking as an example 
the HD molecule. The gyromagnetic ratio y is positive for both 
the H and the D nuclei.

According to this model the energetically preferred state is 
that in which the nuclear magnetic moment (e. g. that of hydro­
gen) and the magnetic moment of the nearest bonding electron 
are in an antiparallel configuration. According to the Pauli ex­
clusion principle the second electron of the bonding pair must 
then orientate itself with its spin in the opposite direction. Since 
this bonding electron is on average closer to the second nucleus 
(the deuteron in our example), this nucleus in turn has a pre­
ferred orientation in which its magnetic moment is antiparallel 
to that of the electron. In this way each nucleus responds to the 
orientation of the other. Figure 3-4 shows the energetically 
preferred configuration of the HD molecule.

We can now understand why coupling constants often show a 
strong dependence on the s-fraction of the bonding orbitals as 
determined by the hybridization. The most striking example of 
this was in Equation (3-5) (Section 3.3.1), which gives the rela­
tionship between V(C,H) and s-fraction.

The coupling constant is defined as having positive sign if its 
effect is to stabilize the state in which the nuclear spins are anti­
parallel (Section 4.3.1), as in our example of the HD molecule. 
In this case we therefore expect that, for nuclei with y > 0, lJ 
should be positive:

V > 0

This has been confirmed experimentally in most cases.
In coupling through two bonds there is an additional atom 

between the coupled nuclei. This may be a carbon atom or 
some other atom, e. g. oxygen as in the H—O—H molecule.

In the CH2 group the bonding electrons responsible for the 
coupling belong to different orbitals of the carbon atom. 
According to Hund’s rule the energetically preferred state is 
that in which the electron spins of the two bonding electrons of 
the carbon atom are parallel. The preferred configuration of 
the remaining electron and nuclear spins follows directly from 
this. The resulting situation is shown in Figure 3-5.

In a CH2 group where this applies the favored state is that in 
which the spins of the protons are parallel, and according to the 
definition 2 J should be negative. Experiments confirm this 
Prediction too.

These considerations lead one to expect that the sign of the 
coupling should change with each additional intervening bond. 
This is mainly true for H,H couplings, although there are many 
exceptions.

The coupling diminishes rapidly as the number of bonds be- 
tWeen the coupled nuclei increases. Consequently H,H cou­

Figure 3-4.
Indirect spin-spin coupling in the 
HD molecule, transmitted 
through the bonding electrons. 
The sketch shows the energeti­
cally preferred configuration of 
the nuclear and electron spins.

Figure 3-5.
Indirect spin-spin coupling 
through two bonds in a CH2 
group. The sketch shows the 
energetically preferred configura­
tion of the nuclear and electron 
spins.



plings through more than three bonds are only detectable in 
exceptional cases.

In unsaturated compounds it appears that the %-electrons 
are involved in the coupling, despite the fact that %-orbitals 
have a node at the position of the nucleus and the probability 
density function at this point, and therefore the contribution 
from the Fermi contact term, is zero. The existence of an inter­
action is explained by the o-n spin polarization mechanism, 
which is also invoked to account for the hyperfine coupling in 
electron spin resonance (ESR) spectra.

To arrive at a quantitative description of C,C couplings, the 
Fermi contact term alone is not sufficient, even though it is the 
dominant factor. For F,F couplings, and to an even greater 
extent for heavier nuclei, the Fermi contact term plays only a 
minor role [10].

3.6.2 H,D Couplings

To conclude we will consider the heteronuclear coupling be­
tween hydrogen and deuterium nuclei. So far as the mechanism 
is concerned, we start from the fact that H,D couplings, like 
H,H couplings, are determined entirely by the Fermi contact 
term. According to theory the coupling constant is then pro­
portional to the product of the gyromagnetic ratios:

J(H,H) cc yH yH and J(H,D) - yH 7d (3-7)

Isotopic substitution does not alter the electron wave func­
tions appearing in the calculation of the coupling, and conse­
quently the H,H and H,D coupling constants are proportional 
to the gyromagnetic ratios:

J(H,H):7(H,D) = yH:yD (3-8)

Using the known values of yH and yD (Table 1-1 in Chapter 
1), we have:

J(H,H) = 6.514 J(H,D) (3-9)

Equation (3-9) can be used to calculate either of the cou­
pling constants from the other. This is of great practical impor­
tance since, as explained in Section 1.6.2.7, couplings between 
equivalent protons cannot be observed in first order spectra. 
The couplings between the protons of a methyl group or those 
in benzene were mentioned as examples. If one determines the 
H,D coupling constants for the compounds, the H,H couplings 
between the equivalent protons can be calculated from Equa­
tion (3-9).



situation described above for H,D couplings cannot be 
extrapolated to C,H couplings. If only the y-values were 
involved we would expect to find the ratio J (C,H): J (H,H) = 
0 25, s'nce 's a^out f°ur t'mes 713c- ,n practice, however, 
larger ratios are found; for example, the correlations discussed 
in the previous section showed that 3J(C,H): 3J(H,H) is about 
0 6 Nevertheless, the existence of correlations of this kind 
does at least indicate that the coupling mechanism is the same.

3.6.3 Relationship between the Coupling 
and the Lifetime of a Spin State

An indirect spin-spin coupling is only observed in the spec­
trum if the spin orientations of the coupled nuclei in the field Bo 
are maintained for a certain minimum time, i. e. if the lifetime p 
of the spin state satisfies the condition:

r^J-'ts] (3-10)

For a typical proton coupling constant of 10 Hz this means 
that the lifetime p must be greater than 0.1 s.

In ’H and 13C NMR spectroscopy condition (3-10) is usually 
satisfied, and the couplings can therefore be observed. The 
situation is different for couplings to nuclei with spins of 1 or 
greater, i. e. for / 3=1. Such nuclei have, in addition to a magnet­
ic moment /i an electric quadrupole moment eQ, which results 
in rapid relaxation and thus in a shortening of p. This causes the 
signal splitting associated with the coupling to disappear from 
the spectrum.

Thus, for example, splittings due to couplings between fH 
and 14N are only rarely observed in rH NMR spectra. Usually 
only a line broadening is seen, indicating that the signal split­
tings have not been completely eliminated.

Occasionally it is possible to observe an N,H coupling by 
raising the sample temperature [11]. In compounds with a 
spherically symmetrical charge distribution around the nitro­
gen atom, such as the ammonium ion NH4, a splitting of the 
H NMR signal into the characteristic 1:1:1 triplet is found. 

Splittings due to N,H coupling are also often found in the 
spectra of isonitriles. In all these cases it appears that the relax­
ation process is sufficiently slow or is so ineffective that the 
lifetimes of the nuclei in the different spin states are long 
en°ugh to make the couplings visible in the spectrum.

Couplings to deuterium are nearly always observable. This is 
due to the fact that its electric quadrupole moment is an order 
°f magnitude smaller than that of 14N, with a correspondingly 
smaller contribution to the relaxation rate 1/7).



3.6.4 Couplings through Space

Sometimes, in cases where an unusually large coupling is 
found between nuclei that are in close spatial proximity but are 
separated by several bonds, a through-space coupling has been 
invoked as an explanation. This type of coupling differs from 
the direct spin-spin coupling in not being averaged to zero in 
solution. As no definite proof exists for either the existence or 
non-existence of such a coupling mechanism, it will not be dis­
cussed here.
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4 Spectrum Analysis and 
Calculations

4.1 Introduction [i]

The information obtainable from spectra consists of: 
• chemical shifts d
• intensities I
• indirect spin-spin coupling constants J
• the spectral type (symmetry)
• relaxation times 7) and T2
• scalar and dipolar couplings between neighboring nuclei
• line shape.

No single spectrum is capable of giving all these types of 
information simultaneously; special measurement techniques 
need to be used according to the nature of the problem. Nor­
mally the first three of these types of parameters, which can 
yield information as described in Chapters 2 and 3, are suffi­
cient for an analysis. Often we determine the spectral type 
without consciously thinking about it, when we use the infor­
mation to tell us something about the symmetry of the mole­
cule - an important aid to solving structural problems.

In Chapter 1 we derived rules for analyzing simple first-order 
spectra; these are effective for a large proportion of all NMR 
spectrum analysis problems, attention often being limited to 
certain parts of the spectrum. However, there are many spectra 
which do not yield to such simple methods of analysis. We first 
came across an indication of this in the spectrum of cinnamic 
acid (Fig. 1-19), where the intensities within the doublets of the 
two-spin system assigned to the olefinic protons were not as 
expected. The difficulties become even more strikingly appar­
ent when we compare the portions of the 90 MHz and 300 MHz 
H NMR spectra of 2,6-dimethylaniline (1) which are shown in 
Figure 4.1.



Figure 4-1.
Part of the 'H NMR spectrum of 
2,6-dimethylaniline (1) in CC14 
recorded at different frequencies;
A: 90 MHz; B: 300 MHz. Only ’ 
the signals of the aromatic ring 
protons are shown. In the 
90 MHz spectrum the CH3 
protons were decoupled.

In the 300 MHz spectrum (Fig. 4-1B) there is no difficulty in 
applying a first-order analysis to the aromatic proton signals: 
the 3,5 protons give a doublet due to their coupling with H-4, 
and H-4 in turn gives a triplet due to its coupling with H-3 and 
H-5. However, quite a different situation is found in the 
90 MHz spectrum (Fig. 4-1 A), where neither the number of 
lines nor their intensities are in accordance with the rules given 
in Section 1.6.2.5.

These two partial spectra serve to illustrate the transition 
from a first-order to a higher-order spectrum. The question of 
how the chemical shifts and coupling constants can be obtained 
from the 90 MHz spectrum will be dealt with in Section 4.4.

Spectra recorded at a higher measurement frequency are not 
always easier to analyze, as is shown by the example in Figure 
4-2 of the 60 MHz and 500 MHz !H NMR spectra of ethylben­
zene (2). The differences between the chemical shifts of the 
aromatic ring protons are so small that only a slightly broad­
ened single peak is found in the 60 MHz spectrum. In the 500 
MHz spectrum, however, the multiplets arising from the ortho, 
meta and para protons are clearly separated.

Such higher-order spectra can only be analyzed exactly by 
quantum mechanical methods; nevertheless, every spectrum is 
in principle amenable to calculation. In this chapter we shall not 
derive the methods for such quantum mechanical calculations, 
but will merely use the results from them. First it will be shown 
how systems of two, three and four spins can be analyzed, then 
the computer-aided methods of spectrum simulation and itera­
tion used for determining the spectral parameters of large com­
plex spin systems will be described.



Figure 4-2.
A: 60MHz ’H NMR spectrum of 
ethylbenzene (2) in CDC13.
B: Portion of the 500 MHz
H NMR spectrum of 2. Only the 

signals of the aromatic ring pro­
tons are shown.

The analysis of the spectrum yields exact values for the 
chemical shifts and coupling constants. However, this does not 
automatically solve the problem of assigning signals or groups 
of signals to particular nuclei in the molecule. We shall return to 
these problems of assignment in Chapter 6.

The methods used for determining relaxation times, connec­
tivities and line shapes will be treated in detail in Chapters 7-9 
and 11. Here, before we can go on to discuss the spectrum ana­
lysis itself, we need to explain some further points of nomencla­
ture and to introduce several definitions.

4.2 Nomenclature

4-2.1 Systematic Notation for Spin Systems

• Several nuclei coupled together constitutes a spin system, 
for example, the protons of an ethyl group form a five-spin 
system. In a case where the nuclei are not coupled, the spec­
trum contains only singlets; an example of such a spectrum is 
shown in Figure 1-16. If instead the molecule contains sev­
eral spin systems which are not coupled to each other, the 
spectrum can be divided into partial spectra which are 
mutually independent. The simplest example of this kind 



that we have met is the spectrum of ethyl acetate (Fig. 1-17); 
a somewhat more complicated example is the spectrum of 
cinnamic acid (Fig. 1-19).

• Chemically non-equivalent nuclei are identified by different 
letters of the alphabet, beginning with A and labelling them 
in the order of their signals from left to right in the spectrum, 
i. e. from high to low frequency.

• Where several chemically equivalent nuclei are present they 
all have the same letter, and the number of equivalent nuclei 
is added as a subscript.

• In cases where the chemical difference Av between the 
coupled nuclei is much greater than the coupling constant J 
(i. e. Av S> J), they are represented by letters that are well 
separated in the alphabet.

Examples:
O The two olefinic protons of cinnamic acid (Fig. 1-19) form an AX 

system.
o The partial spectrum of the three aromatic protons in 2,6-dimethyl- 

aniline (1) is of the AX2 type at 300 MHz, whereas at 90 MHz it 
is of the AB2 type (Fig. 4-1).

o The five spins of the ethyl group in ethyl acetate form an A2X3 sys­
tem (Fig. 1-17).

Unfortunately, however, this ordering of the letters is not 
strictly observed, especially in cases where the spin system con­
tains two or more different nuclear species. For example, 
where protons are coupled to a heteronucleus such as 13C, the 
latter is always denoted by X (see also Section 4.7).

4 .2.2 Chemical and Magnetic Equivalence

When we try to group the protons and classify the type of 
spectrum for a para-disubstituted benzene derivative using the 
rules given in Section 4.2.1, we encounter problems: the 
nomenclature is no longer unambiguous. This fact becomes 
immediately apparent if we consider not just the chemical 
shifts, but also the coupling constants. Let us take as an 
example p-nitrophenol (3). There are two pairs of chemically 
equivalent protons, H-2/6 and H-3/5, and each proton is there­
fore represented by a letter common to the pair, namely A and 
X respectively. However, to classify the spectrum as A2X2 
would be incorrect. Why? Let us consider the couplings of H-2 
to the two X nuclei H-3 and H-5. In one case we have an ortho 
coupling, and in the other a para coupling! As we saw in Section 
3.2.3, the para coupling is smaller than the ortho coupling. This 
leads to a further classification of chemically equivalent nuclei 

OH
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according to whether they are magnetically equivalent or mag­
netically non-equivalent.

The definitions of chemical and magnetic equivalence are as 
follows:

Chemical equivalence:
Two nuclei i and k are chemically equivalent if they have the 

same resonance frequency, i. e. r, = vk.

Example:
0 The pairs H-2 and H-6, or H-3 and H-5, in p-nitrophenol (3).

It is also possible for the resonance frequencies of two nuclei 
to coincide accidentally (isochronism). They then formally 
satisfy the condition for chemical equivalence, but are not equi­
valent in a chemical sense. However, this distinction is irrele­
vant for the purpose of analyzing an NMR spectrum.

Magnetic equivalence:
Two nuclei i and k are magnetically equivalent if:

• they are chemically equivalent (v, = vk), and
• for all couplings of the nuclei i and k to other nuclei such as / 

in the molecule, the relationship J,-, = Jkl is satisfied.

Examples:
0 In 1,2,3-trichlorobenzene (4) the protons at the 4 and 6 positions 

are chemically and magnetically equivalent, as the coupling con­
stants 3J(H-4, H-5) and (H-6, H-5) are equal.

o In the case ofp-nitrophenol (3) the protons H-2 and H-6 are chemi­
cally equivalent but not magnetically equivalent, since the coupling 
constants V(H-2, H-3) and \/(H-6. H-3) are unequal, as also are 
3J(H-6, H-5) and 5J(H-2, H-5).

This distinction between chemical and magnetic equivalence 
makes it necessary to introduce a further labelling of the nuclei. 
When two or more nuclei are chemically equivalent but not 
magnetically equivalent, the same letter is repeated with 
primes to show the distinction. The correct description of the 
spectral type for p-nitrophenol (3) is thus A A'XX'.

According to a different notation introduced by Haigh [2] this type 
of spectrum is written as [AX]2. The spin systems in which the cou­
plings are equivalent are enclosed within square brackets. In our 
example there are two AX systems. This method of classification has 
particular advantages for large spin systems in symmetrical molecules. 
As the following discussion deals only with relatively small spin sys­
tems, we shall adopt the notation using primes, which is somewhat 
simpler for these cases.

If two or more nuclei are chemically and magnetically equiv- 
aIent, they are denoted by the same letter, with the number of 
eciuivalent nuclei given by the subscript.



Examples:
O For 1,2,3-trichlorobenzene (4) the spectral type is A2B. The de­

scriptions AX2 or AB2 for 2,6-dimethylaniline (1) were also correct 
(Section 4.2.1).

4.3 Two-Spin Systems

4.3.1 The AX Spin System

To derive the energy level scheme for a homonuclear two- 
spin system AX, we will first neglect the spin-spin coupling by 
simply assuming JAX = 0! In this simple special case the total 
energy of the two-spin system is equal to the sum of the indi­
vidual energies, which according to Equations (1-8) and (1-19) 
of Chapter 1 are given by:

£Aa,p = ~ mA y ~h (1 - oA) Bo ,4_
£xa,p = - mx y ft (1 - ox) Bq

Corresponding to the m-values of + 1/2 and — 1/2 for the A 
and X nuclei in the a and p states respectively, we obtain the 
four energy values:

act: Ei = EAa + EXa = -Ty ft (2 - aA - ax) #o

ap: E2 = EAa + EXg = -|y ft (ox - aA) Bo
(4-2)

Pa: E3 = EAp + EXa = +|yft (ax - aA) Bo

PP: E4 = EA|3 + Exp = +^y ft (2 - aA - ax) Bo

These energy values (expressed in the form E/ft) are shown 
on the left-hand side of Figure 4-3. If now the A and X nuclei 
are assumed to be coupled, we must also take into account the 
energy Ess of the spin-spin coupling, which is given by:

As = JAX mA mx ft (4-3)

Thus for nuclei with I = 1/2:

As ± | Ax h



From this we obtain four new energy values:

Ei + ^Jax h

E2 — J ax h
(4-4)

E3 — J ax h

E4 + Jax h

The energy values for the states with parallel nuclear spins 
(aa and |3p) are both raised by an amount //4 (or lowered if J is 
negative), while those with antiparallel spins (aP and Pa) are 
correspondingly lowered (or raised). Whether the interaction 
energy Ess is positive or negative is determined by the sign of 
the coupling constant /AX.

Definition: The coupling constant /AX is positive if the 
energy levels 1 and 4 of the states with parallel nuclear spins are 
raised and those of 2 and 3 are lowered (Fig. 4-3, center). For 
a negative /-value the situation is completely reversed (Fig. 
4-3, right).

A, A2
Ax>0:2-4 1^3

Ax'Od—3 2—4

X, x2 

3-4 1—2

1-2 3-4
-+-
‘'x

Figure 4-3.
A: Energy level scheme for a 
two-spin AX system for the cases 
/ax = 0, /Ax > 0 and /AX < 0. 
The arrows indicate the spin 
orientations (z-components). A1; 
A2, Xi and X2 are the allowed 
nuclear resonance transitions for 
the A and X nuclei; B: stick 
spectrum and signal assignments 
for positive or negative /AX.



Ai and A2 are the allowed transitions for the A nuclei, and Xj 
and X2 are those for the X nuclei (selection rule: Am = ± 1; see 
Section 1.4.1). These transitions give the four peaks of the AX 
spectrum. Figure 4-3 B shows the spectrum in “stick” form with 
assignments. As can be deduced from the energy level scheme, 
if the sign of JAX is changed, it is only necessary to interchange 
the assignments in the stick spectrum. Thus, for the two-spin 
system the sign has no effect on the appearance of the spec­
trum.

In connection with double resonance experiments, reference is 
sometimes made to transitions being connected either progressively or 
regressively. The definition of these terms will therefore be given here, 
although we shall not need to use them in this book.

Definition: Two transitions which have a common energy level are 
progressively connected if the energy of the common level lies 
between the other two levels. They are regressively connected if the 
common level lies outside the other two. If we consider the energy 
level scheme for the two-spin system AX - drawn in Figure 4-4 in a 
form slightly different from that in Figure 4-3 - the transitions A2 and 
Xt are progressively connected, as also are X2 and A1; whereas the 
transitions A( and Xi; and similarly A2 and X2, are regressively con­
nected.

Figure 4-4.
Definition of progressively and 
regressively interconnected tran­
sitions. A: Energy level scheme 
for a two-spin AX system.
B: Example of a progressively 
connected pair of transitions.
C: Example of a regressively 
connected pair of transitions.

4.3.2 The AB Spin System

In the AB spin system the chemical shift difference 
J v = i'A — vB is of the same order of magnitude as the coupling 
constant JAB. As an example the NMR spectrum of 
3-chloro-6-ethoxypyridazine (5) is shown in Figure 4-5. It can 
be seen that the four signals for the two ring protons in the 
region d = 6.7 to 7.4 do not have equal intensities in this case 
(“roof effect”). This makes analysis, e.g. to determine the 
chemical shifts and coupling constants, more difficult.



Figure 4-5.
60 MHz ‘H NMR spectrum of 
3-chloro-6-ethoxypyridazine (5) 
in CC14 with integrated curve.

Analysis of the AB spectrum: We start by numbering the 
resonance frequencies of the four lines of the AB spectrum 
from left to right as/],/,,/and/) (Fig. 4-6). As in the AX spec­
trum the coupling constant JAB is equal to the frequency inter­
val between lines 1 and 2 or between 3 and 4:

I-ZabI = l/i —/21 = i/3 - Al [Hz] (4-5)

The chemical shifts are given by the centers of gravity of the 
line pairs 1 and 2 and of 3 and 4. Although it would be possible 
from an experimental standpoint to calculate the centers of 
gravity from the signal intensities, this would be too inaccurate. 
It is easier to determine the chemical shift difference 
Jv = — vB from Equation (4-6):

Figure 4-6.
Sketch for analyzing a two-spin 
AB system.

Av = KT/, - /4) /2 - W [Hz] (4-6)

Av is in fact the geometrical mean of the distances between 
the two outer and the two inner signals. From A v and the center 
frequency vz we obtain:

Av Av
va = vz + — and vB = vz-------  (4-7)

2 2

The intensities / to /4 of the signals are in the ratio:

h h l/i ~ ff

K h I/2 — /3I
(4-8)

The inner lines are always stronger than the outer lines, 
hence the name “roof effect”. The smaller the chemical shift 
difference Av in relation to the coupling constant JAB, the 
stronger the inner lines become at the expense of the outer 

es- In the extreme case where Av is zero, only a singlet 
aPPears in the spectrum, the AB spectrum having changed to 
an spectrum.

A further example is the spectrum of citric acid in Figure

ma



4.4 Three-Spin Systems

4.4.1 The AX2, AK2, AB2 and A3 Spin 
Systems

Figure 4-7 shows the spectra in “stick” form of the four 
three-spin systems AX2, AK2, AB2 and A3; the AK2 and AB2 
spectra were calculated for JAX = JAk = Jab, with Av = 5 Jak 
for the AK2 spectrum and Av = JAb for the AB2 spectrum.

Whereas we can, by using the rules in Chapter 1, quite easily 
interpret the AX2 and A3 spectra and evaluate the parameters, 
this is no longer possible for the AK2 and AB2 spectra, as nei­
ther the numbers of lines nor the signal intensities correspond 
to these rules. Evidently here too, as we have already seen in 
the case of the AB spectrum, the appearance of the spectra 
depends critically on the ratio Av: J.

AX2 
(4 i/»7ax)

ak2 
I4i/=5Jak)

ab2
I^=7ab)
A3
(4iz=0)

51b 7/8

Figure 4-7.
Stick spectra for three-spin sys­
tems of the AX2, AK2, AB2 and 
A2 types; JAX = Jak = Jab- The 
AK2 spectrum was calculated 
with Av = 5 JAK and the AB2 
spectrum with Av = JAB.

The quantum mechanical calculation for the three-spin sys­
tem gives the result that there are eight allowed transitions with 
frequencies/i to fg, all of which can be seen in the AB2 spec­
trum. In the AX2 spectrum, however, several of the lines coin­
cide: the central signal of the triplet in the A portion corre­
sponds to two transitions (2 and 3). The same applies to the X 
portion, where each line of the doublet arises from the super- 
imposition of two signals. This degeneracy is lifted in the AK2 
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spectrum, and even more obviously in the AB2 spectrum. Line 
9 in the AB2 spectrum is in most cases not detectable, as the 
transition to which it corresponds is forbidden by the selection 
rules.

The coupling between the two magnetically equivalent K or 
B nuclei has no effect on the spectrum.

Analysis of the AB2 spectrum: We start by numbering the sig­
nals in the A portion (Fig. 4-7). vA is then given by the fre­
quency of line 3, and vB is obtained as the average of/5 and/7:

= /3
f5 +/7 —-------

2
(4-9)

The magnitude of the coupling constant JAB is calculated 
from (4-10):

pAB| = 51 (fi - A + f6 - A)| (4-10)

The intensities of the lines again depend on JAB and A v, but 
there are no simple rules for this as there were for the AB spec­
trum.

Examples of the types of spectra discussed here are that of 
benzyl alcohol (Fig. 1-21, Section 1.6.2.3), and the portions of 
the spectrum of 2,6-dimethylaniIine (1) shown in Figure 4-1.

4.4.2 The ABX Spin System

Figure 4-8 shows the 60 MHz ‘H NMR spectrum of thio- 
phene-3-carboxylic acid (6).

HOOC HB(A)

Hxx>xsXha(B)

Figure 4-8.
The ABX type 60 MHz ‘H NMR 
spectrum of 3-thiophene- 
carboxylic acid (6) in DMSO-d6. 
Lines 1, 2, 3 and 4 form an AB 
sub-spectrum, as also do lines 1', 
2', 3' and 4'.



The spectrum consists of two groups of lines for the three 
chemically non-equivalent ring protons: four lines centered at 
d = 8.24 with a relative intensity of 1, and eight lines with a cen­
ter of gravity at d ~ 7.5 and a relative intensity of 2. The spec­
trum is that of a three-spin ABX type system. Of the six spec­
tral parameters vA, vB, vx,JAB,JAX and JBX, only two, namely 
vx and /AB, can be measured directly from the spectrum. vx 
corresponds to the center of the X portion at <5 = 8.24. JAB is 
found by analyzing the AB resonances in the neighborhood of 
d ~ 7.5. This eight-line portion of the spectrum is made up of 
two AB sub-spectra with equal intensities, which we can assign 
on the basis of the positions and intensities of the signals. In this 
example lines 1, 2, 3 and 4 correspond to one AB sub-spectrum 
and lines T, 2', 3' and 4' to the other. We can obtain the magni­
tude of the coupling constant JAB from the splitting of each of 
the line pairs 1 and 2, 3 and 4, T and 2', 3' and 4'. The remain­
ing parameters vA, vB, JAX and JBX can also be determined by a 
direct manual calculation, but the procedure is slow and labori­
ous. Nowadays, therefore, it is more sensible to analyze the 
spectrum by the simulation method (Section 4.6).

The X part of the spectrum consists in theory of six lines. 
Very often, however, only four are detectable, as is the case in 
the spectrum of 6 (Fig. 4-8). This simple appearance should not 
deceive one into attempting a first-order analysis, as we did for 
the AMX spectrum in Section 1.6.2.6, as the separation of the 
strongest pair of lines (which may be either the inner or the out­
er pair) here only yields the sum of the coupling constants, 
Jax + Ax!

Figure 4-9 shows two calculated ABX spectra. The coupling 
constants used in the two cases differ only in the sign of JBX. In 
spectrum B JAX and JBX have the same sign (whether it is posi-

AB-part X-part

2 3

3’
,, 6 5 5' 6.4 

1 4

Figure 4-9.
Two calculated ABX spectra 
whose parameters differ only in 
the sign of ,/HX.

Spectrum A: Spectrum B:
vA-vB 6 Hz 6 Hz
Ab 2 Hz 2 Hz
Ax 6 Hz 6 Hz
Ax -2 Hz 2 Hz
In the AB part the two AB sub­
spectra are lines 1, 2, 3, 4 and 
lines 1', 2', 3', 4'. The X part 
consists of the three pairs 5/5', 
6/6' and 7/7'.



tjve or negative makes no difference to the spectrum), whereas 
in spectrum A the signs are different. This is the first example in 
which we can see an effect caused by the signs of coupling con­
stants; for all the spectral types described previously only their 
absolute magnitudes mattered.

From a complete analysis of an ABX spectrum, taking into 
account both the positions and the intensities of the lines, it is 
thus possible to determine the relative signs of the coupling 
constants.

4.5 Four-Spin Systems

4.5.1 A2X2 and A2B2 Spin Systems

The spectra of four-spin systems consisting of two pairs of 
chemically and magnetically equivalent nuclei are relatively 
easy to recognize. They are symmetrical with respect to the 
centerofthe spectrum,i. e. the frequency corresponding to the 
overall center of gravity. The only other spectra in which this 
symmetry is found are those of the AX and AB types, and the 
AA'XX' and AA'BB' spectra treated in the next section.

Each half of the A2X2 spectrum consists of a triplet, which 
can be analyzed by first-order methods. The A2B2 spectrum 
has up to seven lines in each half of the spectrum. The values of 
>’a and vB are usually obtained from the frequency of the 
strongest line. The appearance of the spectrum in each indi­
vidual case depends on the ratio Av :JAB; ,/AA and JBB have 
no effect on the spectrum.

Examples of A2X2 spectra are those of cyclopropene (7) and 
difluoromethane (8). Spectra of this type only occur rarely in 
practice.

4.5.2 The AA'XX' and AA'BB' Spin Systems

Spectra of the AA'XX' (or [AX],) and AA'BB' (or [AB],) 
types are always found when a molecule contains two pairs of 
Protons such that the protons within each pair can be imagined 
to exchange positions by rotation about an axis of symmetry or 
ty reflection at a plane of symmetry. The most important 
Samples are disubstituted benzene derivatives with two differ- 
ent substituentspara to each other or with two identical substi­
tuents ortho to each other, as in o-dichlorobenzene (9), Fig. 
4-10).
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Figure 4-10.
90 MHz ‘H NMR spectrum of 
o-dichlorobenzene (9).
A: observed spectrum; B: calcu­
lated spectrum. The spectrum is 
of the four-spin AA'BB' type 
([AB],).

As a result of the symmetry we have:
i’A = 1'a i lT = ^b' (chemical equivalence)
Jab = Ja'b'j Jab1 = Ja b-
The spectrum also depends on the chemical shift difference 
Jr = rA - rB and the coupling constants JAA- and JBB', and 
also on the relative signs of the four coupling constants.

Each half of the AA'XX' spectrum can have up to 10 lines, 
and of the AA'BB' spectrum up to 12 lines. The transition from 
an AA'BB' to an AA'XX' spectrum is clearly seen by compar­
ing the 90 MHz and 250 MHz spectra of o-dichlorobenzene 
shown in Figures 4-10 and 2-13 C.

It is still possible with much labor to analyze spectra of this 
type manually, but the calculations are usually performed by 
simulation or iteration methods. The basic features of these 
methods will now be described.
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4.6 Spectrum Simulation and 
Iteration [3]

For analyzing the spectra of asymmetrical molecules, simple 
rules of calculation cannot usually be applied. Even to analyze 
the spectrum of a three-spin ABC system requires the use of a 
computer. The usual procedure is as follows:

As a first approximation one “simulates" a theoretical spec­
trum using estimated v- and /-values, and compares it with the 
observed spectrum. The input parameters are then changed in 
a stepwise manner until agreement is obtained between the 
theoretical and experimental spectra. Figure 4-10B shows the 
result of such a spectrum simulation for o-dichlorobenzene (9). 
The spectrum is, as already mentioned above, of the AA'BB' 
(or [AB],) type.

The success of the spectrum simulation depends critically on 
how the initial parameters are chosen, since it is necessary not 
only to insert good approximate values for the frequencies and 
coupling constants, but also to correctly choose the relative 
signs of the coupling constants and the line widths. All these 
parameters must be estimated on the basis of experience or by 
comparison with other related compounds.

Spectrum simulation calculations can nowadays be per­
formed with the commonly used types of personal computers, 
or alternatively one can use the NMR spectrometer’s built-in 
computer, which controls the spectrometer and processes the 
signal data; computer programs for this purpose are available 
from the instrument manufacturers. Additional spectrum 
simulation facilities are offered by the large computer centers, 
whose program libraries usually include suitable software, such 
as LAOCOON III and more recent versions based on it. Pro­
grams are also now available which automatically continue 
altering the parameters until an optimum fit of the calculated 
spectrum to the experimental spectrum is obtained (iteration 
programs).

Nevertheless, there is no avoiding the fact that analyzing and 
comparing spectra are skills which call for much experience and 
some theoretical knowledge in order to reach the correct solu- 
hon. Considerable problems always arise when the spectra 
contain only a few lines.

In Chapter 6 we will look at the question of how methods for 
Amplifying spectra can make it easier to extract the spectral 
Parameters.
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4.7 Analysis of 13C NMR Spectra

The simplicity of 13C NMR spectra with H broad-band 
decoupling is in striking contrast to those without decoupling, 
which are very complex. The majority of these are higher-order 
spectra. They also often appear deceptively simple, so that 
there is a temptation to analyze them by first-order methods. 
Whether or not this is in fact permissible can easily be tested 
experimentally by recording the bC NMR spectrum at differ­
ent field strengths, i. e. resonance frequencies. If the appear­
ance of the spectrum does not alter it is first-order, and the <5- 
and /-values can be measured directly from the spectrum. If it 
alters, however, a full spectrum analysis is needed. In many 
cases it is not sufficient to analyze only the 13C NMR spectrum - 
the 'H NMR spectrum, i. e. the 13C satellites, must also be ana­
lyzed. The simple examples which follow illustrate this.

Examples:
O In the structure (10) the two protons and the 1 ’C nucleus of the frag­

ment Ha — C = I3C — Hb give an ABX type spectrum. In the l3C 
spectrum we see only the X portion, which consists of four (pos­
sibly six) peaks. We saw in Section 4.4.2 that neither ,/AX nor./BX 
can be determined from the X part of the spectrum; for this one 
must analyze the AB part. This part can only be found by examin­
ing the 13C satellites of the H NMR spectrum!

o In maleic anhydride (11) the two protons and the single l3C nucleus 
of the carboxy group form a three-spin AA'X system, the X part of 
which is in the 13C spectrum. For an exact analysis it is essential to 
have the data from the AA' part, i. e. the 1JC satellites of the ‘H 
spectrum.

o For styrene (12) we find in the *’C NMR spectrum the X part of an 
AKMX spectrum. An analysis is not possible without data from the 
AKM part. In a case such as this one does not analyze the 13C satel­
lites spectrum but instead the Tl NMR spectrum of the three olefin­
ic protons of the vinyl group, which yields K, JAM and JKX1. (Com­
pare also Section 1.6.2.6 and Fig. 1-24, noting, however, the differ­
ent labeling of the protons). Using these values and the chemical 
shifts vA, vK, vM, together with estimated values for the couplings 
to the X nucleus, the X part or the entire spectrum can now be ana­
lyzed. Section 5.3.3 will deal with some particular problems 
encountered in analyzing L’C spectra with off-resonance decou­
pling.

ha/
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Hx zH
C=C 
/

0=C 1=C=0
0
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5 Double Resonance Experiments

5.1 Introduction

For the majority of users of NMR spectroscopy double 
resonance experiments are synonymous with spin decoupling 
for simplifying spectra. This is certainly the best-known of the 
techniques, but it does not exhaust the applications of double 
resonance methods by a long way.
• For example, double resonance experiments can be used to 

determine energy level schemes and relative signs of coupling 
constants [1],

• In Chapter 8 we shall meet the method of selective polariza­
tion transfer, in which one of the essential stages is a double 
resonance experiment.

• Associated with 'H broad-band decoupling, and also with 
other types of double resonance experiments, there is an 
enhancement of the signal intensity due to the nuclear Over­
hauser effect (NOE). This effect has made a very significant 
contribution to the development of l3C NMR spectroscopy 
into a routine method (Section 5.3.1; other applications of 
NOE will be described in Chapter 10).

• In dynamic NMR spectroscopy (DNMR) special double 
resonance experiments using saturation transfer allow the 
measurement of rate constants in exchange processes.

In this chapter we will confine our attention to routine spin 
decoupling experiments, in particular to
• homonuclear decoupling, which is mainly used in 1H NMR 

spectroscopy to decouple protons from each other, and to
• heteronuclear decoupling in l3C NMR spectroscopy; usually 

this takes the form of decoupling protons from 13C nuclei. 
It has become customary to describe the different types of 

experiments by a notation in which the symbol for the 
decoupled (irradiated) nuclide is enclosed in curly brackets, 
Preceded by the symbol for the nuclide being observed. Thus, 
observing 13C resonances with simultaneous decoupling of the 
Protons is denoted by the abbreviation bCf1FI}.



5.2 Spin Decoupling 
in ]H NMR Spectroscopy

5.2.1 Simplification of Spectra

When discussing the coupling mechanism (Section 3.6.3) we 
learned that the interaction with neighboring nuclear dipoles 
only causes a splitting of the signal if the nuclei maintain their 
spin orientation in the external magnetic field Bo for a time 
longer than t( = VJ. For protons and 13C nuclei this condition is 
normally satisfied.

In the decoupling experiment one shortens the lifetime p by 
simultaneously irradiating with a second frequency v2 (in addi­
tion to the observing frequency Vj), such that v2 is the exact 

Figure 5-1.
90 MHz 'H NMR spectra of ethyl 
acetate (1).
A: Normal spectrum, recorded 
by the c.w. method.
B: CH, protons decoupled.
C: CH3 protons decoupled.
Beat signals occur at the posi­
tions where iq = iq.

0
II 

ch3-c-o-ch2-ch3
1



reSonance frequency of the nucleus to be decoupled. This 
causes the signal splitting associated with the indirect spin-spin 
coupling to disappear.

Examples:
o In ethyl acetate (1, CH3COOCH,CH3) the methylene and methyl 

protons of the ethyl group are coupled, giving a quartet and a trip­
let (A2X3 type spectrum, Fig. 5-1 A); the acetyl protons give a 
singlet. If we wish to decouple the methylene protons we irradiate 
at the decoupling frequency v2 during the measurement, so that all 
four lines of the quartet are excited and become saturated. To 
achieve this the decoupling irradiation must have a high power 
level, as it must be broad enough to excite the whole of the quartet.

By saturating the resonances of the methylene protons we induce 
rapid transitions between the corresponding energy levels, and the 
lifetime p of the methylene protons in any given spin state is short­
ened. As a result the additional field contribution at the position of 
the methyl protons is averaged to zero, and in the spectrum one 
observes only a singlet for the methyl protons (Fig. 5-1 B). If in­
stead the resonances of the methyl protons are saturated, a singlet 
is obtained for the methylene protons (Fig. 5-1 C).

In each of the decoupled spectra a beat signal appears at the posi­
tion corresponding to tq = r2, as the spectra shown in the figure 
were recorded by the CW technique. In the pulsed NMR technique 
the decoupling is performed in the same way, but no beat signals 
appear.

o A second, slightly more complicated example, is shown in Figure 
5-2. When H-6 in 2-chloropyridine (2) is decoupled the signals of 
protons H-3, 4 and 5 become simplified, as their couplings to H-6 
disappear. The ABCX type spectrum (H-6 = X) is thus replaced by 
an ABC type spectrum (Fig. 5-2 B).

Figure 5-2.
100 MHz 'H NMR spectra of 
2-chloropyridine (2).
A: Normal spectrum, recorded 
by the c.w. method. B: H-6 
decoupled.

Irradiation at a second auxiliary frequency can also be 
aPplied if the spectrometer includes a provision for this, allow- 
,ng a further simplification of the spectrum (triple resonance 
experiment). However, all the types of decoupling experiments 
described here can only be successful and meaningful if the fre­
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quencies and amplitudes of the decoupling irradiations are pre­
cisely adjusted.

There exist variants of these spin-decoupling experiments in 
which not all the lines of a multiplet are saturated. In the spin­
tickling experiment, for example, only one line of a multiplet is 
saturated, and this causes a doubling of some lines in other 
parts of the spectrum. Such experiments can be used to deter­
mine energy level schemes and the relative signs of coupling 
constants. Further details of these and other techniques such as 
1NDOR can be found in Ref. [1].

5.2.2 Suppression of a Solvent Signal

Since deuterated solvents are generally used for 'H NMR 
measurements, it is only in exceptional cases that the residual 
signals of the non-deuteriated fraction of the solvent cause dif­
ficulties. However, if it is necessary to work with aqueous 
media, e.g. in biochemical investigations, the water signal in 
the neighborhood of d = 4 to 5 interferes with the measure­
ments. Whenever possible it is better to use D2O, but even 
then the HDO signal is usually still larger than the sample sig­
nal. Sometimes it is possible to take advantage of the fact that 
the position of the water signal is strongly temperature-depend­
ent: at 24° C the signal of H2O and HDO is around d ~ 4.8. 
whereas at 80° C it is around d = 4.4. It is sometimes possible by 
raising the temperature to reveal signals hidden by the solvent. 
However, it is better to suppress the solvent signal. To do this 
an irradiating field of greater amplitude is applied at the fre­
quency of the solvent signal during the recording of the spec­
trum. The resulting saturation greatly reduces the signal inten­
sity. Unfortunately signals of the sample under examination 
which lie in this region may also be saturated, with the result 
that some or all of them escape detection.

This disadvantage can be at least partly avoided by switching 
off the decoupler a few tenths of a second before recording the 
data. Because of their different relaxation times the protons of 
the sample have already relaxed within this time, whereas the 
HDO signal still remains essentially saturated (Section 7.2.4). 
The suppression of the H2O and HDO signal is even more 
effective if one uses a reduced decoupler power, and compen­
sates for this by a cyclic repetition (about 50 times) of the irra­
diating and waiting phases before each observing pulse. The 
spectra of Figures 3-3 and 11-9 were recorded using this techni­
que (Chapter 11. Ref. [19]). Suitable pulse programs for sup­
pressing solvent signals are available from instrument manu­
facturers.



5.3 Spin Decoupling
in 13C NMR Spectroscopy

5 3.1 'H Broad-band Decoupling

13C NMR spectra are complex and have many lines due to 
coupling with the hydrogen nuclei, and usually this causes diffi­
culties in analyzing them. Furthermore, it has the effect of 
dividing the already low intensities of the 1 ’C signals into multi­
plets. It is usual to avoid these undesirable effects of the C.H 
couplings by decoupling the protons during the recording of the 
spectrum. In the proton-decoupled spectrum all the carbon 
nuclei give single peaks, provided that the molecule does not 
contain other coupled nuclei such as fluorine, phosphorus or 
deuterium.

4 12 I
H,C-CH=CH-COOH

IS 147 122 172
3

Figure 5-3.
22.63 MHz 1;’C NMR spectra of 
crotonic acid (3) in CDC15.
A: Spectrum with C.H couplings, 
recorded by the gated decoupling 
technique.
B: Spectrum with off-resonance 
decoupling.
C: Spectrum with 'H broad-band 
(BB) decoupling.
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As an example the l3C NMR spectrum of crotonic acid (3) is 
shown in Figures 5-3 A and C recorded without and with 
decoupling respectively.

‘H decoupling is carried out by means of a radiofrequency 
generator which provides a frequency in the 'll resonance 
region. This frequency is noise-modulated so that a broad band 
of frequencies is produced, extending over the entire lH NMR 
spectrum. The generator must have a high power output, in 
order that the amplitudes at the individual decoupling frequen­
cies should be sufficient to saturate all the proton resonance 
transitions. The effect of this ‘H broad-band (BB) decoupling 
is to eliminate all the signal splittings caused by C,H couplings, 
leaving a bC NMR spectrum made up entirely of single peaks.

Owing to the high transmitter power needed for BB 
decoupling, the sample may become heated. This causes prob­
lems especially when the decoupling must cover a wide fre­
quency range, as, for example, in high-field NMR spectroscopy 
(lH resonance frequencies of 500 MHz or more), or when 
decoupling nuclei such as 19F or 1P for which the chemical shift 
range is much greater than that of protons. For these situations 
a new BB decoupling technique is emerging, in which spin 
decoupling is achieved by “composite pulses”, which cause a 
rapid spin reversal [2],

The principle of 'H BB decoupling is shown schematically in 
Figure 5-4.

Spectra recorded by this method contain only one para­
meter, the chemical shift. This disadvantage is, however, out­
weighed by two advantages. The total intensity is concentrated 
into one line, and in addition it is increased by up to 200% 
through the nuclear Overhauser effect mentioned earlier (see 
also Chapter 10.2.2). This results in a considerable reduction in 
the recording time needed.

5.3.2 The Gated Decoupling Experiment

When 13C NMR spectra are recorded with simultaneous 'H 
BB decoupling, the shortening of the recording time is 
achieved at the cost of a sacrifice of information, as the C,H 
couplings disappear. If one wants to avoid losing this informa­
tion, it is necessary to record the coupled (i. e. non-decoupled) 
13C NMR spectrum. As explained in Section 5.3.1, this requires 
long recording times, firstly because the intensities are divided 
into multiplets, and secondly because there is no longer a gain 
in intensity from the NOE. However, it is possible, by means of 
a specially designed pulse experiment, to record the ’’C spec­
trum with the C,H couplings while retaining some, though not 
all, of the NOE enhancement.

’H-channel

13C-channe(

Figure 5-4.
Principle of broad-band (BB) ‘H 
decoupling. The BB decoupler is 
switched on during the entire 13C 
data acquisition period.



Figure 5-5 shows schematically the pulse sequence uscu m 
achieve this. To begin with, the BB decoupling in the 'H chan­
nel is switched on (this phase is indicated in the diagram by 
hatching). During this time the NOE acts on the system to 
establish the population ratios which give the increase in the 
intensities of the signals (Chapter 10). Before the observing 
pulse and the recording of the data, the BB decoupler is 
switched off. Whereas the indirect spin-spin coupling reap­
pears immediately, the level populations only return slowly to 
their equilibrium values. This return to equilibrium is con­
trolled by the relaxation times Ty (Chapter 7), which are in 
general greater than the time needed to record the data. In this 
way it is possible to observe C,H couplings in the L’C NMR 
spectrum while retaining the amplification of the signals by the 
NOE.

Figure 5-5.
Principle of the gated decoupling 
experiment (two cycles are 
shown). The fl BB decoupler is 
switched off during the L’C exci­
tation pulse and data acquisition.

This gated decoupling method was used to record the spec­
trum of crotonic acid (3) which is shown in Figure 5-3 A. An­
other spectrum of this type can be found in Figure 8-12 B.

In Section 1.6.3.2 we have already met the inverse gated 
decoupling experiment. In this the BB decoupler is switched 
on only for the duration of the observing pulse and data record­
ing in the 13C channel (Fig. 5-6). This eliminates the C,H cou­
pling, but no NOE is allowed to build up, and the intensities 
of the 13C signals are not distorted.

Figure 5-6.
Principle of the inverse gated 
decoupling experiment (two 
cycles are shown). The H BB 
decoupler is switched on during 
the l3C excitation pulse and data 
acquisition.

119



5.3.3 H Off-Resonance Decoupling

Assigning the singlets in 'C NMR spectra recorded with ’H 
BB decoupling often presents difficulties, since the only data 
available for making the assignments are the chemical shifts. In 
some cases it would be very useful to know the number of 
directly bonded hydrogen atoms, which one would normally 
expect to obtain from the multiplicities of the signals. The 
problem was therefore to find a method that would quickly give 
the multiplet structure for each of the signals. The method 
developed is now less often used than formerly, but despite this 
it is useful from a learning standpoint to describe it here in 
detail.

In recording a spectrum with off-resonance decoupling one 
uses the normal pulse technique to observe the ljC NMR spec­
trum, and simultaneously irradiates all the H resonances, but 
with an intensity such that the C,H couplings are not comple­
tely removed but are considerably reduced. With a suitable 
choice of instrumental parameters it is possible to observe only 
the couplings that occur through one bond. The spectrum then 
consists of multiplets which depend on the number of directly 
bonded hydrogen atoms, i. e. quartets for CH3 groups, triplets 
for CH2 groups, doublets for CH groups, and singlets for the 
so-called quaternary carbon nuclei, i. e. those with no directly 
bonded hydrogen. Thus one obtains precisely the information 
that is wanted, and even retains most of the gain in intensity 
given by the NOE.

Figure 5-3 B shows the spectrum of crotonic acid with off- 
resonance decoupling. The doublet structure of the C-2 and 
C-3 signals is easily recognized.

In practice one uses the same decoupler as for homonuclear 
decoupling in the proton spectrum. Whereas in the latter it is 
only necessary to saturate multiplets a few Hz in width, a consid­
erably higher decoupling power is used for the off-resonance 
method. As a result the bandwidth of the decoupler is 
increased to such an extent that it covers the entire II NMR 
spectrum. However, the decoupler power levels at the individ­
ual frequencies are insufficient to completely eliminate the C,H 
couplings as in 'H BB decoupling.

The extent of the apparent reduction in the C,H coupling 
constants depends on the following three quantities:
• the magnitudes of the C,H coupling constants 7(C,H)
• the interval between the resonance frequency rq of the 

proton to be decoupled and the decoupler frequency v2 
(Av = iq - v2)

• the amplitude B2 of the decoupling field at the frequency of 
the H  NMR signal.*



Equation (5-1) [3] gives the relationship, in simplified form, 
between the reduced coupling constant 7red and the above 
quantities.

In Equation (5-1) two of the quantities, dr and B2, are deter­
mined purely by the spectrometer settings. By varying these 
parameters one can reduce the effective C,H coupling con­
stants to such an extent that couplings through two or more 
bonds are no longer resolved, and only the reduced couplings 
'/red (C,H) through one bond still remain.

Since off-resonance spectra are only intended to give quali­
tative information, the requirements with regard to the quality 
of the spectra are usually not too demanding, and a relatively 
poor signal-to-noise ratio can be tolerated. Although the time 
needed to record an off-resonance spectrum is still about 
double that for a 'H BB decoupled spectrum, it is nevertheless 
shorter than that for a non-decoupled spectrum.

H COOH
XC3 = C2^ I

h3c4/ h 1
3

©

B to E: L’C NMR stick spectra of 3; B: without C.H decoupling:
C: selective *H decoupling of the methyl protons:
D: H off-resonance decoupling, with decoupling frequency v2 at the left-hand end of the proton spectrum 
(at <5 = 8, shown by a thick arrow above spectrum A);
E: as in D, but with decoupling frequency v2 at right-hand end of proton spectrum (at <5 ~ 1).
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In the L’C spectrum of crotonic acid with ]H off-resonance 
decoupling (Fig. 5-3 B) we find that C-4, the carbon nucleus of 
the methyl group, gives a singlet to a first approximation, 
whereas one would expect a quartet. Let us try to understand 
this effect with the help of Figure 5-7. This shows the 90 MHz 
'H NMR spectrum (A) and the 13C NMR spectrum with C,H 
couplings (i. e. without decoupling) in the form of a stick spec­
trum (B). Figures 5-7 D and E show in diagrammatic form two 
off-resonance spectra; in D the decoupler frequency v2 was at 
the left-hand end of the 'H spectrum, while in E it was at the 
right-hand end. These positions are marked by arrows in spec­
trum A.

In D the decoupler frequency is nearest to the signals of the 
olefinic protons, and therefore, in accordance with Equation 
(5-1), these C,H couplings show a greater apparent reduction 
than those in the CH3 group. In E i'2 is nearest to the CH3 
resonance, and therefore it is the C,H coupling in this group 
which shows the greatest reduction.

It is evident that in the off-resonance experiment which gave 
the spectrum in Figure 5-3 B the decoupler frequency v2 was 
very close to the resonance frequency of the methyl protons. 
The spectrometer setting conditions thus corresponded ap­
proximately to those in Figure 5-7 E. For the CH3 group the 
reduced C,H coupling constant through one bond is near zero, 
whereas for the two CH groups of the double bond the doublet 
splitting caused by the reduced C,H coupling can still be clearly 
seen. This can be used as an aid to assignment (Section 6.3.3).

Often the multiplets in the off-resonance spectrum do not 
have the appearance of doublets, triplets or quartets; instead 
they are often even more complex than in the normal, non­
decoupled spectrum, as the LlC NMR spectrum is then the X 
part of a higher-order spectrum. An example will make this 
situation clearer.

Example:
O The I3C NMR spectrum of a CII CIL group corresponds 

to the X part of an AA'BB'X spin system, in which the coupling 
constant 'J(C.H) is much greater than/AA and/BB . Consequently 
these two H.H couplings only play a minor role. However, under 
off-resonance conditions the effective values of the three coupling 
constants are of the same order of magnitude, and as a result the 
X part, i. e. the L’C spectrum, is more complex than the expected 
triplet (Section 4.7).

In Chapter 8 we shall meet the DEPT method, which has 
now virtually replaced the off-resonance technique for situa­
tions where the equipment and experimental conditions allow 
it to be used.



5.3.4 Selective Decoupling

In a selective decoupling experiment the resonances of par­
ticular nuclei in the molecule are saturated specifically, so that 
all couplings to these nuclei are eliminated. 'H BB decoupling 
is not selective according to this definition. On the other hand, 
all homonuclear proton decoupling experiments are selective.

Another type of experiment which has become of practical 
importance is selective heteronuclear decoupling, especially 
selective bC{'H} decoupling. To explain this technique we 
again take crotonic acid as an example.

In the [H NMR spectrum of crotonic acid (Fig. 5-7 A) the 
methyl proton signals appear at d = 1.89 and the olefinic pro­
ton signals at d = 5.82 and 7.04. If we irradiate selectively at the 
resonance frequency of the methyl protons, these protons are 
decoupled from the ljC nucleus of the methyl group. The sig­
nals in the 'H NMR spectrum which are of importance here are 
not the main methyl signal but the 13C satellites! These come 
from the 1.1% of the molecules whose resonances we observe 
in the 13C spectrum. In order to achieve decoupling the decou­
pler power must be so great that both the ljC satellites, which 
are separated by about 125 Hz, are excited. Only then will the 
four peaks of the methyl group in the l3C spectrum become a 
singlet, while all the other couplings, and therefore the multi­
plet structures of the other signals in the 13C spectrum, remain 
unchanged. Figure 5-7 C shows the resulting stick spectrum. 
Fortunately the ’ll resonances of the chemically non-equiva- 
lent hydrogen nuclei in crotonic acid are well separated. 
Usually the conditions are not so favorable, and complications 
occur due to the fact that decoupling with such a broad fre­
quency band (> 125 Hz) also saturates nearby, or even over­
lapping, l3C satellites belonging to other protons. For the 
protons thus affected the conditions which apply are similar to 
those in off-resonance decoupling.

In order to carry out a selective decoupling experiment it is 
first necessary to assign the signals in the 'H NMR spectrum 
and accurately determine their frequencies. Such experiments 
take a long time, and they are not therefore carried out as a 
routine procedure. There are advantages in combining the two 
techniques of selective H decoupling and gated decoupling in 
one experiment, so as to increase the signal intensities by 
means of the NOE.



5.3.5 Summary of ^C^H] Decoupling 
Experiments

In 13C NMR spectroscopy the most important decoupling 
experiments are:
• gated decoupling
• ’H BB decoupling
• 'H off-resonance decoupling
• selective l3Cf'H} decoupling.

The gated decoupling procedure yields the spectral para­
meters b and J(C,H). Long recording times are needed, 
despite the fact that there is a gain in intensity from the NOE. 
The spectra are complex.

I3C NMR spectra with 'H BB decoupling give only the chemi­
cal shifts. The recording times are relatively short, as the signal 
intensities are enhanced by up to 200% due to the NOE. 
However, the information contained in the C,H coupling con­
stants is sacrificed.

A spectrum with off-resonance decoupling is usually 
recorded to complement the BB decoupled spectrum as an aid 
to assignment. The multiplicities tell how many hydrogen 
atoms are directly bonded to each carbon atom. A CH3 carbon 
gives a quartet, a CH2 a triplet, a CH a doublet, and a quater­
nary carbon a singlet. Off-resonance decoupling is nowadays 
being largely replaced by new and better techniques. We shall 
meet these in Chapter 8.

The technique of selective13C {.'Hl decoupling is used entirely 
as a means of assigning signals in 13C NMR spectroscopy.
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6 Assignment of 'H and 
BC Signals

6.1 Introduction

NMR studies are most commonly undertaken with structure 
determination as the aim. The required information is con­
tained in the spectral parameters, of which the three most 
important are the chemical shifts (d), the coupling constants 
(J) and the intensities (Z). The methods whereby these para­
meters are obtained from the analysis of the spectra have been 
described in Chapters 1,4 and 5. In this procedure one does not 
in principle need to have in mind a molecule with a certain 
structure; usually, however, there is a proposed structure to be 
considered, and the questions then posed are: does the 'H or 
13C spectrum contain the expected signals for each of the 
hydrogen or carbon nuclei in the molecule, and does the 
spectrum confirm the proposed structure?

If, on the other hand, the structure of the molecule is com­
pletely unknown, one searches in the spectrum for character­
istic signals which provide evidence for the presence of impor­
tant structural features or functional groups. In practice the 
two stages - analysis and assignment - are not rigidly separat­
ed. Often a partial assignment may lead to further analysis of 
the spectrum.

Even the experienced spectroscopist makes frequent use of 
data collections. Up to fairly recent times these generally con­
sisted of monographs, review articles and spectra catalogs in 
which spectra were reproduced. Such a catalog of complete 
spectra can certainly be very illuminating to the user, but a col­
lection containing thousands of spectra is awkward to handle. 
Furthermore, it is difficult to make comparisons when the 
spectra have been recorded at different frequencies. This is 
especially true of NMR spectra.

In the computer era catalogs can be produced in the form of 
magnetic tapes and disks. This opens up entirely new possibili­
ties for building up data files and for data processing (Section 
6-4). Data files on tape or disk do not contain the complete 
spectral curve with all the signals, their intensities and the line 
shapes, but just the spectral parameters such as chemical shifts, 
coupling constants, multiplicities and intensities. Storing these 
data for a large number of compounds at present still requires 



the memory capacity of a main-frame computer. Through the 
spectrometer’s minicomputer one can have access to a central 
data bank, e.g. via a telephone data link. In addition it is 
already possible to have data collections of limited size stored 
in situ by the spectrometer’s computer.

Developments are at a more advanced stage for 13C NMR 
spectroscopy than for 1H. The reasons for this become appar­
ent when one compares 'H and 13C spectra.

In the following sections the use of standard spectra catalogs 
as aids to assignment will be deliberately avoided. Instead we 
will indicate other methods which can help to solve problems of 
assignment in ’H and 13C NMR spectroscopy (Sections 6.2 and 
6.3). Section 6.4 describes how a computer can be used for 
spectral assignment, the discussion in this case being limited to 
bC NMR spectroscopy.

The techniques of one- and two-dimensional NMR spectro­
scopy using special pulse sequences, which have led to such 
spectacular progress in methods of assignment in recent years, 
call for some theoretical background knowledge, and will 
therefore be described in Chapters 8 and 9.

6.2 !H NMR Spectroscopy

6.2.1 Defining the Problem

In many spectra it is not possible to assign all the signals. 
Indeed, this is often not essential for solving the problem, as for 
example when all that is required is to find out whether a substi­
tution reaction, such as a methylation or acetylation, has been 
successful. In these examples it is sufficient to show that there is 
a singlet in the expected region with an intensity corresponding 
to three protons. If, on the other hand, one is interested in the 
positions of the substituents in a benzene ring, it is only neces­
sary to analyze and assign the signals of all the aromatic pro­
tons. An example of this is the spectra of the three isomeric 
dichlorobenzenes shown in Figure 2-13. There it was possible 
from the spectral types to unambiguously determine the posi­
tions of the two chlorine substituents in each case. But which 
signals should be assigned to which protons?

Reference was made in Chapter 2 to empirical correlations 
and additivity rules which can be used to predict approximate 
chemical shifts for protons and l3C nuclei in the various classes 
of compounds. As these methods can be used without any 
additional experimental work, without large collections of 



data, and without a computer, we shall deal with them first. 
After that we will discuss methods of assignment which require 
changes to the recording conditions and the samples.

6.2.2 Empirical Correlations for 
Predicting Chemical Shifts

All rules for predicting chemical shifts are based on the 
observation that within a particular class of compounds the 
contribution of a substituent to the chemical shift is nearly 
constant.

These contributions, called the substituent increments, have 
been determined by analyzing large quantities of experimental 
data. Using these in conjunction with simple rules enables one 
to estimate the chemical shifts. The increments have been 
obtained by averaging experimental data from a more or less 
arbitrary selection of compounds, and the chemical shifts calcu­
lated from them cannot be any more reliable than the incre­
ments themselves. For this reason they will be referred to 
throughout this book as only estimates. Provided that this fact 
is kept in mind, d-values obtained using these empirical corre­
lations are a valuable aid to assignment. In the following sec­
tions the most important of these rules will be described to­
gether with examples. (The sequence of the different classes of 
compounds is the same as in Chapter 2.)

6.2.2.1 Alkanes (Shoolery’s Rule)

The chemical shifts of protons in disubstituted, and to a limit­
ed extent trisubstituted, methanes can be predicted using 
Shoolery’s rule (Equation 6-1). For a disubstituted methane 
X—CH2 —Y this is:

d (CH2) = 0.23 + 5V + S,. (6-1)

The reference point for d is the chemical shift of the protons 
in methane. The increments S are listed in Table 6-1.

As an example the d-value for the methylene protons in ben­
zylmethylamine has already been calculated in Section 2.2.1.



Table 6-1.
Substituent increments 5 for estimating 'H chemical shifts in 
disubstituted methanes X-CH,-Y using Shoolery’s rule:
d (CH2) = 0.23 + Sv + 5V " (6-1)

Substituent 5 Substituent 5

-CH, 0.47 — NRR' 1.57
-CF, 1.14 -SR 1.64
— CR=CR'R" 1.32 -I 1.82

(-(II 1.44 -Br 2.33
-COOR 1.55 -OR 2.36
— CONH, 1.59 -Cl 2.53
-COR 1.70 -OH 2.56
— C=N 1.70 -OCOR 3.13
-c(,h5 1.83 -OC6H5 3.23

6.2.2.2 Alkenes

Chemical shifts in ethylene derivatives can be estimated 
using the Pascual-Meier-Simon rule [1] (Equation 6-2):

d(H) - 5.28 + Sgem + Sds + S,(6-2)

The reference point in this case is the chemical shift of the 
protons in ethylene (d = 5.28). The increments are given in 
Table 6-2.

Example 1: tranv-crotonic acid (1)

d(H-2) = 5.28 + S,,e,„ (COOH) + 5(.„ (CH,) 
= 5.28 + 0’69 - 0.26 = 5.71

experimental value: 5.82

d (H-3) = 5.28 + 5Sf„, (CH,) + S,7s (COOH)
= 5.28 + 0.44 + 0.97 = 6.69

experimental value: 7.04

H Scis
C=C 

sz A 
-’gem -'trans

2/H
ZC=C\1

H COOH
1

Also: d (CH,) = 1.89: <5(COOH) = 12

The spectrum of crotonic acid is shown in Figure 5-7.

Example 2: cis- and tranx-stilbene (2 and 3)
In this special case the position of the phenyl substituent cannot be 

determined from the value of V(H.H). as the two olefinic protons are 
equivalent in both isomers, and consequently each spectrum shows 
only a singlet in this region. However, an assignment can be made by 
using the rule (6-2).



Table 6-2.
Substituent increments 511 for estimating 'H chemical shifts in alkenes 
using the expression:
(5(H) = 5.28 + S„„„ + S’(.„ + S,„„„ (6-2)

Substituent S,.„ S [rails

-H 0 0 0
-CH? (alkyl) 0.44 - 0.26 - 0.29

—F 1.51 - 0.43 - 1.05
-Cl 1.00 0.19 0.03
-Br 1.04 0.40 0.55
-I 1.11 0.78 0.85

-NR? (aliph.) 0.69 - 1.19 - 1.31
-0 Alkyl 1.18 - 1.06 - 1.28
—OCOCH, 2.09 - 0.40 -0.67

=c6h. 1.35 0.37 -0.10
— CH=CH? (conj.) 1.26 0.08 - 0.01
— COOH (conj.) 0.69 0.97 0.39

— NO? 1.84 1.29 0.59

11 Data from [1] and [2],

cis-stilbene (2): H H
6(H) = 5.28 + V,,„ (Ph) + Smmi (Ph) )c=c(

= 5.28 + 1.35 -0.1 =6.53 Ph Ph
experimental value: 6.55 2

trans-stilbene (3): Ph H
<5(H) = 5.28 + V,.,„ (Ph) + (Ph) \=c(

= 5.28 + 1.35 + 0.37 = 7.00 H Ph
experimental value: 7.1 3

6.2.2.3 Benzene Derivatives

For benzene derivatives we have the following empirical 
equation:

d (H) = 7.27 + S S (6-3)

The reference point here is the chemical shift of the protons 
m benzene. The substituent increments S are given in Table 
6-3. For multiple substitution the appropriate increments cor­
responding to the positions of the substituents must be added 
together.

no



Table 6-3.
Substituent increments S11 for estimating 'H chemical shifts in 
arenes using the expression:
d (H) = 7.27 + S 5 (6-3)

Substituent ^p

-CH, -0.17 - 0.09 -0.18
— CH,CH, -0.15 -0.06 -0.18

— F - 0.30 - 0.02 -0.22
-Cl + 0.02 - 0.06 - 0.04
—Br + 0.22 -0.13 - 0.03
-I + 0.40 -0.26 - 0.03

-OH -0.50 -0.14 -0.4
— OCH, - 0.43 - 0.09 - 0.37
— OCOCH, -0.21 -0.02 0.0

-NH, - 0.75 -0.24 - 0.63
—N(CH,), -0.60 -0.10 -0.62

-QH, + 0.18 0.0 + 0.08
-CHO + 0.58 + 0.21 + 0.27
-COCH, + 0.64 + 0.09 + 0.3
— COOCH, + 0.74 + 0.07 + 0.20
-NO, + 0.95 + 0.17 + 0.33

1 Data from [3],

Example: p-nitroanisole (4)

<5(H-2,6) = 7.27 + So (OCH,) + S„, (NO,) 
= 7.27 - 0.43 + 0.17 = 7.01

experimental value: 6.88

d (H-3,5) = 7.27 + SB (NO2) + S„, (OCH,) 
= 7.27 + 0.95 - 0.09 = 8.13

experimental value: 8.15

5 6

Also: <5(OCH,) = 3.90

The agreement between the calculated and observed values 
is good. Experience shows that the deviations become greater 
with increasing numbers of substituents, with ortho substitu­
tion, and with bulky substituents.



6.2.3 Decoupling Experiments

Spin decoupling makes spectra simpler, i. e. it reduces the 
number of lines (Section 5.2), and it is therefore one of the 
routine experiments of every NMR laboratory. In many cases, 
despite decoupling, the spectra are still not easy to analyze, but 
from the change in the spectrum one does at least find the posi­
tions of the signals of nuclei that are mutually coupled. Figure 
5-2 shows an example. In principle one can start from the 
resonance of one proton which has been assigned and, by a 
series of successive decoupling experiments, assign the whole 
spectrum. In practice, however, difficulties always arise when 
the resonance frequencies of the coupled nuclei are too close 
together (i. e. when Av is less than about 100 Hz).

For example, if one wished to assign the complex spectrum 
of the mixture of a- and /3-glucose shown in Figure 3-3 by using 
H,H decoupling, one would start with the resonances of the 
proton H-l, as these are well separated from the others. In this 
way one would easily locate the H-2 signals of both anomers. 
However, to then assign further signals by saturating the H-2 
resonances is virtually impossible, since decoupling these will 
always simultaneously saturate other signals.

A much more elegant way of elucidating such connectivity 
relationships is by two-dimensional NMR experiments (Chap­
ter 9).

6.2.4 Effects of Solvent and Temperature

Often there are interactions between dissolved molecules 
and the solvent. This can cause the signals to shift, especially if 
the solvent molecules arrange themselves in preferred orienta­
tions around the solute molecule, or if hydrogen bonding can 
occur. Effects of this sort are mainly found with polar com­
pounds. The most extreme solvent effects are obtained when 
the spectrum is measured first in a non-polar solvent (CC14, 
CDC13, hydrocarbons), then in one which causes large aniso­
tropy effects (benzene or other aromatic compounds).

When OH groups are present as substituents, dimethylsulf­
oxide is a suitable solvent. The formation of strong hydrogen 
bonds to the solvent molecules then slows down the proton 
exchange to such an extent that even vicinal couplings between 
the OH protons and protons at the a-position can be observed. 
The multiplet pattern of the OH signal - triplet, doublet or 
singlet - gives a direct indication of whether a primary, second­
ary or tertiary alcohol is present. Analogous effects are also 
observed for NH2 groups.



Changing the sample temperature sometimes causes certain 
signals to move relative to others. This is nearly always an indi­
cation of molecular association. Such effects are most familiar 
for OH signals. Raising the temperature can cause coupling 
effects to disappear, for example through inducing faster pro­
ton exchange. Other temperature effects and the uses of para­
magnetic shift reagents and of chiral compounds as aids to 
assignment will be described in Chapters 11 and 12.

6.2.5 Altering the Chemical Structure 
of the Sample

Introducing a chemical change into the molecule means that 
a new spectrum is obtained. If one wishes to alter a compound 
by chemical means with the aim of analyzing the spectrum of 
the original compound, the molecule must not be altered too 
radically! Two possible methods are:
• replacement of hydrogen by deuterium, and
• derivatization - in cases where this is chemically possible.

Replacing hydrogen by deuterium causes the corresponding 
signal to disappear from the spectrum. It also simplifies the sig­
nals of protons that were previously coupled to the proton 
replaced (Section 3.6.2). OH, NH and SH protons can readily 
undergo exchange with deuterium; it is often sufficient to 
simply shake the CC14 or CDC13 solution in the sample tube 
with a few drops of D2O. The signals of the exchangeable pro­
tons are eliminated or greatly reduced, and can thus be identi­
fied.

Selective derivatization usually only affects the resonance 
positions of the nearest neighbors. A routine method which is 
important in carbohydrate chemistry is the acetylation of OH 
groups. This causes a reduction of about 1 ppm in the shielding 
of the CH or CH2 protons in the a-position (i. e. a shift to hig­
her d-values). Another advantage of acetylation is that the 
resulting carbohydrate derivatives are more readily soluble in 
organic solvents, which usually give better resolution than in 
H2O or D2O. Both acetylation and methylation are commonly 
used. Alcohols and phenols undergo conversion by trichloro­
acetyl isocyanate to give the corresponding carbamates.



6.3 13C NMR Spectroscopy

6.3.1 Defining the Problem

Let us suppose that we need to assign the signals in the J3C 
NMR spectrum of the complex neuraminic acid derivative (5. 
Fig- 6-1). Since the molecule contains 13 carbon atoms and has 
no symmetry elements, we find 13 singlets in the spectrum 
recorded with broad-band decoupling. The chemical shifts 
can easily be read off from the spectrum.

1 'I.. "'T--- 1..... r"... i... '
180 160 140 120 100 40 20 5 0

Figure 6-1.
100.617 MHz 13C NMR spectrum of the methylketoside of N-acetyl-fJ-D-neuraminic acid methyl ester (5) 
in D2O; 256 FIDs, 16 K data points. 2.441 Hz/point. 1 s delay.



What aids are available to help us in assigning the signals to 
the individual carbon nuclei? The first possibility is to compare 
the observed spectrum with those of known compounds of 
similar structure. The degree of success with this method 
depends on one’s personal experience and on what collections 
of data and spectra are available.

As in H NMR spectroscopy (Section 6.2.2), so too in k’C 
NMR spectroscopy there are various empirical rules which 
allow one to estimate ’C chemical shifts without a great deal of 
labor. All other assignment procedures call for additional ex­
periments, which either use special equipment and techniques 
or involve altering the chemical structure.

We will deal first with empirical correlations, then with some 
special techniques. We shall return to our example of the neu­
raminic acid derivative (5) in the final section (6.4.2) of this 
chapter, and we shall also consider the 1H and L’C NMR spectra 
of this compound in much more detail in Chapters 8 and 9.

6.3.2 Empirical Correlations for Predicting 
Approximate Chemical Shifts

No universally valid correlation exists between calculated 
o-and ^-electron densities and chemical shifts. Similarly, 
attempts to correlate chemical shifts with electronegativities 
and with Hammett or Taft constants have resulted in simple 
linear relationships in only a few cases. None of these are suit­
able as aids to assignment for the NMR spectroscopist. The 
only relationships which have become important in practice are 
those whereby chemical shifts are estimated using empirically 
determined substituent increments. These are based on the 
assumption that the substituent effects are additive. A selec­
tion of these are described in the following sections. In each of 
the examples the experimentally determined d-values, taken 
from Ref. [4], are given below the structural formula.

6.3.2.1 Alkanes

Linear and branched alkanes: The spectra of a large number 
of pure hydrocarbons have been analyzed by Grant and Paul 
[5], and from these they developed an incremental system 
which can be used to predict the chemical shifts of the carbon 
nuclei in alkanes:



= —2.3 + 9.1n„ +9.4mZj — 2.5n„ + 0.3nd +O.lnP + S S,y 
(6-4) 

where:
= chemical shift of the carbon nucleus of interest 

n = numbers of carbon atoms in the a-, ft-, y-. d- and 
f-positions relative to this nucleus

S,j = steric correction terms taking account of branching.

The increments S,y are given in Table 6-4.

Table 6-4.
Steric correction factors S',,1’ for estimating l!C chemical shifts in 
branched alkanes by the method of Ref. [5].

primary secondary tertiary quaternary

primary 0 0 - 1.1 - 3.4
secondary 0 0 - 2.5 - 7.5
tertiary 0 -3.7 - 9.5 - 15.0
quaternary - 1.5 -8.4 - 15.0 -25.0

i = observed nucleus: j = neighbor nucleus 
11 from [6],

Example: 2-methylbutane (6)

C-l: na = 1, np = 2, ny = 1
Steric corrections: primary with adjacent tertiary — 1.1

S,7= - 1.1
<5 (C-l) = -2.3 + (9.1 x 1) + (9.4x2) -(2.5 x 1) - 1.1 = 22.0

C-2: na = 3, np = 1
Steric corrections: 1. tertiary with adjacent primary 0

2. tertiary with adjacent secondary — 3.7
S,, = - 3.7

<5 (C-2) = -2.3 + (9.1 x 3) + (9.4 x 1) - 3.7 = 30.7

C-3: n(< = 2, »p = 2
Steric corrections: 1. secondary with adjacent tertiary — 2.5

2. secondary with adjacent primary —> 0
Sp = - 2.5

6 (C-3) = - 2.3 + (9.1 x 2) + (9.4 x 2) - 2.5 = 32.2

C-4: nu = 1. np = 1. n,, = 3
Steric corrections: primary with adjacent secondary —> 0

Sp = 0
b(C-4) = -2.3 + (9.1 x 1) + (9.4 x 1) - (2.5 x 2) = 11.2



On the basis of this calculation the signals found in the spectrum at 
<5 = 21.9 and 11.5 can be assigned to C-l and C-4 respectively. The as­
signment of the C-2 and C-3 signals is not quite so unambiguous, as the 
difference between the d-values is too small. Here, however, one can 
easily decide between the two alternative assignments with the aid of 
an off-resonance decoupled spectrum (Section 5.3.3). as this gives a 
doublet for C-2 and a triplet for C-3.

Substituted alkanes (R ¥= alkyl): For a substituted alkane one 
first calculates the d-values for the corresponding unsubstitut­
ed hydrocarbon from Equation (6-4), then corrects these using 
the increments listed in Table 6-5.

Table 6-5.
Substituent increments S" for estimating k’C chemical shifts in 
substituted alkanes X — C„ — C/3 — C., — Cd.

Substituent s(, S„ SA

— D - 0.4 - 0.12 -0.02 _
-CH3 9.1 9.4 -2.5 0.3
- CH=CH, 22.3 6.9 -2.2 0.2
- C=CH 4.5 5.5 -3.5 —
-C6H5 22.3 8.6 -2.3 0.2

-CHO 31.9 0.7 -2.3 —
-COCH, 30.9 2.3 -0.9 2.7
-COOH 20.8 2.7 -2.3 1.0
-CN 3.6 2.0 -3.1 -0.5

-nh2 28.6 11.5 -4.9 0.3
— NO, 64.5 3.1 -4.7 - 1.0

-OH (prim.) 48.3 10.2 -5.8 0.3
— OH (sec.) 44.5 9.7 -3.3 0.2
-OH (tert.) 39.7 7.3 - 1.8 0.3

-OR 58.0 8.1 -4.7 1.4
—OCOCH, 51.1 7.1 -4.8 1.1

-SH 11.1 11.8 -2.9 0.7

— F 70.1 7.8 -6.8 —
-Cl 31.2 10.5 -4.6 0.1
-Br 20.0 10.6 -3.1 0.1
-I - 6.0 11.3 - 1.0 0.2

11 Adapted from [4] and [6].



Example: isobutanol (7)

(CH;)2CH - CH, - OH
20.4 32.0 70.2

We treat this as being formally derived from isobutane (8) by substitu­
tion of a hydroxyl group.

(CH,),CH - CH,
24.6 23.3 24.6

For 8. by the method used in the example of 2-methylbutanc (6). we 
calculate the following b-values:

< 5 (CH,) = 24.5
< 5 (CH) = 25.0

Using the values S„ = 48.3. = 10.2 and = — 5.8, as given in Table
6-5 for a (primary) OH group, we obtain

< 5 (C-l) = 24.5 + 48.3 = 72.8
< 5(C-2) = 25.0 + 10.2 = 35.2
< 5(C-3) = 24.5 - 5.8 = 18.7

The deviations between the calculated and observed values give an 
indication of the accuracy of the method; in our example the assign­
ment of the signals is unambiguous.

For cycloalkanes different additivity rules and substituent incre­
ments apply.

6.3.2.2 Alkenes

Unsaturated hydrocarbons: The chemical shifts of alkenes 
can be calculated from Equation (6-5) [7],

„ 1 2c, - q, - c„ - c - c - c„ - c„ - c,
t

13C nucleus 
being observed

<5 (C-l) = 123.3 + 10.6n„ + 7.2^ - 1.5/z,, - 7.9nu- - 1.8^.
+ 1.5w.,. +25 (6-5)

where n is the number of neighbor carbon atoms of each type 
and S' is a steric term given by:
S = 0 if C„ and Ca- are in the E-configuration (aa', trans)
S = — 1.1 if C„ and Ca’ are in the Z-configuration (aa', cis)
S = — 4.8 for two alkyl substituents at C-l (aa)
$ = + 2.5 for two alkyl substituents at C-2 (aa')
S = + 2.3 for two or three alkyl substituents at Q.



Example: 2-methylbut- 1-ene (9)

C-l: na. = 2, n/r = 1, 5 = +2.5

d(C-l) = 123.3 - (7.9 x 2) - (1.8 x 1) + 2.5 = 108.2

C-2: na = 2, rip = 1, S = —4.8

<5 (C-2) = 123.3 + (10.6 x 2) + (7.2 x 1) - 4.8 = 146.9

Substituted alkenes are treated as ethylene derivatives, to 
which Equation (6-6) can be applied [6].

b = 123. 3 + 2 S, (6-6)

The substituent increments 5, are listed in Table 6-6.

Table 6-6.
Substituent increments 5,1’ for estimating 1?C chemical shifts for 
the double-bonded carbon nuclei in alkenes using the expression: 
d = 123.3 + 2 S,

X - CH = CH,

Substituent 5i 5, Substituent 5i 5,

— H 0 0 -OCH, 29.4 -38.9
— CH, 10.6 - 7.9 - OCOCH, \18.4 -26.7
-CH2CH, 15.5 - 9.7

-c6H5 12.5 - 11.0
— F 24.9 - 34.3 — CH = CH, 13.6 - 7.0
-Cl 2.6 - 6.1 -COOH 4.2 8.9
— Br - 7.9 - 1.4
-I -38.1 7.0 — NO, 22.3 - 0.9

11 Data from [6],

Example: crotonic acid (10)

b (C-2) = 123.3 + S,(COOH) + 5,(CH3)
= 123.3 + 4.2 - 7,9 = 119.6

b(C-3) = 123.3 + S’^CH,) + S,(COOH)
= 123.3 + 10.6 + 8.9 = 142.8

22.5
CH,

H,C = C - CH2 - CH,
109.1 147.0 31.1 12.5

9

H,C — CH = CH — COOH
18 147 122 172

10



6.3.2.3 Benzene Derivatives

The chemical shifts of the carbon nuclei in substituted ben­
zenes are calculated according to Equation (6-7):

d = 128.5 + 5 .S' (6-7)

The reference point is the L’C resonance of benzene. The 
substituent increments S are given in Table 6-7.

Table 6-7.
Substituent increments S" for estimating l3C chemical shifts in 
substituted benzenes using the expression:
6 = 128.5 + 2 5 (6-7)

Substituent 5, S<> s,„ Sp

-CH, 9.2 0.7 -0.1 - 3.1
-CH,CH, 15.6 - 0.5 0.0 - 2.7

—F 34.8 - 13.0 1.6 - 4.4
-Cl 6.3 0.4 1.4 - 1.9
-Br 5.8 3.2 1.6 - 1.6
-I -34.1 8.9 1.6 - 1.1

-OH 26.9 - 12.8 1.4 - 7.4
— OCH, 31.4 - 14.4 1.0 - 7.7
-OCOCH, 22.4 - 7.1 0.4 - 3.2

—NH, 18.2 - 13.4 0.8 - 10.0
—N (CH,), 22.5 - 15.4 0.9 - 11.5

-c6h, 13.1 - 1.1 0.4 - 1.1

-CHO 8.4 1.2 0.5 5.7
-COCH, 8.9 0.1 -0.1 4.4
—COOCH, 2.0 1.2 -0.1 4.3

-NO, 19.9 - 4.9 0.9 6.1

11 Data from [4].

Example: p-nitrophenol (11)
d(C-l) = 128.5 + S,(OH) + S„(NO,)

= 128.5 + 26.9 + 6.1 = 161.5 Exp.: 161.5
d(C-2) = 128.5 + 5„(OH) + 5„,(NO2)

= 128.5 - 12.8 + 0.9 = 116.6 115.9
d(C-3) = 128.5 + 5„,(OH) + 5„(NO,)

= 128.5 + 1.4 -- 4.9 = 125.0 126.4
<5(C-4) = 128.5 + S;,(OH) + 5, (NO,)

= 128.5 - 7.4 + 19.9 = 141.0 141.7

11



6.3.3 Decoupling Experiments

Of the decoupling techniques already described in Chapter 
5. those which are useful as aids to assignment in l3C NMR 
spectroscopy are
• II off-resonance decoupling, and
• selective 'H decoupling.

From 'H off-resonance decoupling we can find out whether 
the signals observed are those of primary (CH?), secondary 
(CH2), tertiary (CH) or quaternary carbon atoms. We have 
already seen in Section 5.3.3 how, by suitably choosing the off- 
resonance frequency i'2 - on the left-hand or right-hand side of 
the previously assigned 'H NMR spectrum - additional infor­
mation concerning assignments can be obtained. The reduced 
coupling constants which are observed do not, however, yield 
any additional information in general.

An elegant alternative to the off-resonance method is the 
DEPT technique which we will meet in Section 8.5. Another 
technique which is more sophisticated, and also more time­
consuming, is selective 'H decoupling. However, this method 
has nowadays been largely replaced by two-dimensional NMR 
experiments (Chapter 9).

6.3.4 Tx Measurements

The spin-lattice relaxation time T\ depends on the molecular 
motions, and the more rapid these motions arc the greater is T{ 
(Chapter 7). On the basis of this dependence it has been pos­
sible, for example, to assign the NMR signals of carbon nuclei 
in mobile side-chains of large molecules. Similarly the signals of 
carbon nuclei which lie on the longitudinal axis (backbone) of 
the molecule can be distinguished from those lying off this axis, 
as the latter are more mobile. We shall meet examples of this 
sort in Chapter 7.

6.3.5 Solvent and Temperature Effects 
and Shift Reagents

The effects of solvent and temperature on 13C resonances are 
complicated, and unlike the situation in 'll NMR spectroscopy 
they are rarely used as an aid to assignment.



On the other hand shift reagents are more commonly used. 
This topic is so large that a separate chapter (Chapter 12) will 
be devoted to it.

6.3.6 Chemical Changes to the Sample

AU the assignment techniques described so far are of an 
instrument-orientated kind. What contributions can the 
chemist make to solving assignment problems?

Of the many possibilities that exist for chemically altering a 
molecule, the three listed below are of special importance to 
the NMR spectroscopist; none of these involves interfering too 
drastically with the molecular structure:
• L'C enrichment at specific sites in the molecule by appropri­

ate synthetic methods using labeled starting materials:
• specific deuteration, either by synthesis or by H.D exchange; 
• derivatization.

In a 13C enrichment experiment it is usually sufficient to 
achieve an enrichment of only a few percent (typically 5 %); 
this increases the intensities of the corresponding signals to 
such an extent as to provide an unambiguous assignment.

Besides its use as an aid to assignment. L’C-labeling plays an 
important role in elucidating reaction mechanisms and bio­
chemical pathways (Section 14.1).

Specific deuteration enables one to identify the signal of the 
carbon nucleus bonded to the deuterium by its multiplet struc­
ture in the *H  broad-band decoupled L,C NMR spectrum, as 
the C.D coupling is not eliminated. For example, the signals of 
the deuterated solvent can be quickly recognized in the L’C 
NMR spectrum by their multiplet structure. For CDC13 a triplet 
with three peaks of equal intensity at 6 = 77.0 is always found; 
the spectrum of C6D6 is shown in Figure 2-6.

In addition to the splitting or broadening of the signal a shift 
is also observed (Section 2.1.2.5 and Fig. 2-6). This isotope 
effect can be used as an aid to assignment [8].

Isotopic labeling is expensive and time-consuming. It is often 
easier to prepare derivatives, and here one must particularly 
mention the methylation of OH, NH and SH groups. This 
reduces the shielding of the carbon nucleus directly bonded to 
the substituent, i.e. increases its d-value. by about 10 ppm. 
Acetylation, on the other hand, reduces the shielding, though 
only by about 2-3 ppm. It will be recalled that in 'll NMR spec­
troscopy the shift caused by acetylation was greater than that 
caused by methylation.



6.4 Computer-aided Assignment 
of l3C NMR Spectra

6.4.1 Searching for Identical or 
Related Compounds

It is only in rare cases that nothing whatever is known about 
the compound whose spectrum has been recorded. Here we 
consider the much more usual case where a proposed structure 
exists. How does the spectroscopist then go about the analysis?

First he makes use of his experience, then he refers to 
spectra catalogs or tables, and in some cases he calculates 
chemical shifts using incremental relationships. Much of this 
work can be carried out quicker and more easily by a computer 
- provided that it has access to a data bank and is correctly pro­
grammed. A file of data is therefore essential. This should con­
tain as many reference spectra as possible, in the form of all the 
experimental data such as numbers of lines, line positions, 
coupling constants, multiplicities etc.

Taking as an example the STN International C13 Data Bank 
[9], which is accessible to all users through data telecommuni­
cations. we will now look at how the computer can be used as 
an aid to assignment and interpretation of spectra.

The task is to determine whether the observed ’C NMR 
spectrum is in agreement with the proposed structure, or to dis­
cover what alternative structures are possible.

Just as when using conventional catalogs, one can ask the 
computer to search in the data file for the required reference 
compound and its spectrum by name, molecular formula or 
molecular mass. However, only in rare cases will the data file be 
found to contain this compound. One therefore adopts a differ­
ent strategy from the outset: one feeds into the computer the 
positions of all the bC NMR peaks in the observed spectrum, 
and makes it search first, by means of a suitable intelligent pro­
gram, for an identical spectrum. The program must be such 
that it tolerates some deviations from the experimental values, 
since even two spectra from the same compound can show dif­
ferences depending on the instrument and the recording condi­
tions [10],

If the computer fails to find an identical spectrum in the file, 
it must then search for similar spectra and print out the names 
and structures of the corresponding compounds. What exactly 
is meant by similarity, and how much variation is to be allowed 
between the line positions in the observed and reference 
spectra, must be defined by the spectroscopist before the 



search. He then has to decide which of the similar compounds 
found he will consider further, and which he will reject.

If at the outset one does not specify all the lines but only a 
selection, the computer will probably find several reference 
compounds even in the initial search for identical spectra. If the 
data file includes the correct compound, it should be in this list.

In the rarer cases where no proposed structure exists, the list 
of compounds with similar spectra printed out by the computer 
may help to solve the analytical problem.

6.4.2 Spectrum Prediction

The chemical shifts of individual carbon nuclei can be esti­
mated using incremental relationships. However, predicting 
entire spectra by this method only became possible with the 
advent of computers. Of the various methods suitable for prac­
tical use only one example will be outlined here, to illustrate 
the capabilities of such computer-aided spectrum prediction 
methods.

In this program the chemical shifts for the given molecule are 
estimated on the basis of other measured chemical shifts - not 
from increments in this case! The computer uses values pre­
viously determined from the spectra of molecules containing 
carbon atoms with the same, or at least very similar, bonding. 
For this purpose all the reference data in the file must first be 
rearranged in such a way that for each individual compound the 
structural features and the chemical shifts are linked together. 
The computer then processes these data to generate a file of 
expected chemical shift ranges for all the different possible 
types of carbon nuclei as a function of their chemical environ­
ment [11],

To find out whether an observed spectrum agrees with a 
particular proposed structure, one instructs the computer to 
predict the spectrum. To do this each carbon nucleus in the 
molecule must be coded by a predefined system according to its 
environment in the proposed structure. This can actually be 
done manually, but there is a high risk that mistakes will then 
occur [12, 13]. The coding can be done much quicker and more 
reliably by the computer. After this coding of the structure the 
computer searches in the file to find the expected chemical shift 
ranges for all the carbon nuclei according to their environ­
ments. and prints out the resulting d-values or the spectrum.

As an example Table 6-8 lists the measured d-values for the 
methylketoside of A-acetyl-/3-D-neuraminic acid methyl ester 
(5) taken from the spectrum in Figure 6-1, and alongside these 
the predicted values. The agreement between the predicted



Table 6-8.
Observed d-values for the neuraminic acid derivative 5 compared 
with predicted values obtained using a computerized incremental 
method.

Carbon nucleus b (observed) 0 (predicted)

C-l 171.50 170.4
C-2 100.32 99.2
C-3 40.31 39.4
C-4 67.51 66.9
C-5 52.83 52.5
C-6 71.67 71.3
C-7 69.18 68.3
C-8 70.98 70.5
C-9 64.50 63.9
OCH, (Ester) 54.65 52.7
OCH, (Ketoside) 52.12 53.0
NC=O (Ac) 175.93 175.2
CH, (Ac) 23.20 22.9

and experimental spectra is very good - the only doubt that 
arises concerns the assignment of the signals of the two OCH, 
groups.
The accuracy achieved with such spectrum predictions depends 
on the size of the data file, and especially on how frequently 
each of the structural elements in question occurs in the file 
[14],

Search programs of this kind are also available for 'H NMR 
spectroscopy. However, building up a data file is in this case 
more difficult and troublesome, as the information in normal 
’H NMR spectra is present in a more complex form than in '‘C 
spectra [15]. One need only consider, for example, how higher- 
order *H  NMR spectra change their appearance according to 
the measuring frequency. Developments in this area are conti­
nuing.

Lastly it should be mentioned that programs are being devel­
oped which, on the basis of partial structural information, can 
propose a complete structure for the molecule. In some cases 
these simultaneously use information obtained from other 
spectroscopic methods such as infrared spectroscopy or mass 
spectrometry (DENDRAL. ACCESS and other programs [16, 
17|).



6.5 Bibliography for Chapter 6

[l] C. Pascual. J. Meier and W. Simon. Helv. Chiin. Acta 48 (1969) 
164.
[?] M. Hesse. H. Meier and B. Zeeh: Spektroskopisdie Methoden in 
iler organischen Chemie. Stuttgart. New York: Georg Thieme Verlag. 
1984.

[3] L. M. Jackman. S. Sternhell: Applications of Nuclear Magnetic 
Resonance Spectroscopy in Organic Chemistry. Oxford: Pergamon 
Press. 1969.

[4] H.-O. Kalinowski. S. Berger and S. Braun: Carbon-13 NMR 
Spectroscopy. New York: Wiley. 1988.

[5] D. M. Grant and E. G. Paul. J. Amer. Chein. Soc. <%( 1964) 2984.

[6] E. Pretsch. T. Clerc. J. Seibl and W. Simon: Tabeiten zur Struktur- 
aiifklarung organischer Verhindimgen mil spektroskopischen Metho­
den. 2nd Edition. Berlin: Springer. 1981.

[7] D. E. Dorman. M. Jautelat and J. D. Roberts. ./. Org. Chern. 36 
(1971) 2757.

[8] F.W. Wehrli and T. Wirthlin: Interpretation of Carbon-13 NMR 
Spectra. London: Heyden. 1976. p. 107.

[9] C-13 NMR spectra online: STN International. Karlsruhe. 
Columbus. Tokyo. The computer program and the data bank are con­
tinually being upgraded. In 1990 thev contained 103 000 C-13 NMR 
spectra.

[10] W. Bremser. H. Wagner and B. Franke. Org. Magn. Reson. 15 
(1981) 178.

[11] W. Bremser, B. Franke and H. Wagner: Chemical Shift Ranges 
in Carbon-13 NMR Spectroscopy. Weinheim: Verlag Chemie. 1982.

[12] W. Bremser. Nadir. Chern. Tech. Lab. 31 (1983) 456.

[13] H. Kalchhauser and W. Robien. J. Chern. Inf. Comput. Sci. 25 
(1985) 103.

[14] W. Bremser, L. Ernst. W. Fachinger, R. Gerhards, A. Hardt and 
P'M.E. Lewis: Carbon-13 NMR Spectral Data. Weinheim: VCH 
Verlagsgesellschaft, 1986.

[15] W. Bremser. Chern.-Ztg. 104 (1980) 53.

[16] W. Bremser and W. Fachinger. Magn. Res. Chern. 23 (1985) 
1056.

[17] D.H. Smith, N.A.B. Gray, J.G. Nourse and C.W. Crandell. 
Anal. Chun. Acta 133 (1981) 471?

Additional and More Advanced Reading
N- A. B. Gray: Computer Assisted Analysis of Carbon-13 NMR Spec­
ial Data. In: Progr. Nucl. Magn. Reson. Spectrosc. 15 (1982) 201.





7 Relaxation

7.1 Introduction

In the NMR experiment the thermal equilibrium of the spin 
system is disturbed by irradiating at the resonance frequency 
(Section 1.5). This
• alters the population ratios, and
• causes transverse magnetic field components (Mx and Mv) 

to appear.
When the perturbation ceases the system relaxes until it 

once again reaches equilibrium.
We need to distinguish between two different relaxation 

processes:
• the relaxation in the applied field direction, which is charac­

terized by the spin-lattice or longitudinal relaxation time 7), 
and

• the relaxation perpendicular to the field direction, which is 
characterized by the spin-spin or transverse relaxation time 
T2.
In contrast to electronic, vibrational and rotational excited 

states, the relaxation of nuclear systems is very slow, especially 
in cases where the nuclear spin I is 1/2. The time needed for 
complete relaxation may be seconds, minutes, or even hours.

For protons under high-resolution NMR conditions the spin­
lattice relaxation times 7) are of the order of a second, and they 
do not vary greatly for protons in different bonding situations. 
This is one reason why T|-values for protons are not often 
measured. A second reason is the complexity' of NMR 
spectra.

For LlC nuclei the situation is quite different. Here the 
Ti-values vary from milliseconds in large molecules to several 
hundred seconds in small molecules. Because of these large dif­
ferences the spin-lattice relaxation time 7) for k’C nuclei has 
become an additional spectral parameter of importance to the 
chemist.

Although the spin-spin relaxation time T2 is less important 
from a chemical point of view than Tt, it will nevertheless be 
treated in detail in this chapter, because the corresponding 
relaxation processes and methods for measuring T2 form the 
basis for many pulse experiments, some of them quite compli­
cated, which will be described in Chapters 8 and 9.
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Initially we shall confine our attention to the relaxation of 
k’C nuclei. In this chapter we shall return to proton relaxation 
only in connection with line-widths and with the suppression of 
solvent signals. The relaxation times Tt and T2 of protons also 
play an important role in NMR tomography (Section 14.4).

7.2 Spin-Lattice Relaxation 
of 13C Nuclei (T[)

7.2.1 Relaxation Mechanisms

As already mentioned, the equilibrium of the spin system is 
disturbed in the NMR experiment: the macroscopic magnetiza­
tion vector Mn (= M- initially) is rotated by a 90°.' pulse into the 
y'-axis direction, or by a 180°' pulse into the (—z) direction. 
The new value of M. after a 90°- pulse is zero, and after a 180° 
pulse it is (see Fig. 7-la).

In both cases the population ratio changes. A 90° pulse 
equalizes the populations of the two energy levels, whereas a 
180° pulse inverts the population ratio. After the perturbation 
the equilibrium condition M- = ;W(I reasserts itself (Fig. 7-lb). 
The rate at which this occurs is determined by the spin-lattice 
relaxation time T{. Felix Bloch described this process by the 
differential equation (7-1) (which is the same as Eq. (1-15) of 
Section 1.5.2.2).

d.U \1 - ,W(I

dr 7\
(7-1)

From the standpoint of chemical kinetics T, ' is the rate 
constant of the relaxation, which is a first-order process.

Spin-lattice relaxation is always associated with a change in 
the energy of the spin system, as the energy absorbed from the 
pulse must be given up again. It is transferred to the surround­
ings. the lattice, whose thermal energy therefore increases. 
Here the •’lattice'’ means the neighboring molecules in the solu­
tion. and even the wall of the vessel.

Various intra- and intcrmolecular interactions are recog­
nized as contributing to the '°C spin-lattice relaxation. Thus 
one distinguishes between different relaxation mechanisms, 
such as:
• dipole-dipole (DD). or simply "dipolar" relaxation
• spin-rotation (SR) relaxation
• relaxation due to chemical shift anisotropy (CSA)



Figure 7-1.
Evolution with time of the longi­
tudinal component M. of the 
macroscopic magnetization, in 
the rotating coordinate system 
a', y'. z.
A: after a 90° pulse;
B: after a 180° pulse. The wavy 
line along the x'-axis of the rotat­
ing coordinate system indicates 
the direction of the effective /< 
field.

• relaxation due to scalar coupling (SC)
• electric quadrupolar (EQ) relaxation, and
• relaxation due to interactions with unpaired electrons in 

paramagnetic compounds.
The main contribution to the spin-lattice relaxation of L'C 

nuclei is the dipole-dipole (DD) coupling. This is also the most 
intensively studied of the various mechanisms, and - impor­
tantly in this context - it can be directly measured through the 
nuclear Overhauser effect (NOE, Chapter 10). This interaction 
between the nuclear dipoles arises from the fact that each 
nucleus is surrounded by other magnetic nuclei, in the same or 
m adjacent molecules, which are in motion. Their motion 
causes fluctuating magnetic fields at the position of the nucleus 
being observed. The frequency band is comparatively broad, 
and is largely influenced by the viscosity of the solution. If these 
fluctuating fields have components of the appropriate fre­
quency, they can induce nuclear spin transitions.

The theoretical description of dipolar relaxation for an 
assembly of molecules leads to the proportionality relationship 
?E r,. which can be expressed in the form of a useful rule:

faster a molecule moves, the greater is 7Here r( is the corre- 
hitiou time, and corresponds roughly to the interval between 
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two successive reorientations or positional changes of the 
molecule (by vibration, rotation or translation).

The dipole-dipole relaxation mechanism is especially effec­
tive when the observed carbon nucleus has directly bonded 
hydrogen atoms, as in CH, CH2 or CH3 groups.

Of the remaining relaxation mechanisms, the dipole-dipole 
interaction of the nuclei with unpaired electrons in para­
magnetic molecules is of special practical importance. Owing to 
the large magnetic moment of the electron this interaction is 
very strong. Thus, for example, a high concentration of para­
magnetic impurities in the sample causes the nuclear Over­
hauser effect (Chapter 10) to be completely lost, and also 
results in broad NMR signals (Section 7.3.3).

7.2.2 Experimental Determination of 1\

Of the various methods for determining the spin-lattice 
relaxation time Z), the only one we shall discuss here is the 
basic inversion recovery experiment. In this method one 
records a series of l3C NMR spectra using the pulse sequence 
180°- — r — 90°> — FID, which is shown diagrammatically in 
Figure 7-2, while simultaneously eliminating the C,H couplings 
by 'H BB decoupling.

As an example Figure 7-3 shows seven spectra recorded by 
this method for ethylbenzene (1); the delay time r between the 
180°' and 90°- pulses was set at a different fixed value for each 
spectrum, as shown at the right-hand end of the figure. The 
assignments of the six signals to the six chemically different 
carbon nuclei in the molecule are shown in the top spectrum. 
As r is varied the amplitudes of each of the signals change in 
different ways.

So that we can better understand the action of this pulse 
sequence on the spin system and the changes in the amplitudes, 
we first consider a simpler case, that of a sample with only one 
sort of chemically equivalent 13C nuclei, e. g. the 13C nuclei in 
chloroform (13CHC13). After the first stage, namely the 180°- 
pulse, Mo lies along the ( — z) direction. During the time r the 
system relaxes with the rate constant k = T\~ Figure 7-2 B 
shows the stages of evolution reached through relaxation by 
the magnetization vector M (= M-) for five different delay 
times t. Diagram "a" corresponds to r = 0 and M. = — 
‘b’ shows the stage reached after a short time t in which M- still 
remains negative. The situation shown in diagram ’c’, in which 
M- = 0, is important for the quantitative measurement of 7). 
For greater values of r, M: again becomes positive, and in ‘e" 
the system has finally returned to the equilibrium value 
M- = M„.



Figure 7-2.
A: Pulse sequence for determining the l3C spin-lattice relaxation time 7) by the inversion recovery 
method with continuous 'H BB decoupling: 180° — r — 90° - FID. (The pulse durations along the 
time axis are not to scale: for a 180° pulse rP is several ps. whereas r is of the order of seconds.)
B: The vector diagrams a to e and the signals below them show, for five different values of r. the 
effects of spin-lattice relaxation on M. and on the amplitudes of the signals obtained after applying a 90) 
pulse and performing the Fourier transformation of the FID.

iW0 and M- are not directly measurable quantities, since a sig­
nal is only induced in the receiver when the magnetization vec­
tor has a transverse component , ATV ). Therefore, in the 
second phase of the pulse sequence after the delay r the 
magnetization component Mz is rotated into the direction of 
the y axis by a 90°, pulse, thus giving a transverse magnetiza­
tion component Mr- which can be observed. The intensities 1 
of the NMR signals obtained after the Fourier transformation 
are proportional to the components AYV-. Since M. is still nega­
tive initially, the transverse component after the 90°' pulse is in 
the negative y'-direction, and signals with negative amplitudes 
appear in the spectrum. For M- = 0 (r = r/ero) no signal can be 
detected. At greater r-values the signal amplitude is again posi-
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Figure 7-3.
22.63 MHz k’C NMR spectra of ethylbenzene (1), recorded by the inversion recovery method (Fig. 7-2) 
with t = 1. 5. 10. 15. 30. 50 and 100 s (1].

five, with a magnitude determined by the component M- in 
each case.

The starting point for the quantitative treatment ot the spectra 
is Equation (7-1). By integrating the equation we obtain:

,V/() _ = A e~'ri' (7-2)

M- is the magnetization in the z-direction at the time t = r; A 
is a constant whose value depends on the initial conditions. In 
our inversion-recovery experiment we have, at the instant r = 0 
immediately after the 180°' pulse, M- = — and therefore 
,4=2 M(j. Equation (7-2) becomes:

_ M: = 2Mn e~,/Tl (7-3)

and by taking logarithms of both sides of the equation we 
obtain:

ln(;W(l - M-) = ln2M„ - y (7-4)

Replacing the magnetizations A7 in Equation (7-4) by the sig­
nal intensities I gives:

ln(/0 —/) = In 2/|) —yr (7-5) 



pjere /» is the maximum measurable signal intensity, and /. is 
the intensity at t = r.

If we plot In (/() — /.) against t. for discrete intervals of t cor­
responding to the delay times r. we obtain a straight line whose 
gradient is —1/7'1. At the time rzem when the signal intensity I. is 
just zero (the zero-crossing point). Equation (7-5) simplifies to

Eero = ln2 (7-6)

Equation (7-6) can be used to determine or estimate 7j for 
each signal in a L’C NMR spectrum, if one wishes to avoid 
making measurements over the entire period of relaxation.

The differences in Figure 7-3 between the zero-crossing 
points for the different carbon nuclei of ethyl benzene show 
how greatly the T। values can vary from one nucleus to another. 
For the signal of the CH3 group rzcm is about 5 s. and from 
Equation (7-6) this gives 7) ~ 7.2 s; for the signal of the quater­
nary nucleus C-l rzen, is about 50 s, giving 7j = 72 s.

Usually it is necessary to accumulate many FIDs to obtain a 
good quality 13C NMR spectrum. Before repeating a pulse 
sequence (Fig. 7-2) a delay time of at least 5 7\ must be inserted 
in each cycle, and the value used here for 7j must take account 
of the most slowly relaxing ’C nucleus in the molecule. The 
system needs this length of time to return to equilibrium, so 
that the intensities and relaxation times can be correctly 
measured. The complete pulse sequence is therefore:

(5 T; - 180°. - t - 90(- - FID),,

As 1\ can be 50 s or more for quaternary carbon nuclei, this 
implies delay times of 4 to 5 min. This results in very long total 
measuring times. Modern NMR spectrometers allow the mea­
surements to be carried out automatically, so that experiments 
of this kind can be run overnight.

The accuracy of the calculated 7j-values depends on how 
precisely the intensity 70 at the instant t = r = 0 is measured. It 
is usual, therefore, to determine at the beginning of the ex­
periment, during it. and at the end, and to take the average 
value.

A further source of error is the presence in the sample of 
paramagnetic impurities, the commonest being dissolved oxy­
gen. Therefore each sample must be carefully degassed before 
the 7j measurement. If this is not done, or if the sample con­
tains other paramagnetic impurities, all the relaxation times 
will be shortened and the measured values will be very difficult 
to interpret. These effects are especially serious in cases where 
the true 7j is more than 50 s.



7.2.3 Relationships between 7\ 
and Chemical Structure

The revalues for the ljC nuclei in organic molecules are in 
the approximate range from 0.1 to 300 s. The smaller values. 
0.1 to 10 s, belong to carbon nuclei with directly bonded pro­
tons, while the larger values (more than 10 s) are for those 
without protons (quaternary carbons) and for small symmetri­
cal molecules. Despite the fact that the amount of available 
experimental 7) data has always been less than for chemical 
shifts and coupling constants, various relationships between 
Tj-values and molecular structure which are of interest to 
chemists have been discovered and discussed.

7.2.3.1 Influence of Protons in 
CH, CH2 and CH3 Groups

Where the main contribution to spin-lattice relaxation comes 
from the dipole-dipole (DD) interactions, directly bonded pro­
tons are expected to have a large effect on the 7'1-values of the 
corresponding 13C nuclei. It is in fact found that the more hy­
drogen atoms are attached to a carbon the shorter is its 7\. In 
the ideal case is inversely proportional to the number of 
attached protons. This effect is clearly apparent in the example 
of isooctane (2) [2]; although the ratio 7) (CH): Tt (CH2) does 
not quite have the ideal value of 2, the observed ratio of 23:13 is 
not greatly different from this. Possible reasons for the devia­
tion from the ideal ratio are that the DD relaxation is addition­
ally affected by more distant protons, and that mechanisms 
other than the DD interaction also contribute to the relaxation. 
In the case of the CH; groups, Tj(CH?1) is appreciably greater 
than T|(CH)/3, showing that here the methyl rotation slows 
down the DD relaxation by shortening the effective correlation 
time rc (Section 7.2.1).

The large revalues of quaternary carbon nuclei are respon­
sible for the fact that, under the usual recording conditions of 
H BB decoupling and short pulse repetition times, their signals 

are very weak, and sometimes cannot even be found (Section 
1.6.3.2).

The effects on 7) caused by neighboring nuclei with magnetic 
moments increase with the magnitudes of their magnetic 
moments and with their proximity to the observed nucleus. 
This can be used as an aid to assignment. For example, one or 
more of the protons in the molecule can be selectively replaced 
by deuterons, which have a smaller magnetic moment. This

CH3
23

h3c-c-ch2-c-h 
CHj

2
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reduces the DD interaction effects, and so one expects an 
increase in T\. This is in fact borne out by experimental results. 
The effects are seen especially clearly when the relaxation 
times are long, as is the case for quaternary carbon nuclei.

Example:
Q In phenanthrene (3) the L'C resonances of the two carbon nuclei 11 

and 12 lie close together at d = 130.land 131.9, and they cannot be 
unambiguously assigned. C-ll is expected to have the shorter T\ of 
the two. as two nearest neighbor protons contribute to its relaxa­
tion compared with only one for C-12: however, in the undeuterat­
ed compound 3 A the 7',-values also are not greatly different (51 
and 59 s). Replacing H-4 and H-5 by deuterium (see 3B) increases 
the two Tj-values to 59 and 80 s respectively. This confirms the 
assignment shown in the formula, since the TY showing the largest 
increase must belong to C-12. For the more distant C-ll nucleus the 
weaker DD interaction affects the C-value to a smaller extent [3].

51

7.2.3.2 Influence of Molecular Size

The T[-values found for cycloalkanes [4] decrease as the ring 
becomes larger. For example, a value of 37 s was found for cy­
clopropane. whereas for cyclohexane it was only 20 s. Even­
tually, at a ring size of n = 20, a limiting value of about 1-2 s is 
reached. These results reflect the influence of the mobilities of 
the molecules, since the mobility of the cyclopropane molecule 
as a whole is much greater than that of the larger rings. For the 
small rings one cannot rule out the possibility that, in addition 
to the dominant DD interaction mechanism, spin-rotation too 
contributes to relaxation. For large rings, on the other hand, 
the relaxation times can also be affected by the intramolecular 
mobility of individual CH2 segments, even though these effects 
have not been quantified.

For macromolecules ^-values of less than 1 s are usually 
found, and they can fall to as little as 10 1 to 10 2 s, as in the 
case of polystyrene (4).

In biopolymers the LlC NMR signals are generally poorly 
resolved, and consequently it is in most cases not possible to 
obtain relaxation times for the individual carbon nuclei. Often 
only group relaxation times are measured; from these it is pos­
sible to reach conclusions about the mobilities of sub-units of 
the molecule.
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7.2.3.3 Segmental Mobilities

Often the individual parts of a molecule move at different 
rates. For example, the side-chains of steroids or the ester side- 
groups in acrylate polymers arc more mobile than the ring sys­
tem or carbon main chain. The latter more rigid parts of the 
molecules act as anchors for the side-chains. For flexible alkyl 
groups a bromine atom or an amide group is sufficient to pro­
vide anchoring. Hydroxyl or carboxy groups have a similar 
effect, as they form hydrogen bonds and can thereby limit the 
mobilities of entire molecular segments. In all compounds of 
these types the 7'rvalues increase with distance from the 
anchor point. There are. of course, additional effects arising 
from the structural peculiarities of each molecule.

These effects can be illustrated by three examples (all 
^-values are in seconds):

CH, - CH, - CH2 - CH2 - CH2 - C5Hh 5
8.7 6.6 5.7 5.0 4.4

BrCH, - CH2 - (CH,)5 - CH2 - CH, - CH, 6
2.8 2.7 2.0 3.1 3.9 5.3

HOCH2 - (CH,), - CH, - CH, - CH, - CH, 7 
0.7 0.8 1.1 1.6 2.2 3.1

Even in unsubstituted //-alkanes the CH, segments arc 
found to have different Trvalues. as the mobility in the middle 
of the chain is less than near the ends [2],

7.2.3.4 Anisotropy of the Molecular Mobility

In monosubstituted benzenes it is found that L’C nuclei on 
the long axis of the molecule have noticeably smaller Tj-values 
than do the other ring carbons. In most cases the difference is 
approximately a factor of two. as can be seen in the examples of 
toluene (8). phenylacetylene (9). biphenyl (10) and diphenyl­
diacetylene (11). This observation indicates that the molecular 
mobility is anisotropic, i. e. that the molecule rotates preferen­
tially about its long axis. Owing to this preferred rotation the 
carbon nuclei lying off the axis move faster than those on the 
axis [2],
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7.2.4 Suppression of the Water Signal

Often one cannot avoid using water as the solvent. This is 
especially so in biochemical investigations. Even when D2O is 
used as the solvent, the residual HDO signal is likely to be 
much larger than the signals of the substances in which one is 
interested (Section 5.2.2). This leads to various difficulties: 
• some signals may be hidden
• integration is not possible near to the water signal
• the computer finds it difficult to process weak signals to­

gether with very strong signals.
These problems can be avoided by an experiment which is 

based on an observation previously referred to in connection 
with measuring 7) for ethylbenzene (Fig. 7-3). The L’C NMR 
signal of C-l in ethylbenzene disappeared when the delay time 
was set at r7ero = 50 s (zero-crossing condition). A comparison 
of the three spectra recorded after delay times of 30. 50 and 
100 s shows that all the other l3C nuclei have already almost 
completely relaxed at this stage and their signal intensities have 
reached their equilibrium values. The water signal (H2O or 
HDO) can be suppressed in the same way as is seen here for 
C-l. The 7)-value for water is about 3 s, and is thus greater than 
the values for the protons in organic molecules. One therefore 
records the *H  NMR spectrum using the same pulse sequence 
as for 7) measurements, i.e. (180°. — t — 90°. — FID),,. The 
value of r is then chosen so that the water signal disappears. 
During this time interval the protons of the sample can undergo 
complete relaxation, and one obtains only the 'H NMR spec­
trum of the sample. Also the signals that were previously 
hidden under the water signal can now be seen. (The optimal 
conditions must in each case be determined by preliminary 
experiments).

Unfortunately this method can only be used for solvents 
whose relaxation times are considerably greater than those of 
the samples to be examined.

7.3 Spin-Spin Relaxation (T2)

7.3.1 Relaxation Mechanisms

We have already learned in Chapter 1 (Section 1.5) that 
'tnmediately after a 907 pulse the z-component of the macro­
scopic magnetization vector is zero. i. e. M. = 0 (see Fig. 7-4).



This is only possible if the populations Nu and have become 
equal. Instead of M, there is now a transverse magnetization 
component . According to the classical picture a small pro­
portion of the nuclear dipoles are now bunched together (i. e. 
in phase) and precessing around the surface of the double cone 
(Fig. 1-11). This condition is called phase coherence. The mag­
netization Mv- is the sum of the y' -components of all the indi­
vidual spins. The evolution of this transverse magnetization 
after the pulse is determined by the Bloch equations which 
were given in Section 1.5.2.2; here we need only the differential 
equation for My, which is:

dA/v.

ch
(7-7)

The time constant T2 is the spin-spin or transverse relaxation 
time. It determines how rapidly the transverse magnetization 
components Mx, and My decay. According to the classical pic­
ture this means that the precessing nuclear spins which are 
bunched together gradually lose their phase coherence, i.e. 
the bunch fans out. Figure 7-4 a-c shows this process in the 
form of vector diagrams; as in Section 1.5.2 the coordinate 
system (x', yz) rotates with the Larmor frequency, so that the 
transverse magnetization A/v- generated by the 90°- pulse 
always remains along the y' axis. Only the components of the 
magnetic moments of the individual spins in the x', y '-plane are 
shown in the figure (thin arrows).

As the fanning-out process continues My becomes smaller, 
and with it the induced signal in the receiver coil.

Figure 7-4.
Decay of the transverse magnetization Af,.- (in the rotating coordinate system x', y', z) after a 90f pulse, 
as the precessing bunched spins fan out as a result of magnetic field inhomogeneities.



The energy of the spin system is not altered by spin-spin 
relaxation, as the level populations are not affected. Only the 
phase coherence between the bunched precessing nuclear spins 
is lost. This type of relaxation is therefore sometimes described 
as an entropy process.

What causes the spin-spin relaxation? From a classical view­
point one can visualize energy being transferred from one nu­
cleus to another via fluctuating magnetic fields. In this process 
one of the nuclei changes from a higher to a lower energy state, 
while another is simultaneously raised from a lower to a higher 
level. Equal amounts of energy are released and absorbed, and 
only the phase coherence is lost.

However, the main contribution to the spin-spin relaxation is 
of quite a different nature. Since the sample being examined 
has finite dimensions and the magnetic field Bo is not homoge­
neous throughout this volume, not all the nuclei experience 
the same magnetic field. The effective magnetic field at the 
position of the nucleus varies from one nucleus to another by 
an amount These magnetic field inhomogeneities cause 
even nuclei that are chemically equivalent to precess with 
slightly different Larmor frequencies, some faster and some 
slower than the resultant transverse magnetization My-. This 
leads to the fanning-out with time which is shown in Figure 7-4.

The main practical significance of 7'2-values lies in their rela­
tionship to the line-width of the observed NMR signals (Section 
7.3.3).

To end this section we will consider how the magnitudes of 
the spin-spin and spin-lattice relaxation times compare. 
According to all that we have learned up to now about relaxa­
tion processes, T2 can never be greater than T\. This is because 
it is possible for the transverse magnetization Mx.' to have 
already decayed away completely by relaxation before the lon­
gitudinal magnetization M. has reached the equilibrium value 
Mn. On the other hand, M- cannot grow to its equilibrium value 
Mo until the transverse magnetization has completely 
disappeared. Therefore we have:

Ti T2

7.3.2 Experimental Determination of T2

As explained in Section 7.3.1, T2 is mainly determined by the 
field inhomogeneities Z1.BG. However, this contribution to the 
relaxation is of no interest to the chemist, being merely an in­
strumental parameter. As long ago as 1950 E. L. Hahn [5] sug­
gested an elegant method for determining T2, whereby the 
^homogeneity contribution is eliminated; this is the spin-echo 



method. It can be understood more easily and clearly in the 
form of the variant developed by Carr and Purcell, in which the 
90° excitation pulse is followed not by another 90°- pulse, as in 
Hahn’s version, but by a 180°- pulse. The complete pulse se­
quence is:

90° — t — 180° — t-(1st echo) — t — 180°- — t(2ndecho). . . .

Figure 7-5.
The Carr-Purcell spin-echo ex­
periment based on that of Hahn. 
A: Diagram of the pulse sequence 
(90° - t - 180° - r (echo 1) 
- t - 180'J- - t (echo 2) . . . etc.). 
The pulse durations rp are 
greatly exaggerated in the dia­
gram: they are actually only a 
few us, whereas r can be as 
much as several hundred ms.
B: Time domain spectrum (FID 
and two echoes).
C: Vector diagrams showing the 
stages of evolution of the spin 
system at the instants labeled a 
to h in A. The wavy line along 
the .v'-axis in diagrams b. c and f 
indicates the direction of the 
effective Bt field. Diagrams c to 
h show two individual spin vec­
tors A and B in the x’. t-'-plane 
of the rotating coordinate sys­
tem. The resultant macroscopic 
magnetization A/, is not shown. 
The small arrows outside the 
circle indicate the directions of 
rotation of the vectors A and B 
relative to the rotating coor­
dinate system.



Figure 7-5 C a-h shows how each step in this pulse sequence 
affects the spin system.

Diagram ’a' shows the initial equilibrium condition, with the 
macroscopic magnetization along the z-direction (;VL = Mo). 
The 90° - pulse turns A/(l into the direction of the y'-axis (Mv- = 
;y/0). This transverse magnetization Af, now rotates with an 
average Larmor frequency iq ; the x'. y', z coordinate system 
also rotates with this frequency, and consequently the trans­
verse magnetization M,-° remains along the direction of the 
y'-axis.

Let us single out two individual nuclei A and B from all those 
which arc precessing in phase. Due to the field inhomogenei­
ties nucleus A experiences a slightly higher field than the aver­
age for all the nuclei, and nucleus B a slightly lower field. In 
accordance with Equation (1-6) (>'L = v Bn) the Larmor fre­
quency for A is higher than that for B. The precession of nu­
cleus A is therefore faster than the average, whereas that of B 
is slower. Thus nucleus A gets ahead of the coordinate system 
which is rotating with the average frequency, while nucleus B 
falls behind. In diagram ‘c’ the directions of rotation relative to 
the coordinate system are indicated by the small arrows outside 
the circle. After a time t = r, typically up to a few hundred ms. 
the vectors A and B are separated by an angle & as in diagram 
■c’, i. e. they are out of phase. This fanning-out of the vectors 
reduces the magnitude of Mv .

To understand the effect of the 180°' pulse which follows, we 
need to anticipate to some extent the discussion in Section 8.2 
by including here a short explanation. We will first confine our 
attention to the vector A after a time t = r, i. e. immediately 
before the 180°- pulse (Fig. 7-5 C. diagram ’c"). In Figure 7-6 ’c'

180°.

c d

Figure 7-6.
Effect of a 180° pulse on the ve 
tor A at the instant c (Fig. 7-? 
Cc) when, after the evolution 
time t. it is at an angle (9/2 to 
the v’-axis of the rotating coor­
dinate system. A, undergoes a 
180° rotation, whereas A, is 
unaffected. The direction of rot; 
tion of A relative to the rotating 
coordinate system is not altered 
by the pulse.



the vector diagram for nucleus A is shown again on an enlarged 
scale. The projection of A on the /-axis is and that on the 
x'-axis is . A 180° pulse applied in the x'-direction turns the 
component AvS into the (-/) direction, but has no effect on 
AX'. By vector addition of Av- and — Av’ we obtain the new 
direction of A after the 180°' pulse. The angle between A and 
the y' -axis is the same as before the pulse (if we disregard sign), 
and the direction of rotation relative to the coordinate system 
remains unchanged (Fig. 7-6 ud’). In other words, the effect of 
the 180°' pulse is that the vector A has undergone reflection in 
the x', z. plane, without changing its direction of rotation. The 
same argument also applies to the vector B.

We return now to Figure 7-5 C, vector diagram ‘d’. This 
shows the state of the spin system for the vectors A and B after 
the 180°' pulse. As before. A is moving faster than B, but now 
A is lagging behind Bl After a further time interval of exactly r, 
A has caught up with B and the two are once more in phase. 
This condition is reached at a time of exactly 2 r after the first 
90°. pulse (Fig. 7-5 C, diagram ‘e’). The arguments here set out 
in detail for nuclei A and B apply equally to all the other nuclei 
in the macroscopic sample which contribute to the fanning-out 
process caused by the field inhomogeneities. After the interval 
2 r all the transverse components of the spin vectors become 
refocussed. The resultant transverse magnetization now points 
in the (— v') direction, and its amplitude again reaches a maxi­
mum. However, the absolute magnitude of My - is now not quite 
as great as it was immediately after the first 90°' pulse, as the 
system has undergone true spin-spin relaxation with the relaxa­
tion time T2 during the time 2t.

During the following interval of length r, the spins again fan 
out (Fig. 7-5 C, ‘f’), and a further 180°' pulse at this instant (dia­
gram ‘g’) produces, after a further interval r, a second echo 
(diagram ‘h’), whose phase differs from the first by 180°. Thus, 
by applying 180°- pulses at the instants r. 3 r, 5 r, ... etc.. we 
obtain echoes with alternating phases at intervals of 2 r, i. e. at 
the times 2r, 4r, 6r, ... etc. The decay in the intensities of 
these echoes, i.e. of the succession of signals which follow the 
FID, is determined solely by 73 (Fig. 7-5 B).

To determine T2 we again start from the differential equation 
(7-7), which can be solved for Mv- to give:

M,.'=dr'/r2 (7-8)

For t = 0 we have A = M{}. Taking logarithms of (7-8) gives:

InA/ = lnM(l - yr (7-9)

and since I is proportional to A/,

In/(f) = In 7() — yr (7-10)



One therefore measures the intensities of the echoes or sig­
nals and plots In I (t) against r; here Z(r) is the intensity of the 
echo at time t (t = 2r, 4r, . .. etc.). This yields a straight line 
whose gradient is — 1/T2. The chief sources of error in the 
measurement are inaccurate setting of the 90° and 180° pulse 
angles.

Figure 14-14 (Chapter 14) shows, in the context of NMR 
tomography, the exponential decay of the intensity 1(f) for a 
series of eight echoes. (In this case I(t) is plotted directly, not 
as its logarithm.)

During the spin-echo experiment there is, of course, a grad­
ual recovery of the magnetization along the field direction due 
to the spin-lattice relaxation (time constant 7\). The M- com­
ponent which has thereby built up then becomes inverted by 
the 180°- pulses. However, this does not contribute to the trans­
verse magnetization nor, therefore, to the observed signal.

The system described here contained only nuclei that were 
chemically equivalent and precessed at different Larmor fre­
quencies as a result of field inhomogeneities. However, the 
arguments are equally valid if the spin-echo experiment is car­
ried out on a system with several chemically non-equivalent 
sorts of nuclei, or one in which the nuclei are coupled. For 
example, if two different sorts of nuclei A and B are present, 
their magnetization vectors MA and MB are similarly refocussed 
after a time 2 r, and an echo is induced in the receiver coil. To 
understand this one only needs to replace the vectors A and B in 
the vector diagrams of Figure 7-5 C by MA and MB. Fourier 
transformation of the echo then gives two signals at the fre­
quencies vA and vB.

!H NMR spectra are usually too complex for T2 measure­
ments because of the many H,H couplings present, and such 
measurements are therefore almost entirely restricted to L’C 
nuclei, as the couplings to protons can in this case be eliminated 
by ‘H BB decoupling, leaving a spectrum made up entirely of 
single peaks.

We shall return in Section 8.3 to the two-spin AX system 
with coupled 'll and 13C nuclei.

7.3.3 Line-widths of NMR Signals

Signals which lie very close together can only be seen separa­
tely (i. e. resolved) if the resonance lines are sharp. A measure 
°f the resolution is the line-width at half height (half-height 
width Jv1/2). Problems with inadequate resolution occur 
teainly in 'H NMR spectroscopy, but less often in 13C NMR 
sPectroscopy.



Both the spin-lattice and spin-spin relaxation processes con­
tribute to the line-width. Each of these shortens the lifetime of 
a nucleus in a particular energy state. According to Heisen­
berg's uncertainty principle (Eq. 7-11), the shorter the lifetime r, 
of a particle in a given stationary state, the greater is the degree 
of uncertainty in the energy of that state. In NMR spectroscopy 
the effect of this is to introduce an uncertainty bE into the 
energy of a transition, and therefore into the frequency of the 
transition and of the resonance signal. As a result the lines are 
broadened, by an amount which increases as T\ and T2 become 
shorter.

bE-t^^ (7-11)

For nuclei with spin 1/2 in low-viscosity liquids the relaxation 
times Tx and T2 are approximately equal, and are quite long, 
resulting in very small line-widths. For protons these "natural" 
line-widths are in general less than 0.1 Hz.

In solids and viscous liquids T\ can be very long, especially at 
low temperatures, being sometimes of the order of minutes or 
even hours: T2, on the other hand, is very short, of the order of 
10“4 s, since the magnetic coupling to neighboring spins is very- 
large. The line-width is then determined essentially by T2.

Usually the shape of the resonance line can be described by a 
Lorentzian function; the half-height width is then given by:

zh’1/2 (7-12)

From this equation and the observed width of the signal one 
can obtain a transverse relaxation time T2*,  but this is of little 
interest in itself, as it is determined mainly by magnetic field 
inhomogeneities AB^ (Section 7.3.1). Instead the contribution 
of the field inhomogeneities to the half-height width must be 
subtracted so as to obtain the "true” or natural spin-spin rela­
xation time T2. This is possible by using Equation (7-13).

1 y AB{} 1 
— =---------- 1----

T->*  2 73
(7-13)

In addition to the contribution from field inhomogeneities, 
there is often a further line broadening caused by interactions 
with neighboring nuclei in cases where these have a spin I ' 1, 
and consequently also an electric quadrupole moment eQ. 
Here we must particularly mention interactions with 14N nuclei, 
which have quite a large electric quadrupole moment eQ. Deu­
terium too is a quadrupolar nuclide (/ = 1), but its quadrupole 
moment is smaller than that of l4N, and accordingly the broad­
ening of proton resonance lines through coupling to deuterium 
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js small. Nevertheless, if broad signals are found in such a case 
the probable cause is unresolved couplings.

As has already been mentioned, paramagnetic impurities 
shorten the relaxation times and give severely broadened lines. 
This applies especially to dissolved oxygen. Consequently, the 
best resolution can only be obtained by careful degassing of the 
samples.

The effects of exchange processes on line shapes will be con­
sidered in detail in Chapter fl.
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8 One-Dimensional NMR 
Experiments using 
Complex Pulse Sequences

8.1 Introduction tu

Two problems are in the foreground in the practice of NMR 
spectroscopy. The first of these is the low sensitivity. This 
applies especially to the insensitive nuclides with low natural 
abundances, of which l3C and '■"’N are examples. The second 
problem area is that of assignments. Difficulties with this are by 
no means confined to higher order spectra or spectra of large 
molecules; problems with assignments occur also, or perhaps 
even especially, in spectra containing only singlets, as in 
13C NMR spectra with BB decoupling.

Modern pulse spectroscopy opens up new possibilities for 
overcoming these problems, through the use of selective pulses 
and complex pulse sequences. The most important of these 
experiments, and the advantages that they offer, will be de­
scribed in this and the following chapter.

To make the most effective use of these new techniques it is 
essential to have, in addition to the appropriate instrument­
ation, a good knowledge of the theoretical fundamentals of 
pulse experiments. The next two sections aim to provide this 
knowledge. These are followed by detailed descriptions of par­
ticular experiments.

We begin with the J-modulatedspin-echo experiment. Using 
this as an example, we will consider how the amplitudes and 
phases of the signals in coupled systems are affected by the 
coupling constants. The discussion of this particular technique 
serves two purposes: firstly it will prepare us for when we come 
to consider two-dimensional /-resolved NMR spectroscopy 
(Section 9.3), and secondly it has grown in practical importance 
as an aid to assignment in 'C NMR spectroscopy (attached 
Proton test, APT). This will be followed by the SPI (selective 
Population inversion) experiment, which can be used to 
mcrease the sensitivity for insensitive nuclei such as 1JC and L"'N 
by polarization transfer. Next we will deal with another techni­
que based on the same principle, the INEPT method, then with 
the DEPT experiment, which is of considerable practical 
importance. This chapter concludes with the INADEQUATE 
experiment for measuring C.C coupling constants, which 



in considering the phenomenon of double quantum coherence. 
A two-dimensional version of the INADEQUATE experiment 
is also possible (Section 9.5).

At this point we will anticipate one of the findings of this 
chapter. These newer types of experiments provide. in addition 
to the already familiar spectral parameters of chemical shifts 
and coupling constants, new information such as correlations 
between chemical shifts and couplings, between 'H and L’C 
chemical shifts, or between other pairs of nuclides. By giving 
information about the neighbor relationships (connectivities) 
between coupled nuclei, they provide new insights into the 
structures of molecules. Sometimes, too. these experiments 
allow one to measure chemical shifts and coupling constants 
better and faster as a result of the gain in intensity through 
polarization transfer.

8.2 Simple Pulse Experiments

The new types of one- and two-dimensional NMR experi­
ments are based on the use of complex pulse sequences. By this 
we mean a series of pulses applied one after another with fixed 
or variable time delays between them. Most sequences for 
observing '’C resonances involve applying such a pulse 
sequence in the 13C channel while simultaneously another 
sequence is applied in the 'H channel. Changes can be made to 
the pulse angles and to the directions (in the rotating frame) of 
the pulsed fields which act on the individual spins and on the 
macroscopic magnetization. The most frequently used pulse 
angles are 90° and 180°.

The techniques will be explained wherever possible by 
means of vector diagrams, which show in a clear way what hap­
pens as a result of applying the different pulses. Nevertheless, 
such vector diagrams are sometimes difficult to understand 
without previous knowledge. Therefore the aim in the follow­
ing sections is to learn how some of the most frequently recur­
ring types of pulses affect simple magnetization vectors, and to 
practice using this knowledge. This should help in quickly 
attaining a good understanding of the techniques.

The methods whereby the different pulse sequences are 
generated, and their effective field directions are controlled by 
altering the r. f. phase, are matters of electronic engineering 
which will not be considered here.



8.2.1 The Effect of the Pulse on the 
Longitudinal Magnetization (AL)

Figure 8-1 shows how the longitudinal magnetization M:. 
whose magnitude corresponds to the equilibrium magnetiza­
tion. rotates under the influence of 90° and 180° pulses with dif­
ferent effective field directions in the rotating frame, namely 
with B\ along the a'. y'. and (—.v') directions (see Section 
1.5.2.1). as determined by the phase of the applied r. f. field. 
After a 90°' pulse the magnetization vector lies along the direc­
tion of the y'-axis, whereas after a 90° pulse it is along the 
(—.v') direction. A 901v pulse rotates M. into the (—y') 
direction. The same condition would also be reached after a 
270°- pulse (Fig. 8-1 a-c). (The rotation always takes place 
in the anticlockwise sense as seen by an observer looking from 
the origin of the coordinate system along the direction of Bp)

A 180° pulse tips M- into the (— z) direction. In this case the 
direction of the Bj field does not matter, provided that it lies in 
the a', y' plane. The end result is the same in every case, the 
only difference being that for a 180°' pulse the vector rotates in 
the y', z plane, whereas for a 180°- pulse it rotates in the a', z 
plane. This difference is of no practical importance for our pur­
poses.

In the spin conditions existing after a 180° pulse the level 
populations are inverted. We shall return to this point in Sec­
tion 8.4.

z z

Figure 8-1.
Effects of 90° and 180° pulses on 
a longitudinal magnetization 
component M.. The wavy line 
indicates the effective direction 
of the r. f. field B, in the rotating 
coordinate system a', y', z. The 
thick arrow represents the mag­
netization vector after applying 
the pulse.



8.2.2 The Effect of the Pulse
on the Transverse Magnetization 
Components Mv')

Figure 8-2 shows four vector diagrams which illustrate the 
effects of 90° and 180° pulses on a magnetization component 

lying along the direction of the y'-axis. As in the experi­
ments described above, the rotation of the vector takes place in 
the plane perpendicular to the B field. Figure 8-2 b is intended 
to show that a 90° pulse has no effect on the magnetization , 
as this has no component at right angles to the field.

This is made clearer in the examples shown in Figure 8-3. Let 
us assume that the initial magnetization vector A has the direc­
tion shown in the front right quadrant of the diagram. We can 
resolve A into the two components Ax- and which are its 
projections onto the.r'- and y'-axes. The 90° pulse affects only 
the component A,.-, not AX’. The resulting vector . -Z after the 
90°' pulse has the components and Ax’. Vector addition 
thus gives the direction of. Z, which is in thex', z-plane, down­
wards and to the front.

A 90°- pulse, on the other hand, affects only the x'-compo- 
nent Ax' (Fig. 8-3 d), rotating it into the (+ z) direction. Vector 
addition of Ay- and A- shows that the new vector ._ Z is in the 
y', z-plane, pointing upwards and to the right.

Figure 8-3 also includes the diagrams for the vector 
which results from a different initial orientation B (Fig. 8-3 b 
and e), and for a system with both vectors._ -Z and T?(Fig. 8-3 c 
and f). The case illustrated in Figure 8-3 c will turn out to be 
important later when polarization transfer experiments are dis­
cussed (Section 8.4).

Figure 8-2.
Effects of 90° and 180° pulses on 
a transverse magnetization com­
ponent My'. The wavy line indi­
cates the effective direction of 
the r. f. field Bl in the rotating 
coordinate system x', y', z. The 
thick arrow represents the mag­
netization vector after applying 
the pulse.



Figure 8-3.
Effects of a 90° pulse (upper diagrams, a to c) and a 90° pulse (lower diagrams, d to f) on two arbitrary 
magnetization vectors A and B. In diagrams a, b, d and c the vectors A and B are shown resolved into 
their x'~ and y'-components. . Z and ./? (thick arrows) are the new vectors after applying the pulses. 
Diagrams c and f show the effects on both vectors A and B together.

In the next examples we consider the effects of 180° pulses on 
a magnetization vector A, and also on a pair of vectors A andB. 
This time only the x', /-plane is shown, as the vectors lie in this 
plane both before and after the pulses. We also assume that the 
x'~ and y '-axes are rotating with the average Larmor frequency 
(rA + Ub)/2; the vector A rotates faster than the coordinate sys­
tem, and the vector B slower. Such a situation might be caused 
by field inhomogeneities, or by interactions with neighboring 
nuclei, for example a spin-spin coupling. The directions of rota­
tion of the vectors relative to the coordinate system are shown 
by arrows beside the circular path.

Both vectors have components in the x'- and y'-directions. 
First we consider only the vector A with its components Ax< and 
A ' (Fig. 8-4, top center). A 180°- pulse, which acts in the direc­
tion of the x'-axis, rotates Ay' from the (+ y')- to the (—y')- 
direction; AX’ lies along the direction of the B. field, and is 
therefore unaffected. Vector addition of Ax-and A_ gives the 
new vector.. However, as before,. Z rotates faster than the 
coordinate system, since neither the field inhomogeneities nor 
the spin-spin coupling are affected by the pulse. Therefore the 
direction of rotation relative to the coordinate system, indicat-



Figure 8-4.
Effects of 180° and 180° pulses on the transverse magnetization vector A (upper diagrams) and on the 
two vectors A and B (lower diagrams). The coordinate system x'. y'. z rotates with the average Larmor 
frequency (vA + vB)/2. . Z and .Z? (thick arrows) arc the new vectors after applying the pulses.
The initial situation is shown in the central box, with A rotating faster than the coordinate system and B 
slower, as indicated by the small arrows outside the circles. Diagrams a and c show the situation after a 
180° pulse, b and d after a 180( pulse. The directions of rotation relative to the coordinate system are 
not altered by the pulses.

ed by the small arrow, remains unchanged. The new direction 
of the vector. A after the 180°. pulse corresponds to a reflection 
through the x'-axis (Fig. 8-4a).

The effect of a 180°- pulse is to reflect the vector A through 
they'- axis (Fig. 8-4 b), or, expressing this in another way, Ax' is 
turned through 180° from the (+*')-  to the ( — x'(-direction. 
Vector addition of A_x- and Ay' gives the new vector . -Z. 
Again, the direction of rotation relative to the rotating coordi­
nate system remains unchanged; the small arrow beside the 
circle points in the same direction as before the pulse.

To conclude this example we now consider the effects of 180° 
pulses on a pair of magnetic vectors A and B. As before, we 
assume that A rotates slightly faster than the coordinate sys­
tem and B slightly slower. The situations after a 180(' or a 180°. 
pulse are shown in Figure 8-4 c and d respectively. The 180°- 
pulse reflects both vectors through the x'-axis, their original 
directions of rotation being preserved. If the two vectors are 
moving apart before the 180°. pulse, they will be moving 
towards each other after it (Fig. 8-4 c). After a certain time they 
are again parallel, and an echo is recorded by the receiver coil. 
The 180°' pulse has great practical importance; we have already 



met it in connection with the determination of the spin-spin 
relaxation time T2 (spin-echo experiment, Section 7.3.2 and 
Fig- 7-6).

Fig. 8-4 d shows the situation in the spin system after a 180° 
pulse. The reflection through the y'-axis causes A and B to 
exchange places. The only change in the appearance of the dia­
gram is that the directions of rotation of the vectors are 
reversed, so that after the 180°- pulse the faster vector . / is 
behind the slower vector .>?. This leads to a refocussing of • Z 
and .Z? after a certain time, and again one observes an echo in 
the receiver coil. Therefore we can perform a spin-echo experi­
ment by using either a 180°. or a 180° pulse. The only difference 
between the two experiments is that the phase of the echo is 
shifted by 180°. It is also found in many other experiments that 
one can use different methods with different pulse sequences to 
achieve the same result.

8.3 The /-Modulated Spin-Echo 
Experiment

In Section 7.3.2 we met the spin-echo experiment and the 
pulse sequence on which it is based, i.e. the sequence:

90°. — t — 180°. - r (echo)

The objective of that experiment was to achieve refocussing 
of spin vectors which had fanned out during a time r as a result 
of field inhomogeneities or different Larmor frequencies 
(chemical shifts).

It is now necessary to explain how scalar couplings affect the 
spin-echo. For this we consider an AX spin system with A = 'll 
and X = 13C, and we assume that the 13C resonances are to be 
observed. An example of such a heteronuclear two-spin system 
is chloroform, 13CHC13.

The evolution of the spin system up to the echo will be illus­
trated by vector diagrams, in which we will confine our atten­
tion to the 13 C magnetization vector A/c.

The following preliminary remarks will help in understand­
ing the later discussion. In Section 1.5.2.1 it was shown that a 
90°. pulse has the effect of bunching together a small fraction of 
the nuclear spins (Fig. 1-11). The transverse magnetization 
My- is the vector sum of the transverse components of all the 
Precessing bunched individual spins. Mv-, like the individual 
spins, rotates about the c-axis with the Larmor frequency.

In the two-spin system there are two different Larmor fre­
quencies as a result of the C.H coupling: one for *°C  nuclei in 



molecules whose protons are in the a-state, which we denote 
by v(LlCHaCl3). and one for those whose protons are in the In­
state. i.e. )'(l’CH|-jC13). These two frequencies are given by:

>’(,3CHaCl3) = >'c -'/2J(C.H) 
v(13CHpCl3) = + ‘/2./(C.H) 1 '

where vc is the Larmor frequency of the 13C nuclei in the 
absence of C.H coupling (e.g. as measured with II BB 
decoupling). Thus the L’C NMR spectrum of chloroform con­
sists of two signals whose separation is 'J (C.H) = 209 Hz, with 
a chemical shift d = 77.7 (center of the doublet).

A macroscopic sample contains nearly equal numbers of 
LlCH(lCl3 and ’’CHpCl3 molecules (see Sections 1.3.3 and 
4.3.1). Therefore there are two magnetization vectors AL13, and 
Me11 whose magnitudes are nearly equal. Mc“ belongs to the 
50 % of the chloroform molecules '°CH((C13 in which the pro­
ton is in the a-state. and W!" to the other 50 %, 1'CH|.1C13. in 
which it is in the p-state (Fig. 8-5).

We now return to the spin-echo experiment. The 90°- pulse 
turns both magnetization vectors " and McH|i into the direc­
tion of the ( + y')-axis. and they begin to rotate about the z-axis. 
Since the coupling constant ‘./(C.H) is always positive. 
rotates slower than Me1’. because:

n(13CHuCJ3) < r(13CH|3Cl3).

The difference between the two frequencies is exactly equal to 
the coupling constant '/(C.H). Therefore, after a time r the 
phase angle 0 between the two vectors is:

0 = 2.tJ(C,H)t (8-2)

The continuation of this analysis follows exactly that for the 
vector diagrams c, d and e in Figure 7-5 of Section 7.3.2; all that 
is necessary is to replace the vectors A and B by Mq fi and “ 
respectively. The 180°' pulse reflects the vectors through the x'- 
axis, without changing the directions of rotation of the vectors 
relative to the x', y', z. coordinate system. After an interval r, 
Mc“ andM(0i> are again parallel and along the (—y') direction. 
This shows that in the spin-echo experiment refocussing after 
a time 2r also occurs for vectors which have fanned out as a 
result of a spin-spin coupling. In this discussion we have 
neglected field inhomogeneities in the interest of simplicity. 
This additional complication will be treated later (Section 
9.3.1). All we need to know at this point is that after the inter­
val 2r all the spins are once more in phase, regardless of 
whether the fanning out has been caused by field inhomogene­
ities. chemical shifts or scalar couplings.

A completely new situation arises if, after the 180°' pulse and 
during data acquisition, we switch on the H BB decoupler. 
Figure 8-6 A shows the pulse sequence for such a modified

Figure 8-5.
Energy level scheme for a two- 
spin AX system with A = 'H and 
X = 13C; example: 13CHC1,.
A) to ;V4 are the populations, 
with ;V'| > A', > A', > A'4. 
Me" is the macroscopic '’C mag­
netization vector for the A', + A) 
chloroform molecules whose pro­
tons are in the a state 
(l’CH„CI4), while M(H|1 is that for 
the A', + A'4 molecules whose 
protons are in the fi state 
■ <1 I < 11.



spin-echo experiment. The vector diagrams (Fig. 8-6 B) show 
again the effects of the pulse sequence on the 13C magnetiza­
tion vectors Afc" and Me11. As in Figure 7-5 we use a coordinate 
system x', y', z which rotates at the frequency t’c and we look at 
the behavior of the vectors in the x'. y'-plane. After the 90° 
pulse the two vectors Me" and 15 rotate in this plane with the 
frequencies - 7(C.H)/2 and rc + 7(C.H)/2 respectively 
(Equation (8-1)). i.e. A/pb rotates faster than the coordinate 
system by an amount J (C.H)/2, and Me" slower than it by the 
same amount. The small arrows in the vector diagrams show 
the directions of rotation of the vectors relative to the coordi­
nate system. After an arbitrary time rthe vectors are separated 
bv a phase angle 0 as given by Equation (8-2). Table 8-1 lists 
these phase angles for five special values of r. The vector dia­
grams for these five values of the delav time r. at each of the &
instants marked ‘a" to ’e’ in the pulse sequence, are shown in 
Figure 8-6 B.

Vector diagram ’a" shows the initial situation, and ‘b’ that 
after the 90°' pulse. During the subsequent delay time r. .V7("' 
and Me|! evolve so that they are separated by a phase angle 0 
(at V). The 180°' pulse then reflects the vectors through the.r'- 
axis(’d'). If one now switches on the *HBB  decoupler the spin­
spin coupling, which is the cause of the different rates of rota­
tion of the two vectors, is removed, so that they both rotate 
with the frequency i'c. Vector addition gives us the vector Mc 
(‘e’); its direction is along either the positive or the negative y'- 
axis, depending on the delay time r. unless it happens to be 
exactly zero. Data acquisition begins after the time 2r. i. e. one 
records the second half of the echo.

Since the signal induced in the receiver coil is proportional to 
the length of the vector along the y'-axis (in either the positive 
or the negative direction), after Fourier transformation one 
obtains an absorption signal with either a positive or a negative 
amplitude: for t = |27(C.[ I)| however, the amplitude is just 
zero. The amplitude of the absorption signal obtained, shown 
schematically in the right-hand column of Figure 8-6 B. thus 
depends on /(C.H). and therefore on the value chosen for the 
delay time t.

There remains the question as to why one waits for the echo, 
rather than recording the signal immediately after a time r with 
simultaneous II BB decoupling. For the example of chloro­
form chosen here, in which all the X-nuclei are identical, it 
would in fact be possible to dispense with the 180° pulse and 
the second delay time r. However, if we have several different 
sorts of ,5C nuclei with different Larmor frequencies and C.H 
coupling constants, their magnetization vectors will evolve with 
different frequencies during the time r. As an example, Figure 
8-7 B shows the vector diagrams for three different CH groups 
(I. II and III). Altogether there are six vectors,

Table 8-1.
./-modulated spin-echo experi­
ment. Phase angles 0 as given bv 
Equation (8-2) for five special 
values of r.

0 O'

0

[47(C.H)]-‘ 90'
[27 (C.H)] 1 180'
3[47(C,H)]_| 
[/(C.H)]-1

270'
360'



X



/// and III , which fan out during the time r following the 90° 
pulse, since their rotation frequencies differ as a consequence 
of the different Larmor frequencies p and C.H coupling con­
stants 7:

V(ZT,Z_) =^ + 7, 
1(ZZ-.ZZ ) =^1%
r(ZZZ+, III ) = vm ± 7m

The two diagrams c of Figure 8-7 (corresponding to the in­
stant "c’ marked in the pulse sequence A) have been drawn with 
the assumptions

i'i < i’ii < Du
and './[ < 7ln < 7n.

Also the coordinate system is defined as rotating with the fre­
quency up Consequently the vector Z+ rotates faster than the 
coordinate system and the vector I slower than it by an equal 
amount; II and II are both faster than the coordinate sys­
tem, while Z// and III . having the highest Larmor frequen­
cies. are the fastest of all. The three phase angles 0, given by 
Equation (8-2), depend on the C.H coupling constants and 
on t.

If one switches on the BB decoupler immediately at the end 
of the interval r, thereby shortening the pulse sequence, only 
the three vectors Z, II and III are obtained (diagram c'), as the 
C,H coupling is eliminated. The magnitudes (i. e. the lengths) 
of the vectors are functions of the C.H coupling constants, and 
the directions are determined by the respective Larmor fre­
quencies.

After data acquisition and Fourier transformation the spec­
trum contains three signals, Sp Su and SIH, whose amplitudes 
are proportional to the y'-components of the vectors Z, II and 
III (Fig. 8-7 B). Thus the amplitudes and signs of the absorp­
tion signals depend not only on the C,H coupling constants, 
which is what we want, but also on the Larmor frequencies 
(chemical shifts).

This unwanted effect can be avoided by using the complete 
spin-echo pulse sequence (Fig. 8-7 A). In Figure 8-7 C, vector 
diagram c again shows, as in Figure 8-7 B, the situation at the

◄
Figure 8-6.
^-modulated spin-echo experiment.
A: Pulse sequence (the pulse durations are shown greatly exaggerated); only BB decoupling is applied 
(intermittently) in the 'H channel.
& Vector diagrams in the rotating coordinate system a'. y', c for an AX spin system with A = 'H and 
X = L'C. Diagrams a to e show the evolution of the L’C magnetization vectors Mc“ and MCH|1 up to the 
correspondingly labeled instants in the pulse sequence A. Diagrams c to e. which show only the a ’, y'- 
Plane. are for five different special values of r as indicated. The L’C NMR signals after data acquisition 
and Fourier transformation are shown schematically on the right.
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instant "c. The 180°. pulse which follows reflects all the vectors 
through the x'-axis (diagram d). After switching on the BB 
decoupler there are only three vectors I. II and III (diagram e), 
and these become refocussed at the end of the second delay 
time t (diagram f). In this way the effect of the different Lar­
mor frequencies is eliminated, while retaining the effects of the 
C.H couplings on the evolution of the spin system during the 
time between the 90°. and 180°. pulses. The observed absorp­
tion signals Sn and 5in all have the same sign, but they have 
different amplitudes which depend on J(C,H).

So far we have considered only CH groups, i. e. two-spin sys­
tems. But what sort of bC NMR signals does one get under 
these conditions for a quaternary carbon (Cq) or for a CH2 or 
CH3 group? In contrast to the CH group, a quaternary carbon 
nucleus has only one magnetization vector, while for a CH2 
group there are three and for a CH3 group four (Fig. 8-8, 
column a). The evolution of these vectors on applying the pulse 
sequence of Figure 8-6 A is shown in the vector diagrams b-e in 
Figure 8-8, for the special case where r = [7(C. H) | 1. First the 
90° pulse tips the vectors into the direction of the y'-axis (Fig. 
8-8. column b). The precession frequencies of the vectors are 
then as follows:
for Cq : vc
for CH: rc ± ./(C,H)/2
for CH2: vc, vc±J(C.H)
for CH3: i'c ± 3J(C,H)/2, vc ± /(C,H)/2
After the interval r = [J(C,H)]~1 the several vectors are again 
exactly parallel in each of these cases as a result of their differ­
ent frequencies; those for CH and CH3 lie along the (—y') 
direction, whereas those for CH2 and Cq lie along the (+y') 
direction, in the x', y', z coordinate system which rotates with 
the frequency i’( (column c). The 180°. pulse which follows re­
flects all these vectors through the x'-axis (column d). The

◄
Figure 8-7.
7-rnodulatcd spin-echo experiment for three different CH groups (I, II and III) whose Larmor frequen­
cies v and C.H coupling constants increase in the order: vt < v,, < v,,, and LJt < 7,,, < V,,.
A: Pulse sequence (as in Fig. 8-6).
B: Vector diagrams and spectrum (schematic) for a truncated experiment without the second 180° L’C 
pulse and without the second delay time r (i. e. 90° — r (BB) — acquisition). Diagram c shows, in the 
■v . y'-plane of the rotating coordinate system, the precessing L’C magnetization vectors 1^. I . II+. II . 
W+ and III , all rotating at different frequencies, at the instant c following the evolution time r. 
Applying BB decoupling reduces these to the three vectors I. II and III (diagram c'). Acquisition and 
Fourier transformation of the y'-components of these vectors yields the signals .S’,. SH and 8,,,.
C: Vector diagrams and spectrum (schematic) for the full pulse sequence shown in A. Diagrams c to f 
again show the evolution of the six 13C magnetization vectors. Acquisition of the second half of the ech( 
after the time 2r (diagram f) followed by Fourier transformation yields three signals with negative 
amplitudes.



Figure 8-8.
/-modulated spin-echo experiment for L'C nuclei with 0. 1. 2 or 3 directly attached protons. The pulse 
sequence is the same as in Figures 8-6 and 8-7. but here only one special case, t = (J(C.H)]-1. is con­
sidered. The vector diagrams a to e show the starting situation and the evolution of the magnetization 
vectors for quaternary. CH. CH, and CH, carbon nuclei. Acquisition of the second half of the echo fol­
lowed by Fourier transformation gives the signals shown (schematically) on the right.

couplings are then eliminated by BB decoupling, so that in all 
four cases we are left with just one vector Mc precessing with 
the frequency t’cl for Cq and CH2 it lies along the (— y'j direc­
tion, while for CH and CH2 it lies along the (+y'j direction 
(column e). After data acquisition and Fourier transformation 
we therefore obtain negative signals for Cq and CH2 and posi­
tive signals for CH and CH-,.

Figure 8-9 B shows such a spin-echo spectrum for the 
methylketoside of A-acetyl-D-neuraminic acid methyl ester (1), 
which we met earlier in Chapter 6. together with the BB- 
decoupled L'C NMR spectrum (Fig. 8-9 A). It can be seen that 
there are five negative signals, which must be assigned to qua­
ternary or CH2 carbon nuclei, and eight positive signals from 
CH or CH, carbon nuclei.



As this example illustrates, the J-modulated spin-echo 
method can be used as an aid to signal assignment, as it enables 
one to quickly determine from a single experiment whether the 
number of hydrogen atoms attached to each carbon is odd (1 or 
3) or even (0 or 2). The experiment is therefore sometimes 
called the attached proton test (APT) [2].

I : I > | . | . | ,--- 1--- .--- ,--- 1-- ,-- 1-- !-- 1-- !-- ,-- [-- ,-- !--- r--- f-- 1--- 1--- ’--- 1-- .-- ,-- 1 I
180 170 160 150 140 130 120 110 100 90 80 70 60 50 60 30 20 <5

Figure 8-9.
Example of a J-modulated spin-echo experiment.
A: 50.3 MHz 13C NMR spectrum of the neuraminic acid derivative 1 with 'H BB decoupling.
B: 50.3 MHz L’C NMR spectrum of the same sample, recorded using the J-modulated spin-echo pulse 
sequence (Fig. 8-6 A). Signals with positive amplitudes are assigned to CH or CH, groups, those with 
negative amplitudes to quaternary carbons or CH2 groups.
(Experimental conditions for B:
20 mg of the compound in 0.5 ml D;O; 5 mm sample tube; 224 echoes recorded; 32 K data points;
T ~ 7.14 ms; duration of experiment: approx. 5 min.)



8.4 Signal Enhancement by 
Polarization Transfer

8.4.1 The SPI Experiment [3]

It has already been mentioned that one of the main problems 
encountered in NMR spectroscopy is the low sensitivity for 
some important nuclides. In Section 1.4.1 we became familiar 
with the main reason for this, namely that the signal intensity is 
proportional to Nu — TVp, the difference between the popula­
tions of the two energy levels, which is quite small.

According to Equations (1-9) and (1-10) the ratio of the 
populations is given by:

M y ti Bn 
— = 1 - --------
Ao kB T

(8-3)

Therefore Ntl — A'p becomes greater as the magnetic flux den­
sity Bt) is increased. This is one of the reasons why the trend in 
spectrometer development is towards ever higher magnetic 
field strengths.

However, the population difference, and therefore the sig­
nal intensity, also depends on the gyromagnetic ratio y. Since 
the nuclides ‘H, l9F and ,!P have large values of y, their nuclear 
resonances are relatively easy to detect, much more so than 
those of 13C and bN (see Table 1-1). A distinction can therefore 
be made, on the basis of the different y-values, between the 
sensitive nuclides !H, WF and 31P and the insensitive nuclides 
'C and bN. It often happens that the insensitive nuclides also 

have low natural abundances, and the two disadvantages are 
combined.

By means of special experiments using selective pulses it is 
possible, in coupled systems, to increase the signal intensities 
for the insensitive nuclear species. What is the principle on 
which these experiments are based?

Let us consider a two-spin AX system with scalar coupling, in 
which A is a sensitive nucleus (a proton in our case) and X is 
an insensitive nucleus (ljC). An example of such a system is 
chloroform (13CHC13).

In the 13C NMR spectrum, which is the only part of the AX 
spectrum in which we are interested at this point, the coupling 
to the proton gives a doublet with a separation *./  (C,H) = 209 
Hz. If 'H BB decoupling were applied, only one signal would 
appear.

Figure 8-10 A shows the spectrum and the energy level 
scheme. The transitions X( and X2 correspond to the two



Figure 8-10.
Energy level scheme for a two- 
spin AX system such as '’CHC1-, 
(A = 'H. X = BC) showing 
schematically the resulting X 
('°C) spectra.
A: Equilibrium state.
B: A selective 180° pulse exciting 
only the A2 transition inverts the 
populations of levels 1 and 3. as 
indicated by the thicknesses of 
the slabs. The X[ transition then 
gives an enhanced absorption sig­
nal. while the X2 transition gives 
an enhanced emission signal.
C: A selective 180° pulse exciting 
the A, transition inverts the 
populations of levels 2 and 4. In 
the '’C NMR spectrum we again 
obtain two enhanced signals, an 
absorption signal for the X2 tran­
sition and an emission signal for 
the X[ transition.
(The argument can also be 
worked through as a numerical 
simulation by inserting the values 
A, = 6, A3 = 5. /V, = 2 and M4 
= 1 for the equilibrium popula­
tions. Using these numbers leads 
directly to the enhancement fac­
tors of + 5 and — 3 for the two- 
spin ‘H.13C system.)

resonance lines observed in the L’C NMR spectrum. The pro­
ton transitions A! and A2 appear in the 'H NMR spectrum as 
bC satellites of the main signal, if the sample is normal chloro­
form, without L’C enrichment.

From Equation (8-1) we can deduce relationships between 
the populations to A4, and hence the relative intensities of 
the signals. All we need to know is that ’/('H) is about four 
times as large as y(bC). The differences between Aj and A2 
and between A3 and A4 are small, as they are determined by 
y(bC). On the other hand, the differences between A] and A3 
and between A2 and A4 depend on y (*H),  which is four times 
larger. As a result the populations of levels 1 and 2 are signifi­
cantly greater than those of levels 3 and 4. In Figure 8-10 A this 
is indicated by the thicknesses of the slabs.

A selective 180° pulse which excites only the A2 transition 
causes an exact inversion of the populations of levels 1 and 31 A3 
is then greater than A,, and in the new energy level scheme 
(Fig. 8-10 B) the slab for level 3 is shown thicker than that for 1.



As a result of this the situation regarding the 1JC transitions 
X[ and X2 is completely altered. The intensity of the signal 
corresponding to X! increases, since the population difference 
between and A) has become greater due to this polarization 
transfer, which is better described as a magnetization transfer. 
For the X2 transition we have N2 > Nr. This signal too 
increases, but becomes an emission signal.

In the case of a 180° pulse which selectively excites the A. 
transition, an analogous argument can be applied. This inverts 
the populations of levels 2 and 4, and one observes an increased 
emission signal for Xj and an increased absorption signal for X2 
(Fig. 8-10 C). Theory shows that the signal amplification fac­
tors, which are functions of the gyromagnetic ratios, are:

7a 7a
1 -I----- and 1 — — (8-4)

7x 7’x

For chloroform, since y (1H)/y (13C) ~ 4, the intensity of the 
absorption signal is five times larger than the normal signal, 
and the emission signal is three times larger.

The experiment described above is called selective popula­
tion inversion (SPI). Carrying out the experiment is not a 
simple matter. First it is necessary to measure the frequencies 
of the H transitions (Ax and A2). As already mentioned, these 
are not the main signals but the 13C satellites, which are often 
complex. Secondly one needs to generate and apply a selective 
180° pulse - this again is by no means a trivial task [1]. Conse­
quently new methods using special pulse sequences have been 
developed, and these have replaced the older SPI experiment. 
Nevertheless, these too are based on the polarization transfer 
principle. Two such methods, the INEPT and DEPT tech­
niques, will be described in detail in the following sections.

8.4.2 The INEPT Experiment [4]

Compared with the SPI technique described in Section 8.4.1, 
the technique known as INEPT {insensitive nuclei enhanced by 
polarization transfer) has the great advantage that the polariza­
tion transfer is achieved using non-selective pulses. The pulse 
sequence for the INEPT experiment is shown in Figure 8-11 A. 
The pulses in the 'H channel (which affect only the protons) 
and those in the 1 °C channel (which affect only the '°C nuclei) 
are shown separately.

The principle of the experiment can again be understood by 
taking as an example the two-spin AX system of I3CHC13 in 
which A = 'H and X = l3C. The vector diagrams a to h in



Figure 8-11 B show how the pulse sequence affects this hetero- 
nuclear two-spin system. To begin with we will consider only 
the magnetization vectors of the protons (MH). In doing so we 
will carry over from Section 8.3 the arguments developed there 
for the macroscopic bC magnetization vectors Mc and apply 
them to Mh. Accordingly, the magnetization vector Mh" arises 
from the 50 % of the chloroform molecules in which the 13C 
nuclei are in the a-state (bCclHCl3). and Mh1' from the other 
50 % of the molecules with L’C nuclei in the |3-state (13CpHCl3).

The first vector diagram a shows the situation at the start. 
Here we use a coordinate system x’, y'. z which rotates at the 
frequency vH = [r(l’C<(HCJ3) + r(bCpHCl3)]/2, which corres­
ponds to the Larmor frequency of the protons in chloroform, 
l2CHCl3. A 90°. pulse then turns both magnetization vectors 
into the direction of the y'-axis (b). These vectors precess about 
the z-axis with the frequencies:

r(l3CaHCl3) = vH - J(C.H)/2 
v(13CpHCl3) = vH + 7(C,H)/2 38 ;

Thus the vector M-‘t(i rotates faster than the rotating coordinate 
system by an amount J(C,H)/2, while M^a rotates slower than 
it by the same amount, since the coupling constant '/(C.H) is 
positive. The small arrows in each of the diagrams c to e indi­
cate the direction of rotation of the vectors relative to the rotat­
ing coordinate system. Diagrams c to f show only the x', y'- 
plane in each case.

After a time r = I4./(C.H)| the phase difference 0, as 
given by Equation (8-2), is exactly 90° (c). At this instant a 180° 
pulse is applied to both the 'H and L’C nuclei. The phase of the 
180° pulse in the 'H channel is chosen so that the direction of 
the field is along the x'-axis. In the i3C channel, however, it 
does not matter whether one uses a 180°. pulse or a 180°. pulse, 
since either of these will turn Mc from the (+z) direction into 
the (—z) direction.

The effects on and can be explained in two stages. 
The 180°. pulse in the 'H channel reflects both vectors through 
the x' - axis. without changing their directions of rotation (d). It 
would then be expected that the two components would be 
refocussed after an interval r = !4./(C’.H)| '. as in the spin­
echo experiment described in Section 7.3.2. However, the 
situation is altered radically by the 180° pulse in the '°C channel. 
This pulse inverts the populations of the levels, both between 
A, and N2 and between A'3 and N4. At the same time the chlo­
roform molecules with their L’C nuclei in the a-state become 
those with the |3-state, and vice versa. This means that Mfi" 
becomes and Mh|! becomes Mfi". Consequently, in the 
vector diagram the slower vector and the faster vector change 
places. The rotation arrows now point in the other direction





(e). After a further delay time of r = |4,/(C.H)| 1 the phase 
difference is exactly 180° (f).

In the next stage of the pulse sequence the 90°- pulse rotates 
into the (+z) direction and into the (— z) direction 

(g). Comparing this with the starting situation (a), the magneti­
zation vector for the chloroform molecules with their 13C nuclei 
in the (3-state (k’CpHCl3) has been rotated through 180°, i. e. 
the level populations are inverted, whereas for the other half of 
the molecules (13CaHCl3) nothing has changed. Figure 8-12 
makes this clearer. The population ratios are exactly the same 
as in Figure 8-10 C. but in that case the situation was reached by 
means of a selective 180° pulse exciting only the Aj transition.

It can be seen from Figure 8-12 that the change in popula­
tions also affects the directions of the 13C magnetization vec­
tors. Mh" retains its original direction along the (+z)-axis, but 
Mj’ji*  is now in the (—z) direction. This situation is shown in 
vector diagram g' of Figure 8-11 B. (The frame around dia­
grams g' and h is to indicate that these show 13C magnetization 
vectorsMc, whereas diagrams a to g show vectorsMH.) The 
90(- pulse in the l3C channel serves simply to create transverse 
magnetization components which are observable (h). After 
data acquisition and Fourier transformation one obtains two 
enhanced °C signals as a result of the transfer of polarization 
from the “sensitive" protons to the “insensitive” bC nuclei, one 
with a positive and the other with a negative amplitude, as in 
the SPI method (Section 8.4.1, Fig. 8-10 C). The amplification 
factors in the INEPT experiment are given in terms of 
y('H)/y(13C) (== 4) by Equation (8-4), as in the SPI experiment. 
However, the INEPT pulse sequence has two important advan­
tages:
• The signal enhancement is obtained using non-selective 

pulses, which avoids the need for exact frequency measure­
ments on the L'C satellites.

• An amplification is obtained for the signals of all the 13C nuc­
lei in a molecule which have identical or similar couplings 
'/(C,!!) to a neighboring proton. This follows directly from 
the pulse sequence, in which the only variable is the delay 
time r = [4J(C,H)]-‘.

Figure 8-12.
Energy level scheme for a two- 
spin AX system (I3CHC13) in the 
INEPT experiment. The experi­
ment inverts the populations of 
levels 2 and 4. which reverses the 
directions of the macroscopic 
magnetization vectors Mpf and 
Me11 compared with the equili­
brium situation. In the L'C NMR 
spectrum, as in the SPI method, 
two enhanced signals are 
observed, one positive and one 
negative (cf. Fig. 8-10 C).

◄
Figure 8-11.
The INEPT experiment.
A: Pulse sequences in the 'H and l3C channels.
B: Vector diagrams for a two-spin AX system with A = 'H and X = L'C (example: L’CHC1;). Diagrams 
a to g show the 'H magnetization vectors and in the rotating coordinate system x'. y'. z at the 
instants marked a to g in A: in c to f only the x', v'-plane is shown. Diagrams g' and h (in box) show 
the C magnetization vectors

187



So far we have only considered CH groups, i. e. two-spin sys­
tems. How does the k,C NMR spectrum change when the 
INEPT pulse sequence is applied to CH2 or CH3 groups, i. e. 
three- or four-spin systems? Whereas in the one-dimensional 
1 C NMR spectrum a CH2 group gives a triplet with the inten­
sity distribution 1:2:1, in the INEPT experiment the intensity of 
the middle line is, in the ideal case, zero (see sketch). The outer 
two lines are enhanced by the factor 2y(1H)/y(13C), one with a 
positive and the other with a negative amplitude. For a CH3 
group the INEPT experiment gives four lines of approximately 
equal intensities, two with positive and two with negative 
amplitudes, each enhanced by the factor 3y(‘H)/y(13C) [5]. 
Since the C,H coupling constants in the CH, CH2 and CH3 
groups of saturated compounds are very similar (125-150 Hz, 
see Section 3.3.1), a single INEPT experiment using an average 
value for r is usually sufficient to give good results.

Figure 8-13 C shows the INEPT spectrum of the neuraminic 
acid derivative 1. Also shown for comparison are the relevant 
portions of the 'H BB decoupled (Fig. 8-13 A, <5 = 10 to 110) 
and non-decoupled (Fig. 8-13 B) L’C NMR spectra. A CH3 
quartet at d ~ 23 is easily recognized in the INEPT spectrum, 
with two positive and two negative peaks. So also are the two 
signals of a CH2 group at d ~ 40, one with positive and the 
other with negative amplitude; the middle signal of the triplet 
has zero amplitude! The spectral region from d = 50 to 75 can 
be analyzed in a similar way. As this is a polarization transfer 
experiment, no enhanced signals are obtained for quaternary 
carbon nuclei, i.e. those with no directly attached hydrogen 
atoms. The "missing" signals are those of the quaternary 
carbons Ct and C2 and that of the carbamide group, at 
d = 171.50, 100.32 and 175.93 respectively (cf. Fig. 8-9 A).

normal
Spectrum

CH3

CH2

Figure 8-13. ►
Examples of INEPT experiments.
A: 50.3 MHz L’C NMR spectrum of the neuraminic acid derivative 1 with 'H BB decoupling (d = 10 to 
110 region only).
B: Spectrum with C.H couplings, recorded by the gated decoupling technique (Section 5.3.2).
C: INEPT spectrum, recorded using the pulse sequence shown in Figure 8-11.
D: Refocussed INEPT spectrum, recorded using the pulse sequence shown in Figure 8-14 (without BB 
decoupling).
E: Refocussed INEPT spectrum with BB decoupling during data acquisition. Signals with positive ampli­
tudes are assigned to CH or CH, groups, those with negative amplitudes to CH, groups. Quaternary 
carbon nuclei give no signals.
(Experimental conditions:
20 mg of the compound in 0.5 ml D,O: 5 mm sample tube; 32 K data points; A: 1680 FIDs; total time 
approx. 1 h. B: 5008 FIDs: total time approx. 3 h. C: 976 FIDs: t = 1.79 ms; total time approx. 66 min. 
D: 1080 FIDs; r = 1.79 ms; A = 2.68 ms; total time approx. 72 min.
E: 408 FIDs; r = 1.79 ms: A = 2.68 ms; total time approx. 27 min.)





The application of *H  BB decoupling during data acquisition 
so as to simplify the spectrum is not possible, because of the 
opposite signs of the signal amplitudes within the multiplets; 
the signals would cancel each other. A way around this 
difficulty is to use the "refocussed” INEPT experiment. This 
differs from the "normal” INEPT experiment in that the 
data acquisition does not start until after a delay time of 
2A = 2[4./(C.I I)] with the insertion of additional 180° pulses 
in the ‘H and '°C channels after half this delay time 
(A = |4./((’.H)| '); the complete pulse sequence is shown in 
Figure 8-14 A. The purpose of these additional 180° pulses is to 
eliminate the effects of different chemical shifts during the time 
2A (see Sections 7.3.2 and 8.3 and Fig. 8-7).

This extension of the pulse sequence can be understood from 
the vector diagrams in Figure 8-14 B. The evolution of the mag­
netization vectors M, and up to the instant g' (i. e. directly 
after the 90°. pulse in the 'H channel) is as shown in Figure 
8-11 a to g (or g'). Here we are concerned only with the vectors

and II'1, and the starting point is therefore diagram g' of 
Figure 8-11. In diagram g' (now in Fig. 8-14 B) 4/^" lies along 
the (+z) direction and Me* 11 along the (—z) direction, and the 
two vectors are therefore in antiphase. The 904 pulse in the 13C 
channel rotates Me1'1 into the (— x') direction andMf1' into the 
(+*')  direction. During this the phase relationship remains the 
same (h). As the rotation frequencies of the two vectors differ 
by /(C,H) (Equation (8-1)), they move towards each other, 
and after a time A = |4./(C.H)| 1 their phase difference 0 is 
reduced to 90° (i). The effects of the 180° pulses which are then 
applied simultaneously in the II and ljC channels will be consi­
dered in two stages for simplicity. The 1804 pulse in the *H  
channel interchanges the vectors Mp and A/c’11, so that they 
now begin to move apart (k). The 180°. pulse in the 13C channel 
reflects both vectors through the jr'-axis, without affecting the 
direction of rotation (1). During the following delay time A the 
two vectors again move together (m). If we now record the 
FID (without BB decoupling!) we obtain, after Fourier trans­
formation, two absorption signals with positive amplitudes. 
However, since the two peaks of the doublet have the same 
phase due to the refocussing, the BB decoupler can be switched 
on during the data acquisition. This simplifies the LlC NMR 
spectrum so that it now consists of only a single absorption 
signal with positive amplitude, which is enhanced by the 
polarization transfer.

The delay time A = |4./(( .l l)| ‘ 1 gives refocussing and maxi­
mum signal amplification only for CH groups, i. e. for two-spin 
AX systems. For a CH2 group the delay time needed to give 
refocussing is A = [8J(C,H)]_|. In the case of a CH3 group the 
four .l/( vectors can no longer be exactly refocussed; the maxi­
mum possible refocussing and amplification is obtained when



Figure 8-14.
The refocussed INEPT experiment.
A: Pulse sequences in the ‘H and L’C channels.
B: Vector diagrams for a two-spin AX system with A = 'H and X = L’C (example: k’CHCI,). The evol­
ution of the ‘H and L’C magnetization vectors up to the instant g' is as in Figure 8-11 B. and diagram g' 
here is identical to the previous g'. Diagrams h to m show the evolution of the vectors M*" and Me1’ 
during the remainder of the pulse sequence A up to the instant m immediately before data acquisition.



the value of A is about the same as that for a CH2 group. Thus, 
for a compound which contains CH. CH2 and CH3 groups, the 
choice of A is essentially a compromise, since not only do these 
groups have different refocussing times in terms of /(C.H). but 
also the coupling constants /(C.H) are themselves different. 
A good compromise is to use. for example, a value 
A = O.LSjAC.H)]"1.

In practice, however, a value of approximately 3[8/(C.H)]-i 
is usually chosen for A. In the spectrum which results, not all 
the signals have positive amplitudes: those of CH and CH3 
groups arc positive, while those of CH2 groups are negative. 
Figure 8-13 D shows the spectrum of the neuraminic acid de­
rivative 1 without BB decoupling. The triplets with negative 
amplitudes from the two CH2 groups are clearly seen. The CH 
and CH3 groups give doublets and quartets respectively, with 
positive amplitudes. In the INEPT spectrum with BB decou­
pling (Fig. 8-13 E) the two negative signals can immediately be 
assigned to the CH2 groups, whereas the eight positive 
signals can arise from either CH or CH3 groups. Thus, like the 
/-modulated spin-echo experiment, these INEPT experi­
ments, with and without BB decoupling, can be used as aids to 
recognizing the signals of CH, CH2 and CH3 groups in the 
spectrum. Quaternary carbon nuclei give no signals.

As mentioned at the beginning of this section, the INEPT 
method is not confined to the 'H/I3C system. Particularly good 
results are obtained when the method is used to record 13N 
spectra with 'H BB decoupling, as the amplification factor 
y(’H)/y(1;>N) is approximately 10.

In order for an INEPT experiment to be successful, it is 
important that the relaxation times for the sensitive nuclei - 
protons in most cases - are not too short; in other words, the 
magnetization vectors AfH must not decay away too rapidly, 
since if they do there will be little or no transfer of polarization. 
However, proton relaxation times are usually long enough to 
ensure that an INEPT experiment can be carried out without 
difficulty.

8.5 The DEPT Experiment [6]

In interpreting l3C NMR spectra it is very useful to know 
which signals belong to quaternary. CH. CH2 and CH3 carbon 
nuclei. In many cases this information can be obtained from an 
off-resonance decoupled spectrum, or from a /-modulated 
spin-echo or refocussed INEPT experiment, but all these tech­
niques have their weaknesses. For example, the off-resonance 
decoupling technique fails when the signals are very close to­



gether. or when a higher-order spectrum is involved. In the 
/-modulated spin-echo method one cannot normally distin­
guish between the signals of quaternary and CH, carbon 
nuclei, or between those of CH and CH, carbon nuclei. In the 
refocussed INEPT technique without BB decoupling the ana­
lysis of the spectra is often difficult in cases where signals are 
superimposed, whereas in the refocussed INEPT experiment 
with BB decoupling one cannot distinguish between the signals 
of CH and CH, groups.

Difficulties such as these do not arise with the DEPT techni­
que (distortionless enhancement by polarization transfer). For 
this reason it is now one of the most important techniques avail­
able to the NMR spectroscopist.

Figure 8-15 A-D shows the same region (d = 10 to 110). 
recorded under four different sets of conditions, of the L3C 
NMR spectrum of the methylketoside of /V-acetyl-D-neuramin- 
ic acid methyl ester (1).

The L’C spectrum with 'H BB decoupling is shown at A; 
spectra B to D were recorded using the DEPT pulse sequence 
described below. It can be seen that these latter three are sub­
spectra of A, which add together to give spectrum A. with the 
exception of one peak. Thus, sub-spectrum B contains only the

Figure 8-15.
The DEPT experiment; for pulse 
sequence see text.
A: 100.6 MHz ,3C NMR spec­
trum of the neuraminic acid de­
rivative 1 with 'H BB decoupling 
(0 = 10 to 110 region only).
B: CH sub-spectrum: DEPT(90).
C: CH, sub-spectrum:
DEPT(45) - DEPT(135).
D: CH, sub-spectrum:
DEPT(45) + DEPT(135)
- 0.707 DEPT(90).
(Experimental conditions: 
167 mg of the compound in 
2.3 ml D,O; 10 mm sample tube: 
16 K data points; 32 FIDs for 
0, = 45° and 0, = 135°. 64 FIDs 
for 0, = 90°: r = 3.57 ms; total 
time approx. 12 min.) 



signals of CH groups, sub-spectrum C only those of CH2 
groups, and D only those of CH, groups. With this technique 
the signals missing from the sub-spectra are those of quatern­
ary carbon nuclei; in our example the missing signal is that of 
C-2 at d = 100.32.

The pulse sequence for the DEPT experiment is as follows:

H channel:
90°- — t — 180°' — t — 0V — r — BB decoupling

'C channel:
90?. - r - 180° - r - FID (t2)

The first part of this, in the 'H channel, is identical to that for 
the INEPT experiment, except that the delay times t for a two- 
spin AX system have the value 12./(C. H) |'. The pulse 0y- with 
the variable pulse angle 0 is new, however. In the DEPT expe- 
rimant 0 is chosen to be one of the angles 0t = 45°, 02 = 90°, 
or 0, = 135°, and three separate experiments are carried out 
with these values. During data acquisition the BB decoupler is 
switched on. In this case vector diagrams can only be used to 
show the effects of the pulse sequence on the spin system for 
some of the steps. In particular, such diagrams are no longer 
adequate forexplaining the effect of the 0V- pulse. For this rea­
son no diagrammatic explanation will be attempted here.

The manner whereby the three DEPT experiments are used 
to give the sub-spectra of Figure 8-15 is made clear from the 
curves in Figure 8-16, which show how the intensities of the 
CH, CH2 and CH, signals depend on the angle 0. These curves 
were calculated from the following equations [6]:

CH: I = [yCHVy^C)] sin 0
CH2: I = [/(‘HX/C’C)] sin 20 (8-6)
CH3: I = [3y('H)/4y(13C)] (sin 0 + sin 3 0)

It can be seen that the CH2 and CH, curves pass through 
zero at the angle 02 = 90°. whereas the CH curve has a maxi­
mum at this point. Therefore the experiment with the value 
02 = 90° directly gives the CH sub-spectrum:
DEPT (90) (Fig. 8-15 B).

The CH2 sub-spectrum (Fig. 8-15 C) is obtained by subtract­
ing the spectrum recorded at the value 0, = 135° from that 
recorded at 0\ = 45°:
DEPT (45) - DEPT (135).

Finally the CH3 sub-spectrum (Fig. 8-15 D) is obtained by 
combining the results from all three experiments as follows: 
DEPT (45) + DEPT (135) - 0.707 DEPT (90).

To obtain comparable absolute intensities the accumulation 
time in the experiment at 02 = 90° must be twice that used for 
the other two.



The signals of the quaternary carbon nuclei can be identified 
by comparing the DEPT spectra with the BB-decoupled spec­
trum (Fig. 8-15 A). In this example, as Figure 8-15 shows only 
the spectral region from d = 10 to 110, the signals of two of the 
quaternary carbons are missing, namely C-l at d = 171.50 and 
the acetamido carbon at d = 175.93 (cf. Fig. 8-9).

To carry out the experiment it is, in principle, necessary 
to know the value(s) of ’./(C,H), so as to determine the delay 
time t for the pulse sequence. In practice this information 
is not usually available. However, it has been found from 
a large number of experiments that the results are not 
greatly influenced by the exact value of r, and the DEPT 
pulse sequence can therefore be used even for systems 
containing widely differing coupling constants. For example, 
to obtain the spectra of 1 which are reproduced here, a value 
t = 3.57 ms was used. This corresponds to a coupling constant 
'/(C,H) = 140 Hz, which is a typical value for carbon nuclei 
with sp~’ hybridization (Section 3.3.1).

Furthermore, it can be deduced from Figure 8-16 that for 
most routine practical applications it is sufficient to carry out

Figure 8-16.
DEPT experiment. Curves calculated from Equation (8-6) for the intensities of CH. CH; and CH, 
signals as functions of the pulse angle 0, : CH--------- , CH2: ------------. CH,----------- .



only two experiments, at 02 = 90° and 0? = 135°. As already 
explained, the DEPT(90) spectrum (recorded at 0? = 90°) 
contains all the signals of CH groups, while the DEPT(135) 
spectrum gives negative signals for carbon nuclei in CH2 groups 
and positive signals for those in CH and CH? groups. Since the 
CH group signals have already been assigned from the 
DEPT(90) spectrum, which is invariably recorded in practice 
(Fig. 8-15 B). the remaining positive signals can be assigned to 
CH? groups.

Figure 8-17 shows the DEPT(135) spectrum (i.e. that 
recorded at 0? = 135°) for compound 1. The five signals of the 
CH groups are marked by arrows. The information deduced 
from the DEPT experiment is summarized in Table 8-2.

For this compound we now know the chemical shifts of 
three CH? signals, two CH? signals, five CH signals, and lastly 
those of the three quaternary carbon nuclei. Using the rules 
given in Section 6.3 we can assign some of these signals without 
difficulty; the results of this are shown in Figure 8-15 and in the 
last column of Table 8-2. Several more of the signals have been 
assigned on the basis of experience and comparison with relat-

W ' 90 80 70 60 50 ' 40 ' 30 20 6

Figure 8-17.
DEPT(135) spectrum of the neuraminic acid derivative 1. recorded using the pulse sequence given in the 
text, with 0, = 135°. The signals of the five CH groups, identified with the help of the DEPT(90) 
spectrum (0, = 90°). are marked by arrows. The other three positive signals arise from CH? groups, 
and the two negative signals from CH. groups.
(Experimental eonditions:
20 mg of the compound in 0.5 ml D.O; 5 mm sample tube; 32 K data points; 300 FIDs; r = 3.57 ms; 
total time approx. 20 min.)



Table 8-2.
partial assignment of the i3C NMR signals of 1 from the results of 
the DEPT experiment.

d CH, ch2 CH c Assignment

23.2 X CH, (Ac)
40.31 X C-3
52.12 X

52.83 X C-5
54.65 X

64.50 X C-9
67.51 X

69.18 X

70.98 X

71.67 X

100.32 X C-2
171.50“' X

175.93“’ X

a> Values from the complete spectrum (Fig. 8-9A).

ed compounds: however, we will not follow this through, as the 
next chapter will describe experiments which enable one to 
complete the assignments without recourse to these other 
sources of information.

The DEPT experiment can, of course, also be used to study 
other spin systems, e. g. those with coupled !H and bN nuclei.

8.6 The One-Dimensional
INADEQUATE Experiment [7]

Experiments which provide evidence for and measurements 
of C,C couplings are interesting in two ways; they give informa­
tion both on:
• the structure of the carbon skeleton of the molecule, and 
• which of the carbon nuclei are magnetically coupled to each 

other, and thus on connectivity relationships.

For structure determination exact J(C,C) values are needed, 
whereas for obtaining information on connectivities it is only 
necessary to have evidence of a coupling. Unfortunately 
C.C couplings can be measured only with difficulty. The reason 
for this is the low natural abundance of the LlC isotope, which is 
only 1.1%. This problem can be overcome by synthesizing 



'’C-enriched compounds, but the newer spectroscopic tech­
niques are aimed at achieving the same results without using 
expensive and time-consuming chemical methods.

Let us again remind ourselves what we normally observe in a 
'°C NMR spectrum with II BB decoupling: just single peaks! 
These arise from the 1.1% of carbon atoms in the molecule 
which contain a L’C nucleus. The peaks are singlets because 
there is a 98.9 % probability of the adjacent carbon nuclei being 
the l2C isotope. We only observe a C.C coupling when two C 
nuclei are connected through one, two or three bonds; the 
corresponding coupling constants are V for bC — k’C. "J 
for 13C - 13C and ?'J for l3C - C - C - 13C. Whereas the
probability of finding a *°C  nucleus at a given position in the 
molecule is already low. being only 1: 100, that of finding two 
adjacent k’C nuclei in the molecule is only 1:10000! Owing to 
this low probability the signals of coupled carbon nuclei appear 
only as satellites of the main signals (Section 1.6.2). In the 
simplest case of a molecule with two carbon atoms these 
satellites constitute a doublet whose intensity is 1.1 % of that of 
the main, singlet, peak.

We do not expect to find higher-order spectra, since the 
probability of finding three coupled L’C nuclei as immediate 
neighbors is smaller by a further factor of 100.

The l3C NMR spectrum of a carbon nucleus which is bonded 
to two other carbons, e.g. that of C-2 in the fragment 
C1 — C" — C\ consists of a singlet for LC' — C — 12C° with a 
relative intensity of about 98 %, together with two doublets 
for '°C1 — bC2 — l2C° and 12C' — L’C2 — 13C \ each with an 
intensity of 1.1% of the total intensity. Thus, for a quaternary 
carbon nucleus bonded to four other carbons, one should be 
able to find up to four superimposed doublets as ljC satellites; 
however, these will only be separate if the coupling constants 
J (C,C) are all different in magnitude.

'./ (C.C) values vary from 30 to 70 Hz, which means that the 
L,C satellites due to couplings through one bond are well sepa­
rated from the main signal. However, couplings through tw'o 
and three bonds are an order of magnitude smaller, with the 
result that the satellites merge with the wings of the main peak 
and are therefore not detected. Additional problems can arise 
from side-bands caused by the rotation of the sample tube in 
the magnetic field. For these reasons it is in most cases impos­
sible to analyze the [ ’C satellites in normal '°C NMR spectra.

The situation would be quite different if one could suppress 
the main signal - this is exactly what one achieves in the 
INADEQUATE experiment (incredible natural abundance 
double quantum transfer). The pulse sequence used in this 
technique is as follows:

90° - T _ 180°. - r - 90° - A - 90^ - FID (6)



As is already apparent from the name of the experiment, it 
involves a double quantum transfer. As the physical processes 
on which the method is based cannot be clearly described by a 
graphical presentation, we will not attempt to give vector dia­
grams for this pulse sequence, since the crucial steps would be 
missing. Let us remind ourselves of the selection rule stated in 
Section 1.4.1: according to this, transitions between two energy 
levels are forbidden if Am 4 1; this means that zero quantum, 
double quantum and multiple quantum transitions are forbid­
den and cannot be observed. However, it has been shown both 
theoretically and experimentally that although multiple quan­
tum transitions cannot be observed, a train of selective pulses 
or. for example, the pulse sequence 90° — r — 90°. can induce 
a double quantum coherence in a two-spin system. This coher­
ence cannot be clearly visualized in any pictorial representa­
tion; it can only be described mathematically in terms of the 
off-diagonal elements of the density matrix. (In contrast, single 
quantum coherence is simply the bunching together of pre­
cessing individual spins which have the same phase (Fig. 1-11)).

In the one-dimensional INADEQUATE experiment the 
double quantum coherence is induced by the pulse sequence 
90°- — 2r — 90° . The intermediate 180°• pulse which is also 
included serves only to refocus spins which have fanned out 
during the time t as a result of chemical shift differences and 
field inhomogeneities. The 90))>' pulse which follows the above 
sequence after a short switching time of a few microseconds 
converts the magnetization vectors of the individual L’C nuclei 
and of the AX spin systems into observable signals, i. e. into an 
FID. Fourier transformation gives the frequency spectrum, 
consisting of main and satellite signals. As a consequence of the 
double quantum coherence the main signals and the satellite 
signals have different phases. By appropriately switching the 
phases of the pulses and of the receiver system - an operation 
whose details will not be described here - the main signal can be 
completely suppressed, leaving only the AX or AB satellite 
spectra. Of the two signals in the A and X parts of the spec­
trum, one has a positive and the other a negative amplitude.

Figure 8-18 B shows the one-dimensional INADEQUATE 
spectrum of the neuraminic acid derivative 1 which is already 
familiar from the DEPT experiment, together with the 11 BB 
decoupled 13C NMR spectrum (Fig. 8-18 A). The range 
covered by these partial spectra is the same as in Figure 8-15. 
The details only become apparent when the satellite signals are 
plotted on an expanded scale (Fig. 8-18 C). In this small spec­
tral region (d = 64 to 72) we can recognize the two satellites for 
each signal, but the main signals are completely suppressed.

We know from the DEPT experiment that the signal at 
d = 64.5 arises from a *°C  nucleus in a CH group (C-9). and the 
other four from BC nuclei in CH groups (C-4. C-6, C-7 and

1
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Figure 8-18.
One-dimensional
INADEQUATE experiment 
applied to the neuraminic acid 
derivative 1.
A: 100.6 MHz L’C NMR spec­
trum with ‘H BB decoupling 
(d = 10 to 110 region only).
B: Onc-dimensional 
INADEQUATE spectrum.
C: Expanded portion of spec­
trum B: d = 64 to 72. 
(Experimental conditions: 
167 mg of the compound in 
2.3 ml DjO; 10 mm sample tube; 
t -- 5 ms; 16 K data points;
16384 FIDs; total time 14.2 h.)

C-8). Since each of the four CH carbons has two other carbon 
atoms as neighbors, we expect to find two doublets as satellites 
in each case. Evidently the C,C coupling constants to the two 
neighbors are equal or nearly so, with the result that the two 
doublets are superimposed. The same is also true for the other 
doublets in Figure 8-18 B, which have not been shown on an 
expanded scale. The measured coupling constants are listed in 
Table 8-3. Here the assignments of the signals have been 
assumed, even though we do not know all of these from the 
experiments described up to now. It can be seen that all the 
coupling constants fall within a comparatively narrow range 
(40.1 ± 3.5 Hz).

Table 8-3.
C,C coupling constants for 
1 determined from the one­
dimensional INADEQUATE 
spectrum.

J(C.C) J [Hz]

J (2.3) 36.9 ± 0.2
J (3,4) 37.1 ± 0.2
J (4.5) 38.1 + 0.8
J (5,6) 39.7 ± 0.7
J (6.7) 43.7 + 0.7
J (7.8) 44.0 ± 0.5
J (8.9) 41.1 ± 0.2



In order for the experiment to be successful, correct adjust­
ment of the delay time r is essential. According to theory the 
inducement of the double quantum coherence occurs with 
maximum efficiency for

' - 47W5 " " L 3 (8’71
For measuring widely differing C,C coupling constants, e. g. 

where lJ, ~J and values are to be determined, it is best to 
observe the satellites by carrying out several experiments with 
different r-values, unless it is possible for Equation (8-7) to be 
satisfied for several C.C coupling constants by inserting differ­
ent values of n.

In addition to its use for determining coupling constants, the 
INADEQUATE technique can also help in assigning the sig­
nals of nuclei that are coupled to each other. However, this 
goal, which is of a more qualitative nature, can be achieved in a 
more elegant way by using the two-dimensional version of the 
INADEQUATE experiment (Section 9.5). In our example 
assignments are possible in only a few cases, as the coupling 
constants are not sufficiently different (Table 8-3).

Unfortunately the INADEQUATE experiment does not 
involve a transfer of polarization as do the methods described 
in Sections 8.4 and 8.5. Consequently, to record such a spec­
trum requires at least an overnight accumulation, even when 
using a high-field spectrometer and a highly concentrated 
sample (100 to 200 mg of sample in 2 ml of solvent). The accu­
mulation time in our example was about 14 h. Because of the 
long accumulation times needed, such measurements are un­
likely to become a routine procedure.
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9 Two-Dimensional 
NMR Spectroscopy

9.1 Introduction

All the NMR spectra described up to now have two dimen­
sions: the abscissa which corresponds to the frequency axis, 
from which one reads off the chemical shifts, and the ordinate 
which gives the intensities of the signals. However, when we 
speak of a two-dimensional (2D) NMR spectrum we under­
stand this to mean a spectrum in which both the abscissa and 
the ordinate are frequency axes, with the intensities constitut­
ing a third dimension.

If chemical shifts are plotted along one of the frequency axes 
and coupling constants along the other, we call this a two- 
dimensional J-resolved spectrum. On the other hand, if both 
axes give chemical shifts we have a two-dimensional (shift)-cor- 
related NMR spectrum. From the practical NMR spectro- 
scopist’s point of view the most important 2D spectra of the lat­
ter type are those which show either 'H vs. II or ‘H vs. L’C 
chemical shift correlations.

The two-dimensional methods are based on the couplings 
between nuclear dipoles. These need not necessarily be scalar 
couplings such as were treated in Chapter 3. As in the Over­
hauser effect, the interactions may also be of a dipolar type, 
i.e. through space. This opens up the possibility of investigat­
ing the geometrical structure of molecules. Another kind of 
two-dimensional technique is that based on the transfer of 
magnetization by chemical exchange; this can be used to study 
dynamic processes.

As was mentioned in the introduction to Chapter 8, these 
techniques represent a new generation of NMR experiments. 
So that their advantages and their great practical significance 
can be appreciated, the following discussion will deal with the 
basic principles of the methods that are currently the most 
important.

As before, we will confine our attention to 'H and ’C appli­
cations, but the techniques are in essence also applicable to 
other nuclides and nuclide combinations.

First we must familiarize ourselves with the basic idea under­
lying two-dimensional NMR spectroscopy. The possibility was 
first proposed in 1971 by J- Jeener. However, two-dimensional 



NMR spectroscopy only became a practical reality when 
R. R. Ernst et al. and R. Freeman et al. carried out their 
pioneering experiments. These two groups developed many 
different variants of 2D experiments, including not only those 
of an advanced and complex nature, but also others of simpli­
fied types.

Here we shall not go into the exact mathematical details of 
the phenomena, as these can be found in the literature [1].

9.2 The Two-Dimensional
NMR Experiment

9.2.1 Preparation, Evolution and Mixing, 
Data Acquisition

In a normal pulsed NMR experiment (Section 1.5) the exci­
tation pulse is followed immediately by the data acquisition 
(detection) phase, in which the interferogram or FID is 
recorded and the data are stored. In the experiments using 
complex pulse sequences which were described in Chapter 8 
(INEPT, DEPT, INADEQUATE), the spin system undergoes 
a preparation phase before data acquisition. In two-dimen­
sional NMR experiments these two phases are separated by an 
intermediate phase, that of evolution and mixing. We must first 
understand what effects this phase has on the spin system, and 
how it changes a one-dimensional NMR experiment into a two- 
dimensional.

The principle can be understood from a simple hypothetical 
experiment. For this purpose we will consider the L’C NMR 
spectrum of a two-spin AX system with A = H and X = k’C, as 
in 1jCHC13. We will assume that, in contrast to the normal pro­
cedure, a variable delay time /, is inserted between the excita­
tion pulse and the recording of the FID. Furthermore we 
assume that the 'H BB decoupler is switched on only during the 
recording of the FID. The excitation pulse is assumed to be 
exactly adjusted to 90°- (in contrast to the pulse angle of less 
than 30°' which is typically used). The pulse sequence is shown 
in Figure 9-1.

Let us assume that we perform n experiments with different 
values of q, starting with q = 0. then increasing the value by a 
constant amount (a few ms) from each experiment to the next. 
When the n interferograms undergo Fourier transformation 
with respect to 6 we obtain n frequency domain spectra F2; in 
our example of chloroform each of these is a single peak, as is



data 
acquisition—preparation—------- evolution

90°. Figure 9-1.
The basic principle of a two- 
dimensional NMR experiment. 
The variable is the interval r,. 
which can be of the order of 
milliseconds to seconds. During 
the period q the system 
"evolves''.

familiar to us from the spectrum recorded in the normal way. If 
the decoupling were applied during the whole experiment, alln 
of the F2 spectra would be identical, except for a decrease in 
intensity due to relaxation during the time t\. However, as the 
BB decoupler is only switched on during data acquisition, the 
13C nuclei and the protons are coupled during the evolution 
phase. The vector diagrams (Fig. 9-2 A) show how this C,H 
coupling affects the single peak in the final spectrum.

After the 90°- pulse (q = 0, Fig. 9-2 a) the macroscopic 
magnetization Mc of the 13C nuclei lies along the y'-direction. 
Mc can be resolved into two components Mr" and Mi’p 
corresponding to 1JC nuclei in chloroform molecules whose 
protons are in the a or states (,3CHaCl3 and 13CHpCl3). This 
procedure was explained in detail in Section 8.3.

The two vectors Me a and rotate with different Larmor 
frequencies:

Mca with frequency J(C,H), and
(9-1)

.W'1'1 with frequency vc +^J(C,H).

Assuming that the coordinate system x', y' rotates with a 
frequency vc which is the average of the two Larmor frequen­
cies, rotates faster than the coordinate system by an 
amount J (C,H)/2 and Mc “ slower than it by the same amount, 
since {] (C.H) is always positive. The small arrows in the figure 
indicate the directions of rotation of the vectors relative to the 
coordinate system. During the time t\ the magnetization vec­
tors and Mq p rotate through the angles </,, and <p$ as given 
by Equation (9-2):

<Pa = 2% (vc - i/(C.Hp t,

/ I \ (9-2)
<Pf, = 2,-r pc + ? J(C,H)1 q



Figure 9-2.
A: Diagrams showing the evolution of the l3C magnetization vectors for a two-spin AX system (with A 
= 'H and X = 1?’C) at different times tP The coordinate system ,r'. y'. z rotates with the frequency i’c- 
a: q = 0:
b: q = [4./(C,H)]
c: /, = [2J(C.H)J-';
d: f, = 3 [47(C.H)]-
e: t, = [./(C.H)]
B: Fourier transformation with respect to t2 (with ‘H BB decoupling) gives a L’C NMR spectrum made 
up of single peaks whose amplitudes depend on
C: The curve shows that the amplitude is modulated at a frequency related to J(C.H).
D: Fourier transformation with respect to yields two peaks with a separation J (C.H).



The phase difference 0 between the two is then:

0 = n. - </’« = 2.t/(C,H) rt (9-3)

Afteratimefi = |4,/(C.II)| ’. which is of the order of milli­
seconds, the phase difference between the two vectors is 
exactly 90° (Fig. 9-2b), after q = |2./(C.H)| 1 it is 180° (Fig. 
9-2 c), and after = |./ (C.H) | 1 the two components are again 
in phase, but now their vectors lie along the (—y') direction 
(Fig- 9-2 e).

How does this affect the appearance of the corresponding 
frequency spectra F2? As the BB decoupler is switched on du­
ring the data acquisition, the C.H coupling is eliminated in all 
cases, and the F2 spectra consist of singlets. However, this 
decoupling has no effect on the interaction between the A and 
X nuclei during the time t,.

To understand this, let us consider the situation after a time 
q = |4./(C.H)| '. when according to Equation (9-3) the phase 
difference is 90°. By switching on the BB decoupler we elimin­
ate the C.H coupling, and as a result the cause of the differ­
ence between the rotation frequencies of Mq 11 and also 
disappears. Both vectors now rotate at equal rates with the 
average Larmor frequency vc. However, although they are 
now rotating at the same rate, the 90° phase difference is 
retained. The amplitude of the signal induced in the receiver 
coil is proportional to the vector sum of Mqu and At q = 0 
the two vectors are parallel, and the vector sum is therefore at 
its greatest, so that the signal is a maximum. At = [2J(C,H)] “1 
the component in the y'-direction is exactly zero, so no signal is 
observed. When tt = [,/(C,H)]"J the signal is as large as at the 
beginning, except for the decay through relaxation, but its 
amplitude is now negative. In Figure 9-2 B the signals arc 
shown schematically under their corresponding vector dia­
grams. We can see qualitatively that the F2 spectra are ampli­
tude-modulated by the coupling constant J(C,H) (Fig. 9-2 C). 
A second Fourier transformation of the n F2 spectra with 
respect to q yields two frequencies, whose difference cor­
responds exactly to the coupling constant J(C,H).

Thus the F2 spectrum contains the chemical shifts d(BC), 
and the F{ spectrum contains the coupling constants J (C,H). In 
the example of chloroform every F2 spectrum consists of a 
single peak, and the spectrum is a doublet whose splitting is 
equal to the coupling constant J(C,H) = 209 Hz, the frequen­
cies of the two peaks being + 104.5 and — 104.5 Hz (Fig. 
9-2 D).

FT FT
S(fl.r2)---- >S(q, F2)---- >S(F1.F2)



The question of how many experiments with different 
tj-values are needed, which is of considerable practical impor­
tance, cannot be answered with complete generality. However, 
it should normally be possible to complete an experiment in 
one overnight run.

In principle we already have in Figure 9-2 an example of a 
simple two-dimensional /-resolved NMR experiment.

The mixing phase immediately follows the evolution phase, 
or can even interrupt it - often this occurs after a time /|/2. It 
consists of additional pulses and a constant mixing time, 
although this mixing time can itself consist of several different 
defined time intervals. During the mixing phase the spin sys­
tem can continue to evolve as in the evolution phase itself, but 
its contribution to the total evolution which occurs is constant 
for all the experiments carried out with different t[-values.

9.2.2 Graphical Representation

We have seen that a double Fourier transformation gives a 
spectrum with two frequency axes, which we denote by the 
function S(F,, F2). How can such a spectrum be displayed?

Two forms of graphical display are commonly used:
• the stacked plot and
• the contour plot.

In a stacked plot a series of F2 spectra for different Frvalues 
are plotted one above another. To show the spectral features

Figure 9-3.
Schematic representation of a two-dimensional NMR spectrum. A: Stacked plot; the F2-axis corresponds 
to the usual frequency axis with the d-scale of the one-dimensional NMR spectrum. The F, spectra for 
each of the different F[-values are shown plotted one above another. For clarity the individual traces are 
shifted relative to each other by a constant increment.
B: Contour plot; the diagram shows a section in a plane at a fixed height through the peaks of the 
stacked plot. As the traces are not offset in this case, the Fr and /Taxes are at right angles.



clearly, each trace is shifted over by a constant amount relative 
to the preceding one.

Figure 9-3 A shows the two-dimensional 13C NMR spectrum 
of chloroform as a stacked plot. (The method of recording this 
spectrum is described in Section 9-3.) In this example, by pro­
jecting the signals onto the F2-axis (abscissa) we obtain directly 
the d-value of 77.7 for chloroform (L’CHC13). If instead we pro­
ject the signals onto the fraxis. we obtain the corresponding 
multiplets, in this case simply a doublet with the splitting 
J(C.H) = 209 Hz, which is the coupling constant for chloro­
form. The middle trace in the diagram corresponds to the value 
T = 0.

In the second mode of representation, the contour plot, the 
peaks in the stacked plot are viewed from above, then a section 
is taken at a certain height above the plane of the Fr and F2- 
axes, and the contours where this intersects the peaks are plot­
ted. This has been carried out for the chloroform spectrum in 
Figure 9-3 B. As we shall see, a contour plot is in many cases 
easier to interpret than a stacked plot.

It should be noted that the individual traces in Figure 9-3 A 
do not correspond to the different experiments. Rather must 
we regard the stacked plot (A) as a complete separate entity; it 
is in fact the result of a double Fourier transformation, as also is 
the contour plot (B).

9.3 Two-Dimensional /-Resolved 
NMR Spectroscopy

9.3.1 Heteronuclear Two-Dimensional 
/-Resolved L’C NMR Spectroscopy [2]

In the experiment described in Section 9.2 a double Fourier 
transformation gives the chemical shifts d along the F2-axis and 
the C.H couplings along the F|-axis. Since the coupling is be­
tween nuclei of different species we have here the simplest 
case, namely heteronuclear two-dimensional J-resolved NMR 
spectroscopy (also called heteronuclear J.d-spectroscopy).

Of the many different variations of this experiment, we shall 
discuss here the gated decoupling method [3], which uses the 
Pulse sequence shown in Figure 9-4 A. To understand how this 
Pulse sequence affects a spin system, we will again take as our 
example the two-spin AX system of chloroform (L’CHC13).



The experiment is derived from the spin-echo pulse sequen­
ce (90° — r — 180°' — r (echo); see Section 7.3.2). The se­
quence differs from that in Figure 9-1 in having a 180°' pulse at 
the half-way point tf2 of the evolution period and 'H BB 
decoupling during the second half of this period. The individual 
phases can be understood by considering the vector diagrams 
shown in Figure 9-4 B. Here we again use a coordinate system 
x', y', z. which rotates at the average Larmor frequency vc.

As shown in Figure 9-2, the 90°- pulse in the 13C channel 
turns both magnetization vectors Mqu and into the y'- 
direction (Fig. 9-4 a). During the time tf2 the two vectors move 
apart. rotating faster than the coordinate system andAfp “ 
slower. The arrows outside the circle indicate the directions of 
relative motion of the vectors. At the same time the spins fan 
out owing to the inevitable field inhomogeneities. (Here we 
consider only the components of the individual spins in the 
x' ,y '-plane.) Each of these groups of nuclear magnetic vectors 
contains some faster spins and some slower spins. The + and — 

Figure 9-4.
Two-dimensional heteronuclear 
/-resolved L,C NMR spectro­
scopy.
A: pulse sequence.
B: Evolution of the transverse 
13C magnetization vectors Mc for 
a two-spin AX system with A = 

‘H and X = L’C in the rotating 
coordinate system (.r', y '-plane 
shown). M”" and M”1'’ are the 
L’C magnetization vectors for 
molecules with the proton in the 
a and state respectively. Dia­
grams a to d correspond to the 
instants marked in A.
The system "evolves" according 
to the coupling constant J(C,H), 
with the vectors simultaneously 
fanning out due to field inhomo­
geneities. The arrows outside the 
circle in b indicate the direction 
of rotation of each fan relative to 
the rotating coordinate system; 
the ’ + ' and ’ —' signs indicate 
which spins in each fan are rotat­
ing faster or slower than the 
average. (In practice the BB 
decoupler is switched on during 
the first half of the evolution 
phase (first tfl delay period) and 
during data acquisition, which 
has exactly the same effect on 
the spectrum. The version shown 
here makes the explanation sim­
pler.)



signs in Figure 9-4 b indicate which sides of the fans correspond 
to the faster and which to the slower spins.

AU the vectors are then reflected through the y'-axis by 
applying a 180°. pulse. (This should formally reverse the direc­
tions of the rotation arrows and the plus and minus signs in the 
vector diagram. Fig. 9-4 c.) All the spins would then again 
come to a focus along the y '-direction after a further interval 
t/2 (giving a spin echo) if the 'H BB decoupler were not switch­
ed on. However, the latter removes the C,H coupling which is 
the cause of the difference in frequencies, and the vectors 
that were previously Xl![" and Mq p now both rotate with the 
frequency i'c, i.e. at the same rate as the coordinate system. 
However, their phase difference remains.

The frequency differences between the individual spins 
within the fans caused by field inhomogeneities are unaffected 
by the spin decoupling, and consequently during the second 
period /y/2 the fans close up again (Fig. 9-4 d).

At the end of the total interval this process is complete, and 
data acquisition can begin. The signal induced in the receiver 
coil is proportional to the sum of the two vectors. The magni­
tude of this vector sum depends on the phase difference, which 
in turn depends on the magnitude of the C,H coupling constant 
J(C,H). Thus the 13C NMR signal is modulated by ./(C.H).

In the case of the chloroform molecule chosen as our 
example, Fourier transformation of the FID with respect to t2 
yields a singlet modulated by J(C,H). A second Fourier trans­
formation with respect to then gives a doublet along the 
direction of the F|-axis, with a splitting J(C,H)/2; the splitting is 
only half the coupling constant because the system has only 
been allowed to evolve for half the time (B/2).

For molecules other than our example the F2 spectrum con­
tains as many singlets as there are non-eq uivalent carbon atoms 
in the molecule. All the signals S (t2, F2) are modulated in the 
time dimension t{ by the corresponding C,H coupling con­
stants, and along the direction of the Fraxis we therefore 
obtain the multiplets produced by the couplings: singlets for 
quaternary carbons, doublets for CH groups, triplets for CH2 
groups, and quartets for CH3 groups. Each multiplet is cen­
tered on zero frequency.

Figure 9-5 shows, in the form of a stacked plot, a two-dimen­
sional J-resolved 100.6 MHz 13C NMR spectrum, recorded by 
this technique, of the compound already used as an example in 
Chapter 8, the methylketoside of A-acetyl-D-neuraminic acid 
methyl ester (1). The same spectrum is shown in Figure 9-6 as a 
contour plot.

The spectrum shown at the top edge of both these two- 
dimensional NMR spectra, in the direction parallel to the Fi- 
axis, is the projection of the multiplets, and corresponds to the 
one-dimensional 13C NMR spectrum with 'H BB decoupling.



Figure 9-5.
Stacked plot showing the two-dimensional heteronuclear /-resolved 100.6MHz L’C NMR spectrum of 1 
The projection of the multiplets onto the F2-axis is shown along the top edge, and corresponds to the 
L'C spectrum with BB decoupling. The multiplet splittings along the Fj-direction allow one to determine 
how many hydrogen atoms are directly bonded to each carbon nucleus. The peak separations in the 
multiplets correspond to J(C.H)/2. as the system has only been allowed to evolve for a time tJ2. The 
signals of the two quaternary carbons of the carboxyl and acetamido groups are not shown; they are at 
6 = 171.5 and 175.93.
(Experimental conditions:
167 mg of the compound in 2.3 ml D2O; 10 mm sample tube: 128 measurements with p altered in 
1.56 ms increments: each measurement with 48 FIDs and 4 K data points: total time 4.5 h.)

By looking at the multiplet structure of each signal in the 
direction of the Fraxis. we can immediately determine wheth­
er it arises from a CH?, CH2 or CH group or from a quater­
nary carbon nucleus. In the F2 spectrum the signals have been 
marked with their assignments (see top of diagram) so far as 
these are known with certainty at present (see also Table 8-2). 
By measuring the separation of two adjacent lines in each mul­
tiplet we obtain a value for 'j(C,H)/2. A rough comparison of 
the features in the contour plot confirms the statement already 
made in Section 8.4.2 that the coupling constants are very simi­
lar.
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Figure 9-6.
Contour plot of the same results as in Figure 9-5.

When the two methods of presentation are compared it is 
evident that the contour plot can be measured and interpreted 
more easily and clearly than the stacked plot.

9.3.2 Homonuclear Two-Dimensional 
/-Resolved 'H NMR Spectroscopy

'H NMR spectra of large molecules such as steroids, pep­
tides or oligosaccharides, or of mixtures of compounds with 
similar structures, are often incapable of being analyzed owing 
to severe overlapping of the resonances, even with the help of 
the techniques described in Chapter 6. Nevertheless, the 
required information is contained in the spectral parameters 



such as the chemical shifts and coupling constants. It was shown 
in Section 9.3.1 that for complex compounds such as 1 such 
parameters can be obtained from a two-dimensional hetero- 
nuclear NMR experiment. The following questions now arise: 
do similar methods exist for homonuclear spin systems? - and 
how does a spin system consisting only of coupled protons 
behave if we perform a spin-echo experiment (Fig. 9-4) analog­
ous to the above heteronuclear experiment? Since no proc­
edure equivalent to the BB decoupling of the previous experi­
ment is possible in the homonuclear system, the H,H coupling 
is in this case effective throughout the whole experiment.

We will discuss the experiment by taking the two-spin AX 
system as an example. The spin-echo pulse sequence used is 
sketched in Figure 9-7 A, and is as follows:

90) ■ - q/2 - 180). - tJ2 - FID (t2)

180°.90). FID

Figure 9-7.
Two-dimensional homonuclear 
J-resolved NMR spectroscopy. 
A: Pulse sequence.
B: Evolution of the magnetiza­
tion vectors in the rotating coor­
dinate system for a two-spin AX 
system, in which A and X are 
both protons. Only the magneti­
zation vectors M and M)1’ for 
the A nuclei are shown. These 
vectors fan out as a result of field 
inhomogeneities: the faster spins 
are indicated by the ' + ’ sign and 
the slower ones by the ' sign. 
The arrow outside the circle indi­
cates the direction of rotation of 
the fan as a w'hole relative to the 
coordinate system. The vector 
diagrams correspond to the in­
stants a to d shown in the pulse 
sequence A.



The variable quantity is q. Figure 9-7 B shows by means of 
vector diagrams how this pulse sequence affects the spin system 
and its magnetization vectors.

The 90°' pulse turns the macroscopic magnetization vectors 
Ma and Mx °f the protons A and X into they'-direction. Of the 
two magnetization vectors we will consider only MA. As on sev­
eral previous occasions, we will again separate MA into two 
components MAU (where the X protons are in the a state) and 
MAP (where the X protons are in the fl state), as shown in 
Figure 9-7 a.

Like the individual spins, these two vectors rotate about the 
c-axis with different frequencies:

»'a“ = i’a — ^7(A,X) and v* 15 = vA + ~ J(A,X)

Here vA is the Larmor frequency of the A protons in the 
absence of a coupling to X. We also assume that the coordinate 
system is rotating at this frequency. Which of the two vectors 
rotates fastest is determined simply by the sign of the coupling 
constant/(A,X). In our example we will assume that the sign is 
positive, which means that M\fl rotates faster than the coordi­
nate system and MAa slower. After a time q/2 a phase differ­
ence has developed between the two magnetization vectors 
(Fig. 9-7 b). In addition each vector has fanned out as a result 
of field inhomogeneities. The plus and minus signs indicate 
which sides of the fan correspond to the faster and the slower 
spins respectively.

The 180°.' pulse which is now applied reflects the magnetiza­
tion vectors through the a'-axis. If this were a heteronuclear 
system in which X was some nucleus other than a proton, the 
directions of rotation relative to the coordinate system would 
remain unchanged (Section 7.3.2). In the homonuclear case, 
however, the 180°' pulse acts also on the X-protons.

To understand this step we depart from our usual procedure 
by considering in this case not the macroscopic magnetization 
vector Mx but a single nucleus X. Each individual nucleus 
always has a magnetic moment component// along the z-direc- 
tion. The 180°' pulse reverses this z-component, so that an 
X-nucleus in the a state becomes one in the [3 state and vice 
versa. For the macroscopic sample this means that the 180°' 
pulse changes MAa into MA^ and MA^ into MAa. From vector 
diagram c of Figure 9-7 B we see that after the 180°- pulse the 
two vectors continue to move apart. After a further period q/2 
the phase difference has doubled.

However, the 180°' pulse also has another effect. During the 
second q/2 interval the fanning out caused by field inhomoge­
neities is reversed, since although the 180°. pulse reverses the 
directions of rotation of the magnetization vectors relative to 
the coordinate system, within each of the fans the faster spins



re still the fastest, as their higher frequency arises from the 
eternal field and not from the coupling. Figure 9-7 d shows the 
nal situation in the spin system before data acquisition.
The phase difference between the two magnetization vectors 

epends on the value of /, chosen for the experiment, and, 
tore importantly, on the magnitude of the coupling constant 
(A,X).
In practice one records interferograms (FIDs) for a range of 

ifferent trvalues at constant increments of a few ms. Fourier 
ransformation of an individual FID gives a frequency spec­
rum !■ which contains information on both chemical shifts and 
oupling constants. A second Fourier transformation with 
espect to ty yields another frequency spectrum Fp as in the 
eteronuclear case this contains only the multiplets produced 

<y the couplings, and thus gives the coupling constants, 
lowever, the multiplets appear on lines which are tilted rela- 
ive to the F2-axis at an angle of 45°, if both dimensions have the 
ame scale. By manipulating the data one can make all the sig­
nals of a multiplet, belonging to one proton with a chemical 
hift d, appear on a line perpendicular to the F2-axis. If this 2D 
pectrum is then projected onto the F2-axis we obtain signals 
)nly at the positions corresponding to the chemical shifts of the 
iifferent protons in the molecule. The resulting spectrum thus 
ronsists only of singlets, and corresponds to a fully decoupled 
H NMR spectrum which is entirely analogous to a ‘°C NMR 
ipectrum with 'H BB decoupling. Such a spectrum can provide 
t useful aid to making assignments or determining d-values for 
arge molecules.

As an example Figure 9-8 shows the two-dimensional 
I-resolved NMR spectrum of the neuraminic acid derivative 
1 with which we are already familiar.

At the top of the contour diagram are shown the projection 
af the multiplets onto the F2-axis (Fig. 9-8 A) and, for compari­
son, the normal (one-dimensional) 400 MHz lH NMR spec­
trum (Fig. 9-8 B). On the latter spectrum the assignments of 
the signals are indicated, so far as these can be deduced from 
their positions and splitting patterns.

In the contour diagram one can recognize, along the direc­
tion of the F|-axis, the same multiplet patterns as are seen in the 
normal one-dimensional spectrum. These can be seen even 
more clearly if the individual multiplets are plotted out separa­
tely, as has been done for five of them in Figure 9-9. From these 
extracts it is evident that the resolution is not significantly dif­
ferent from that in the one-dimensional 400 MHz spectrum.

The region around d = 3.9 has been omitted from this treat­
ment; this part of the spectrum is confused due to the overlap­
ping of the strong methyl peak of the ester group with the mul­
tiplets of four of the protons.



Figure 9-8.
Contour plot of the two-dimensional homonuclear /-resolved 400 MHz 'H NMR spectrum of 1.
A: Projection of the 2D spectrum onto the F:-axis. This is. in effect, a "decoupled” ' H NMR spectrum.
B: Normal 400 MHz ‘H NMR spectrum of 1.
(Experimental conditions:
20 mg of the compound in 0.5 ml D:O: 5 mm sample tube; 128 measurements with t, altered in 5.06 ms 
'ncrernents; each measurement with 48 FIDs and 4 K data points; total time 4.2 h.)
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Figure 9-9,
Sections parallel to the Ff-axis 
through the 2D spectrum of 
Figure 9-8, for the H-3a, H-3e, 
H-4, H-7 and H-9' multiplets.

This experiment is widely used for analyzing spectra which 
contain many overlapping multiplets (giving best results when 
these are first-order). However, this method too has its limita­
tions, as we were forced to recognize in our example where the 
strong methyl signal overlapped with other resonances in the 
region between about b = 3.8 and 4.0. In the sections which fol­
low we will meet other techniques which allow assignments to 
be made even in cases such as this.

9.4 Two-Dimensional Correlated 
NMR Spectroscopy

Many assignment problems can be solved in an elegant way 
with the help of two-dimensional (shift) correlated NMR spec­
troscopy. In the following discussion we will first learn about 
the basic principles by considering a simple hypothetical experi­
ment, and will then see how the experimental arrangement can 



be made more sophisticated for practical use. First we will treat 
the heteronuclear case (H.C), as this can be illustrated using 
simple classical vector diagrams. After that we will discuss the 
homonuclear (H,H) version of the experiment. For simplicity 
the effects of relaxation and field inhomogeneities will be 
neglected.

9.4.1 Two-Dimensional Heteronuclear 
(H,C)-Correlated NMR Spectroscopy 
(H,C-COSY)

We again start with the two-spin AX system of the chloro­
form molecule (bCHCl3), and apply the pulse sequence shown 
in Figure 9-10 A [5-7].

The vector diagrams of Figure 9-10 B show how the applied 
pulse sequence 90°' — tj — 90°- affects the *H  macroscopic 
magnetization vectors and MY- Here and 
represent the magnetization vectors for chloroform molecules 
whose 13C nuclei are in the a and |3 states respectively. (The 
procedure of resolving the magnetization into these two vec­
tors has already been explained in Section 8.4.2.)

The first 90°' pulse turns both magnetization vectors from 
the z-direction into the y'-direction (Fig. 9-10b). During the 
subsequent evolution phase q both vectors rotate with their 
Larmor frequencies:

i’H - p(C,H) and vH + p(C.H) (9-4)

where vH is the Larmor frequency in the absence of coupling, 
i. e. the proton resonance frequency of kCHCl3.

The angles <p[t and through which the vectors M^u and
Mh1' travel in the time are:

<Pa = 2 it ku - | 7 (C.H) j q

<p(3 = 2 zr Lvh + | J (C.H) j q
(9-5)

The phase difference 0 depends only on the time q and on 
'(C.H):

& = Cp - <F« = 2.-r J(C.H) q (9-6)

For q = [4/(C,H)]"J, 0 = 90°, and 
f°r t, = [2J(C,H)]-1, 0 = 180°.
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Figure 9-10.
Two-dimensional H.C-correlatcd NMR spectroscopy-.
A: Pulse sequence.
B: Diagrams showing the evolution of the 'H magnetization vectors and for a two-spin AX 
system (A = ’H. X = L'C) in the rotating coordinate system v'. z. The vector diagrams a to c corre­
spond to the instants marked in A. Diagrams d and e (for M^a) and f and g (for show how these 
vectors are affected by the second 90( ‘H pulse. Diagram h shows the situation immediately before the 
90( signal generating pulse in the L’C channel.

Equations (9-4) to (9-6) correspond exactly to Equations 
(9-1) to (9-3), the only difference being that here we are con­
cerned with instead of L’C resonances.

Figure 9-10 c shows the situation after an (arbitrary) evolu­
tion time f|, which we assume to be in the region of several ms. 
As the precession frequencies ofA/h" and Mh1’ do not coincide 
with the frequency of the rotating coordinate system, these two 



vectors are now inclined to the y'-axis at angles which depend 
on the frequency differences. Let us first concentrate our atten­
tion on the vector This has components in the (+y') and 
(+%') directions (Fig. 9-10d). The second 90°. pulse in the rH 
channel now turns the y'-component into the (—z) direction, 
whereas the x'-component is unaffected. The new direction of 
the magnetization vector is determined by the compon­
ents in the x'- and (—^(-directions; in the example drawn here 
(Fig. 9-10 e) it is in the front lower quadrant of the x', z-plane. 
The same thing happens to the y'-component of M^\ except 
that this is rotated into the (+z) direction, so that after the 90°. 
pulse Wj1' is in the front upper quadrant of the x', z-plane, 
as given by vector addition of the x'- and z-components 
(Fig. 9-10 f and g). However, for the rest of the discussion we 
are not concerned with the vectors M^a and themselves, 
but only with their z-components (Fig. 9-10h). These longi­
tudinal magnetization components are proportional to the 
population differences between the energy levels 1 and 3 (for 
Mh“) and between 2 and 4 (for Mh^). From this we can draw 
two conclusions:
• The pulse sequence 90°. — tj — 90°. has altered the level 

populations from those at the start; at the instant which we 
chose in Figure 9-10, the population of level 3 is even greater 
than that of the lowest-lying level 1. In an extreme case the 
situation at the time q is exactly as shown in Figure 8-10 B.

• The state reached by the spin system depends on the time rh 
i. e. on the angles <pa and covered by the vectors (Equa­
tion 9-5). These are in turn determined also by the Larmor 
frequency and the coupling constant 7(C,H).

Up to now we have considered only the magnetization vec­
tor Mh of the protons. What effects docs the pulse sequence 
applied to the ’H channel have on the 13C NMR spectrum? Let 
us look again at the situation shown in Figure 9-10 h, which 
can be described using an energy level scheme like that in 
Figure 8-10 B. The intensity of the 13C NMR signal is deter­
mined by the level populations after the second 90°. pulse, 
which means that we are concerned here with a transfer of 
polarization or magnetization, such as we met earlier in the SPI 
and INEPT experiments (Section 8.4). Here, however, the L’C 
NMR signal is not amplified by a constant factor as in the exper­
iments described there, but is modulated as a function of by 
the Larmor frequencies of the protons. Unfortunately this 
situation can no longer be illustrated diagrammatically in a 
dear way. The mathematical analysis gives the result that the 
magnetization vectors Mh" and Mh1’1. and therefore also Me “ 
and Mq 13, which are connected with them as a consequence of 
the energy level scheme (see Fig. 8-10), are always changed by 
the same amount, but with opposite signs.



The 90°- signal generating pulse in the 13C channel turns 
these two longitudinal vectors into the (+/) and ( —v') direc­
tions respectively. During the data acquisition phase t2 they 
precess at the frequencies corresponding to the X2 and Xj tran­
sitions, giving the FID signal in the receiver coil. Fourier trans­
formation with respect to h gives two 1JC signals along the F2- 
axis, whose modulation depends on q and on the resonance 
frequencies of the protons. If we now record n spectra with dif­
ferent values of tb and carry out a second Fourier transforma­
tion with respect to r,, we obtain a two-dimensional spectrum 
with four signals, two of which have negative amplitudes (Fig. 
9-11). In this 2D spectrum the ‘H resonances are displayed 
along the F,-axis and the 13C resonances along the F2-axis. 
The coordinates of the four signals are: (Ab XJ; (Ab X2); 
(A2, XJ; (A2, X2). Here the symbols A and X stand for the 
frequencies of the corresponding ’H and klC transitions, but 
the results are usually given as 0-values.

The spectrum parallel to the F2-axis corresponds to the one­
dimensional coupled 13C spectrum, and that along the Fraxis to 
the one-dimensional coupled !H spectrum. In a molecule as 
simple as chloroform containing only two coupled nuclei, this 
gives spectra that are quite clear. For larger molecules, howev­
er, the interpretation becomes much more difficult, or even 
impossible. The experiment must therefore be modified for 
practical use.

The first question might be: could we switch on the 'll BB 
decoupler during data acquisition, so as to make the doublets in 
the l3C NMR spectrum become singlets? Unfortunately this is 
not possible! Decoupling would completely eliminate the sig­
nals of interest, for we must recall that in each experiment, 
after the 90°- 13C signal generating pulse, the vectors Mq-u and 
W'1, are equal in magnitude but opposite in phase, and there­
fore the signal amplitudes have opposite signs. It is only when 

Figure 9-11.
Schematic two-dimensional H,C- 
correlated NMR spectrum of a 
two-spin AX system (for pulse 
sequence see Fig. 9-10). The two 
signals along the F2-direction cor­
respond to the one-dimensional

( NMR spectrum without 
decoupling, except that the sig­
nals have opposite signs. Along 
the Fj-dircction is seen the dou­
blet of the 'H NMR spectrum 
with the C,H coupling (the L’C 
satellites, also with opposite 
signal amplitudes).

90J. 90°.

90° HD

Figure 9-12.
Extended pulse sequence for 
simplifying the two-dimensional 
H.C-correlatcd NMR spectrum 
of Figure 9-11. After the 90°■ 
pulse in the l3C channel there is 
a delay A2 = [2J(C,H)] 1 before 
the start of data acquisition and 
simultaneous 11 BB decoupling-



there is no decoupling that two signals are observed, as the fre­
quencies are then different. Switching on the BB decoupler 
would eliminate the coupling which is the cause of the differ­
ence in frequencies. The two magnetization vectors would then 
completely cancel each other and no signal would be induced in 
the receiver coil.

A different situation arises, however, if we insert a delay 
time zb = |2./(C.H )| between the 90°'excitation pulse in the 
L,C channel and the acquisition of the FID (Fig. 9-12). During 
the time A2 the angle swept through by the faster magnetiza­
tion vector is exactly 180° greater than that for Mq u, and 
the two vectors are again in phase, although they continue to 
precess at different rates. If at this instant the BB decoupler is 
switched on. both vectors precess at the same rate from this 
point on. After the Fourier transformation of the FID with 
respect to t2 we find that the ’C NMR spectrum (F2) consists of 
only one signal at vc. In the modified experiment one records 
spectra for n different /[-values by this method. The values are 
increased by a constant amount each time. this increment being 
of the order of a few ms. As a result of the polarization transfer 
caused by the pulse sequence in the channel, the n 13C NMR 
signals thus obtained are modulated by the proton resonances. 
A second Fourier transformation with respect to gives the 
two-dimensional spectrum, which now consists of only two sig­
nals with the coordinates (ApX) and (A2,X) (Fig. 9-13).

Finally, the two-dimensional spectrum, which in our 
example now consists of two lines, can be reduced to just one 
signal by using the pulse sequence shown in Figure 9-14 A. The 
new features here are the 180° pulse in the ’°C channel after a 
time of exactly q/2, and the delay time Ax before the second 
90°' pulse in the 'H channel.

Let us again try, so far as possible, to illustrate and under­
stand the experiment by means of vector diagrams in a rotating 
coordinate system (Fig. 9-14 B). The first 90°- pulse turns both 
the magnetization vectors and into the y'-direc­
tion (Fig. 9-14 a). Owing to their different Larmor frequencies 
rH — J(C,H)/2 and vH + ,/(C,H)/2, the two vectors move 
apart. After the time c/2 the phase difference is 0 = (C,H)q 
(Equation (9-6), Fig. 9-14b). The 180° pulse in the '°C channel 
reverses the identities of the 13C nuclei in the a and |3 states, so 
that Mf," becomes Mh1’’ and Mfj1’ becomes In the diagram
the vector which is rotating fastest (indicated by the thicker of 
the two arrows outside the circle) is now following the slower 
one (Fig. 9-14 c). After a further interval r/ZA/H13 has caught up 
with and the two are again in phase (Fig. 9-14 d). The total 
angle through which the vectors have traveled and the angle 
depend only on the Larmor frequency for the protons with no 
coupling to the ljC nuclei.

The same situation could also have been arrived at by contin-

j 
j A’------- !

A2

X 
----- ► F2(13C)

Figure 9-13.
Schematic two-dimensional H.C- 
correlated NMR spectrum of a 
two-spin AX system (pulse se­
quence as in Fig. 9-12). The 2D 
spectrum is reduced to two sig­
nals with opposite signs; their 
separation along the Fj frequency 
axis is equal to ./(C.H).



90

Figure 9-14.
A: Pulse sequence for a two- 
dimensional H,C-correlated 
NMR experiment which reduces 
the 2 D spectrum of a two-spin 
AX system to only one peak. 
B: The vector diagrams a to f 
show the positions of the 'H 
magnetization vectors and 
Mh1’’ or their c-components (f) at 
the instants indicated in A; in 
diagrams a to d only the ,r'. y'- 
planc is shown.



uous C.H decoupling, e.g. by '°C BB decoupling in the 13C 
channel - not as previously in the ’H channel - but from an 
experimental point of view this procedure would have a num­
ber of disadvantages, which we cannot go into here.

A 90°. pulse applied in the 11 channel immediately following 
the period t\would result in no polarization transfer, and conse­
quently no modulation of the L'C NMR signal. However, if an 
additional delay Ax is inserted before the 90°. H pulse. M^" 
andMn13 move apart again. After a time A , = |2./(C.H)| 1 the 
phase difference is 180°. The 90°. 'H pulse which now follows 
turns the y '-components of these two vectors into the (+c) and 
(—z) directions respectively (Fig. 9-14e and f). This is the step 
which produces the polarization. Its magnitude depends only 
on the angle cp. If the vectors arc exactly along the y '-direction 
before the pulse, the polarization is at a maximum, whereas if 
the}' are along the x'-direction the polarization is zero. 
The angle covered by the vectors in the time q is a function of 
the Larmor frequency t’H of the "decoupled" protons. The sys­
tem continues its evolution during the time A b but this contri­
bution is constant for all the spectra that are recorded with dif­
ferent revalues. The polarization situation on which the bC sig­
nal intensities depend is therefore determined solely by the 
proton Larmor frequency t'H.

The remaining stages are analogous to those in the previous 
experiment (Fig. 9-12). The 90°. pulse in the '°C channel tips 
the L,C magnetization vectors into the (+y') and (—>■') direc­
tions, and after a further delay timezL = [27(C.H )| the vec­
tors Me u and Me|5’ are in phase. The JHBB decoupling which is 
switched on at this instant eliminates the C.H coupling during 
the data acquisition. The first Fourier transformation with 
respect to t2 gives a signal at vc. If one records a series of 
spectra with A [ = A2 = |2./(C.II)| ’ and different ^-values, the 
signal intensities are modulated by the frequency i’H. A second 
Fourier transformation with respect to therefore gives a two- 
dimensional spectrum (Fb F2) which contains only one signal 
with the coordinates (vH, vc) (Fig. 9-15). According to theory 
the signal intensity is a maximum for A1 = |2./(C.H)| '. Also it 
is amplified by the transfer of magnetization from the sensitive 
nucleus *H  to the less sensitive nucleus '°C.

The interval between the first period q and the beginning of 
the data acquisition period t2 is sometimes called the mixing 
time. The same experiment can also be applied to multiple spin 
systems.

Figure 9-16 shows the two-dimensional (H.C)-correlated 
NMR spectrum of the neuraminic acid derivative 1. The 
°C NMR spectrum obtained by projecting the peaks onto the 

axis is shown at the top edge. We see here the ten peaks 
belonging to all the carbon nuclei that have directly-bonded 
Protons. The three quaternary carbon nuclei do not give corre-

-----------  52(13C)

Figure 9-15.
Schematic two-dimensional H.C- 
correlated NMR spectrum of a 
two-spin AX system (pulse se­
quence as in Fig. 9-14). The 2D 
spectrum which is obtained con­
sists of only one signal with the 
coordinates (rH- >’<■)•



Figure 9-16.
Two-dimensional H,C-correlated 100.6 MHz NMR spectrum of the neuraminic acid derivative 1. The 
one-dimensional 'H spectrum is shown at the left-hand edge, while at the top edge is the projection of 
the two-dimensional spectrum onto the F2-axis, i.e. the 13C NMR spectrum. The signals that can be 
assigned with confidence are marked accordingly. The dashed construction lines show the analysis 
procedure for two examples. The new assignments thus obtained are indicated by bold type.
Note: The 2D spectrum contains a peak with the coordinates 3.7/71, which is consistent with a correla­
tion between H-9' and C-8 due to a long-range coupling. However, this assignment has not yet been 
confirmed, as the coupling constant /(H-9'. C-8) is only 4.3 Hz.
(Experimental conditions:
167 mg of the compound in 2.3 ml D2O; 10 mm sample tube: 330 measurements with t} altered in 316 [is 
increments; each measurement with 32 FIDs and 4 K data points; total time 6.3 h.)



lation peaks. The normal one-dimensional 400 MHz 'H NMR 
spectrum is shown at the left-hand edge.

Some of the resonances in the and klC spectra can imme­
diately be assigned with confidence on the basis of chemical 
shifts and multiplicities. For the spectrum these are the 
three methyl signals, together with H-3a, H-3e, and - with 
slightly more difficulty - H-4 and H-7. Those in the 13C spec­
trum are the methyl signal of the A'-acctyl group, and C-3, C-5 
and C-9. The two OCH, groups can also be recognized from 
their chemical shifts, but they cannot be assigned unambig­
uously.

If we continue the analysis by starting from the 'H reso­
nances that have been definitely assigned, there is no difficulty 
in using the correlation peaks to identify the corresponding 
13C resonances. In addition to the signals that were already as­
signed, this gives the signals of the two OCH, groups and of C-4 
and C-7.

Conversely, if we now begin with the ’C signals that have 
been assigned, we can recognize, in addition to the 'H reso­
nances already assigned, those of H-5, H-9 and H-9'. C-3 and 
C-9 each give two correlation peaks, as these carbon nuclei are 
each bonded to two diastereotopic hydrogen atoms.

Examples:
o In Figure 9-16 the process of analysis is shown for just two 

examples, since to show more would make the spectrum confusing. 
In the first example we start from the 'H signal of the OCH, group 
and thereby find the corresponding L’C signal for this group; in the 
second we start from the l3C signal of C-9 and find the positions of 
the *H  signals of the two methylene protons on C-9.

With these newly assigned signals the analysis of the II and 
l3C NMR spectra is almost complete. The only assignments still 
undecided are those for H-6, H-8, C-6 and C-8. Even the two- 
dimensional H,C-correlated NMR spectrum gives no informa­
tion on this point, as the positions of the resonances for these 
nuclei are not sufficiently different in either the ’ll or the l3C 
spectrum. In practice one would normally regard the problem 
as now being solved, since nobody would base a structural 
identification on differences as small as these. The results are 
summarized in Table 9-1.

This method, which is also known as the H,C-COSY (Cor­
related SpectroscopY) experiment, is widely used for studying 
large and complicated molecules, such as are often encoun­
tered in biochemistry and natural products chemistry. A partic­
ular advantage of this technique is that even in complicated 
molecules there is little overlapping of the correlation peaks, as 
it combines the large chemical shifts of ’C NMR spectroscopy 
with those of *H  NMR spectroscopy.

Table 9-1.
Summary of the procedure fol­
lowed in analyzing the two- 
dimensional (H.C)-correlated 
NMR spectrum of 1.

starting 
point

newly 
assigned

H-4 C-4
H-7 C-7
OCH, (Ketoside) OCH,
OCH, (Ester) OCH,
C-5 H-5
C-9 H-9
C-9 H-9'



9.4.2 Two-Dimensional Homonuclear 
(H,H)-Correlated NMR Spectroscopy 
(H,H-COSY)

The two-dimensional homonuclear (H.H)-correlated NMR 
experiment yields NMR spectra in which 'H chemical shifts 
along both frequency axes are correlated with each other [8]. 
This technique has become known as COSY {correlated spec­
troscopy). It is based on the pulse sequence 90°. — tx — 0V 
(Fig. 9-17).

First we will describe the COSY experiment with 0X = 90°.. 
and we will consider its application to a two-spin AX system, 
where A and X are both protons with a coupling constant 
J(A.X). Thus the pulse sequence in this case is: 90°. - p — 90°..

Compared with the heteronuclear case there is an important 
difference here, because the first 90°- pulse turns both magneti­
zation vectors, MA and Mx. into the direction of the y '-axis. 
Due to the coupling J(A,X) the A nuclei have two macroscopic 
magnetization vectors. MA" and according to whether 
the X nucleus is in the « or the |3 state. Similarly we also have to 
take into consideration two Mx vectors, Mx u and These 
four vectors rotate in the xy '-plane around the z-axis with the 
frequencies r\A ± ,/(A,X)/2 and vx ± J(A,X)/2.

During the time p, which is the variable in the COSY experi­
ment, the four magnetization vectors fan out in thex'. y'-plane 
as a result of their different frequencies.

At the instant q each of these vectors has components in the 
x'- and y'-directions. The second 90° pulse which now follows 
turns each of the y'-components into the (+ z) or ( — z) direc­
tion. Associated with this step there is a transfer of polariza­
tion. The amount of magnetization that is transferred depends 
on the situation in the spin system at the instant p, and there­
fore on the Larmor frequencies rA and i\ and on ./(A,X).

The x'-components of the magnetization vectors, which have 
a similar dependence on the situation to which the system has 
evolved, and which continue to rotate in the x', y'-plane, give 
an FID which, after Fourier transformation with respect to t2. 
yields a four-line AX-type spectrum with the frequencies:

rA + p(A,X) (A.) va-|./(A,X) (A2)

rx + p(A,X) (X|) rx-p(A,X) (X2)

Figure 9-17.
Pulse sequence for the two- 
dimensional homonuclear H.Id- 
correlated NMR experiment 
COSY. The variable is p. The 
pulse angle 0 is usually 90° or 
45°. or occasionally 60°.

These frequencies correspond to the transitions labeled Ab 
A2, X, and X2 in Figure 8-10.

The signals as functions of p are modulated with these four 
frequencies. The second Fourier transformation with respect 
to p therefore gives a two-dimensional spectrum with four 



groups, each containing four signals. Two of these groups are 
centered around the positions (vA, vA) and (px, vx), and are 
called the diagonal peaks, while the other two are centered 
around (vA, rx) and (vx, vA), and are called the correlation 
peaks or cross peaks. Thus the diagonal peaks and the cross 
peaks form the corners of a square. The point of importance 
for us is that cross peaks always occur when two nuclei, in this 
case A and X, interact with each other through a scalar cou­
pling-

Within a group the separation in each dimension (Ft and F>) 
between two adjacent signals is exactly equal to the coupling 
constant J(A,X). The projection of such a COSY spectrum 
onto the Fr or F2-axis therefore corresponds to the one-dimen­
sional 1H NMR spectrum.

In Figure 9-18 a spectrum of this kind for the two-dimen­
sional AX spin system is shown schematically as a contour plot. 
Here only the absolute values of the signals (the “magnitudes 
spectrum”, see Section 1.5.2.3) are shown. This form of presen­
tation is usually chosen in practice, since in the COSY experi­
ment the phases of the diagonal and cross peaks always differ 
by 90°. Therefore, if one corrects the phase so that the cross 
peaks appear as absorption signals, the diagonal peaks will 
appear as dispersion signals.

A, A2 X, X2

JLJ___ LJ_

-----------*

Figure 9-18.
Schematic representation of a 
COSY experiment on a two-spin 
AX system in which A and X are 
protons. The signal amplitudes 
are shown here as absolute 
values. In an actual spectrum the 
peaks on the diagonal are disper­
sion signals, while the correlation 
peaks (cross peaks) are absorp­
tion signals with alternating 
signs. The diagonal peaks of a 
pair of mutually coupled nuclei 
and their cross peaks form the 
corners of a square.

If wc look only at the cross peaks we find that, in both the 
horizontal and vertical directions, we have absorption signals 
with alternating positive and negative amplitudes, i. e. the sig­
nals are in antiphase. For mulit-spin systems these phase rela­
tionships between the cross peaks provide an aid to assigning 
and determining coupling constants. However, it can also hap­
pen that superimposed signals with opposite phases cancel each 
other. Since in most cases one is only interested in correlations, 
't is usual to dispense with phase-sensitive detection when 



recording the COSY spectrum, and instead to display the sig­
nals in “phase-corrected” form. It is usually preferred, as has 
already been explained above, to calculate only the absolute 
values of the signals. This method was also used for Figures 
9-19 to 9-21.

If a proton is coupled to more than one neighboring proton, 
the diagonal peak forms a corner of several squares. This 
makes it possible to identify the positions of the resonances of 
the coupled nuclei, even in complicated spectra. Thus the 
COSY experiment is an important aid in assigning *H  reso­
nances. It is far superior to decoupling experiments, as a single 
experiment gives connectivity information on all the coupled 
nuclei.

As a simple example Figure 9-19 shows the 500 MHz COSY- 
90 spectrum of glutamic acid (2). The spectrum at the upper 
and left edges of the diagram is the normal one-dimensional 
500 MHz 'H NMR spectrum. Of the three multiplets which can 
be seen, that at d ®= 3.8 can be assigned on the basis of its posi­
tion and intensity to the proton on C-2.

In the COSY spectrum we find three signals on the diagonal, 
which correspond to the three multiplets in the normal one­
dimensional spectrum. From these diagonal peaks and the 
cross peaks we can draw two squares, which enable one to see 
immediately which multiplets belong to the mutually coupled 
protons. Since the protons on C-3 are coupled both to the pro­
ton on C-2 and to the two protons on C-4, the multiplet which is 
to be assigned to the C-3 protons forms a corner of two 
squares.

By choosing appropriate experimental conditions it is often 
possible to also distinguish small, long-range couplings.

A disadvantage of the method is that for larger molecules the 
COSY contour diagram becomes confused. In particular, when 
the chemical shift differences Ad between the coupled nuclei 
are small the cross peaks, which are close to the diagonal, are 
difficult to recognize, as this is the region where the strong diag­
onal peaks with their broad wings interfere.

If instead of the second 90°- pulse one applies a pulse with a 
smaller angle -, the spectrum becomes simpler. The transfer 
of magnetization takes place preferentially, so that some of the 
signals within the cross and diagonal peaks are reduced in 
intensity more than others. However, the smaller pulse angle 
reduces the sensitivity. A good compromise is to use an angle 
0X’ = 45°-. though 60° is also sometimes used.

Fet us take as an example the 400 MHz COSY-45 spectrum 
of our test compound, the neuraminic acid derivative 1. Figure 
9-20 shows the region from <5 = 1.4 to 4.2, while Figure 9-21 
shows that from d = 3.4 to 4.2. The projection of the signals 
onto the F2-axis is shown along the top edge in each case; on the 
left-hand side of each diagram (Fj-axis) is the one-dimensional



Figure 9-19.
500 MHz COSY-90 spectrum of glutamic acid (2) shown as a contour plot. At the left-hand edge and a 
the top is the one-dimensional ‘H NMR spectrum with assignments. The diagonal and cross peaks 
joined by dashed construction lines indicate which protons have a mutual scalar coupling. The diagonal 
peak of the two protons on C-3 forms a corner of two squares, as these protons are coupled both to th 
proton on C-2 and to those on C-4.
(Experimental conditions:
10 mg of the compound in 0.5 ml D2O; 5 mm sample tube: 256 measurements with different values of 
6. each measurement with 16 FIDs: digital resolution 2.639 Hz/data point.)

400 MHz H NMR spectrum. A comparison shows that the 
resolution in the spectrum obtained by projection is only 
slightly inferior to that in the normal spectrum.

To analyze the COSY spectrum we must form squares from 
the diagonal and cross peaks. Starting from the unambiguously 
assigned signals of H-3a and H-3e, the cross peaks (Fig. 9-20) 
'rnmediately indicate the position of the H-4 multiplet in the
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Figure 9-20.
400 MHz COSY-45 spectrum of the neuraminic acid derivative 1. At the top edge is shown the projec­
tion of the 2D spectrum onto the F2-axis, while at the left-hand edge is the one-dimensional 400 MHz 
'H NMR spectrum. For reasons of clarity only three squares have been drawn in, linking the signals of 
H-3a. H-3e and H-4.
(Experimental conditions:
20 mg of the compound in 0.5 ml D2O; 5 mm sample tube; 512 measurements with q altered in 632 us 
increments; each measurement with 32 FIDs and 2K data points; total time 15.4 h.)

region <5 = 4.0 to 4.05. This multiplet forms the corner of a fur­
ther square (Fig. 9-21), from which we can determine the posi­
tion of the signal due to H-5. Drawing the next square presents 
some difficulty; however, from the expanded region of the 
spectrum it appears that the chemical shift of H-6 may be only 
slightly different from that of H-5.

To continue the analysis of the spectrum it is best to start now 
from another signal which is definitely assigned. In our case a



Figure 9-21.
Expanded plot of a portion of Figure 9-20. Starting from the signals of H-4, H-7 and H-9'. which arc 
already assigned with certainty as shown in the top spectrum, the cross peaks lead us to the chemical 
shifts to H-5, H-8 and H-9.

suitable signal is the doublet at <5 = 3.6, assigned to H-7. From 
the cross peaks we find the position of another coupled neigh­
bor; this could in principle be either H-6 or H-8. Without addi­
tional information we cannot decide between these two. 
However, we know7 from other experiments that the coupling 
constant 7(6.7) is very small. It therefore seems likely that the 
cross peak will lead us to the signal of H-8. Starting from H-8 
we can now find H-9', then H-9.



As this example shows, one needs several assigned signals as 
starting points for the analysis of a spectrum. In our example 
these were the signals of H-3 and H-7. From these it was pos­
sible to locate the signals of all the remaining protons, although 
there is still some uncertainty in the region from d = 3.85 to 
3.95, due to the overlapping of the multiplets from H-5, 6, 8 
and 9 and the methyl signal of the ester group.

Another result which is evident from this spectrum is that for 
non-coupled protons - in this case those of the methyl group - 
only signals on the diagonal are found.

The COSY experiment has many different variations. For 
example, inserting a constant delay timezl after each 90°- pulse 
increases the intensities of those cross peaks that arise from 
small couplings, whereas the others have their intensities 
reduced. It is not possible here to describe all these methods; 
instead the reader is referred to the additional and more 
advanced reading listed at the end of this chapter.

9.4.3 Two-Dimensional
Relayed NMR Spectroscopy

In the last two sections we learned of techniques which 
enable one to find the positions of the resonances of scalar 
coupled nuclei, even in quite complicated spectra, via the cor­
relation peaks in the two-dimensional spectrum. This was 
shown to be possible for both heteronuclear and homonuclear 
scalar couplings. From these experiments and combinations 
thereof, a promising new two-dimensional method called 
relayed coherence transfer spectroscopy, or more briefly relayed 
NMR spectroscopy, has been developed. In this technique the 
transfer of magnetization does not take place directly from one 
of the coupled nuclei to the other as in H,H- or H,C-COSY; 
instead a third nucleus is used as a relay between them. The fol­
lowing discussion will be restricted to cases in which the nucleus 
serving as the relay is a proton. We need to distinguish between 
two different sorts of experiments, those in which:
• magnetization is transferred from one proton via another 

proton to a C nucleus, and
• magnetization is transferred from one proton via another 

proton to a third proton.
The homonuclear variant is derived from the COSY experi­

ment, and is therefore called H-relayed (H,H)-COSY.
The heteronuclear variant arose out of combining the homo­

nuclear and heteronuclear versions of two-dimensional corre­
lated NMR spectroscopy, and is called H-relayed (H.C)- 
COSY.



What new capabilities do these techniques offer? What is 
their theoretical basis? Are they useful to the practising NMR 
spectroscopist? The first and last of these questions will be an­
swered by means of examples. The question regarding the 
theoretical background is beyond the scope of this book; for 
this the reader must be referred to the specialist literature [1. 
9-12]. Nevertheless, we shall try to arrive at an understanding 
of the basic idea underlying the experiment, considering first 
the heteronuclear then the homonuclear case.

9.4.3.1 The H-Relayed 
(H,C)-COSY Experiment

Let us consider a three-spin system such as the molecular 
fragment HA - C - l3Cx - HM.

In the first stage, as in the COSY experiment, magnetization 
is transferred from the proton HA to the proton HM by means 
of the Jecner pulse sequence (90°' — L — 90°), which causes a 
polarization of HM. Since HM has a scalar coupling to the nu­
cleus Cx, the C signa] is also affected, as in the two-dimen­
sional heteronuclear correlated NMR experiment (Fig. 9-14); 
in fact it is modulated by the Larmor frequencies v(HA) and 
v(HM) of the protons and by the coupling constant ,/(A,M).

In this experiment t\ is again the variable quantity, and the 
mixing intervals A now depend on the H,H and C,H coupling 
constants. The Fourier transformation with respect to t2 yields 
the k’C NMR spectrum with modulated signals; in our example 
this is just one signal at the frequency v(Cx). The second Fourier 
transformation with respect to t\ then gives the two-dimensio­
nal spectrum, with 13C resonances along the F2-axis and 'H 
resonances along the Fj-axis. Figure 9-22 is a sketch, in the 
form of a contour plot, of such a two-dimensional spectrum for 
the molecular fragment chosen here as a model. It consists of 
two signals with the coordinates (p(Ha), v(Cx)) and (r(HM), 
v(Cx)). Any fine structure which may be present due to the 
H,H coupling is here neglected.

Of these two signals the one at (r(HA), v (Cx)) provides us 
with new information, as it demonstrates a linkage between a 
Proton and a carbon atom to which it is not directly bonded. 
Compared with the assignment procedure described in Section 
9-4.1, this enables one to advance a step further.

Figure 9-23 shows the two-dimensional H-relayed (H,C)- 
COSY spectrum of our test compound, the neuraminic acid 
derivative 1. The normal one-dimensional 1 °C NMR spectrum 
ts shown at the top edge, and the normal one-dimensional 'H 
NMR spectrum at the left-hand edge, while the corresponding

Figure 9-22.
Schematic two-dimensional 
H-relayed (H.C)-COSY spectrum 
of the three-spin AMX system 
HA - C - 13CX - HM
The spectrum consists of two sig­
nals. The one with the coordi­
nates (r(HM), i'(Cx)) indicates 
the correlation between the Cx 
nucleus and the directly bonded 
proton Hxl, while the other at 
(v(HA), i'(Cx)) indicates the 
correlation between Cx and the 
proton HA.



H OH

Figure 9-23.
Two-dimensional 100.6 MHz H-relaycd (H.C)-COSY spectrum of the neuraminic acid derivative 1. The 
one-dimensional spectra are shown at the top edge (13C spectrum) and left-hand edge ('H spectrum). 
The analysis starts from the already known assignments of the H-3a, H-3e, H-7, C-3 and C-9 signals, 
marked on the spectra by bold characters. The construction lines show how, following the directions of 
the arrows, several more ‘H and l3C resonances can then be assigned (C-4, C-8, H-4. H-9'). The corre­
lation peaks ®, ® and © correspond to the correlation peaks found in the H.C-COSY spectrum.
(Experimental conditions:
167 mg of the compound in 2.3 ml D2O; 10 mm sample tube; 128 measurements with tj altered in 316 us 
increments; each measurement with 160 FIDs and 4 K data points; total time 11 h.)



(5-scales are given at the bottom and right-hand edges, In ana­
lyzing the spectrum we assume that the chemical shifts of the 
nuclei H-3a. H-3e, H-7, C-3 and C-9 are already known.

Two examples will illustrate the procedures followed in an 
analysis of this sort; here we will avoid making use of the results 
obtained from the two-dimensional techniques that were de­
scribed earlier.

Example 1:
o Here we focus attention on the molecular fragment consisting of 

H-3e. C-3. C-4 and H-4 in compound 1. Of these four nuclei the 
resonances of H-3e at b — 2.4 (F,-axis) and C-3 at b = 40.3 
(H-a.xis) arc already unambiguously assigned. The question is: 
where are the signals of H-4 and C-4?

In the two-dimensional relayed spectrum we expect, in addition 
to a signal at the position (b (H-3e). b (C-3)), two further signals at 
(b (H-3e). b (C-4)) and (b (H-4), b (C-3)). These latter two signals 
are easily located. At b — 2.4 (Fraxis) there are two peaks in the 
two-dimensional spectrum, one of which indicates the correlation 
H-3e/C-3. while the second indicates the correlation between H-3e 
and C-4 which we are seeking. This latter peak is marked ® in 
Figure 9-23. Thus the C-4 signal is unambiguously identified in the 
/s-spectrum.

To assign the H-4 signal we look in the two-dimensional spectrum 
for the correlation peaks of C-3. At b = 40.3 (F2-axis) we find three 
such peaks. Two of these are correlation peaks involving H-3 a and 
H-3e and are of no interest to us. However, the third of these, 
marked @ in the spectrum, indicates the correlation with H-4, and 
from this we find the position of the H-4 signal (b = 4.04).

H - 3e---- > (7)-----> C - 4

C-3 -----> (|)----- > H-4

Example 2:
0 The methods described up to now did not enable us to decide which 

of the two 'C NMR signals at b = 70.98 and 71.67 belongs to 
C-6 and which to C-8. However, this too is possible from the two- 
dimensional relayed (H.C) COSY spectrum. The route to a solu­
tion starts from the unambiguously assigned C-9 signal; from here 
we proceed via the correlation peak marked ® in the spectrum to 
the H-9' signal at b = 3.65. H-9' in turn has a correlation peak with 
C-8, which is marked © in the spectrum. Thus the two signals are 
assigned as follows: b(C-8) = 70.98 and b(C-6) = 71.67.

The result of the complete analysis of the spectrum is given in 
Table 9-2.

C-9 ---- > (7)-----> H-9‘

H-9' ---- > (w) -----> C-8

A major advantage of the heteronuclear relayed method is 
that, as a consequence of the large 13C chemical shifts, very 
little overlapping of signals occurs.



Table 9-2.
Results obtained from analyzing the two-dimensional H-relayed 
H.C-COSY spectrum of 1 (Fig. 9-23).

starting 
point

newly 
assigned

correlation 
peak number

H-3a,ea’ C-4 1
C-3a) H-4 2
C-4 H-5 3
H-4 C-5 4
C-5 H-6 5
H-7 C-7 6”
C-7 H-8bl 7
C-9 H-91” 8”
C-9 H-9' 9”
H-9' C-8 10

a) The assignments of these signals are assumed to be known 
beforehand.

b| The experiment gives only approximate positions for these 
signals.

C1 Peaks 6. 8 and 9 correlate pairs of nuclei which are directly 
bonded to each other (as in the normal H.C-COSY experiment).

9.4.3.2 The H-Relayed
(H,H)-COSY Experiment

The homonuclear version of the experiment, namely two- 
dimensional homonuclear relayed coherence transfer, is perhaps 
even more important than the heteronuclear experiment.

Taking glutamic acid (2) as an example, we will examine 
what extra information we can obtain from the H-relayed 
(H,H)-COSY spectrum (Fig. 9-24) beyond that given by the 
normal COSY experiment. It will be recalled that the COSY 
spectrum (Fig. 9-19) consists of diagonal peaks, together with 
cross peaks which are only found when there is a scalar cou­
pling between the protons. Comparing Figures 9-19 and 9-24 
we immediately notice two new peaks in the H-relayed (H,H)- 
COSY spectrum, at the positions d = (3.8, 2.5) and <5 = (2.5, 
3.8). These indicate a correlation between the proton on C-2 
and the two protons on C-4. How can this experimental result 
be accounted for, in view of the fact that no coupling between 
these nuclei is observed in the normal one-dimensional 
500 MHz 'll NMR spectrum?

The reason for this can be seen fairly easily in a qualitative 
way. As was explained for the heteronuclear case (Section



Figure 9-24.
500 MHz H-relayed H.H-COSY spectrum of glutamic acid (2). The one-dimensional 500 MHz 'H NMR 
spectrum is shown at the top and on the left. Compared with the COSY-90 spectrum (Fig. 9-19) two 
new signals (marked by arrows) have now appeared. These provide evidence of a correlation between 
the protons on C-2 and C-4; in the one-dimensional 500 MHz spectrum it is not possible to detect a 
scalar coupling between these protons.
(Experimental conditions:
10 mg of the compound in 0.5 ml D2O; 5 mm sample tube; 256 measurements with different values of 
h: each measurement with 32 FIDs; digital resolution 2.639 Hz/data point; total time approx. 3 h.)

9-4.3.1), magnetization is first transferred from the proton on 
C-2 to the methylene protons on C-3. Since these two protons 
are in turn coupled to the methylene protons on C-4, and there­
fore share common energy levels with them, the protons on 
C-4 also become polarized in a second stage.

By varying the experimental conditions and pulse sequences 
■t is possible to transfer the polarization still further in succes­



sive stages, and thus to increase the range of influence. Up to 
now it has been demonstrated that an experiment with three 
relayed stages can be performed, so that correlation peaks 
between protons separated by up to six bonds (i.e. as far away 
as the d-position) can be detected.

The pulse sequence for the relayed experiments, especially 
those involving several stages, is longer than that in the normal 
COSY experiment, and as a result the total time up to the start 
of data acquisition becomes longer and longer. This leads to a 
loss of polarization through relaxation, so that detecting the 
magnetization transfer is an increasingly difficult and time-con­
suming task. Relaxation therefore imposes a natural limit on 
experiments of this kind.

The relayed method is at present used mainly for determin­
ing the structures of oligosaccharides, peptides and proteins. 
However, it can also be used to study mixtures of compounds, 
since it is easy to recognize from the spectra which signals 
belong to each individual constituent.

9.4.4 Two-Dimensional
Exchange NMR Spectroscopy [13-15]

In all the two-dimensional NMR techniques discussed up to 
now the transfer of magnetization takes place between nuclei 
that have a scalar coupling. In addition there are two further 
mechanisms whereby magnetization can be transferred: 
• Dipole-dipole interactions through space; this effect is fa­

miliar to us as the nuclear Overhauser effect (NOE, Chap­
ter 10).

• Chemical exchange processes (Chapter 11), for example: 
k

A----------- > X.
In this case, if the A-nuclei are polarized, there is a transfer 
of polarization from A to X with the rate constant k.

In the homonuclear case (i.e. where A and X are 
both protons), polarization transfer by either of these 
mechanisms can be detected using the pulse sequence 
90°- - t| - 90°- - A - 90° ■ - FID (r2). The first part of this, 
90°' — — 90°-, corresponds to the COSY experiment. As was 
explained (Section 9.4.2), in this the A-nuclei are in a polarized 
condition immediately after the second 90°- pulse. During the 
following interval A, polarization is transferred from A to X by 
NOE or chemical exchange (the mixing stage). Applying a 
further 90°- pulse after the mixing time A then allows us to 
record the FID. This process is repeated for a series of different 



values of it. By performing a Fourier transformation with 
respect to we obtain a series of signals for the X-nuclei whose 
/[-dependence is modulated with the Larmor frequency of the 
A-nuclei. The second Fourier transformation with respect to r, 
then yields - as in the COSY experiment - cross peaks at the 
positions (vA, vx) and (vx, rA).

In order for such an experiment to be successful, correct set­
ting of the mixing timed is essential. In the NOE version of the 
experiment (NOESY), A must be of the same order of magni­
tude as the spin-lattice relaxation time 1\, while for chemical 
exchange it must be of the order of the reciprocal rate constant.

Usually one limits the experiment to demonstrating qualita­
tively that there is an exchange process. Quantitative results, 
for example the determination of rate constants, are very diffi­
cult to achieve. The conditions needed for this are too compli­
cated, because
• during the evolution phase not only the A-magnetization 

but also the X-magnetization is evolving;
• the spin system undergoes relaxation during the mixing 

phase zl;
• only that fraction of the polarization which is transferred 

from A to X during the time A contributes to the modulation 
of the X-signals.

The ability to demonstrate the existence of through-space 
H,H couplings by such experiments is of considerable practical 
importance, as this can lead to useful conclusions regarding the 
stereochemistry of a compound. The method has been success­
fully used for determining the structures of peptides, proteins 
and oligosaccharides, usually in combination with other types 
of two-dimensional NMR experiments.

9.5 The Two-Dimensional 
INADEQUATE Experiment 
[16-18]

The one-dimensional INADEQUATE technique was treat­
ed in detail in Section 8.6. At this point it would be useful to re­
read that section, since everything which appears there relating 
to the basic approach, theoretical background, experimental 
procedure, and results obtained, applies here also. The differ­
ence between the one- and two-dimensional INADEQUATE 
Pulse sequences is that in the two-dimensional version the short 
switching time A is replaced by a variable interval t\.



1 D: 90°. - r - 180°. - r - 90°. — A — 90?,. - FID (6) 

2D: 90°.. - r - 180°. - r - 90°. - z, - 90?,. - F1D(?2)

The first part of the 2D pulse sequence (up to and including 
the second 90?. pulse) again serves to establish the double 
quantum coherence. During the time this double quantum 
coherence evolves, and is then converted by the 90?/,. pulse into 
single quantum transitions which can be observed, and which 
correspond to the klC satellites. If the value of r is correctly cho­
sen, the Fourier transformation of the FID with respect to /2 
gives, as in the one-dimensional experiment, the satellite spec­
trum; in other words, for each pair of directly adjacent k,C nu­
clei A and X one obtains two doublets. The central signals, 
which would correspond to the isolated 13C nuclei, are sup­
pressed. The mathematical analysis shows that the satellite sig­
nals, as functions of tb are modulated by the sum of the reso­
nance frequencies of the two coupled 'C nuclei (vA + vx). 
(This situation cannot be shown diagrammatically.)

The two-dimensional experiment consists of n measure­
ments with different frvalues, the increment between succes­
sive measurements being a few ps. The second Fourier trans­
formation of all the F2 spectra with respect to t\ gives a two- 
dimensional spectrum in which the Fj -coordinates of the signals 
correspond to the double quantum frequencies (vA + rx). and 
the F2-coordinates are the frequencies vA and rx. However, 
owing to the nature of the experiment the frequencies along 
the Fraxis do not give (vA + vx) directly; instead they give a 
frequency nmeas = vA + rx -- 2 iq, where v1 is the frequency of 
the pulsed r. f. source. The vmeas-values are in a frequency 
range extending up to a few kHz. Since these double quantum 
frequencies are of no interest to us, we will not consider them 
further. The important point is that at one particular F|-value 
we find the satellite spectra of both the coupled L’C nuclei, i.e. 
both doublets appear at the same F^value. Usually the actual 
value of the coupling constant./ (C,C) is of no importance here; 
the object of the experiment is to determine the connectivities 
in the molecule, i.e. to identify in the '°C spectrum the signals 
of nuclei that are coupled and to assign them. The following 
example clarifies this better than a mere description.

Figure 9-25 shows the two-dimensional 100.6 MHz bC 
INADEQUATE spectrum of the neuraminic acid derivative 1, 
in the range from d = 10 to 110. The spectrum at the top edge of 
the figure corresponds to the projection of the two-dimensional 
spectrum onto the F2-axis. Each carbon nucleus gives a doublet 
consisting of the two satellite signals. The main signals would 
be at the centers of these doublets.
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Figure 9-25.
A portion (d = 10 to 110) of the two-dimensional 100.6 MHz L’C INADEQUATE spectrum, with ‘H BB 
decoupling, of the neuraminic acid derivative 1. The projection of the 2 D spectrum onto the /-.-axis 
is shown at the top. The horizontal construction lines link the doublets of coupled pairs of L’C nuclei. 
The identification numbers alongside the signals correspond to the numbering of the carbon atoms in 1. 
Starting from C-2 and following the horizontal and vertical construction lines in the direction of the 
arrows leads to unambiguous assignments of all the k’C resonances.



- We begin the analysis by starting from the signal at b = 100.32. 
which is assigned unambiguously to the quaternary carbon C-2. 
and is marked ® in Figure 9-25. At the same F,-value we find an­
other signal ® with b = 40.31 (on the F>-axis). and this indicates a 
coupling to C-3. In the spectrum ® and ® are joined by a horizontal 
dashed line. The signal at b = 40.31 is therefore assigned to C-3. 
At this same b-valuc (on the F,-axis). but at a different ^-fre­
quency. we find another doublet, which leads us to the C-4 signal 
®. We can now continue this procedure and thus assign all the 
signals unambiguously. Even the difficult question of C-6 and C-8 
can now be resolved: the doublet for C-6 is easily found from its 
coupling to C-5 (b = 53), and that for C-<8 from its coupling to C-9.

The interpretation can be even further simplified by separa­
tely recording the AB or AX satellite spectra for each of the 
relevant /q-values, resulting in Figure 9-26. It can be seen that 
the resolution along the Fraxis is not quite good enough to 
completely separate the satellites of the three pairs 2/3, 6/7 and 
7/8. However, the 2/3 pair can easily be assigned straight away 
from the chemical shifts, and the remaining two pairs also can 
be readily identified from the difference in intensities between 
their two AX spectra.

An additional aid to assignment is the fact that the centers of 
all the pairs of doublets joined by horizontal lines in Figure 9-25 
lie on a straight line.

Up to this point in our discussion of the two-dimensional 
INADEQUATE technique, the experimental details have 
scarcely been mentioned, as it was intended only to emphasize 
the types of information obtainable by this method. To con­
clude. however, it is necessary to mention, alongside the many 
advantages offered by this new technique, its major drawback. 
Since, in contrast to other types of two-dimensional experi­
ments, there is no enhancement of signal intensities by polari­
zation transfer. 2D-INADEQUATE measurements are ex­
tremely time-consuming. Even with the most sensitive spectro­
meters and high sample concentrations (200-500 mg in 2 ml of 
solvent!), and with optimally adjusted parameters (90° and 
180° pulse angles and the correct value of r). at least one over­
night run per measurement is needed. Nevertheless, in many 
cases the 2D-INADEQUATE spectrum makes it possible to 
assign all the signals from this one experiment, as our example 
illustrates.

Furthermore, developments to improve the method are still 
far from coming to an end.
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Figure 9-26.
Individual F?-spectra for a series of different F,-values from the 2 D-1NADEQUATE experiment on 1. 
The traces a to g have been chosen so that in each case an AB- or AX-type satellite spectrum for a 
coupled pair of l3C nuclei is visible. The F,-values for spectra a to g are indicated on the axis in Figure 
H-25. It is evident from traces e. f and g that the resolution along the F,-axis is not quite adequate to 
completely separate the 2/3. 6/7 and 7/8 pairs.
(Experimental conditions:
167 mg of the compound in 2.3 ml D2O: 10 mm sample tube; 128 measurements with /, altered in 50 us 
nicrements: each measurement with 576 FIDs; total time 66 h.)



9.6 Summary of Chapters 8 and 9

Table 9-3 summarizes the types of information that can be 
obtained using the various techniques described in Chapters 8 
and 9. This makes it easier to compare the different methods.

Tables 9-4 and 9-5 summarize the results of all the experi­
ments which contributed to the complete assignment of the *H  
and 13C NMR spectra of the neuraminic acid derivative 1, which 
we took as our test compound in Chapters 8 and 9.



Table 9-3.
Types of information obtained from different multiple pulse experiments.

Experiment Nuclides Types of information and applications
observed

One-dimensional (ID) techniques

J-modulated spin-echo 
(attached proton test, APT)

l3C CH and CH, carbon nuclei give positive signals, quaternary 
and CH, carbon nuclei give negative signals (an aid to 
assignment).

Refocussed INEPT 
- without decoupling 13C CH and CH, carbon nuclei give positive doublets and quar­

tets respectively, CH, carbon nuclei give negative triplets, 
quaternary carbon nuclei give no signals.

- with BB decoupling l3C CH and CH, carbon nuclei give positive singlets, CH, car­
bon nuclei give negative singlets (an aid to assignment).

DEPT Bc Tells how many hydrogen atoms are directly bonded to a 
carbon nucleus: CH, CH,, CH,.
Advantage compared with off-resonance decoupling: signals 
close together are no problem: signals are enhanced by 
polarization transfer.

ID-INADEQUATE 13c C,C coupling constants.

Two-dimensional (2D) techniques
Heteronuclear ./-resolved
L1C NMR spectroscopy

,3C C,H coupling constants, number of directly bonded hydro­
gen atoms (as in DEPT).

Homonuclear J-resolved 
‘H NMR spectroscopy

'H Determining b-values in complicated spectra, identifying the 
peaks of a multiplet.

(H,C)-correlated NMR 
spectroscopy (H,C-COSY)

'H. I3C Assigning signals in the *H  and L’C spectra, starting from 
known signals.

(H,H)-correlated NMR 
spectroscopy (H,H-COSY)

’H Assigning signals in complicated spectra.

H-relayed (H,C)-COSY 'H, l3C Assignments on the basis of connectivities in cases where no 
scalar-coupled splitting can be detected in the ID spectrum.

H-relayed (H,H)-COSY 'H Assigning protons separated by 4 to 6 bonds where no 
scalar-coupled splittings can be detected in the 1D spec­
trum.

Exchange spectroscopy; 
NOESY

'H Qualitative evidence of exchange processes; evidence for 
spatial proximity of nuclei.

2 D-IN ADEQUATE 13C Assigning signals by detecting couplings between adjacent 
L’C nuclei.



Table 9-4.
'H chemical shifts for Land a summary of the one- and two-dimensional NMR experiments used in 
assigning the signals; x = assignment certain; (x) = assignment almost certain.

proton d-valuca| d, ;Wbl (H.H)- 
COSY

(H.C)- 
COSY

(H.C)-
Relayed

H-3a 1.787 X X X x

H-3e 2.385 X x X X

H-4 4.040 (X) x X X

H-5 3.918 X xel X

H-6 3.873 x"

H-7 3.586 (X) X

H-8 3.861 X x"

H-9 3.843 xdl X x"

H-9' 3.669 (X) X X

CH, (Ac) 2.053 X

OCH, (Ketoside) 3.279 X

OCH, (Ester) 3.872 X

The d-values listed were determined from a full spectrum analysis and simulation (Section 4.6).
Assigned on the basis of the chemical shifts (d) and multiplicities (M). The following assignments 

must be assumed correct at the outset: c) H-7; d) H-9'; e) C-5. 11 The experiment gives only approxi­
mate positions for these signals.

Table 9-5.
'’C chemical shifts for 1 and a summary of the one- and two-dimensional NMR experiments used in 
assigning the signals: x = assignment certain; (x) = assignment almost certain.

L'C nucleus b-value11’ dl” DEPT;
C.H-J-res. 
1;’C NMR

(H.C)-COSY H-Relayed- 
(H.C)-COSY

2 D-1N ADE- 
QU ATE

C-l 171.70 (x) — —
C-2 100.32 X — — X

C-3 40.31 X X X X

C-4 67.51 xcl X X

C-5 52.83 X X X X

C-6 71.67 X e) X

C-7 69.18 xdl X X

C-8 70.98 X X

C-9 64.50 X X X X

C = O (Ac) 175.93 (X)

CH, (Ac) 23.20 X X

OCH, (Ketoside) 52.12 X

OCH, (Ester) 54.65 X

Experimental values. h| Assigned on the basis of the chemical shifts (d ). c,“dl The following assign­
ments must be assumed correct at the outset: c) H-4; d) H-7. c’ Assigned on indirect evidence, as C-8 is 
unambiguously assigned.
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10 The Nuclear Overhauser Effect

10.1 Introduction

In connection with the use of 'H decoupling techniques in l3C 
NMR spectroscopy, reference has already been made several 
times to the nuclear Overhauser effect (NOE). This can pro­
duce an increase of up to 200 % in the intensities of 13C NMR 
signals when using 3H broad-band (BB) decoupling to suppress 
C.H couplings. This useful side-effect of decoupling contrib­
utes appreciably to making possible the routine measurement 
of !’C NMR spectra.

However, the observation of NOE is by no means confined 
to heteronuclear systems; indeed the results obtained from 
NOE measurements on homonuclear systems, especially in 
'H NMR spectroscopy, are very important in structure deter­
mination. Three examples will illustrate this.
o Anct and Bourn in 1965 described the following decoupling experi­

ment [1]: In the "semiclathrate” compound Ithe two protons HA 
and HB are very close together. If the resonance of HA is saturated 
the intensity of the HB signal increases by 45 %. (Here and in all 
subsequent examples the arrow indicates the effect of the saturated 
nucleus on the nucleus being observed.)

0 The second example concerns dimethylformamide (2), in which 
the two methyl groups are non-equivalent owing to hindered rota­
tion about the C — N bond (Fig. 11-1. Chapter 11). Two methyl sig­
nals are therefore found at d = 2.79 and 2.94. together with a singlet 
at d ~ 8.0 for the formyl proton. However, it is not obvious which 
methyl signal belongs to which group. If one now saturates the 
methyl signal at d = 2.94, the intensity of the formyl proton signal 
increases by 18 %. When instead the other methyl signal is saturat­
ed, a decrease of 2% is observed.

0 In an analogous experiment with 3-methylcrotonic acid (3). values 
very similar to those for dimethylformamide (2) are found.

What is the origin of this effect? What causes the changes in 
signal intensities under these experimental conditions? Can the 
effects be quantified? What applications are possible?

These questions will be answered in the following sections.



10.2 Theoretical Background

The experimental results described can be explained by the 
theory of the Overhauser effect, originally developed to 
account for the mutual effects observed between the magnetic 
moments of nuclei and electrons. To understand the basic prin­
ciple and to explain clearly the conditions under which the 
effect occurs, our derivation will initially be restricted to a sys­
tem of two spins.

10.2.1 The Two-Spin System

The NOE changes the intensities of the signals! This very 
briefly summarizes all the experimental results. Let us remind 
ourselves of what determines the intensity of an NMR signal. 
Section 1.4.1 showed that it is proportional to the difference in 
populations of the two energy levels between which the nuclear 
resonance transition occurs. To make this clear Figure 10-1 
again shows the energy level scheme for a two-spin system AX; 
A and X may be protons - as in our examples - or they may be 
nuclei of different species. However, we assume that they do 
not have a scalar coupling, i.e. JAX = 0. This simplifying 
assumption is not essential in principle, but it makes it easier to 
understand the effect.

The transitions between levels 1 and 3 and between levels 2 
and 4 are transitions of the A-nucleus, while those between 1 
and 2 and between 3 and 4 are those of the X-nucleus. These 
transitions arc allowed and observable (Section 4.3). As we

AX AX

Figure 10-1.
Energy level schemes for a two- 
spin AX system with = 0. 
A: The frequencies of the two A 
transitions are equal, as are 
those of the two X transitions. 
/V, to ;V4 are the populations of 
the energy levels.
B: The probabilities IV for the 
six allowed relaxation transitions 
are shown. Those with a sub­
script 1 correspond to single 
quantum transitions, while Wii 
corresponds to a zero quantum 
transition and VV2 to a double 
quantum transition. 



have assumed JAX to be zero, the A- and X-nuclei each give a 
singlet in the NMR spectrum, the intensities of these being 
determined by the population differences between the relevant 
energy levels in the equilibrium situation.

The NOE experiment, which involves continuously saturat­
ing a transition of one nucleus (A, for example), evidently 
results in population ratios which no longer correspond to the 
equilibrium situation, since otherwise the signal intensities for 
the X-nuclcus would not change. As with any kind of perturba­
tion, the system tries to restore the equilibrium by spin-lattice 
relaxation. As will be explained in Section 7.2.1, the relaxation 
of the spin system occurs predominantly via a dipolar mechan­
ism. According to the theory, the NOE and the dipole-dipole 
relaxation mechanism are intimately connected.

Let us now consider Figure 10-1B. Instead of the NMR tran­
sitions between the energy levels as shown in A, this shows all 
the possible and theoretically allowed relaxation processes, 
with their transition probabilities W.

The four probabilities IV) correspond to the single quantum 
transitions which constitute the spin-lattice relaxation proc­
esses, and which we have already met in connection with meas­
urements of 7). The transitions 4-1 and 3-2 are new, however; 
W2 and W() denote the probabilities for relaxation of the spin 
system via double quantum or zero quantum transitions 
respectively, i.e. transitions for which Am is 2 or zero. These 
cannot be excited by electromagnetic radiation; they are 
spectroscopically forbidden and therefore cannot be observed 
in the NMR spectrum (Section 1.4). However, both arc allowed 
in relaxation. According to theory it is even possible for W2 to 
be greater than W-)! Furthermore. W2 and Wo are determined 
almost entirely by dipole-dipole relaxation. In cases where 
non-dipolar mechanisms contribute appreciably to the relaxa­
tion, these mainly affect W|.

Having thus set out the basic principles, we will now try, 
using Figure 10-2, to develop a qualitative understanding of the 
NOE for the example of the two-spin AX system (A = *H;  
X = 13C).

In Figure 10-2 the thicknesses of the "slabs” indicate the rela­
tive populations occupying the different energy levels. Dia­
gram A shows the initial condition, where the occupancy 
numbers or populations to <V4 correspond to equilibrium. If 
we now saturate the A-transitions. whose frequencies are 
equal (since ,/AX = 0), levels 1 and 3 become equally populated, 
as also do levels 2 and 4. i.e. we have Nt- = Ny and AT = . In
diagram B the contributions which have been transferred from 

and N2 to N2 and X4 arc indicated by black slabs.
The changes in the populations have no effect on the total 

intensity of the X signal, as this depends only on the total mag­
netization Mx, and is not affected by the saturation of the



Figure 10-2.
Changes occurring in the popula­
tion ratios in an NOE experi­
ment. The energy level scheme A 
shows the initial situation, and B 
shows the situation when the two 
A transitions of equal energy are 
saturated. The relative thick­
nesses of the slabs represent the 
populations to N4 and A', to 
N4 . Of the transition probabili­
ties for relaxation only IT, and 
Wo, corresponding to double 
quantum and zero quantum tran­
sitions, are shown.

A-transitions. Through the allowed relaxation processes with 
the probabilities W2 and Wo a new equilibrium with a new 
population distribution is established. By comparing diagrams 
A and B we can see in a qualitative way how the two relaxation 
processes labeled W2 and Wo affect the signal intensities. It will 
be noticed that < Nj and iV4- > N4. It follows from this that 
the population ratio Nr/N4- is smaller than the equilibrium 
ratio 7V1/A4. The relaxation process labeled W2 therefore tries 
to increase Nv at the expense of Ny. This causes an increase in 
the population differences Nv — Ny and — Ny which 
determine the intensity of the X-transitions. This is synony­
mous with an increase in signal intensity, i.e. an amplification. 
Conversely the relaxation process labeled W() tries to in­
crease N2' at the expense of Av. This reduces the differences 

— Ny and Ny — Ny thereby tending to reduce the signal 
intensity. The combination of these two (opposing) relaxation 
mechanisms determines the amplification observed as the 
nuclear Overhauser effect. Depending on the magnitudes of 
the contributions from W2 and Wo, the intensity can therefore 
increase or decrease. But when can we expect W2 to predomi­
nate, and when Wo?

In small molecules with short correlation times rc, W2 pre­
dominates, and one therefore observes a positive NOE. On the 
other hand, in molecules with long correlation times rc- - for 
example in macromolecules - IVO has the greatest effect. This 
dependence of the transition probabilities W2 and Wo on the 
correlation times can be understood if one reflects that the fluc­
tuating magnetic fields needed to induce the double quantum 
transition must contain frequencies close to the sum of the Lar­
mor frequencies vA and vx, whereas for the zero quantum tran­
sition much lower frequencies are needed. This result has an 
important practical consequence: the NOE signal amplification 
depends on the magnetic field strength! Since the introduction 
of high-field spectrometers it has become much more common 
to find “negative amplifications”.



From the close connection between dipole-dipole relaxation 
and NOE we can understand why the NOE depends on the dis­
tance between the nuclei, since the dipolar coupling decreases 
in inverse proportion to the sixth power of the distance.

10.2.2 Enhancement Factors

Making the reasonable assumptions that the nuclei undergo 
rapid reorientation (short rc), and that their relaxation occurs 
entirely by a dipolar mechanism, the theory gives a fractional 
increase // as in Equation (10-1):

y A «— A saturated
= 2- (10-1)

2 yx X observed

In this experiment the X-nuclei are observed while the reso­
nance of the A-nuclei is saturated, y is the gyromagnetic ratio. 
The coefficient ;; gives the fractional increase in a signal due to 
the NOE. The resulting total intensity / of the enhanced X-sig- 
nal is given by:

i=(l + >?)/« (10-2)

where /0 is the original intensity.
Using the gyromagnetic ratios given in Table 1-1 (Chapter 1) 

we can calculate from Equation (10-1) the fractional increase 
coefficients // for different nuclear combinations. The values 
thus obtained are maximum figures which are not fully realized 
in practice.

Examples:
0 What is the fractional increase for *’C NMR signals measured 

under 'H BB decoupling conditions?
From Table 1-1 we find y (’H) ~ 4 y (L’C). Hence rj ~ 2 (to be exact. 
1.98). This means that, as already indicated earlier, the L’C NMR 
signals arc increased by a maximum of 200%. i.e. their intensity 
increases from 1 to 3 units.

0 What enhancement factor should be expected if one were to 
observe *H  NMR signals while simultaneously saturating the reso­
nances of the L’C nuclei? Such an experiment is in practice unreal­
istic unless carried out on a '’C-enriched sample. From Equation 
(10-1) (assuming 100 % enrichment) we calculate y = 0.125: i.e. the 
'H signals would increase by 12.5 % .

From the above two experiments, namely l3C{*H}  and 
H{I3C], we reach the following conclusion:

In a heteronuclear NOE experiment one should, so far as pos­
sible, saturate the more sensitive nucleus (that with the largest 
Y-value) and observe the less sensitive nucleus.



What is the maximum possible fractional increase // in a homo­
nuclear NOE experiment? Such experiments are, almost without 
exception, only of practical importance in 'EI NMR spectroscopy. 
Putting ’/A = in Equation (10-1) gives ;; = 0.5. Thus the maxi­
mum increase in intensity is 50 % .
What is the effect of a negative value of y? A practical situation 
where this arises is when observing "'N resonances with simulta­
neous 'H BB decoupling. As the -/-values of 'EI and 1?N differ bv a 
factor of nearly 10. this gives, according to Equation (10-1). the 
unusually large value of about -5 for the maximum fractional 
increase >]. and. moreover, it is negative! This negative sign can lead 
to complications. If as a result of molecular or experimental factors 
the fractional increase accidentally turns out to be -1. then accord­
ing to Equation (10-2) the 1?N NMR signal disappears! This nega­
tive sign also explains why ''’N NMR spectra often contain negative 
signals despite having been recorded with correct phase settings.

10.2.3 Multi-Spin Systems

Up to now we have not considered how the NOE affects the 
signal intensities in multi-spin systems. In connection with 
these, two results of the theory deserve particular mention. 
• In the homonuclear case - which is the only one of practical 

importance - the maximum possible fractional increase is 
0.5.

• In multi-spin systems negative contributions to the NOE can 
occur; these have nothing to do with the relaxation process 
labeled as W(l in the earlier discussion.
How is this latter condition possible? Let us remind our­

selves once more that a signal becomes enhanced - or reduced 
- when some process occurs in the spin system which leads to 
new level populations different from those at equilibrium. In 
our case this happened as a result of the decoupling. Let us 
assume that we have a three-spin system A —B —C. Each pair 
of adjacent nuclei will have a dipole-dipole coupling, but there 
will be no appreciable dipolar coupling between A and C. If we 
saturate the A transitions, the populations involved in the B 
transitions will be altered, and the intensities of the B signals 
will be increased. Now. however, the dipolar interaction be­
tween B and C is affected by the new spin populations which 
deviate from the equilibrium condition. Consequently, satura­
tion of A causes an NOE through the indirect path via B, which 
also alters the intensity of the C resonance. This indirect NOE is 
negative. We shall meet an example of this in the next section.

In this connection there is a further aspect which has not yet 
been mentioned: all spin systems require time for the NOE to 
build up and decay. The rates of these processes depend on the 
relaxation times. This fact must be taken into consideration in 

NOE



any experiment aimed at utilizing the increase in intensity from 
the NOE (Chapters 8 and 9). The indirect NOE in multi-spin 
systems cannot build up until after the direct NOE, which in 
our example is that between A and B, has developed. This time 
difference between the appearance of the direct and the in­
direct NOE can sometimes bc a useful aid in solving structural 
problems.

NOE experiments can be used to estimate internuclear dis­
tances by measuring the fractional increase coefficient >]. 
However, such quantitative applications of NOE are very diffi­
cult. Occasionally too, NOE experiments are used to deter­
mine the dipolar contribution T1DD to the spin-lattice relaxa­
tion.

10.3 Applications

In Section 10.2 we established that the NOE signal enhance­
ment factor depends on the distance between the dipolar- 
coupled nuclei and on the correlation time rc. From this fact the 
following potential areas of application emerge:
• elucidation of molecular constitution and conformation
• aiding assignments
• investigating molecular motions.
In the following discussion we will leave aside the last of these 
three, as such molecular mobility studies call for a detailed 
quantitative analysis of the NOE results, a task fraught with 
many difficulties. Most experiments of this type concern inves­
tigations of macromolecules, by observing I?C resonances 
while saturating the 'H resonances.

Here we will deal only with the first two areas, taking 
examples from 'H NMR spectroscopy in which intramolecular 
NOE is used.

We have already met three such cases in the introduction to 
this chapter. There the positive NOEs that were measured gave 
an indication of the spatial proximity of protons and methyl 
groups. In compound 1 we even found a signal enhancement 
(+45%) which is only a little below the maximum possible 
value of 50%. Evidently the dipole-dipole coupling in this 
semi-clathrate is particularly large. In dimethylformamide (2) 
and 3-methylcrotonic acid (3) the NOE experiments led to a 
correct assignment of the methyl signals. Since the signal of the 
isolated proton is only enhanced when a particular one of the 
two methyl signals is saturated, this must correspond to the cis 
methyl group in each case.

Whereas in these NOE experiments, which were performed 
a long time ago using the CW method, quantitative results on 



the signal enhancement factors were also given, most of the 
more recent work on structural elucidation by NOE has been 
limited to qualitatively demonstrating the existence of an 
NOE. This fact is connected with the availability now of the dif­
ference spectroscopy technique (Section 10.4), which is easily 
implemented when using pulse methods. The rest of the 
examples serve to further illustrate the wide range of possible 
applications of NOE measurements.

Example I:
c The psychiatric drug chloroprothixene (4) metabolizes in humans 

and animals. Chemical and mass spectrometric studies [2] have 
shown that in the principal metabolite a hydrogen atom in one of 
the two benzene rings has been replaced by a hydroxyl group. The 
analysis of the 300 MHz 'H NMR spectrum (Fig. 10-3) indicates 
that this OH group must be attached at either the 5- or the 8-posi- 
tion. An NOE experiment showed that the correct position is on 
C-5. Saturating the resonances of H-T (<5 = 5.84). w'hich is one of 
the protons in the side-chain, produced a positive NOE for the 
doublet of doublets at b ~ 7.02. which had previously been 
assigned to either H-5 or H-8 on the basis of its chemical shift and 
splitting pattern (splitting by one ortho and one meta coupling).

CH2 
n(ch3)2

4

The experiment also showed that the side-chain is in the Z-configu- 
ration. If the molecule were in the E-configuration one would have 
expected an increase in the intensity of the H-l signal. Such an 
effect is in fact found on synthesizing 6-hydroxychloroprothixene 
(5). which was expected, on the basis of the synthetic route used, 
to have the E-configuration. In this compound saturating the 
H-l' resonance did in fact give an enhancement of the signal of the 
proton on C-l.

Figure 10-3.
Portion of the 300 MHz 'H NMR 
spectrum of chloroprothixene (4) 
in CDCIj with assignments.
When the H-l' resonances 
(<5 = 5.84) are saturated the 
intensity of the doublet of dou­
blets at <5 = 7.02 is increased due 
to the NOE.

I z N(CH3)2
5



Example 2:
o Figure 10-4 A shows the 250 MHz ’H NMR spectrum of methicillin 

(6). All the signals can be assigned fairly easily from their chemical 
shifts and coupling patterns, with the exceptions of the methyl sig­
nals A and 13. Saturating the methyl signal at d ~ 1.7 resulted in a 
positive NOE for the H-3 signal (d ~ 4.25). This can be clearly seen 
in the NOE difference spectrum (Figure 10-4 B). (In difference 
spectra it is often not possible to completely eliminate residual sig­
nals from the strong resonances of the solvent and the methyl 
groups. Also a large negative signal always occurs at the irradiation 
frequency (Section 10.4).)

B

Figure 10-4.
A: 250 MHz ‘H NMR spectrum of methicillin (6) in 0.2 M sodium acetate buffer (pD 7.0). with assign­
ments. On saturating the methvl signal (d ~ 1.7) the NOE difference spectrum shows an increase in the 
intensity of the H-3 signal (d ~ 4.25). The negative signal in the NOE difference spectrum corresponds 
to the irradiating frequency. Strong signals, such as the residual solvent signals (HDO) or those of the 
methyl groups, are often found to be not exactly cancelled to zero in the difference spectrum.



Example 3:
An interesting application to a structural problem was described by 
Hunter et al. [3]. When styrene is polymerized in the presence of 
4-methoxyphcnol one obtains, in addition to the polymer, a 1: 1 
adduct (7). This compound is obtained by the formal addition of a 
styrene molecule to 4-mcthoxyphenol. However, the question of 
whether the addition occurs at C-2 or C-3 could not bc answered 
from cither the 'H or the 1 C NMR spectrum. An NOE experiment 
provided a decision in favor of the structure shown. Irradiating the 
OCH, resonance gave an increase in the intensities of the signals of 
the ring protons HA and Hu. From this we must conclude that both 
positions ortho to the OCH, group are unsubstituted. In contrast 
the signals of the third ring proton (Hl) showed a negative NOE! 
This is a case of an indirect NOE in a multi-spin system, as de­
scribed in Section 10.2.
In a further NOE experiment it was shown that saturating the OH 
resonance increased the intensity of the H' signal, providing addi­
tional evidence for the position of substitution.

-NOE

Whereas the earliest molecules investigated by NOE were 
relatively small, it is now also possible to obtain good results 
from large molecules of all kinds. Nowadays one cannot imag­
ine determining the structures of natural products without the 
help of NOE experiments.

An important step forward came with the development of 
the two-dimensional NOE experiment NOESY. This tech­
nique and its practical significance have already been briefly 
discussed in Section 9.4.4.

10.4 Experimental Aspects

All NOE experiments require one to measure changes in sig­
nal intensities. Even though it is not usually necessary to make 
exact measurements of enhancement factors, merely obtaining 
qualitative evidence of NOEs is fraught with many pitfalls. 
Consequently when using the (older) CW method the integra­
tion of the signals must be repeated many times, especially 
where the intensity changes are small, in order to obtain results 
with a reasonable degree of confidence. In pulsed NMR the 
evidence for an NOE can be obtained in a much more elegant 
way. One first records the normal spectrum then the spectrum 
with NOE, and subtracts one from the other. The difference 
spectrum contains only those signals for which there is a differ­
ence in intensity between the two spectra with and without 
NOE. A negative signal always appears at the position of the 
irradiating frequency, since in the NOE spectrum this signal is 
saturated and therefore absent, whereas in the spectrum 



recorded without saturation the signal persists, and it becomes 
inverted when the difference spectrum is generated.

Since in practice one uses samples which are as dilute as pos­
sible. many FIDs must be added together to obtain a difference 
spectrum with a reasonable signal-to-noise ratio. In such cases 
the data are always recorded in an alternating fashion, e.g. by 
taking eight FIDs without NOE followed by eight with NOE 
and repeating this to finally generate the difference spectrum. 
By this procedure any changes which occur during the mea­
surement affect the normal and NOE spectra equally, so that 
good quality difference spectra can be obtained even in long 
accumulations. The difference spectrum reproduced in Figure 
10-4 B was recorded by this method.

As already explained, the NOE depends on dipole-dipole 
relaxation. Other intra- and intermolecular relaxation pro­
cesses reduce the fractional increase, sometimes even to zero. 
Consequently a number of rules must be observed in NOE 
experiments, relating especially to the preparation of the 
samples:
• The sample must not contain any additives or impurities 

that are paramagnetic; for example, oxygen must be 
removed by careful degassing.

• The solvent should, if possible, contain no protons - for best 
results deuterated solvents should be used.

• The sample should be dilute and of low viscosity.
• If it is desired to look for an NOE between a CI I; group and 

a single proton, one should always saturate the CH3 reso­
nance and measure the signal intensity for the single proton 
rather than the other way round. Why? The relaxation of 
the protons of a methyl group is determined mainly by the 
interactions between the methyl protons themselves, and 
consequently the NOE signal enhancement for these is 
smaller - usually only a few percent - or it may even disap­
pear completely.

Finally it should be noted that an NOE can usually only be 
detected if the distance between the dipolar-coupled nuclei is 
less than 3 A. and ideally it should be less than 2.5 A.
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11 Dynamic NMR Spectroscopy 
(DNMR)

11.1 Introduction [1-3]

When nuclei exchange positions to and fro between two 
positions A and B with different shielding values, how does this 
affect the NMR spectrum?

An example from the earliest days of dynamic NMR spec­
troscopy will serve to illustrate this problem, and to give some 
idea of why DNMR spectroscopy is one of the most important 
areas of application of NMR spectroscopy.

In the NMR spectrum of dimethylformamide (1) at 
+ 22.5° C two methyl signals are observed at <5 = 2.79 and 2.94 
(Fig. 11-1). Above +100°C these two signals broaden, then at 
120° C they coalesce into one broad band. On raising the tem­
perature further this again becomes a narrow peak, whose 
position is exactly midway between the two original peaks.

From this temperature-dependent behavior of the 'H reso­
nances it can be concluded that at room temperature the two 
methyl groups are differently shielded, whereas at higher tem­
peratures they become equivalent. The reason for this is well 
known and has long been understood. The CN bond has a high 
proportion of double bond character, which results in the rota­
tion being hindered, so that the methyl groups A and B are in 
different magnetic environments. The representation in terms 
of mesomeric canonical forms makes this clear (Scheme I, A 
and B).

\ /CH3(A) k H CH3(B)
A ^C-N\ ~ /C-NZ

0Z CHj(B) 0 Z XCH3(A)

I II

H CH3 H „ CH3
B ^C-N\ <----- > C=N

\°/ ch3 jo iz ch3

Scheme I

When the temperature is raised the barrier to rotation is 
overcome, and if the rate at which the two methyl groups
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Figure 11-1.
56.4 MHz ‘H NMR signals of the 
methyl protons in dimethylforma­
mide (1), recorded at different 
temperatures. For slow site 
exchange two peaks are 
obtained, whereas for fast 
exchange there is only one. In 
the intermediate range the 
signals are broadened.
The coalescence temperature Tc 
is 120° C.

exchange places becomes sufficiently rapid they can no longer 
be distinguished by NMR spectroscopy. Only one signal is then 
observed in the spectrum, at

_ l'A + VB 
V =----------

2

The two extreme cases - slow exchange and rapid exchange - 
can be understood from what we already know, but why do the 
signals become broad in the intermediate temperature range? 
Theory provides an explanation of this, and the relevant results 
will be considered in the next section.

The dynamic process exemplified by dimethylformamide (1) 
is the simplest case of a first-order reversible reaction, which is 
described by two rate constants:



A-i
I II with k = k\ = An 
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The rate constants kj and for the forward and reverse 
reactions are here equal, since the two rotamers I and II in the 
equilibrium are equal in energy.

If one of the methyl groups of dimethylformamide is 
replaced by another substituent, e.g. by a benzyl group 
(Scheme II), the two rotamers are no longer equal in energy, 
and the rate constants for the forward and reverse reactions are 
unequal (k} + kn).

Hx zCH3(a) k, Hx zCH2Ph
zC-N\ ZC”N\

0Z CH2Ph k" 0Z \h3(B)
I II

Scheme II

For slow rotation (k ~ 0) one therefore finds two methyl sig­
nals, whose intensities depend on the proportions of I and II in 
the equilibrium mixture. Raising the temperature causes rapid 
positional exchange, and the two signals coalesce. However, 
the coalesced signal is no longer in the middle, but is at the cen­
ter of gravity (centroid):

I’ = A'li'A + A-JI

where aq and are the molar fractions of I and II. Since 
aq + .V|[ = 1. we have:

V = X,1'A + (1 - Xj) I'B

Up to now we have considered site exchange between 
methyl groups whose 'H resonances are not split into multiplets 
by spin-spin coupling. Figure 11-2 show's two spectra of 
1,2-diphenyldiazetidinone (2), a molecule in which a pair of 
mutually coupled protons HA and Hn exchange positions. In 
the spectrum recorded at — 55° C the geminal proton pair HA 
and Hb give a four-line AB-type spectrum. However, at a tem­
perature of +35° C these four lines have already coalesced, i.e. 
the time-averaged shieldings of the two nuclei have become 
equal. We shall return to the mechanism of this process in Sec­
tion 11.3.3.

Rapid dynamic processes do not always result in single 
peaks, as they have in the systems we have considered up to 
now, but they always lead to a simplification of the spectrum. A 
complicated example of this is shown in Figure 11-3.

The 90 MHz *NMR  spectrum of benzofuroxan (3) at - 54° C 
is of the ABCD type, showing that all the four protons are 
chemically different (Fig. 11-3 A). At +53°C (Fig. 11-3 B) the

Figure 11-2.
60 MHz 'H NMR signals of the 
ring protons HA and HB in 
1.2-diphenyldiazctidinone (2). 
A: At + 35°C in acetone-d6.
B: At -55° C in CDC1,:
Jab = 14 Hz.
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Figure 11-3.
90 MHz !H NMR spectrum of 
benzofuroxan (3). A: At — 54°C 
in CDClj. B: At +53° C in ace- 
tone-d(). At the higher tempera­
ture one finds a symmetrical 
AA'BB' spectrum ([AB]-), 
whereas at low temperatures the 
spectrum is unsymmetrieal 
(ABCD).

complex ABCD spectrum is replaced by a symmetrical spec­
trum of the AA'BB' (or |AB]2) type. The only way in which 
this can occur is if the proton pairs each become equivalent 
through a dynamic exchange process. This process is illustrated 
in Scheme III [4],

Dynamic NMR spectroscopy can also be used in the same 
way to study intermolecular exchange reactions. The effects on 
the NMR spectra are the same whether an intramolecular or an 
intermolecular process is involved.

Some classic examples of intermolecular processes arc the 
proton exchanges which occur in aqueous solutions of acids, 
alcohols, thioalcohols and amines. In a mcthanol-water mix­
ture. for example, only one common signal is observed for the 
methanol OH proton and the water protons:

CH3OH + HOH CH3OH + HOH

Analogous behavior is observed for all other compounds 
which have easily exchangeable protons.

Dynamic processes are most commonly investigated using 
'H NMR spectroscopy, but resonances of other nuclides such as 
l9F, j1P. and especially L'C, can also be used. Such measure­
ments are often carried out as an extension of II NMR studies, 
as the greater range of chemical shifts for these nuclides allows 
peak coalescences to be observed at higher temperatures than 
for protons.

0 
T

Scheme III



11.2 Quantitative Calculations

Figures 11-1 to 11-3 provided qualitative evidence, from the 
changes in the spectra with temperature, that dynamic proc­
esses were occurring in the samples studied. However, the 
results can also be analyzed quantitatively. From the tempera­
ture dependence of the resonance lines one can obtain rate 
constants and activation parameters. DNMR spectroscopy was 
responsible for an important step forward, in that it makes it 
possible to study reactions that are too slow for optical spec­
troscopic methods but too fast for investigation by classical 
chemical methods, i.e. reactions with rate constants k in the 
range 10 1 to 10'1 s !. The methods used to determine rate 
constants and activation parameters are described in the 
sections which follow.

11.2.1 Complete Line-shape Analysis

It was shown in Chapter 4 that NMR spectra can be calculat­
ed theoretically. Such calculations tell us the number of peaks 
present and their widths and intensities (amplitudes), in other 
words the entire spectral curve or line-shape. Here the line­
shape is understood to mean the functional relationship be­
tween signal intensity and frequency. When dynamic processes 
are involved the line-shape depends also on the exchange rate 
fc, and thus on the time q spent by the nuclei in a particular envi­
ronment. For a first-order reaction we have:

k = ~ (11-1)

A complete line-shape analysis (CLA) allows us to determine 
the values of k and q.

In particularly simple cases - for example when there is no 
coupling between the exchanging nuclei - the line-shapes can 
be calculated by classical methods using the modified Bloch 
equations [3,5]. In complicated cases a solution is only possible 
by quantum mechanical methods [6]. The following account 
will briefly outline the analytical procedure in an example of a 
first-order reaction; in this example, as in the rotation about 
the CN bond in dimethylformamide (1), there is an exchange 
between two sites with different magnetic shielding values. 
Analytical procedure
• First one must record a number of spectra at different tem­

peratures. For a complete line-shape analysis these might 
consist, for example, of three spectra at temperatures for 



which the dynamic process is very slow (one of which should 
give little or no exchange), then five to ten spectra in the 
region of the coalescence temperature, i. e. corresponding to 
the middle range of exchange rates, and finally three further 
spectra at temperatures giving rapid exchange.

• The second step is to analyze the spectrum in the absence of 
site exchange, so as to obtain the chemical shifts, coupling 
constants and line-widths (half-height widths zlv^)- If the 
spectrum consists of only two lines, as in dimethylform­
amide (1) (considering here only the methyl protons, since 
the formyl proton signal is irrelevant), or if it is a four-line 
AB spectrum, as for HA and HB in 1,2-diphenyldiazetidi- 
none (2), these parameters can easily be determined. 
However, for benzofuroxan (3) the AB CD-type spectrum 
can only be analyzed by using one of the computer programs 
mentioned in Chapter 4 (LAOCOON, DAVSYM, 
DAVCYM).

• The third step is to calculate spectra for exchange rates in 
the coalescence region where broadened signals occur. To 
do this one uses the previously determined chemical shifts, 
coupling constants and line-widths, and varies the rate con­
stant k. When the calculated spectrum visually matches one 
of the experimentally measured spectra, this gives the rate 
constant k for the temperature at which that spectrum was 
recorded. From n such spectra we thus obtain n different de­
values with their corresponding temperatures. Calculations 
of this sort must usually be carried out on a large computer 
with a suitable program.

• In the fourth and last stage of the analysis one calculates 
spectra for fast exchange rates. Often, however, this step is 
unnecessary. Of the three examples discussed above, only 
the analysis of the spectrum of benzofuroxan (3) would 
require this.

The method described above, based on visually comparing 
the calculated and observed spectra, is very tedious. Birrsch et 
al. therefore developed the DNMR5 program, which not only 
allows one to calculate the spectrum for a given set of values of 
chemical shifts, coupling constants and rate constant(s), but 
also provides for automatic iterative matching of the calculated 
and experimental spectra. Details of this method can be found 
in the appropriate literature [6,7].

Although complex dynamic spectra such as that of benzo­
furoxan are more difficult to analyze than the simpler ones, 
they have the advantage that the results are more precise. It is 
necessary to match, by direct visual comparison or by auto­
matic iteration, the positions, widths and intensities of a large 
number of lines. This requires quite exact fitting of the parame­
ters, and in these cases the rate constants can be determined 



very precisely, the values being unaffected by other errors of 
measurement.

Finally it should be noted that one can also analyze dynamic 
processes which involve the exchange of nuclei between several 
different sites, the line-shape then being a function of several 
rate constants [3].

11.2.2 The Coalescence Temperature Tc and 
the Corresponding Rate Constant kc

In interpreting an exchange process it is often not necessary, 
or even sensible, to invest the time and effort needed for a com­
plete line-shape analysis. Often it is sufficient to know only the 
order of magnitude of the rate constant at room temperature; 
for example, one might wish to know whether two isomers in 
dynamic equilibrium can be separated at room temperature, or 
whether this must be carried out at a reduced temperature. 
Cases such as this can be treated in a simpler way than by full 
line-shape analysis!

To see this let us again consider the spectra of 1 which are 
shown in Figure 11-1. At 22.5° C we observe two methyl peaks, 
but at 150° C only one. An important spectrum for our purpose 
is that recorded at about 120° C, in which the two signals just 
coalesce. For this coalescence temperature Tc the rate constant 
kc is given by:

£c = 2.22zlv (11-2)

Here Av is the separation in Hz between the two signals in 
the absence of exchange.

Equation (11-2) is only valid provided that:
• the dynamic process occurring is first-order kinetically, 
• the two singlets have equal intensities, and
• the exchanging nuclei are not coupled to each other.

However, even if these conditions are not fulfilled exactly, 
Equation (11-2) is often a good approximation for estimating 
Zcc.

Av is determined experimentally from spectra recorded at 
temperatures which are as far below the coalescence tempera­
ture as possible. If this is not possible, for example because the 
low temperatures needed cannot be reached, an estimated 
value of Ziv is used.
Example:
O For dimethylformamide (1) we have:

Av = 9.5 Hz (at 60 MHz resonance frequency); Tc = 393 K 
(120°C): this gives:

= 21 s - 1



An important fact must be mentioned here, namely that kc 
is determined by the magnitude of Av, which is in turn propor­
tional to the resonance frequency (i.e. to the magnetic flux 
density). Consequently the value of kQ at a higher resonance 
frequency is greater than that at a lower frequency, which 
means that at the higher frequency the coalescence occurs at a 
higher temperature. Thus Tc is not a constant, but is a quantity 
which depends on the observing frequency. The following rules 
of thumb apply for this situation:
• The higher the observing frequency of the spectrometer, the 

higher is the coalescence temperature.
• Doubling the observing frequency shifts Tc upwards by 

about 10 K.

For an exchange process between two nuclei A and B with a 
mutual coupling JAB, an equation analogous to (11-2) applies. 
The rate constant kc at the coalescence temperature is then 
given by:

kc = 2.22 y Av2 + 6J£b (H-3)

Example:
c For 2 (Fig. 11-2) we have zb' = 41 Hz (at 60 MHz), and T( = 272 K; 

therefore:
k272 = 119 s 1

11.2.3 Activation Parameters

11.2.3.1 The Arrhenius Activation Energy EA

By applying the Arrhenius equation (11-4) it is possible to 
determine graphically the activation energy EA for the dynamic 
process being studied. Plotting InA: against \JTyields a straight 
line whose gradient is EA/R.

k = k.e-F^RT (H-4)

EA
I n/c = In/co — — 

RT

T = temperature in K 
kQ = frequency factor 
R = universal gas constant 

= 1.9872 cal K mol 1 
= 8.3144 JK-'moF1



To determine EA by this method involves a lot of work, 
since:
• as many spectra as possible must be measured over a wide 

range of temperatures, and
• the rate constants k for each of these spectra must be calcu­

lated from a complete line-shape analysis (Section If.2.1).

11.2.3.2 The Free Enthalpy of 
Activation AG*

From the Eyring equation (11-5) one can determine the free 
enthalpy of activation AG*:

k = x— e-M:+lRT (11-5)
h

/ T ’ \
AG*  = 4.58 Tc (10.32 + log — I cal mol"1 (11-5a)

\ kc /
I Tc \

= 19.14 Tc 10.32 + log — J mol"1 
\ kc /

ka = Boltzmann constant = 3.2995 x 10 cal 1< 1
= 1.3805 x 10"23 J K" 1

x = transmission coefficient
(usually assumed to be exactly 1)

h = Planck constant = 1.5836 x 10“34 cal s
= 6.6256 x 10 34 Js

To calculate the free enthalpy of activation A G*  from Equa­
tion (ll-5a), we need only one Zc-value and one temperature. 
For this we can use the relatively easily determined pair kc and 
Tc-

Example:
0 For dimethylformamide (1), with Tc = 393 K and kyn = 21 s 

we have

4G-,; = 20.9 ± 0.2 kcal mol’1 (87.5 ± 0.8 kJ mol" ‘)

c For 1,2-diphenyldiazetidinone (2). with Tc — 272 K and 
4:72 = 119 s“ ’. wc have

AGA = 13.3 ± 0.2 kcal mol" 1 (54.4 ± 0.8 kJ mol" ‘)

Equation (11-6) gives the relationship between the free 
enthalpy of activation AG*.  the enthalpy of activation All 
and the entropy of activation AS*:

AG*  = AH*  - TAS* (H-6)



If we insert this expression into the Eyring equation (11-5) 
and take logarithms (base 10), assuming x = 1, we obtain:

log - = 10 32 — —F (11-7)iu.jz ]cj 14 j- 19 14 U1

Thus, plotting k>g(k/T) against l/T yields AH*  and ZisL
For monomolecular reactions the relationship between the 

enthalpy of activation and the Arrhenius activation energy is:

AH*  = Ea - RT (H-8)

Up to now we have assumed that the two isomers 1 and 11 
which are in dynamic equilibrium have equal energies. If this 
is not the case, the equilibrium mixture contains different 
amounts of I and II. The equilibrium constant K is then calcu­
lated from Equation (11-9), the relative concentrations of I and 
II being in most cases easily determined by integration of the 
corresponding NMR signals.

K = [I] 
[11]

(11-9)

One can then obtain the difference AG0 between the free 
enthalpies of the two isomers, by using Equation (11-10):

AG0 = -RTlnK (11-10)

11.2.3.3 Estimating the Limits of Error

The rate constants and the activation parameters AG*.  
AH* , zIS^ and £A, like any other experimentally determined 
quantities, are subject to errors. Possible sources of error are 
inaccuracies in measuring the following quantities: 
• the frequency separation dr, 
• the coupling constants J, 
• the line-widths zlv^, 
• the absolute temperatures T, and 
• the coalescence temperature Tc.

One must take into account the fact that Av and zl v1/2, and to 
a lesser extent the coupling constants J. depend on the temper­
ature and the solvent. However, the main sources of error are 
in measuring the temperatures Tand the coalescence tempera­
ture Tq-. Absolute values of Tcan seldom be measured with an 
accuracy better than ±2 K. On the other hand, the accuracy 
with which Tc can be determined depends on the spectrum; the 
more complex the spectrum, the greater the inaccuracy in Tc. 
Here too one must assume an error range of at least ± 2 K.



A thorough discussion of the question of errors would not be 
appropriate here; the problem is treated in detail in the litera­
ture [2,3,6]. However, to give an idea of what can be expected, 
listed below are realistic estimates of the order of magnitude of 
the errors in the parameters used in this chapter.
k and kc: ± 25 % (or greater)
JG*:  ± 0.2 kcal mor1; ± 0.8 kJ mol'1

±1 kcal mol \ ± 4.2 kJ mol" 1
: ± 2 to 5 cal mol"1 K 1

However, one should not use these estimates as a substitute 
for a proper error analysis in any individual case.

11.2.4 Rate Constants in Reactions 
with Intermediate Stages

In intramolecular dynamic processes the interconversion 
often takes place via intermediate stages with other conforma­
tions. This will be illustrated here by a classic example, that of 
the ring inversion in cyclohexane. However, instead of C6HI2, 
which provided the first example of ring inversion, discovered 
in 1960 by Jensen et al. [8], we will consider the incompletely 
deuterated cyclohexane C6DnH (4) [9,10], as its NMRspectra 
are easier to analyze. At room temperature a single peak is 
observed, whereas at temperatures below -60°C there are 
two. The spectra (shown in Ref. [11]) are thus analogous to 
those in Figure 11-1, when recorded with simultaneous 
decoupling of deuterium. We find Tc = 212Kandzdv = 28.9Hz 
(at 60 MHz). From these values we obtain a rate constant 
C = C12 = 64 s '.

The interpretation of these experimental results seems 
straightforward. At room temperature the molecules undergo 
rapid interconversion between one chair conformation and the 
other. During this process the single remaining proton in the 
cyclohexane-<7 [ [ molecule switches between the axial and equa­
torial positions, giving an averaged signal. When the sample is 
cooled the ring inversion process is frozen, and the protons in 
the two positions are now distinguishable by NMR spectro­
scopy.

Scheme IV



Examination of molecular models and theoretical calcula­
tions indicate that the ring inversion takes place via an inter­
mediate twisted boat conformation (Scheme IV).

In this intermediate conformation, which corresponds to a 
local minimum on the potential energy curve, the cyclohexane 
molecule has equal probabilities of reverting to its original chair 
conformation or switching to the inverted chair structure. 
From this fact we can conclude that the rate constant ZcCT for 
the chair-to-twist interconversion is twice the observed rate 
constant Zcc for the inversion:

A’C I = 2 k: = 12<S s 1

Using Equation (11-5) we then obtain ZIG212 = 10.2 ± 0.2 
kcal mol 1 (42.6 ± 0.8 kJ mol~‘). This value corresponds to 
the difference between the free enthalpy of the C6D|,H mole­
cule in the chair conformation and that of the transition state 
through which the molecule passes in changing to the twisted 
conformation.

11.2.5 Intermolecular Exchange Processes

As has already been mentioned in Section 11.1, typical 
examples of intermolecular exchange processes are the proton 
exchange which occurs in acids, alcohols and amines. In every 
case only a single time-averaged signal is found for the 
exchanging protons. The quantitative interpretation of such 
spectra to determine rate constants is usually difficult, since 
reactions of this kind are always of second or higher order. This 
means that the rate constants depend not only on the tempera­
ture but on the concentrations of the reactants. Moreover, a 
quantitative treatment of the spectral data is in many cases pre­
vented by a lack of knowledge of the mechanism of the 
exchange reactions.

Despite these difficulties, there are many reports in the liter­
ature of systems which have been analyzed quantitatively [12].



11.3 Applications

There are two reasons why dynamic NMR spectroscopy has 
continued to develop so rapidly since even the earliest days of 
NMR:
• the NMR spectrum provides an excellent means, often the 

only one, for distinguishing between the starting materials 
and end-products of a reaction, and

• NMR spectra allow one to observe changes occurring in 
reactions with rate constants k in the range from about 10“1 
to 103 s '. corresponding to zlG^-values between 5 and 
25 kcal mol 1 (20-WO kJ mol ). The values indicated here 
for the limits are determined by the range of temperatures 
over which measurements can be made, and, for low 
temperature measurements, by the solubilities of the 
compounds.

Most spectrometers allow the sample temperature to be 
varied from +200° C to — 100° C. although in exceptional cases 
it can be reduced to —150° C or even lower. However, despite 
significant improvements in instruments during the last three 
decades, measurements at temperatures below — 80°C have 
still not become a matter of routine.

The examples described below represent a cross-section of 
the wide range of applications of DNMR spectroscopy. Other 
applications, such as investigations of metal complexes, mole­
cular rearrangements, proton transfer processes and many 
other types of reactions can be found in the comprehensive 
reviews by Jackman [1] and Oki [2],

1 1.3.1 Rotation about CC Single Bonds [13, 14]

In considering rotation about CC single bonds we can distin­
guish between three situations, namely those where:
• both carbon atoms have sp° hybridization
• one carbon atom has sp2 and the other sp3 hybridization
• both carbon atoms have sp" hybridization.



11.3.1.1 C (sp3) — C (sp3) Bonds

Typical examples of molecules with rotation about a CC 
single bond between two sp3-hybridized carbon atoms are 
those of ethane and its derivatives. In these compounds the 
rotation is so fast at room temperature - even when bulky sub­
stituents are present - that only time-averaged signals over the 
three energetically most favored rotamers are observed (see 
Scheme V). Although the rotation in ethane itself cannot be 
frozen out even at low temperatures, this is possible for many 
substituted ethanes. Nevertheless, except when very severe 
steric hindrance is present, the coalescence temperatures are 
well below -50° C.

Halogenated ethanes and t-butyl-substituted ethanes have 
been particularly thoroughly studied. Depending on the nature 
and number of substituents, JG^-values between 5 and 15 kcal 
mol 1 (20-6(1 kJ mol ') are found.

Scheme V

R2

ch3

11.3.1.2 C(sp2) — C (sp1) Bonds

Here we will consider as an example the rotation of the 
methyl group in toluene (5). This rotation cannot be frozen out 
even at temperatures as low as —150° C. It only becomes pos­
sible to measure a C(sp2) —C(sp3) rotational barrier when 
hindering groups are present, as in the naphthalene derivative 
6. For this compound one finds Tc = 228 K (at 60 MHz) and 
zdGJ28 =12.7 ± 0.2 kcal moH 1 (53.1 ± 0.8 kJ moF1) [13],

In these cases the sp2-hybridized carbon atom belongs to an 
aryl ring. However, the rotation is also partly hindered when 
the sp2-hybridized carbon atom belongs to a CC double bond 
or to a carbonyl group.

Experiments of this sort often enable conclusions to be 
reached about the preferred conformation.

5



11.3.1.3 C(sp2) —C(sp2) Bonds

It was shown a long time ago that in biphenyl derivatives 
bulky substituents hinder the rotation about the CC bond be­
tween the two phenyl rings (atropic isomerism, or occurrence 
of conformational enantiomers). An example of this type is the 
biphenyl derivative 7, which has already been mentioned in 
Section 2.4.2 (Fig. 2-16). Here the rotational barrier is deter­
mined not only by the steric effects discussed above, but also by 
the electronic effects of the substituents. zlG*-values  varying 
from 14 to more than 25 kcal mol" 1 (60-100 kJ mol" ') have 
been measured [2].

Other examples in this class are the hindered rotations in chi­
ral derivatives of butadiene [2], and in aromatic aldehydes and 
ketones. In the case of benzaldehyde (8), for example, a 
zlG^-value of 7.9 ± 0.2 kcal mol 1 (33 ± 0.8 kJ mol ') has 
been determined [14].

ho(ch3)2c

c(ch3)2oh

H .0

8

11.3.2 Rotation about a Partial Double Bond
[15, 16]

The rotation about the CN bond in amides (9), already de­
scribed in Section 11.1, is the best known example of hindered 
rotation about a partial double bond, but there are many 
others. Thioamides (10), amidines (11), enamine derivatives 
(12) and aminoboranes (13) all show similar behavior.

Amides: There have been many studies of the effects of sub­
stituents on the rotation barriers in this class of compounds. In 
the dimethyl amides (9), which are most suitable for such stud­
ies from the NMR standpoint, the highest free enthalpy of 
activation found is that for dimethylformamide (1), with a 
value of 20.9 ± 0.2 kcal mol 1 (87.5 ± 0.8 kJ mol" Tc = 
393 K). Introducing any substituent R in place of the formyl 
hydrogen atom reduces the barrier. For R = C6H5 the free 
enthalpy of activation AG%S is found to be 15.0 
± 0.2 kcal mol" 1 (62.7 ± 0.8 kJ mol" '). For R = r-C4H9 the 
value of UGy)8 is reduced to 12.2 ± 0.2 kcal mol" 1 (51.0 ± 
0.8 kJ mol"1).

Thioamides (10): In thioamides the ZtG*-values  are 2-4 
kcal mol" 1 (8-17 kJ mol" ') higher than in the amides with the 
same substituents. Attempts have been made to explain these 
higher barriers as being due to the contribution of a dipolar 
canonical form (Scheme VI). It appears that the overlap 
between the 2p and 3p molecular orbitals is less effective than 
that between the two 2p orbitals in the amides.

9
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Scheme VI

Amidines 11: In amidines the barrier to rotation about the 
C—N(CHj)2 bond is much smaller than in the amides. AG^- 
values of 12-14 kcal mol (50-60 kJ mol !) are found. It 
appears that this difference is caused by a reduction in the 
amount of mesomeric stabilization in the ground state.

Enamines: In enamines the mesomerism between the nitro­
gen and the double bond is too small to give hindered rotation 
effects detectable by NMR spectroscopy. However, the situa­
tion changes when the double bond has a carbonyl group next 
to it, as in the molecule 12. giving an unsaturated amide struc­
ture. On the basis of the proposed canonical structure with a 
C=N bond (Scheme VII) one expects to find that the rotation 
about the CN bond is hindered as in amides. This was in fact 
found to be the case, giving for 12 a free enthalpy of activation 
AG267 = 13.5 ± 0.2 kcal mol (56.5 ± 0.8 kJ mol ’) [17],

For this class of compounds the rotation about the CN bond 
is of less interest than that about the bond between C-2 and 
C-3. as the mesomeric canonical forms indicate that this too 
should be hindered. This was confirmed experimentally for 12 
[18], and the following values were found when using 1,1-di- 
chloroethylene as the solvent:
z!G'?32(3-cz.s s-trans) = 11.5 ± 0.2 kcal mol"1

(48.1 ± 0.8 kJ moC1)

AG232(.s-trans s-cis) = 11.1 ± 0.2 kcal moC 1 
(46.4 ± 0.8 kJ mor1)

The equilibrium between the s-cis and s-trans conformers is 
markedly dependent on the temperature and the solvent. In 
compound 12 the preferred form is the s-cis conformer. Substi­
tuents are found to have a considerable influence on the height 
of the rotational barrier.

Aminoboranes (13): In aminoboranes the NB bond has a 
high degree of double bond character. For the rotational barri­
er in these compounds one finds dG^-values of 15-23 kcal 
mol 1 (60-100 kJ mol '), which are comparable with, or even 
higher than, those of amides [19. 20].

CC Double Bonds: Usually it is not possible by NMR spec­
troscopy to detect rotation about a CC double bond, as the bar­
rier is too high. Exceptions to this are found when appropriate 
types of substituents are introduced, as in 14 [21]. The AG^- 
value for the rotation about the exocyclic double bond in this 
compound was found to be only 18-19 kcal mol (75-80

R
CH3
ch3

CH, e - / 10-C H “ W /c-c' \\®N-CH
ch3

12

Scheme VII

/CH3
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kJ mol '). Tc varies considerably with the solvent, showing 
values between 339 and 387 K. (Further examples can be found 
in Ref. [13]).

11.3.3 Inversion at Nitrogen and 
Phosphorus Atoms

Nitrogen: Nitrogen compounds with three substituents have 
a pyramidal structure. If the substituents are all different, two 
enantiomers exist. Usually, however, these cannot be separat­
ed, as the molecule undergoes rapid inversion (Scheme VIII).

However, the barrier to inversion can be increased by choos­
ing appropriate substituents, and the inversion can then be 
studied by NMR spectroscopy. Although the spectra of the 
enantiomers are identical in achiral solvents, the inversion can 
be observed by introducing a prochiral group such as benzyl or 
isopropyl into the molecule (see Section 2.4). Thus, for com­
pound 15 (as a solution in /r-hexane) the temperature depend­
ence of the methylene proton resonances gave a coalescence 
temperature Tc of 257 K and a value of 12.7 ± 0.2 kcal mol 1 
(53.1 ± 0.8 kJ mol"') for dG?57 [22].

When the nitrogen atom is in a three-, four- or six-membered 
ring, the inversion is slower. We have already come across an 
example of this in the introduction to this chapter, namely the 
inversion in 1,2-diphenyldiazetidinone (2, Fig. 11-2), for which 
Tc = 272 K and ZJG272 = 13.3 ± 0.2 kcal mol" 1 (55.7 ± 0.8 
kJ mol"1). At low temperatures the inversion in this com­
pound must occur only slowly, at least for one of the two nitro­
gen atoms, and this is assumed to be N-l [23]. The unusually 
high nitrogen inversion barrier in this case can perhaps be attri­
buted to a transitional state which is energetically unfavorable, 
owing to a parallel orientation of the two doubly occupied 
p-orbitals.

In A-chloroaziridine (16) the inversion is so strongly hin­
dered that it is not possible to reach the coalescence tempera­
ture, as decomposition occurs first (Tc > 180° C).

Phosphorus: The inversion of trivalent phosphorus is very 
much slower than that of nitrogen, to such an extent that it can­
not be observed by NMR spectroscopy. Nevertheless, if a 
chlorine atom is bonded to phosphorus, as in the chiral com­
pound 17, the spectrum at high temperatures indicates that 
there is an inversion process resulting in interconversion be­
tween the two enantiomers. However, the process involved 
here is not a rearrangement of the substituents on the phospho­
rus atom, but a chlorine exchange of the Walden inversion type 
[24],

R1 R1\ /, -Nl ~--- - IN_. „R2 y k R2
R3 R3

Scheme VIII
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11.3.4 Ring Inversion [25]

DNMR spectroscopy opened up a new field of conforma­
tional analysis, namely the study of conformational equilibria 
in ring compounds, including carbocyclic and heterocyclic ring 
systems of both saturated and unsaturated types. The starting 
point for these studies was the work of Jensen and his collabo­
rators [8] on the temperature dependence of the H resonances 
in cyclohexane. These investigations and the spectra of cyclo- 
hexane-rf|| (4) have already been discussed in Section 11.2.4.

4 3 2 1 6

18

Figure 11-4.
100 MHz II NMR spectra of the 
2,4-benzodithicpin derivative 18. 
A: Spectrum at 25°C in CS2.
B: Spectra at —8, —26, —35.
-39. -43 and -61°C in 
CSi/pyridine.

Another example of a ring inversion is shown in Figure 11-4. 
The 'H NMR spectrum of the 2,4-benzodithiepin derivative 18 
at +25° C (Fig. 11-4) consists of four signals, which can readily 
be assigned on the basis of their chemical shifts and relative 



intensities (see assignments shown above the peaks). This 
spectrum, consisting only of single peaks, indicates either a 
high degree of symmetry in the molecular structure, or a rapid 
inversion of the unsaturated seven-membered ring, which 
would cause an apparent equivalence of the geminal methyl 
group pair and of the methylene protons on C-l and C-5. Ex­
amination of molecular models shows that there exists no rigid 
conformation of the dithiepin ring in which there is equivalence 
of the four methylene protons and of the two methyl groups at 
the 3-position, unless this occurs fortuitously. The spectrum 
can therefore only be accounted for by a rapid equilibration 
between different conformations of the seven-membered ring.

The series of low temperature spectra shown in Figure 11-4 B 
tells us something about the nature of this dynamic process. 
When the sample is cooled to — 61° C the protons of the two 
methyl groups at the 3-position give two peaks at d-values of 
about 1.4 and 1.9, while the CH2 protons give an AB-type spec­
trum of four peaks at b == 3.9 to 4.3. Freezing the intramolecu­
lar dynamic process thus enables us to distinguish between the 
geminal methyl groups and also between the geminally paired 
protons. But what are the conformers involved in this intercon­
version?

In principle the most stable conformation could be the chair 
(C), the boat (B), or the twisted boat (TB) form (Scheme IX). 
Of these three the twisted boat conformation can be eliminated 
straight away on the basis of the low temperature spectra, as it 
has C2 symmetry, which would make the two methyl groups on 
C-3 equivalent.

chair C boat B twisted boat TB

Scheme IX

Furthermore, the predicted shift difference Av between 
these two methyl groups for the boat conformation, on the 
basis of the ring current model (Section 2.1.2.2), is well over 
100 Hz (at a resonance frequency of 100 MHz), and is thus 
inconsistent with the observed shift of 52 Hz.

All the experimental and theoretical results indicate that the 
energetically preferred conformation is a chair, and we are 
therefore observing an interconversion between two chair 
conformations of equal energy, which occurs through a ring 
inversion (Scheme X).
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Scheme X

From the observed values Tc = 236 ± 2 K and Av = 52 Hz 
(at 100 MHz) we obtain:

A?236 = ± 30 s 1 and z1G|)6 = 11.5 ± 0.2 kcal mol 1
(48.1 ± 0.8 kJ moF').

As has already been shown for the example of cyclohexane- 
dn (Section 11.2.4), in interpreting kinetic NMR data one 
needs to take account of intermediate conformations. The ex­
istence of these can seldom be proved experimentally, and for 
this reason they are often mistakenly left out of the analysis. A 
better and more exact procedure is to first calculate the reac­
tion paths and the energetically favored conformations, then to 
interpret the experimental results in the light of the insight 
thereby obtained into the mechanism of the dynamic process 
[25, 26].

Figure 11-5.
60 MHz 'H NMR spectra (re­
drawn) of [18]-annulcne (19). at 
+ 110, +40. +20 and -60°C in 
tetrahydrofuran-d8 (for original 
spectra see Ref. [27]).

The spectrum of [ 18]-annulene (19) has already been dis­
cussed in connection with the ring current effect (Section 
2.1.2.2). The six inner protons are strongly shielded (d = 
— 1.8), whereas the twelve outer ones are comparatively 



weakly shielded (d = 8.9). However, in Section 2.1.2.2 no men­
tion was made of the line-widths of the signals. Figure 11-5 
shows that in the spectrum recorded at 20° C the signals are 
very broad. This indicates that an exchange process is occur­
ring. In fact these signals become even broader when the 
sample temperature is raised slightly, and at 40° C they can no 
longer be seen! However, by the time we reach 110° C we have 
a sharp single peak at d = 5.29.

If, on the other hand, we reduce the temperature to about 
—60° C, the two signals at d = —3 and +9.3 become narrowed 
to such an extent that even the couplings to the non-equivalent 
neighboring protons are resolved [2]. It appears that at low 
temperatures the molecule is planar, and has aromatic charac­
ter. At high temperatures, on the other hand, the annulene 
ring undergoes rapid changes of conformation, and the inner 
and outer protons exchange positions, so that all 18 protons 
show' the same time-averaged shielding value. At the same 
time a valence tautomerism occurs.

11.3.5 Valence Tautomerism

The best known example of a valence tautomerism being 
demonstrated by NMR spectroscopy is the rearrangement 
process in bullvalene (20). The *H  NMR spectrum of 20 at 
+120° C consists of a single sharp peak at d = 4.5. On cooling 
the sample to room temperature the line-width increases to 
several hundred Hz. When the temperature is further reduced 
this broad band splits, and at — 59° C one obtains two multi­
plets, one with a relative intensity of 4 al d == 2. and the other 
with a relative intensity of 6 at d ~ 5.6 (the spectra can be found 
in Ref. [28]). This temperature-dependent behavior of the H 
spectrum is accounted for by a Cope rearrangement (Scheme 
XI), which occurs so rapidly at high temperatures that all the 
protons experience an averaged shielding, and the spectrum 
consists of only one peak. At low temperatures, on the other 
hand, the interconversion is slow, and separate signals are 
observed for the chemically non-equivalent protons.

This valence tautomerism can also be observed in the '°C 
spectrum [29]. At 141" C (for a 13C resonance frequency of 25 
MHz) a single peak is found at d = 86.4, whereas at — 60° C 
there are four: two for the olefinic carbon nuclei at d = 128.3 
and 128.5, one for the carbon nuclei of the three-membered 
ring at d = 21.0, and one for C-4 at d = 31.0. In the coalescence 
region (about 40 to 50° C) the line-width is of the order of 
4000 Hz!

Scheme XI



Other examples of valence tautomerism can be found in the 
literature [2, 18]; one of these, that of [18]-annulene (19), has 
already been mentioned.

11.3.6 Keto-Enol Tautomerism

/5-Diketones form stable enols. The classic example for 
which the keto-enol tautomerism has been intensively studied 
is that of acetylacetone (21).

The equilibrium can be studied in an elegant way by 11 NMR 
spectroscopy, as the interconversion between the tautomers is 
slow on the 'll NMR time scale, so that separate signals arc 
obtained for molecules in the enol and keto forms (Fig. 11-6). 
One can unambiguously identify the signal of the olefinic pro­
tons in the enol at b = 5.5, and that of the methylene protons in 
the ketone at b = 3.5, and a comparison of their intensities 
shows that the equilibrium mixture contains more molecules in 
the enol than in the keto form. From this the assignment of the 
two methyl signals in the region of b « 2 also follows on 
directly: the smaller of these signals belongs to the keto form 
and the larger to the enol. The ratio of the tautomers is best 
determined from the integral curve using the methyl signals; 
the enol : keto ratio is found to be about 80 : 20 (see expanded 
region ofspectrum). Thesignal of the strongly acidichydrogen- 
bonded OH proton is at d = 15.5. Increasing the temperature 
or adding a base causes the tautomers to interconvert more 
rapidly, and the spectrum then consists only of time-averaged 
signals (see also Section 11.3.7).

In the acetylacetic ester 22, in contrast to acetylacetone, the 
ketone predominates in the equilibrium mixture (approxima­
tely 90 % ketone to 10 % enol). Here, evidently, the enol form 
is not so energetically favored as in acetylacetone.

H
O' 0
II I

H3C CH3
H
21

Scheme XII

h3c^ ^ch2^ ^oc2h5

22

Scheme XIII

Figure 11-6.
250 MHz ‘H NMR spectrum of 
acetylacetonc (21) in CDCL-, at 
about 22° C. The methyl region is 
shown expanded and integrated. 
(E = enol. K = ketone).



11.3.7 Intermolecular Proton Exchange

The kinetics of proton exchange have long been of interest to 
chemists, since acids and bases play an important role in many 
reactions. It was therefore natural that 'll NMR spectroscopy, 
which allows one to directly observe the protons involved, 
should be applied to this problem.

Under normal circumstances protons bonded to oxygen or 
nitrogen undergo such rapid exchange compared with the 
NMR time scale that these processes cannot be studied by 
NMR spectroscopy. In pure alcohols, however, the situation is 
different, as is shown by the spectrum of ethanol (23, Fig. 11-7 
A). At room temperature the mean bonding lifetime p of the 
protons on oxygen is so long that the coupling between the OH 
and CH2 protons is seen; the OH signal is split into a triplet. 
(The relationship between the observed coupling and the life­
time has already been discussed in Section 3.6.3.) Neverthe­
less, the signals are broadened, showing the effects of the 
beginning of proton exchange. A separate signal is observed 
for the residual trace of water in the sample.

oh+h2o

-5%H2O

5.2 4.4 3.6 6

ho-ch2ch3

23

Figure 11-7.
Portions of 60 MHz 'H NMR 
spectra of CH,CH,OH (23) (A) 
and of three different ethanol/ 
water mixtures (B to D). Sample 
temperature about 25° C. The 
OH and CH, signals are shown. 
The methyl signal, a triplet at 
b = 1.2. remains unaltered.



Addition of water increases the rate of exchange, as can be 
clearly seen in spectra B to D. For a water concentration of 
50% the protons on the alcohol and water oxygen atoms 
exchange positions so rapidly that one sees only a common sig­
nal at d ~ 4.6 (Fig. 11-7 D). Also the coupling to the CH? pro­
tons is no longer observed. Raising the temperature has a simi­
lar effect in accelerating the proton exchange.

Acidifying the sample increases the rate constant for the 
exchange by many orders of magnitude:

ch3ch2oh + hoh2 CH,CH?O. + H?O 
H

For this reason the spectra of carboxylic acids and phenols in 
aqueous solution always contain only one signal for all the 
exchangeable protons.

The proton exchange process in the dibenzylmethylammon­
ium ion (24) [30] deserves special mention here. In a concen­
trated HC1 solution of the ion at 25° C a coupling is observed 
between the proton on the nitrogen and the methylene pro­
tons, showing that the exchange of the NH proton is slow. 
However, if the HC1 concentration is reduced this coupling 
disappears. The NH protons must now bc exchanging positions 
rapidly. What makes this process particularly interesting is that 
the proton exchange involves a Walden rearrangement at the 
nitrogen atom (Scheme XIV). Here again, as in Section 11.3.3, 
the exchange process can be studied by observing the 
methylene proton signals, since at fast rates of inversion the 
AB spectrum changes to a single peak. (For other proton 
exchange reactions see Ref. [12].)

Ph-HBHAC-N-H
Ph-HBHAC

CH, + H+ ®/ 3~x H-N-CHAHB-Ph - H+ \

24

CHAHB—Ph

Scheme XIV

11.3.8 Reactions and Equilibration Processes

Finally we must mention here one further area of application 
of dynamic NMR spectroscopy, even though it may appear 
rather pedestrian: that of following the progress of a reaction 
with the help of a stop-watch.

All the kinetic processes discussed up to now were studied in 
their equilibrium state. However, conventional chemical rcac- 



tions proceed (slowly) towards an equilibrium, or to complete 
conversion of the reactants. In such a reaction one does not 
observe changes in the line shapes in the NMR spectrum, but 
only changes in the combination of signals in the reaction mix­
ture and their intensities. It is also possible to follow the reac­
tion quantitatively by integrating appropriate signals. Here we 
will consider an example from biochemistry, namely the 
enzymic hydrolysis of the synthetic substrate p-nitrophenyl-a- 
glucoside (25) by a-glucosidase extracted from baker’s yeast 
(Scheme XV).

Figure 11-8.
250 MHz 'H NMR spectrum of an incubated solution (in D2O) of 10 jimol 4-nitrophenyl-u-D-glucopy- 
ranoside (25) and 6 units (IU) [31] of a-glucosidasc from baker's yeast in 0.5 ml 50 mM KC1 solution. 
pD 6.7; 22° C; 16 K data points. A: Pure substrate 25. 16 FIDs. B; Incubated solution after about 
5 min. 24 FIDs; the substrate 25 has already undergone quantitative decomposition to a-glucosc (26) 
and p-nitrophenol. C: Incubated solution in the mutarotational equilibrium. 24 FIDs.



/3-Glc

Figure 11-8 A to C shows the spectra of the starting com­
pound 25, and of the incubation solution after approximately 
five minutes, then after about an hour. The hydrolysis leads 
first to the formation of a-glucose (26, Fig. 11-8B), which then 
undergoes mutarotation to give an equilibrium mixture of 
a-glucose (26) and /3-glucose (27), with the spectrum shown in 
Figure 11-8 C. All three compounds - the starting compound 
and a- and /3-glucose - can easily be distinguished in the 
NMR spectra by means of the characteristic signals of the ano­
meric proton H-l.

Figure 11-9.
Portions of 250 MHz 'H NMR 
spectra of a- and /3-glucose 
(26 and 27). The initial solution 
contained 10 umol a-glucosc 
in 0.5 ml 50 mM KCl-solution: 
pD 6.7; 20°C; 8 K data points; 
16 FIDs in each case with 
suppression of the solvent signal 
[32];
* denotes the residual HDO sig­
nal of the solvent. Spectra A to 
D were recorded after 10 min. 
2 h. 6 h and 10 h respectively. 
Integration of the signals in spec­
trum D gives proportions of 
40% a- to 60% /3-glucose.



The first reaction step, the enzymic hydrolysis, is an irrevers­
ible first-order reaction, and the second is a first-order equili­
brium reaction. Both these reactions can be optimized by 
choosing suitable conditions, and they can be monitored quan­
titatively by observing the changes in the signal intensities.

The experiment revealed that in the enzymic scission the 
configuration at the carbon atom C-l of the glucose is pre­
served. (The purpose of the experiment was to obtain an an­
swer on this point, not to measure the rate constants.) For 
solving stereochemical problems of this kind, NMR spectro­
scopy is virtually the only available method.

Figure 11-9 shows a series of expanded spectra from which 
quantitative results can be calculated. A separate experiment 
was carried out to investigate the mutarotation of glucose, 
starting from a-glucose (26). The four expanded 250 MHz 'H 
NMR spectra (Fig. 11-9, A to D) show the region which con­
tains the H-l signals. The HDO signal was almost completely 
suppressed [32]; under these conditions there is no difficulty in 
performing the integration and thereby determining the rate 
constants.
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12 Shift Reagents

12.1 Lanthanide Shift Reagents 
(LSRs)

12.1.1 Fundamentals

Reference has already been made several times to the unde­
sirable effects of paramagnetic impurities, which shorten the 
relaxation times and thereby cause line broadening. On the 
other hand, in Section 1.6.3.2 we saw, in connection with inte­
gration in bC NMR spectroscopy, that the interaction with 
paramagnetic chelate complexes can sometimes serve a useful 
purpose by suppressing the nuclear Overhauser effect. A fact 
not mentioned so far is that paramagnetic substances also cause 
a shift of the signals. Since not all the resonances in a molecule 
are affected to the same extent, such shifts can be used as an aid 
to spectral analysis.

The paramagnetic ions of nickel and cobalt were the first to 
be used, but these experiments suffered from severe line 
broadening, which outweighed the benefits from the shift 
effects. Only when Hinckley [1] discovered, in 1969, that para­
magnetic lanthanide ions gave shifts without significant line 
broadening, did this effect develop into a technique holding 
great promise for the NMR spectroscopist. An example from 
'H NMR spectroscopy is illustrated in Figure 12-1.

The upper part of the figure (A) shows the 90 MHz II NMR 
spectrum of hexan-l-ol (1) in CCI4. Spectrum B was recorded 
after adding the tris(dipivaloylmethanato)-Eu(III) chelate 
complex 2 to the solution. Here we will take the assignments 
indicated in B as correct without discussing the details. Two 
facts about the spectrum are worth remarking on:
• The addition of the shift reagent reduces the shieldings of all 

the protons, i.e. all the signals are shifted to lower field; at 
the same time all the CH2 peaks become separated, in con­
trast to the previous situation where isolated signals were 
observed only for OH, OCH2 and CH3.

• The shifts increase with the proximity of the protons to the 
oxygen atom of the alcohol. The signal of the OH proton, 
which is bonded directly to the oxygen, is shifted by more 
than 20 ppm.

12 3 4 5 6
ho-ch2ch2ch2ch2ch2ch3
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C, ' ,C 
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0^ /0 
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Eu(DPM)3
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Figure 12-1.
A: 90 MHz 'H NMR spectrum of 
hexan-l-ol (1) in CC14.
B: Spectrum of 1 after adding 
the shift reagent Eu(DPM)3 (2). 
(30 mg of 1 to 50 mg of 
Eu(DPM),).

How can these experimental results be accounted for by 
theory? Since the effect is related to the presence of paramag­
netic ions, it is reasonable to suppose that it involves an inter­
action between the nuclear spins and the spin of the unpaired 
electron. We must distinguish between two types of inter­
action, both of which cause shifts of the signals, namely the 
contact interaction and the pseudocontact interaction. Both 
depend on the formation of a complex between the substrate S 
and the paramagnetic metal ion L; in solution an equilibrium is 
established between the free components and the complex:

H
L + S LS Example: R—CE .... Eu(DPM)3

In the complex some of the spin density of the unpaired elec­
tron becomes transferred to the substrate molecule owing to 
the contact interaction. As the electron spin densities at the 
positions of the nuclei under observation are widely different, 
the resulting shift effect is not the same throughout the mole­
cule. In saturated compounds the 'C nuclei whose resonance 
positions are most affected are those at the a- and /3-positions 
relative to the complexing center (e.g. O, N or S), whereas in 
conjugated systems, as a result of the greater degree of de­
localization of the spin density, the resonances of more distant 
1'C nuclei are also affected. Also one expects to find significant 
differences between the shifts for ‘H and L,C resonances. The 
contact term is usually negligible in 'll NMR spectroscopy, but 
this is not the case for '-’C.

on a



Since our discussion of the effects and their applications will 
be mainly restricted to 'H NMR spectroscopy, we must now 
turn our attention to the pseudocontact term, which is the most 
important contribution in the case of proton resonances. The 
pseudocontact interaction is the name used to describe a dipo­
lar interaction between the magnetic dipole field of the 
unpaired electron and that of the nucleus being observed. This 
interaction is transmitted through space. The resulting shift 
zlDip in the resonance frequency depends on the geometry of 
the complex, and is given by Equation (12-1).

3cos2 & — 1
Dip = % - (12-1)

In this equation r is the distance between the paramagnetic 
ligand L and the nucleus R being observed (’H or l3C, see 
sketch), and & is the angle between the line LR and the axis 
L—O of the complex. K is a constant whose value depends 
on the magnetic dipole moment of the paramagnetic metal ion. 
In order for Equation (12-1) to be valid the paramagnetic cen­
ter in the complex must be symmetrical about the 1. -O axis.

It follows from Equation (12-1) that:
• the shift effect decreases in inverse proportion to r

the value of zdDi„ is independent of the nuclide being 
observed ('H or 13 C in this case);
dDip can be positive or negative, depending on whether 
(3cos2 & — 1) is greater than or less than zero.

The experimentally measured chemical shift dexp is a weight­
ed average between the chemical shift ds in the free substrate 
and the chemical shift dLS in the lanthanide ion —substrate 
complex LS, the weighting factors being the respective molar 
fractions xs and xLs:

dexp = *sC>s  + Wls. with xs + xLS = 1 (12-2)

12.1.2 Applications and Quantitative 
Interpretation

From the above description of the technique, two areas of 
application can be identified, namely:
• simplifying complicated spectra, and
• determining accurate geometrical data for the ES complex, 

and hence for the molecule of interest.
Putting it simply, we thus have two types of applications, 

qualitative and quantitative. To determine geometrical data by 



applying equation (12-1) it is essential to carry out the experim­
ents very carefully. Moreover, the analysis of the experimental 
data is a lengthy process, and consequently such quantitative 
investigations are not often undertaken.

The overwhelming majority of LSR experiments are limited 
to qualitative observation of the shifts. We have already met 
such an application in Figure 12-1, The advantages of the 
method are obvious:
• overlapping signals can be separated
• assigning the signals is made easier
• it becomes possible to integrate signals which would other­

wise overlap
• decoupling experiments can be carried out.

It is often sufficient to record a single spectrum, without 
bothering to weigh out an exact quantity of the LSR; for ex­
ample, only one spectrum was needed in the case of hexan-1- 
ol (1, Fig. 12-1). In other cases it is necessary to record several 
spectra with different LSR : substrate ratios, so as to be able to 
identify the individual signals by following the progress of their 
shifts.

Figure 12-2 shows a series of such spectra for the pure 
L-enantiomer of 1-phenylethylamine (3). The LSR used here 
was the chiral europium complex 4. The chirality of the mole­
cules does not concern us here, but in Section 12.2 we shall take 
a more detailed look at this example.

Figure 12-2 A shows the spectrum of 3, with assignments, 
and with no LSR added. In spectra B to H the concentration of 
added LSR was steadily increased. It can be seen that all the 
signals are shifted to the left, i.e. the proton shielding is 
reduced, the effect being greatest for the NFL signal. In 
spectrum D the NH2 signal has already disappeared, as it lies 
outside the range shown here, at d ~ 12.08. The quartet for the 
CH proton can be seen up to a higher LSR concentration, but 
in spectrum H, for equimolar amounts of the substrate 3 and 
the LSR 4, this too has shifted outside the range shown.

Even the signals of the ortho, meta and para ring protons 
become clearly separated through the effect of the LSR, the 
shift effect being greatest for the ortho protons. At the higher 
LSR concentrations all the signals are broadened. This is seen 
especially clearly for the CH and methyl group protons. 
Also signals due to the shift reagent 4 now start to appear 
(spectrum H).

It is useful to plot, in a single diagram, the chemical shifts for 
all the signals against the concentration of the added shift rea­
gent. As the shifts are proportional to the amount of LSR ad­
ded, the experimental points lie on straight lines. From such a 
diagram one can determine whether or not any of the signals 
cross over as the LSR concentration is increased. Also, by
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Figure 12-2.
A: 250 MHz 'H NMR spectrum 
of 1-phcnylcthylamine (3) in 
CDClj.
B to H: Spectra of various mix­
tures of 3 with the (chiral) shift 
reagent Eu(TFC), (4).
In spectrum D the NH2 signal is 
at d = 12.08, and in spectrum E 
at 13.96. (+ denotes signal from 
the LSR; * denotes residual sig­
nal of solvent).

nh2
CH—CHj 3

extrapolating to zero LSR concentration, one can obtain the 
chemical shifts and assignments if these were not already 
apparent from the spectrum without the LSR. (In publications 
it is usual to quote the shift values for equimolar amounts of 
substrate and LSR. These values too can be obtained from a 
plot of the kind described above.)

The lanthanide ions that have now become generally adopt­
ed for practical use are the trivalent paramagnetic ions of 
europium, EuJ+, and praesodymium, Pr3+. Eu’+ ions usually 
cause a reduction in the shielding (i.e. a shift to greater d- 
values), whereas Pr3+ ions cause an increase in shielding (a shift 
to smaller d-values).

So that they can be dissolved in organic solvents, these ions 
are used in the form of chelates. The complexing agents most 
commonly used to make these chelates are the anions of the 
/3-diketones 2,2,6,6-tetramethyl-3,5-heptandione (2, dipival- 
oylmethane, DPM) and 1,1,1,2,2,3,3-heptafluoro-7,7-di- 
methyl-4,6-octandione (5, FOD). The signals of the ligand 
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usually do not interfere with the spectra, as the ligand protons 
are very strongly deshielded by the metal ion. In addition to the 
complexing agents 2 and 5 already mentioned, many others 
have been described, including perdeuteriated and perfluori­
nated compounds. A few of these shift reagents are commer­
cially available.

The magnitude of the induced shift depends not only on the 
molar ratio of LSR to substrate, but also on the complex-form­
ing strength of the substrate, i.e. its ability to act as a Lewis 
base. For LSRs formed from Eu3+ and Pr3+ ions it is found that 
the absolute magnitude of the shifts decreases in the order:

NH2 > OH > C=O > COOR > C=N

With regard to the question of which LSR should be used 
with a particular type of substrate, no general rules can be laid 
down; each problem has to be considered separately. Certain 
types of compounds present difficulties, for example strong 
acids and phenols, which decompose chelate complexes. LSRs 
formed from FOD (5) as the chelating agent are stable to a 
limited extent against weak acids.

Proton resonances of olefins and arenes do not show lantha­
nide-induced shifts, as these compounds do not form com­
plexes with lanthanide ions. However, a solution to this prob­
lem has recently been found. It is known that silver (I) ions 
(Ag+) form complexes with compounds which have .%-elec- 
trons. Because of this, it is found that if one adds Ag+ ions in 
the form of AgFOD to a solution containing the substrate and 
the LSR, shifts are observed even for olefins and arenes. Evi­
dently the bound silver ions serve to transmit the shift effect. A 
number of applications, mainly using chiral shift reagents, have 
been described in the literature [2] (see Section 12.2).

The effects observed become very complicated in cases 
where the substrate contains several functional groups, as in 
sugars, for example. Despite these difficulties, some elegant 
results of stereochemical significance have been obtained in the 
last few years by using chiral LSRs. This special area of applica­
tion will be discussed in the next section.

12.2 Chiral
Lanthanide Shift Reagents

Enantiomers are indistinguishable by NMR spectroscopy. 
Consequently it is not possible to determine whether the 
sample is a pure enantiomer or a racemate. However, this diffi­
culty can be overcome by a trick which is well known from 



chemistry: that of making diastereomers by using a chiral 
secondary reagent. It is not essential for a covalent bond to be 
formed between the two components, as occurs between an 
optically active carboxylic acid and an alcohol; the formation of 
a diastereomeric complex is sufficient to make the method 
work. The secondary reagent can be either a chiral diamagnetic 
compound (usually the solvent; see Section 12.3) or a chiral 
paramagnetic lanthanide shift reagent.

Assuming that the substrate S is present as a racemic mixture 
of S(+) and S(—). the addition of a pure enantiomer of achiral 
LSR results in the formation of two diastereomeric complexes. 
If, for example, the LSR is L(—), we obtain:

S( + ) + L(—) S( + )L(—) and
S(-) +L(-)^S(-)L(-)

In the complexes thus formed, the enantiomers S( + ) and 
S(—) can be distinguished by their different resonances.

Figure 12-3 shows an example. Here we used 1-phenylethyl- 
amine (3) as the chiral substrate, and tris(3-(2,2,2-trifluoro-l- 
hydroxyethylidenc)-<Tcamphorato)europium (Eu(TFC)3, 4) 
as the chiral LSR. (The spectra of 3 in the pure i. form with dif­
ferent concentrations of this shift reagent have already been 
given in Figure 12-2. There, however, the objective was merely 
to show how the shifts depend on the LSR concentration.)

As expected, in the spectrum of the racemate of 3 without 
any chiral LSR added (Fig. 12-3 A) there is no separation be­
tween the signals of the two enantiomers. However, a change is 
seen when the pure d enantiomer of Eu(TFC)-, (4) is added. 
The proton attached to the asymmetric carbon atom in 3 now 
gives two quartets with an intensity ratio 1:1 (Fig. 12-3 B). The 
signals are slightly broadened. Also the methyl resonances 
have altered. However, instead of the expected two doublets 
we find only a triplet. Evidently the middle peak is formed by 
the superposition of a pair of lines, one from each doublet.

Spectrum C in Figure 12-3 results from a sample of 3 contain­
ing approximately 80 % of the i. enantiomer and 20 % of the d. 
We again see that the two enantiomers give separate pairs of 
signals for the methyl protons and the CH proton. By integ­
rating suitable signals one can determine the enantiomer ratio 
(the so-called optical purity) of a sample; in this case it is best 
performed by integrating the quartets. However, it is not 
possible from the studies that have been carried out so far to 
formulate universal rules as to which enantiomer - l or d - will 
show the largest shifts.

Chiral LSRs have also been used in an elegant way to study 
chiral olefins and arenes. In this case, however, an achiral silver 
salt must also be added, as has already been explained in the 
previous section. Spectra recorded by this technique for chiral 
allenes, terpenes and terpene-related hydrocarbons, and also



-t- i i i—r—I—i t i > >—r r—r—I—j—r-n—i—I—>—i—i—i—I—r—i—i—i—I—i—i—i—i—I—i—r—i—i—I—r-

9 8 7 6 5 4 3 2 1 6

Figure 12-3.
A: 250 MHz ]H NMR spectrum of 1-phcnylethylamine (3) in CDC1,.
B: Spectrum of the racemate of 3 in the presence of the chiral shift reagent Eu(TFC), (4) (d form).
C: Spectrum of a mixture of <80 % i. enantiomer and 20% d enantiomer of 3 in the presence of 4.
In spectra B and C the CH multiplets arc shown expanded, and in C they arc also integrated.
(* denotes the residual signal of the solvent).

for helicenes, show separate signals for the enantiomers. This 
has opened tip a new area of application of NMR spectroscopy, 
as the determination of optical purity for these types of com­
pounds, by measuring the specific optical rotation, was pre­
viously only possible with great difficulty [2].

12.3 Chiral Solvents

Solvents also often induce shifts in solutes when there is an 
interaction between the two (Section 6.2.4). However, this 
does not lead to such solvents being described as shift reagents. 
Nevertheless, we will now consider the effects produced in chi-



ral compounds by chiral solvents (referred to as CSAs, chiral 
solvating agents), and by chiral reagents in achiral solvents, 
since experiments with these can yield information of a similar 
nature to that from chiral LSRs.

If we dissolve the racemate of a chiral substrate (S( + ) and 
S( —)) in an enantiomerically pure solvent with which it asso­
ciates, L( —) for example, the two solvation diastereomers 
S(+)L( —) and S( —)L( —) are formed. In favorable cases this 
can result in separate signals being observed for the enantio­
mers of the substrate.

Solvents capable of being used as CSAs include chiral acids, 
amines, alcohols, sulfoxides and cyclic compounds. Fluorinat­
ed alcohols are often used, as these have acidic character and 
thus form complexes with basic compounds such as amines. On 
the other hand, amines are used as CSAs for measurements on 
organic acids and other acidic compounds. Two particularly 
important CSAs arc 2,2.2-trifluoro-l-phenylcthanol (6) and 
1-phenylcthylamine (3).

Similar shift effects are often observed even in achiral sol­
vents when a chiral reagent is added to the chiral substrate. An 
example of this is shown in Figure 12-4. Spectrum A was 
recorded for the racemate of 1-phenylcthylamine (3) in CDCL,. 
To obtain spectra B and C the substrates were dissolved in a 
mixture of CDC13 and DMSO-r/6. and a quantity of (+)-2- 
methoxy-2-(trifluoromcthyl)phenylacetic acid (7) was added. 
Spectrum B is again that of the racemate of 3, while spectrum C 
is that of an approximate 75 % : 25 % mixture of its l and d 
enantiomers. As in the case of the chiral LSR (Fig. 12-3), the 
methyl and CH signals become split, and can be integrated to 
determine the optical purity.

The induced shifts caused by the chirality of the solvent or of 
the chiral reagent added depend on the choice of solvent (and 
any additive used), on the substrate, and on the complexing 
strength, temperature and concentration ratio. The latter 
becomes important in cases where the solvent is achiral and the 
chiral reagent is only present in a low concentration, as in our 
example.

It is important to note that the shift effect is only observed 
for the signals of the substrate, not those of the chiral solvent. 
The reason for this is easy to understand. The substrate mole­
cules S( + ) and S( —) arc present in the solution in both free and 
complexed forms, and time-averaging between these environ­
ments gives the observed shifts which are different for the two 
enantiomers. The molecules of the chiral solvent or chiral rea­
gent L( —) are attached first to S(+) then to S( —). and for 
rapid exchange the effects of S( + ) and S( —) on L( —) average 
to exactly zero.

H-C-OH

6

OCH, 0I //Ph-C-CI \CFd OH
7

30



7 6 5 4 3 2 5

Figure 12-4.
A: 250 MHz 'H NMR spectrum of 1-phenylethylaminc (3) in CDCh,.
B: Spectrum of the racemate of 3 in the presence of the chiral compound 7 in CDC1,/DMSO-d6.
C: Spectrum of a mixture of approximately 75 % r-enantiomer and 25 % D-enantiomer of 3 in the pres­
ence of 7 in CDCl3/DMSO-d6.
In spectra B and C the CH3 and CH multiplets are shown expanded, and in C they are also integrated. 
(* denotes the residual signal of the solvent).
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13 Macromolecules

13.1 Introduction

The broad field of macromolecules offers great scope for H 
and bC NMR studies. The problems that can be tackled range 
from elucidating the compositions, sequences, configurations 
and chain conformations of synthetic and biological polymers 
to the kinetics and mechanisms of polymerization reactions. 
However, in most cases high field spectrometers are essential 
for such investigations.

The NMR spcctroscopist’s task is made more difficult by the 
fact that the signals are usually very broad, and it is therefore 
not possible to resolve small chemical shift differences or split­
tings caused by couplings. However, raising the sample tem­
perature nearly always makes the resonances narrower and 
improves the resolution, by simultaneously increasing the 
mobility of the polymer chains and reducing the solution viscos­
ity.

The following discussion will be restricted to one small area 
of application, namely to some aspects of structure determina­
tion for synthetic polymers. Great progress has recently been 
achieved in the application of NMR spectroscopy to biological 
macromolecules - proteins, peptides, glycoproteins and poly­
saccharides - by the use of two-dimensional techniques, and 
this has led to important discoveries, but here we shall leave 
aside this specialized field of application. Instead the reader is 
referred to the additional literature listed at the end of this 
chapter.

It is, however, important to note that the recent rapid devel­
opments in the field of NMR spectroscopy of solids have been 
especially significant for macromolecular studies, and have 
greatly increased the importance of NMR for investigating 
these materials.



13.2 Synthetic Polymers

13.2.1 The Tacticity of Polymers

The polymerization of alkenes involves the formation of 
chains whose stereochemical structures depend on the nature 
of the monomer, the method of polymerization and the reac­
tion conditions. In the simplest case, the polymerization of 
ethylene to polyethylene (1), a chain of CH2 groups is formed 
in which all the protons and all the carbon atoms are equiva­
lent. The 'H and ljC NMR spectra consist of a single peak in 
each case.

The and L,C spectra of polyisobutylene (2) are equally 
simple to analyze, provided that only head-to-tail polymeriza­
tion occurs, since here all the methyl groups and all the methyl­
ene groups are equivalent. The NMR spectrum consists of 
two signals with an intensity ratio 3 :1, and the l3C NMR spec­
trum of three signals. The resonances of the end-groups, whose 
shielding values differ from those in the middle of the chain, 
generally cease to be detectable when the length of the chain 
reaches about 20 monomer units.

For polymers in which pseudo-asymmetric carbon atoms are 
formed in the polymerization process, the structures and the 

—^CH2-CH247r
1

ch3
— C-CH2

ch3

2

HI *— C-CH,—I 2R -I r

3: R = CH,
4: R = Cl
5: R = Ph

Figure 13-1.
Pictorial and projection formulas 
showing isotactic, syndiotactic 
and atactic polymer chains. The 
configuration at the pseudoasym- 
metric carbon atoms is constant 
in an isotactic polymer chain, 
regularly alternating in a syndio­
tactic chain, and random in an 
atactic chain.



spectra are more complicated. Examples of such polymers are 
polypropylene (3), polyvinylchloride (4) and polystyrene (5).

In these polymers three different types of stereochemical 
structures arc possible. The incorporation of successive 
monomer units can take place with the same configuration (iso­
tactic chains), or with a regularly alternating configuration 
(syndiotactic chains), or with random changes of configuration 
(atactic chains). From the stereochemical formulas shown in 
Figure 13-1 it can be concluded that these three structural types 
will give different characteristic NMR spectra.

This can be seen by considering the example of polymethyl­
methacrylate. PMMA (6). whose possible structures corre­
spond to Figure 13-1 with R = CH3 and R' = COOCH3. Figure 
13-2 shows the 220 MHz II NMR spectra of isotactic, syndio­
tactic and atactic PMMA. In all three cases we can easily arrive 
at a rough assignment which takes no account of the finer 
details. The OCH3 signals are found at d ~ 3.6. the CH2 signals 
between d = 1.5 and 2.5, and the C—CH3 signals between 
d = 1 and 1.4. The intensity distribution is 3 :2 :3. The detailed 
interpretation of the individual spectra can best be understood 
by considering the projection formulas in Figure 13-1, or better 
still by examining models.

COOCH I*  
c-ch2
ch3

Figure 13-2.
220 MHz *H  NMR spectra of 
polymethylmethacrylate (6. 
PMMA) samples of different tac- 
ticities in o-dichlorobenzene at 
100° C. A: isotactic. B: syndio­
tactic. C: atactic.

Isotactic PMMA (Fig. 13-2A): All the OCH3 groups are 
equivalent, as also are all the C— CH3 groups, and in each case 
these give a single peak. The two methylene protons are dia- 
stereotopic (Section 2.4.2) and give an AX-type spectrum 
(Section 4.3).



Syndiotactic PMMA (Fig. 13-2 B): The OCH3 groups are all 
equivalent, as are all the C—CH3 groups, and also-in contrast 
to isotactic PMMA - all the methylene protons. Consequently 
the spectrum consists of only three peaks.

There is scarcely any difference between the positions of the 
OCH3 signals for isotactic and syndiotactic PMMA, but there 
are large differences for the CH2 and CH3 resonances. The 
chemical shift of the CH2 protons is strongly influenced by the 
CRR' groups of the immediately adjacent monomer units, and 
therefore depends mainly on the diad sequences (pairs of 
monomer units). For the C—CH3 groups, in which the methyl 
group is itself directly bonded to a pseudo-asymmetric carbon 
atom, triad sequences must be taken into consideration. This is 
made clearer by Figure 13-3.

Figure 13-3.
Projection formulas of atactic 
polymethylmethacrylate (PMMA, 
6) showing diad and triad 
sequences, i: isotactic diads and 
triads: s: syndiotactic diads and 
triads: h: heterotactic triads.
(+ = CH-,; : = COOCH0.

Atactic PMMA (Fig. 13-2 C): The spectrum of atactic PMMA 
is more complicated. Although the OCH3 protons still give 
only one peak, the CH2 signals can no longer be analyzed 
unambiguously. If we take into account only the diads. we 
expect to find overlapping signals for CH2 protons in isotactic 
and syndiotactic diads. with intensities corresponding to their 
relative probabilities. Since this is not what is found, we need to 
look at the situation in greater detail; in other words, we must 
include in our discussion not only the nearest, but also the next 
nearest neighbors, i.e. we need to look at the tetrad sequences. 
However, we will not take this part of the analysis any further, 
because the required information can be obtained more easily 
from the resonances of the C —CH3 groups. These consist of 
three peaks of very different intensities in the region d = 1 to 
1.4. The positions of two of these peaks correspond to the CH3 
signals of the isotactic and syndiotactic samples, and accord­
ingly we can assign these to CH3 groups in isotactic and syn­
diotactic triads. Between these lies a third signal, which must 
belong to methyl groups at changeover positions. The corre­
sponding triads are described as heterotactic (Fig. 13-3).

Integrating the three methyl signals gives the relative fre­
quencies of occurrence of the different triads, and thus the sta­
tistical constitution of the polymer. In this case an analysis of 
the spectrum on the basis of triads is justified, despite the fact 
that individual signals show signs of a fine structure which indi­
cates pentad effects. This fine structure can be seen more



clearly when spectra are recorded at higher resonance frequen­
cies.

In many cases ' ’C NMR spectroscopy is superior to 'H NMR 
for investigating polymer tacticity, since:
• spectra recorded with broad-band 'H decoupling contain 

only single peaks, and
• long-range steric effects are even more significant in      C 

than in 'H NMR spectra, and consequently tetrad and pen­
tad effects are always seen.

B****13

BC NMR spectroscopy proved to be a very powerful method
in the problem of analyzing the sequence distribution of a poly­
butadiene (7) which, as a consequence of the polymerization
method used, contained both 1,2 and 1.4 linkages.

Figure 13-4 A shows the olefinic k’C resonances of a mixture 
of pure cis- and trans- 1.4-polybutadienes. Each component 
gives a single peak.

Spectrum B is that of a predominantly cis-1,4-butadiene con­
taining about 20% of trans-lA linkages. The polymer whose 
spectrum is shown in C contains approximately equal numbers

Stereo-block polymers: Polymers in which the chains contain 
long sections with the same tacticity are known as stereo-block 
polymers. In this case the NMR spectrum resembles that of a 
mixture containing polymer chains, each of which has a uni­
form tacticity.

13.2.2 Polymerization of Dienes

The polymers discussed so far are products of 1,2-linking 
reactions, for which it is found that head-to-tail polymerization 
has the highest probability. In dienes, taking butadiene as the 
simplest example, there is competition between 1,2-polymeri- 
zation and cis- or trans-1.4-polymerization (Scheme I). These 
reactions result in polymers with quite different structures and 
physical properties.

1,2- cis -1,4- trans - 1,4-
ch2-ch-

CH II HCH

7

Scheme I



of cis and trans linkages. The signals in B and C can easily be 
assigned on the basis of the chemical shifts known from spec­
trum A. Spectra B and C contain two extra peaks marked with 
a star; these arise from the olefinic carbon nuclei at positions 
where there is a transition from cis to trans polymerization [1].

Figure 13-4.
Olefinic carbon region of the 
67.88 MHz L’C NMR spectra of 
1,4-polybutadienes (7) with dif­
ferent proportions of the cis and 
trans configurations [1].
A: Mixture consisting of about 
60 % pure cis polymer and 40 % 
pure trans.
B: A mainly cis polymer with 
about 20 % of trans linkages.
C: A polymer with about 50% 
cis and 50 % trans linkages. 
(  denotes the signals of olefinic 
carbon nuclei at transitions be­
tween cis and trans sequences.)

*

13.2.3 Copolymers

We have already encountered a copolymer, in the wider 
sense of the term, when we discussed stereo-block polymers. 
However, copolymers are more commonly understood to be 
polymers whose chains are made up of at least two chemically 
different monomer units A and B.

The simplest case is that in which A and B form blocks of uni­
form constitution: — AAAAA —BBBBB —. The 'H and 

’(' NMR spectra then consist simply of superimposed spectra 
of the two (or more) block sequences. If the chain lengths 
within the blocks are sufficiently great, the signals correspond­
ing to the A —B changeover positions become undetectable.

If instead the A and B units form a random copolymer 
— AABBABBAAAB -, the spectra become very complicat­
ed. This is due to so-called composite effects. For example, the 
central A units in the three triads AAA, BAA and BAB give 
signals at different positions. If we now also take into consid­
eration the fact that these triads of different chemical constitu­
tion can additionally have different configurations - isotactic, 
syndiotactic or heterotactic - this results in 20 different triads.

A further difficulty is that the triads are present in the chain 
in different proportions. Here again, the chances of success­
fully analyzing a spectrum are better for L’C than for !H.



Although sequence analysis in these cases is difficult, one 
can often determine the chemical composition of the copoly­
mer quite easily by integration. For this purpose !H NMR spec­
troscopy is the most suitable. Figure 13-5 shows the poorly 
resolved 220 MHz 'll NMR spectrum of a random copolymer 
of butadiene and a-methylstyrene. The molar ratio of the 
monomer units can be obtained directly from the ratio of the 
areas under the aromatic and olefinic proton signals.

5 i. 3 2 ' 0 6

Figure 13-5.
220 MHz 'H NMR spectrum of a 
random copolymer of butadiene 
and a-methylstyrene.
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14 NMR Spectroscopy in 
Biochemistry and Medicine

14.1 Introduction

During the last 20 years NMR spectroscopy has helped to 
provide answers to many biochemical problems, mainly 
through experiments on in vitro model reaction systems. In 
these studies '(' NMR spectroscopy, because of the larger 
chemical shifts compared with II NMR, has often turned out 
to have the advantage. However, its great disadvantage - as 
has already often been mentioned in earlier chapters - is the 
low detection sensitivity for bC. In in vitro experiments this 
problem has in many cases been overcome by LlC enrichment.

It is evident from the earlier chapters that the main bene­
ficiaries of NMR spectroscopy are chemists and biochemists. 
However, in the last few years new areas of application have 
emerged, which have led to rapid developments both in techni­
ques and in instruments. These are the NMR studies now being 
carried out on living organisms, ranging from single cells to 
whole body investigations on human subjects. This means that 
the NMR method has now also become of interest to biologists 
and medical scientists.

What kinds of new knowledge are obtainable from NMR 
experiments on living organisms? Is it not the case, according 
to all that we have learned so far, that the main strength of 
NMR spectroscopy lies in analyzing pure compounds? How is it 
possible to make NMR measurements on a "sample” as large 
as a human being? In living cells how can one selectively study 
the compounds of interest in the presence of the innumerable 
other substances that they contain?

Before discussing in vivo experiments, we must first see what 
kinds of information are obtainable from k’C-labeling studies in 
biochemistry, by considering some examples of conventional 
NMR spectroscopic investigations carried out to elucidate bio­
synthetic pathways.

That will be followed a section on high-resolution in vivo 
NMR spectroscopy. There we will depart from the plan fol­
lowed up to now in this book, by discussing ’’P resonances in 
addition to those of II and 13C. since the majority of in vivo 
experiments so far have made use of phosphorus nuclei as 
probes.



The final part of the chapter will deal with magnetic reso­
nance tomography, which opens up fascinating prospects for 
medical research and diagnosis.

14.2 Elucidating Reaction 
Pathways in Biochemistry

A recurring fundamental question in biochemistry is: how is 
a particular compound synthesized in an organism? For 
example, this might be a compound whose structure has 
already been determined, and one may even already know the 
starting material or precursor which the bacteria, molds or 
other microorganisms use for the synthesis.

As a specific example, biochemists already knew that mold 
cultures of Cephalosporium acremonium incorporate acetate 
ions and valine in the biosynthesis of cephalosporin C. Howev­
er, it was not yet known where these compounds are incorpor­
ated into the molecule, whether or not the synthesis is stereo­
selective, and whether or not rearrangements occur during the 
synthesis. These questions can be answered by ljC NMR spec­
troscopy; in these studies the microorganisms were grown on a 
nutrient medium containing 13C-labeled compounds. The bio­
chemists had the task of isolating the labeled compounds from 
the mold cultures in large enough quantities to give satisfactory 
ljC NMR spectra. The nature of the information that can be 
obtained from such spectra depends on:
• which precursors have been labeled,
• the molecular positions of the labeling, and
• whether singly or doubly labeled compounds were used.

These questions will be dealt with in the following sections.

14.2.1 Syntheses using Singly l3C-Labeled 
Precursors

14.2.1.1 Low Levels of 13C Enrichment

Even a few percent of L’C enrichment at specific molecular 
positions is enough to give a considerable increase in the inten­
sities of the corresponding signals in the 13C NMR spectrum. 
We have already met this signal enhancement effect in Chapter 
6, in connection with its use as an aid to assignment (Section 
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6.3.6). The same effect is observed in compounds synthesized 
by microorganisms from l3C-labeled precursors. Cephalospo­
rin C (1) provides an example of this. As already mentioned, 
acetate ions and valine serve as precursors in the biosynthesis.

By carrying out separate experiments in which bCI I,COO , 
CH313COO“ and valines labeled at either the 1- or the 2-posi- 
tion were used as precursors, the labeled cephalosporin C (1) 
shown in Figure 14-1 was obtained. However, it was still not 
known which of the carbon atoms 2 and 17 originated from 
which methyl groups of the valine molecule. To answer this 
question one of the two valine methyl groups was selectively 
labeled with bC. As a result of this the labeled molecules have a 
second asymmetric center, giving two diastereomers (2 and 3 in 
Fig. 14-1); in our example only the 7? and S configurations at 
C-3 are of importance. The analysis of the bC NMR spectra of 
the cephalosporins synthesized from these labeled valines 
proved conclusively that the synthesis occurs in the manner 
shown in Figure 14-1 [1],

CH3-COOH

HjC /Hj
CH I °CH

H,N COOH
\

(2RS.3R) (2S,3S)

Figure 14-1.
Formula scheme showing the bio­
synthesis of cephalosporin C (1). 
The filled and open triangles, 
squares and circles indicate the 
l3C-labeled positions in the start­
ing materials and in 1.

Studies of a similar kind have also clarified details of the bio­
synthetic routes for penicillin, chlorophyll, vitamin B12 and 
many other compounds [1],

It must be emphasized that in these and all the following 
experiments it is essential to assign every signal in the 13C NMR 
spectrum, since only then can one determine the exact position 
in the molecule at which a group is incorporated.



14.2.1.2 High Levels of 13 C Enrichment

In the examples described in the previous section the levels 
of L,C enrichment were only a few percent. Higher levels were 
unnecessary in those cases, and would even be undesirable, as 
all that was required was to enhance and thereby pick out cer­
tain signals in the spectrum. With suitable preparative methods 
one can achieve higher levels of enrichment, but this leads to 
complications caused by bC.L’C couplings. However, there is 
an advantage in this insofar as the l3C,l3C couplings can give 
important additional information. To illustrate this we will 
carry out an imaginary experiment. Let us suppose that a di­
merization reaction takes place between two sodium acetate 
molecules whose methyl groups are labeled with 13C 
('■’CHjCOONa). The four possible reaction products are 
shown in Figure 14-2, with L’C atoms shown as filled circles and 
l2C atoms by open circles. It is evident that only the first of the 
four synthetic routes (1) gives two directly bonded k'C nuclei, 
and thus a mutual coupling. In the three other bonding situa­
tions the ljC nuclei are separated by at least one l2C nucleus.

• o
H3C-COONa

o • »-o
1

o—•—o—•
3

• o
H3C-COONa

Figure 14-2.
Diagram showing the four pos­
sible products from the reaction 
between two sodium acetate 
molecules with ’’C-labeled 
methyl groups (•). Only the 
product 1 contains two adjacent 
L’C nuclei and thus shows a 
'./(C.C) coupling in its L’C NMR 
spectrum.

Let us now apply this knowledge to the biosynthesis of 
cephalosporin C (Fig. 14-1). If one were to use highly enriched 
'’CHjCOONa as a precursor, the l3C NMR spectrum of the 
resulting compound should show bC.bC couplings between 
positions 11 and 12, between 12 and 13. and between 13 and 14. 
as these are the only carbon atoms which originate from the 
methyl groups of the acetate ions.

From Figure 14-2 we can deduce two rules:
• carbon nuclei at the end positions will never show l3C.1’C 

couplings, and will always appear in the spectrum as single 
peaks, and

• coupled pairs of l3C nuclei must always originate from dif­
ferent acetate groups.



14.2.2 Syntheses using Doubly 13C-Labeled 
Precursors

The usual starting material for experiments with double 
L’C-labeling is doubly labeled sodium acetate, 13CH3 l3COONa, 
as this compound is a precursor in many biochemical reactions. 
The products obtainable from acetate ions include poly­
carbonyl compounds, whose importance as intermediates in 
biosynthetic reactions has long been recognized.

Using highly enriched sodium acetate in biosyntheses by 
microorganisms often gives compounds with very complicated 
L’C NMR spectra. In cases where, as in the polycarbonyl 
compounds, the molecule is synthesized entirely from labeled 
acetate ions, each 'C nucleus, except those at the terminal 
positions, can couple to two, three, or even four others. A way 
of getting around the resulting complexity is to dilute the pre­
cursor with normal sodium acetate, 12CH312COONa. The 
probability of two or more doubly labeled acetate units 
occurring next to each other is then reduced to an extent which 
depends on the dilution; during the synthesis unlabeled units 
become inserted between the labeled ones. It has been found 
in practice that it is sufficient to dilute in the ratio 1 part doubly 
labeled to 2.5 parts normal sodium acetate, and no couplings 
between L,C nuclei derived from two different acetate ions are 
then apparent (Fig. 14-3).

• • o o
2H3C-COONa + 5H3C-COONa

o—o—•—•—o—o—o—o—o—o—•—•—o—o

Figure 14-3.
Distribution of acetate moieties 
in the molecule obtained by a 
synthesis using a 1:2.5 mixture 
of doubly-labeled and unlabeled 
sodium acetate.

On the other hand, l3C,L’C couplings are, of course, always 
seen when the 13C —L,C unit is incorporated as such. In these 
cases, single peaks in the spectrum indicate that CC bonds have 
been broken.

Using this method Holker and Simpson [2] showed that mel- 
lein (4), a fermentation product from Aspergillus melleus, is 
synthesized from five intact '’Cj acetate units (Fig. 14-4).

Figure 14-4.
Biosynthesis of mcllein (4). a fer 
mentation product from Aspergil 
lus melleus, from five intact L’C2 
units [2].

The biosynthesis of bikaverin (5), a red pigment isolated 
from the fermentation product of Gibberella fujikuroi, also



appears to proceed via a poly carbonyl compound. Figure 14-5 
shows two possible conformations of the chain from which the 
final molecule could be formed.

HjC —COOH

Figure 14-5.
Biosynthesis of bikaverin (5), the 
fermentation product from Gibbe- 
rella fujikuroi. from nine intact

units. In the l3C NMR spec­
trum a C,C coupling between 
carbon nuclei 5a and Ila is 
observed, and route b can there­
fore be ruled out [1],

An investigation using doubly labeled sodium acetate 
showed that nine ljC2 units are incorporated into the molecule 
(for the spectrum see Ref. [1]), thus confirming that a polycarb­
onyl compound occurs as an intermediate stage. A separate 
13C labeling experiment showed that the OCH3 groups are 
derived from methionine.

The second question of whether bikaverin is synthesized by 
route ‘a’ or route ‘b' (Fig. 14-5) still remains to be answered. 
The key to this is the existence or otherwise of a spin-spin 
coupling between :’C nuclei at positions 5a and Ila. If a cou­
pling between these two positions is found, it indicates that 
route ‘a’ is correct; if not, then route ‘b' is correct. The spec­
trum clearly shows a 5a-lla coupling, showing that these two 
carbon atoms must come from the same acetate ion, and there­
fore route ‘b’ can be ruled out.

It can be seen from this example how important it is to assign 
the signals correctly. In the case of bikaverin this required many 
decoupling experiments, even involving measurements of 
long-range C,H couplings. The pair of coupled bC nuclei were 
eventually identified by homonuclear ’C decoupling experi­
ments. (For other examples see Refs. [1, 3].)

□1 O



14.3 High-Resolution
in vivo NMR Spectroscopy

14.3.1 The Problem and its Solution

The purpose of in vivo NMR experiments is to study chemic­
al reactions in living cells from outside the cells in a non-invas- 
ive manner. For a long time the aim of carrying out such exp­
eriments was frustrated by several formidable problems. 
The most serious of these are concerned not so much with in­
struments and techniques as with the intrinsic nature of the sys­
tems to be investigated. A living organism, even if it consists of 
only a single cell, is a heterogeneous sample containing many 
different substances in extremely low concentrations.

In order to study the molecular processes occurring within 
cells, it is necessary to achieve a resolution and a sensitivity as 
high as in normal NMR spectroscopy, where, in contrast to liv­
ing organisms, one generally deals with homogeneous samples 
of small volume. In in vivo spectroscopy the sample volume 
may, in the extreme case, be that of an entire human body. 
Experiments of this kind are only possible by using magnets 
with an appropriately large bore (i.e. usable field diameter). 
However, the problems of constructing such magnets now 
seem to have been largely solved.

If large heterogeneous samples are to be studied, some ques­
tions come immediately to mind. What is to be observed, and 
where? Is it possible to assign the NMR signals to definite mole­
cular species? What metabolites are formed in the cell, in the 
heart, in the brain, or in some other organ? How can a particu­
lar region of interest in the organism be selectively studied in a 
non-invasive way?

At present the best way of achieving this latter objective is by 
using surface coils. These consist of a single turn of wire which 
is designed to fit the position to be examined and is applied 
externally. The coil acts as the transmitter for the radiofre­
quency pulse and also as the receiver for the NMR signal. The 
size of the coil determines the volume examined. The depth of 
penetration can be adjusted within certain limits by altering the 
pulse duration, which makes it possible to selectively examine 
even deep-lying organs. This selectivity is important, as one 
must avoid including too much of the tissue between the coil 
and the organ of interest, which would cause excessive back­
ground noise in the spectrum. New, more efficient methods of 
achieving volume selectivity are beginning to emerge for the 
future. The electronic equipment and the computer system 



used are the same as in a normally equipped high-resolution 
NMR spectrometer.

What kinds of information do the spectra yield? Mainly one 
obtains chemical shifts and intensities. Coupling constants arc 
seldom measured, since the resolution achieved is not usually 
good enough to show multiplet splittings.

In the following sections we will begin with an account of 
some results obtained by jlP NMR spectroscopy, and will then 
briefly look at the first measurements now emerging from 11 
and 13C NMR spectroscopy.

14.3.2 31P NMR Experiments

Several factors make L,P NMR spectroscopy especially suit­
able for in vivo experiments:
• Organophosphorus compounds play a central role in the 

energy balance of living organisms.
• The number of organophosphorus compounds that occur in 

significant amounts is limited.
• 31P resonances are easy to observe. The phosphorus nucleus 

has a large magnetic moment and a natural abundance of 
100 %, and 31P is therefore one of the sensitive nuclides. Fur­
thermore, in many organs the concentrations of organo­
phosphorus compounds are relatively high, which means 
that one can obtain measurable spectra within a few 
seconds.
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Figure 14-6.
40 MHz 3IP NMR spectrum from 
a human forearm, recorded using 
a 4 cm diameter surface coil. Sig­
nal assignments: P,: free phos­
phate ions (inorganic phosphate); 
PCr: creatine phosphate (6); a, 
(5, y. phosphorus nuclei at the 
a, /? and y positions in adenosine 
triphosphate ATP (7). P.P 
couplings give a doublet splitting 
of the a and y signals and a tri­
plet splitting of the f} signal. The 
d-scale is referred to PCr, i.e.
d (PCr) = 0.

Many of the in vivo studies that have been made are con­
cerned with energy metabolism in muscle, with special empha­
sis on the heart in view of its medical importance. However, 
experiments of this kind encounter problems caused by the 
movement of the heart. One therefore has to either accept 
some line broadening from this cause, or arrange for the start 
of the signal generating pulse to be triggered at the frequency 
of the beating of the heart. Here we will look at a simpler 
example, the 1?P NMR spectrum of the forearm of a human 
subject (Fig. 14-6), which was recorded over a period of about 
1.5 min using a surface coil with a diameter of 4 cm.
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II 
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gefore assigning the signals we must consider what com­
pounds can, in principle, be present in the cells. This question 
can be answered immediately, as the biochemistry of energy 
metabolism in muscle has been very thoroughly studied. Phos­
phate ions are transferred from creatine phosphate (PCr, 6) to 
adenosine diphosphate (ADP), forming adenosine triphos­
phate (ATP. 7) and creatine (Cr):

PCr + ADP — ATP + Cr

In the spectrum we do in fact see a single peak due to PCr 
and three signals corresponding to the three differently bonded 
phosphate groups at the a-, fl- and /-positions in ATP. These 
latter signals have splitting patterns corresponding to the P,P 
couplings: P„ and P„ are both coupled to P/3 and therefore give 
doublets, while P/3 gives a triplet as a result of its coupling to two 
neighboring phosphorus nuclei. The assignments are shown in 
Figure 14-6, in which the d-scale is referred to the PCr signal. 
The ADP signals are hidden under the P„ and P„ signals of the 
ATP. In addition there is a small signal due to free phosphate 
ions present as inorganic phosphate, P,. The signals of other 
organophosphorus compounds present are lost in the noise.

In the ’'P NMR spectrum of the brain of a rabbit (Fig. 14-7) 
we can detect, in addition to the PCr and ATP signals, other sig­
nals due to phosphoric acid diesters and glucophosphates.

Basic experiments such as these stimulated numerous other 
investigations on different types of samples: intact organisms, 
and isolated or perfused organs such as heart, muscle, brain, 
liver, kidney, eye, etc.

As an example from the very wide variety of such experi­
ments, the series of spectra in Figure 14-8 shows the changes, 
compared with normal levels, in the concentrations of energy­
carrying phosphorus compounds in the forearm muscle of a 
human subject following prolonged strenuous work, and their 
subsequent recovery to normal levels.

A control spectrum was first recorded under normal condi­
tions (Fig. 14-8 A), by accumulating ten FIDs, the same num­
ber as in the experiment which followed. The spin system was 
allowed to relax for about 2 s between successive pulses: the 
total time for the ten FIDs was 22 s. After the recording of the 
control spectrum the subject was required to open and close his 
hand outside the magnet, squeezing a ball repeatedly until the 
muscle was tired. Immediately after this work phase the four 
spectra B-E were recorded. Each of these spectra represents 
an average over the recording time of 22 s. It is clearly seen that 
immediately after the work phase the PCr signal is considerably 
reduced, whereas the signal due to the inorganic phosphate Pj 
has greatly increased. After 66 s relaxation the initial situation 
is almost restored. This conclusion is based not on comparing 
the heights of the peaks in the final spectrum and the control
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Figure 14-7.
40 MHz ’’P NMR spectrum of a 
rabbit's brain, recorded by rest­
ing the animal's head on a 4 cm 
diameter surface coil. In addition 
to the signals of free phosphate 
(Pi), creatine phosphate (PCr) 
and ATP (a, fl. '/)■ those of 
phosphoric acid diesters and glu­
cophosphates can be seen. The 
ci-scale is referred to PCr. i.e.
d (PCr) = 0.
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Figure 14-8.
40 MHz 31P NMR spectrum from a human forearm before and after strenuous muscular effort (see 
text), recorded using a 4 cm diameter surface coil; 10 FIDs; total time per measurement: 22 s; all 
spectra recorded with same amplification. A; control spectrum before physical effort. B to E: spectra 
recorded during the relaxation phase. The signal intensities show that immediately after effort the P, 
signal has greatly increased and the PCr signal has greatly diminished.

spectrum, but on the integral curves (not shown), since the 
line-widths in the two spectra are not the same. Whereas there 
was time to optimize the field homogeneity before recording 
the control spectrum, this was not possible for the spectra 
recorded after the work phase. The field homogeneity could 
not have been adjusted without sacrificing the measurements 
in the initial stage which is of greatest interest, since it can be 
seen from these results that the muscle recovers very quickly.

In these experiments it is also found that the separation be­
tween the Pj and PCr signals alters. The explanation of this 
important result emerged from in vitro experiments, which 
showed that the separation is pH-dependent, increasing at 
higher pH-values! Thus the position of the Pj signal relative to 
the PCr signal gives a measure of the changes of the pH within 
the cells. In our example the pH is reduced after the work 
phase, which is understandable from a biochemical point of 
view, as muscular exertion results in the formation of lactic 
acid.

The proportions of the different organophosphorus com­
pounds in the tired muscle differ from those in the normal 
state. Even more striking effects are found if the muscle is 
starved of oxygen over a long period (ischemia). This can occur 
if the blood supply is reduced as a result of a constriction of a 
blood vessel, or even stopped completely by a blockage. The 



most familiar example of this is a cardiac arrest. Many in vivo 
NMR experiments on animals have shown that malfunctions of 
individual organs can be immediately recognized. The applica­
tion of such methods for medical diagnosis is a possible devel­
opment for the future.

14.3.3 XH and 13C NMR Experiments

How can 'll and LlC NMR measurements also be used in this 
field, so as to extend the scope of such techniques to include the 
whole range of compounds involved in the chemistry of living 
organisms?

There remain some almost insuperable obstacles to extend­
ing in vivo experiments to include these two nuclides, and these 
are as follows:
• Mixtures are always present, and these often include very 

complex molecular structures.
• The concentrations of individual components are extremely 

low.
• The solvent is water in many cases.
• The chemical shift differences are often small, especially for 

protons.
• The resonances are very broad due to the unavoidable field 

inhomogeneities in heterogeneous samples.

Nevertheless, some promising approaches are being investi­
gated. Figure 14-9 shows the !H NMR spectrum of a human 
forearm. Despite the broadness of the signals, well separated 
signals are seen for water (left-hand peak) and the aliphatic 
protons in the fatty tissue.

13C measurements offer the possibility of obtaining more 
information on individual molecular structures. In the BC 
NMR spectrum of a human forearm (Fig. 14-10) the large 
chemical shifts enable one to clearly distinguish the signals of 
the carboxyl groups (0 ~ 172), those of double-bonded carbon 
nuclei (d ~ 130), the glycerol carbon nuclei (b ~ 60-75), and 
those of aliphatic fatty acids (<5 ~ 10-35). (In this example it was 
even possible to assign some of the signals of different carbon 
nuclei in the aliphatic chains.)

For the spectrum shown here, with l3C in natural abundance, 
it was necessary to accumulate 500 FIDs, requiring a total 
recording time of about 10 min. The spectrum was recorded 
using a surface coil with a diameter of 4 cm. For detecting spe­
cial compounds and reactions one would need to use Re­
labeled materials. In this area too, further development is 
needed.

Figure 14-9.
100 MHz ‘H NMR spectrum 
from a human forearm. The 
main signals are from the pro­
tons in the water and in the fatty 
tissue; the d-scale is referred to 
the water signal. 2 FIDs; total 
time about 5s.
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Figure 14-10.
25 MHz L’C NMR spectrum from 
a human forearm, recorded with 
'H BB decoupling, using a 4 cm 
diameter surface coil. 500 FIDs; 
total time about 10 min. The 
signals can be assigned to the 
carbon nuclei of the fatty acids 
and of the glycerol moieties. The 
region containing the CH, and 
CH, signals (b = 10 to 40) is 
shown expanded.

14.4 Magnetic
Resonance Tomography

14.4.1 Basic Principles and Experimental 
Considerations

In 1973 Lauterbur started to produce images of large objects 
by NMR [4]. For this purpose he used proton resonances 
because of their high detection sensitivity. Since living systems 
always involve aqueous media, it was natural that the first 
investigations were concerned with the distribution of water in 
an organism. One expects to find strong signals from those 
parts of an animal’s body that contain a lot of water, and weak 
signals from those such as bones which contain little water. 
The aim was therefore to develop a technique whereby the pro­
ton resonances could be used to measure the water distribution 
in the body and produce an image.

There were three considerable technical problems to be 
solved.
• The first problem concerned the size of the magnet. If, for 

example, we wish to produce an image of a human skull, we 
need a magnet with a suitably large gap or bore. (This is only 
a few cm wide in the magnets used for high-resolution NMR 
spectroscopy.) This problem has now been overcome. For 



flux densities up to about 0.3 T electromagnets are generally 
used, while cryomagnets are used for higher flux densities, 
up to about 2 T.

• The second problem too is one of instrument design. To 
obtain a proton NMR signal the resonance condition stated 
in Equation (1-20) must be satisfied, which is:

D = — (1 - u)Bn
2 71

For a large heterogeneous object such as a human skull, 
this condition cannot be satisfied throughout the object. In 
MR tomography, therefore, only a small volume element of 
the object is observed at any instant, as it is only in this 
volume that the field Bo satisfies the resonance condition for 
the water protons. The aim is to ensure that for protons on 
the fringe of this volume element the resonance condition is 
no longer satisfied, since otherwise they would contribute to 
the signal intensity and reduce the sharpness of the image. 
To obtain a well-resolved image the observed volume 
element should be as small as possible. Unfortunately, 
however, reducing its size has the disadvantage that fewer 
protons are observed and the signal intensity is reduced. 
Consequently, the measurement time needed becomes 
longer as the size of the volume element is reduced.

The volume selectivity is achieved by applying variable 
field gradients. These have the effect of first dividing the 
object to be examined into slices, then dividing these further 
into volume elements. To produce the skull images repro­
duced in Figures 14-11 and 14-13 the thickness of the imaging 
slices was 7 mm, and the individual volume element was a 
cylinder about 1 mm in diameter and 7 mm long. To image 
the entire head at least eight such slices are needed. The FID 
data from each volume element must be recorded, stored in 
the computer memory, and converted by Fourier transfor­
mation into an output signal.

As the recording time for a human subject cannot be pro­
longed indefinitely, it is necessary to decide on a compro­
mise between recording time and resolution. This also 
explains why only proton resonances, for which the sensitiv­
ity is high, can be used as an imaging probe at present; 
however, fluorine and phosphorus imaging may also 
become possible in the future.

• The third problem is that of processing the data to construct 
the image. The stored data for the individual volume ele­
ments must be converted into an image which can be inter­
preted by a physician. To solve this problem NMR spectro- 
scopists drew on the experience already gained from X-ray 
scanning tomography. With the methods now developed. 



images showing the water distribution in any desired section 
through the object under examination are available within 
about a minute after completing the measurements.
From a medical point of view the ability to determine the 

water distribution is not particularly exciting. The technique of 
magnetic resonance tomography became more interesting 
when it was discovered that the relaxation times 7) and 72 of 
the water protons depend in a characteristic way on how the 
water is bound in the tissue. To make use of this one needs to 
produce images which show not only the water distribution but 
also the variations in 7) and T2. To understand the principle of 
the technique, let us remind ourselves of what we learned in 
Chapter 7. There we saw that after a 180° pulse has been 
applied to a spin system it relaxes with the time constant 7j, 
and after a time rzero = T11 n 2 the signal intensity passes through 
zero (Equation (7-6) and Fig. 7-3). For nuclei with different 
values of T\ the time rzero at which the signal passes through 
zero has different values. This applies to water protons whose 
T|-values differ owing to their different environments in the 
tissue. Consequently, at any given time t the NMR images of 
the different types of tissues present will be different, even if 
they contain the same concentration of water. These 
differences can be shown in the image as light-to-dark contrast, 
or by different colors.

The spin-spin relaxation time 73 is also found to show a posi­
tional dependence analogous to that of 7). To generate an 
image showing these T2 variations, one performs a spin-echo 
experiment (Sections 7.3.2 and 14.4.2). The images thus 
obtained, in which the contrast shows the variation of T2 
through the object, are of comparable quality to those obtained 
by X-ray tomography, and are even better in many cases. Com­
pared with X-ray tomography the NMR method has the great 
advantage that the patient is not exposed to harmful radiation, 
and the experiments can therefore be repeated with no risk. 
Research so far has not revealed any risk to health from the 
magnetic fields or from switching them on and off.

14.4.2 Applications

Three examples will serve to illustrate the potential appli­
cations of MR tomography.

Figure 14-11 shows eight images of a medio-sagittal section 
through a human skull. These were recorded using an imaging 
slice 7 mm in thickness. The pulse sequence used for the 
measurements (a Carr-Purcell-Meiboom-Gill multiple echo 
sequence as shown in Fig. 14-12) allowed eight echoes to be 
recorded.



Figure 14-11.
Medio-sagittal section through a human skull. The images were obtained using a multiple echo pulse 
sequence which allowed eight echoes to be recorded. Each image in the series corresponds to one of the 
eight echoes. Each of the eight images is of the same 7 mm thick slice, divided for imaging purposes 
into 256 X 256 matrix elements. Two FIDs were accumulated for each matrix element. The total time for 
recording the eight images was about 11 min. (All the measurements were carried out using a tomo­
graph made by Bruker, Karlsruhe-Rheinstetten, with a cryomagnet generating a flux density Bo = 1.5 T.)

Figure 14-12.
Carr-Purcell-Meiboom-Gill mul­
tiple echo pulse sequence. The 
first 90° pulse provides the initial 
excitation of the spin system, and 
the subsequent 180° pulses gener­
ate the echoes. Eight such echoes 
were recorded to produce the 
eight skull images shown in 
Figure 14-11.

Each of the images reproduced in Figure 14-11 corresponds 
to one of the eight echoes. The first image is a fairly exact 
representation of the water distribution in the skull (the bright 
parts correspond to high water concentrations and the dark 
parts to low concentrations). It can be clearly seen that the 
image contrast changes from one echo to the next, and in some 
cases more detail becomes apparent. This results from the 
differences in spin-spin relaxation time T2 for different types of 
brain tissue. It can also be seen that the overall brightness of 
the images diminishes from the first echo to the last one as a 
consequence of relaxation, since the time from the excitation 
Pulse to the eighth echo is nearly 0.3 s. The total recording time 
for all the images was 11 min.



A B
Figure 14-13.
Medio-sagittal section through a human skull. Image A was produced by adding together the eight echo 
images of Figure 14-11. Image B is the computer-generated negative of A.

In Figure 14-13 A the eight echo images of Figure 14-11 are 
summed together. This form of display has been found to give 
images with particularly good contrast. Figure 14-13 B is the 
negative of A, as can be seen from the fact that the bone struc­
ture now shows up as a white area. The image reversal was 
performed in the computer, not photographically.

Figure 14-14.
Measurement of the spin-spin 
relaxation time 71. In the dia­
gram the intensities (signal 
amplitudes) of the eight echoes 
corresponding to the eight 
images in Figure 14-11 for the 
point marked with a hairline 
cross are plotted as a function o 
time. The computer system 
allows one to move the hairline 
cross to any desired position an 
determine the corresponding 
71-value.



Figure 14-14 again shows the image of the complete section; 
here one of the image elements is identified by a hairline cross. 
Fhe intensities of all eight echoes for this element have been 
measured and plotted as a function of time. The resulting curve 
(shown in the figure) indicates a 74-value of 101 ms (Section 
7.3.2).

Figure 14-15 shows a longitudinal section through a human 
female pelvis. Four echoes were summed to produce the 
image. The total recording time was 6.8 min. The spinal 
column, back muscles, uterus and bladder can be clearly 
recognized.

Figure 14-16 shows a section through the abdomen at the 
level of the kidneys, which was recorded in 4 seconds. The 
kindneys, parts of the colon, the back muscles, and the spinal 
column with the spinal cord are sharply resolved. The section 
through the aorta, about 2 cm in diameter and running directly 
in front of the spinal column, shows up as a very light area.

The images reproduced here contain no evidence of abnor­
malities of the organs. A particularly important fact for clinical 
applications is that the relaxation times T{ and T; of healthy 
and diseased tissue are usually very different. This makes it 
possible to recognize and exactly locate tumors, vascular dila­
tions and many other pathological abnormalities by means of 
MR tomography.

Figure 14-15.
Vertical section through a female 
human abdomen. Four echoes 
were summed to produce this 
image. The total recording time 
was 6.8 min.



Figure 14-16.
Rapid image of a horizontal 
section through the abdomen at 
the level of the kidneys. The 
recording time was 4 s.
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A„ spin system 29
A2B2 spin system 107
A2X2 spin system 107
AA'BB' ([AB],) spin system 64, 107-108, 266
AA'XX' ([AX]2) spin system 107
AB spin system 68,71, 102-103, 265, 270
AB2 spin system 104
ABC spin system 109, 115
ABX spin system 105-107
AK2 spin system 104
AMX spin system 28
AX spin system 24, 100-102
AX2 spin system 26, 104
AXn spin system 27
Absolute value 15, 229, 230
- see also Magnitude spectrum

Absorption 7
- mode 15
Abundance, isotopic 2, 182
Accumulation 16, 32
Acetylacetone 62
- keto-enol Tautomerism 284
Acetylation 132, 141
Acetylene, magnetic anisotropy 41, 42, 52, 60
Acid anhydrides 62
Acids 53, 62, 63
Acquisition time 17
Activation energy (Arrhenius, EA) 270
Activation enthalpy (ZlH*)  271
Activation enthalpy, free (ZIG*)  271
Activation entropy (J5*)  271
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Additivity (of substituent effects)
- see Substituent increments 127 ff.

Alcohols 53, 285, 299, 301
Aldehydes 42, 52, 83, 61, 277
Alkanes 47, 55, 127, 134, 156
Alkenes 42, 49, 57, 128, 137, 298
Alkynes 42, 51, 60, 84
Allenes 60, 84
Allowed transitions 7, 102, 252, 253
a-effect 56
Amides 53, 62
- hindered rotation in 277

Amidines, hindered rotation in 278
Amines 53, 301
Amino acids 63
Aminoboranes, hindered rotation in 278
Amplifier 8
Angular momentum (of nucleus) 1-3
Anisotropy effects (on b) 40-42, 131
Annulene, [18]- 44, 282, 284
APT - see Attached proton test 181
Arenes 43, 50, 58, 83, 87, 129, 139
Aromaticity 44, 283
Arrhenius equation 270
Assignment of II and ,3C signals 125-145
Asymmetrical atom 69, 279
Atropisomerism 70
Attached proton test (APT) 167, 181, 247

- see also Spin-echo, J-modulated
Average excitation energy (AE) 39
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Back-folding 18
Barriers - see Rotation barriers 270 ff.
Benzene 43, 45, 46, 83, 88, 131
- disubstituted 164,165
- isotope effect (deuterium) 45-46
- ring current 43
- solvent anisotropic 45
p-effect 56
Biosynthesis studies 313-318
Bloch equations 13, 158
Boltzmann constant 5, 271
Boltzmann distribution 5
Bond angle and ./(H.H) 75, 77
Broad-band decoupling - see Decoupling, 

‘H broad-band 117 ff.
Bullvalene, valence tautomerism 283
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Carbohydrates 132
Carbon, isotopes of 2



Carbonyl group, magnetic anisotropy of 42
Carr-Purcell pulse sequence 160
Carr-Purcell-Meiboom-Gill pulse sequence 327
Chair conformation, cyclohexane 79, 273
Charge density 38
Chelating agents 297
Chemical equivalence 98
Chemical exchange - see Exchange 263 ff.
Chemical shift 19-23, 37-72
- averaging of 40, 43, 54, 263
- definition 225
- d-scale 22
- dependence on
- - anisotropic neighbors 40-42
— charge density 38-40
— electric field 40, 44
— hydrogen bonding 44, 131
— magnetic field strength 20
— ring current effects 43, 281-283
— solvent 40, 44, 53, 63, 131, 140
— substituents 40, 47 ff.
— temperature 53, 116, 131, 132, 140
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122 ff., 134 ff.
- heavy atom effect on 56, 58, 59, 60
- reference 21
- standard 21
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— I3C 39, 54-63
— ‘H 38, 47-54
Chiral molecules 66, 70, 296, 298
Chiral shift reagents 296, 298
Chiral solvents 300
Coalescence temperature 269
Complex formation 294 ff.
Complex pulse sequences 167 ff., 204 ff.
Composite pulses 118 - see also Decoupling, 

'H broad-band 117
Computer 19, 109, 142-144
- memory 17, 33
- programs for
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- - spectrum analysis 109
Conformational analysis 78
Connectivities 197, 230, 242
Contact interaction 294

- see also Fermi contact term
Continuous-wave (CW) method 8
Contour plot 209
Coordinate system, rotating 11, 13, 168ff.
Coordinate system, stationary 13
Cope rearrangement 283
Copolymers 310
Correlation peaks 229 - see also Cross peaks
Correlation time 149, 150. 154, 254

COSY (correlated spectroscopy) 218-241
- see also H,C-COSY,

- H,H-COSY
Coupling - see Spin-spin coupling 23ff., 73ff.
Coupling constant, indirect or scalar 24ff., 

73-94, 120
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- correlation between J(C,H) and ,/(H,H) 

89-90
-reduced 120,121
- sign 30, 74, 76, 91, 101, 106
- - definition 101
Cross peaks 229, 231
Cryomagnet 9
CW (Continuous wave) method 8
Cycloalkanes 49, 56, 76. 79-81, 85
Cycloalkenes 85
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- coupling constants 77, 79-81, 84
- ring inversion 273, 280
Cyclopropane 49, 56, 75, 76, 77, 81, 85
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2D NMR spectroscopy - see Two-dimensional 
NMR spectroscopy 203-250

Data
- accumulation 16
- acquisition 17
- banks 142
- points 18, 32, 33
- storage 17
Decay curve 14 - see also FID
Deceptively simple spectra 110
Decoupling 113-124, 131, 140
- gated 118-119
- ‘H broad-band 117-118
- ‘H off-resonance 120-122, 247
- H  selective 123, 140*
- heteronuclear 113
- heteronuclear selective 123
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- power 118, 120
Degassing 153, 165, 261
Delay time 150, 187
d-scale 22, 321
DEPT 192-197, 247
Detection 17
Deuteration 45, 54, 68, 132, 141, 154, 155, 273
Deuterium isotope effects 45
Diads 308
Diagonal peaks 229-231



Diamagnetic shielding term 38-40
Diastereomers 66
Diastereotopic groups (or protons) 66, 68, 70, 

71
Difference spectroscopy (NOE) 258 ff.
Digitization 18
Dihedral angle 77-81, 87
Dimethylformamide
- NOE 251, 257
- DNMR 263, 264, 269. 271
Dipolar coupling 24. 203, 240, 256
Dipolar relaxation 148-150, 253
Dipol. magnetic 24
Dipol, nuclear 2, 10
Directional quantization 3
Dispersion signal 15, 229
Double cone for
- precession 4, 6, 10
- magnetic anisotropy effects 41. 42
Double quantum coherence 199, 242
Double quantum transition 7, 199, 252-254
Double resonance experiments 113-124
Dynamic NMR (DNMR) spectroscopy 

263-291
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Echo 159 - see also Spin-echo
Effective magnetic field 19
Electric field effects (on 0) 40, 44
Electric quadropole moment (eQ) 93

- see also Relaxation 149: Line-width 164
Electromagnet 9
Electron density - see Charge density 38
Electron-nuclear coupling 90-92. 295
Electronegativity effects 47, 77, 81-83, 134
Emission 7, 183, 184
Enamines, hindered rotation in 278
Enantiomers 66 - see also Chiral molecules
Enantiotopic groups 66, 68
Energy
- activation (E,x) 270, 272, 273
- barriers - see Rotation barriers 276 ff.
- levels 4, 100-102. 252-254
- of magnetic dipols 4
Enrichment, L’C 141. 313-318 - see also iso­

topic labeling
Enthalpy of activation (zl/7r) 271-273
- free MCi 27Iff., 282
Entropy of activation (Z1S*)  271-273
Entropy process 159
Equilibration processes 286-289
Equilibrium 5, 147 ff.
- constant 272

Equivalence 64
- chemical 98
- magnetic 98
Ethane, derivatives
- chemical shifts 47, 56
- hindered rotation 276
- vicinal coupling 78, 79
Europium(lII) chelate complex 293 ff.
Ethanol, proton exchange 285
Evolution phase 204
Evolution time 204 ff.
Exchange 53. 240, 263 ff.
- intermolecular 266, 274, 285-286
- intramolecular 263, 266
Excitation energy, average (JE) 39, 40. 42, 60
External standard 23
Eyring equation 271

F

Fermi contact term 90, 92
FID (Free induction decay) 14-16
Field
- frequency stability 17
- gradients 325
- inhomogeneities 17, 159. 164
- sweep 8
First-order process 148, 264 ff.
First-order spectrum 30
Flux density, magnetic 4, 9
Folding 18, 19
Forbidden transitions 7, 105, 199, 253
Fourier transformation 14-16
- two-dimensional 207
Four-spin systems (A2B2, A2X2,
AA'BB', AA'XX') 107-108
Free induction decay (FID) 14-16
Frequency
- domain spectrum 14-16
- sweep 8
FT - see Fourier transformation 14-16

G

/-effect 56
Gated decoupling 118-119
Geminal coupling 75, 76
Glucose 80, 287-289
Gyromagnetic ratio 2, 92, 93. 182, 184, 255
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Half-height width 32, 163, 272
Hammett constants 59, 134
H,C-COSY 219-227. 247
- H-relayed 235-238, 247
H,D coupling 92
Heavy atom effect 56, 58, 59, 60
Heisenberg's uncertainty principle 164
Heterotactic triads 308
H,H-COSY 228-234, 247
- H-relayed 238-240, 247
High-resolution NMR 1, 24
Hindered rotation 70, 263-265, 275 ff.
Homogeneity, field 9
Homonuclear decoupling 113
Homotopic groups 68
Hiickel rules 43
Hund’s rule 91
Hybridization and coupling constants 74, 75, 

85
Hydrogen bonding 53, 63, 284
Hydroxyl proton/group 53, 131, 156, 266, 

284-286, 293

I

Imaginary part of signal 15 
INADEQUATE
- one-dimensional 197-201, 247
- two-dimensional 241-245, 247
Incremental relationships 48, 126 ff.

- see also Substituent increments
INDOR 116
Inductive effects 37, 48, 56ff., 86
INEPT 184-192
- refocussed 190, 247
Inhomogeneity, field 17, 159, 164
Insensitive nuclides 3, 9, 16, 182, 255
Integral curve 31
Integration 31-33
Intensities in multiplets 24-28
Intensity 31-34, 151-153, 251ff.
- of ,3C signals 32-34
- of Tl signals 31,
- enhancement through NOE 32, 255, 256
Interferogram (FID) 14-17
Internal standard 21
Inversion
- of ring compounds 273, 280-283
- at N and P atoms 279
Inversion recovery method 150-153
In vitro experiments 313

In vivo experiments 319-324
- high resolution 319-324
Isochronous nuclei 69, 71, 99
Isotactic polymers, diads, triads 306-308
Isotope effects 45, 141
Isotopic abundances 2
Isotopic labeling 88, 141. 313-318
- double (l3C) 317-318
Iteration 108. 109, 268

J

7-modulated spin-echo 173-181, 247
./-values 73 ff. - see Spin-spin coupling

K

Karpins relationship 78
Keto-enol tautomerism 62, 284
Ketones 61
Kinetic measurements - see Dynamic NMR 

spectroscopy 263 ff.

L

Labeling - see Isotopic labeling 141, 313-318
Lamb formula 38
Lanthanide shift reagents 132, 141, 293-300
LAOCOON III program 109, 268
Larmor precession frequency 4, 7, 10,13
Lattice 148
Lifetime
- in dynamic processes 267
- of spin state 93, 114, 164
Line broadening 17, 93, 150, 263ff - see also 

Line-width
Line-shape 15, 32
- analysis, complete 267-269
- Lorentzian 164
Line-width 32, 159, 163
- effects of quadrupolar nuclei on 93, 164
Long-range coupling 73, 84, 87
Longitudinal relaxation 13
LSR (Lanthanide shift reagents) 293-300

M

Macromolecules 155, 305-311
Magnet 9, 17
- cryo- 9, 17, 325



- electro- 9
- large bore 319, 324, 325
- permanent 9
Magnetic equivalence 98
Magnetic flux density 4, 5, 9, 327
Magnetic field
- alternating 10, 11
- effective 19, 38
- gradients 325
- homogeneity/inhomogeneity 9, 17, 158. 159, 

164, 322
- stability 9
- static 3
Magnetic moment 1-3
- induced 41
Magnetic quantum number 3
Magnetic resonance tomography 324-330
Magnetization
- macroscopic 6, 10, 12, 148
- transfer 184, 221
- transverse 11-14
Magnitudes spectrum 15, 229
McConnell equation 41
Mesomeric effects 40, 57
Mesomeric limiting structures/canonical forms

50, 57, 59, 263
Metabolites 319-322
Methyl substituent effects 62
Mixing phase 204, 208
Molecular motions 24, 40, 43, 149, 257
- anisotropic 156
Molecular size, effect on T\ 155
Multiplets 24-31 - see also Spin-spin coupling
Multiplicity rules 27
Mutarotation 286 ff.

-- gyromagnetic ratios 255
— internuclear distance 255, 257, 261
- difference spectroscopy 258, 260
- indirect 256, 257
- suppression of 33
NOESY 241, 247
Noise 16, 319
- decoupling - see Decoupling, ‘H broad-band 

117-118
Non-equivalent nuclei 98, 99, 106, 163
Nuclear magnetic resonance - see NMR
Nuclear Overhauser effect/enhancement
- see NOE 251-262

Nuclear quadrupole moment 93
Nuclear spin 2
Nuclei
- chemically equivalent 98, 99
- equivalent 29, 64, 92
- isochronous 69, 71, 99
- magnetically equivalent 98, 99
Nucleus
- angular momentum of 1-3
- magnetic moment of 1-3
- spin of 2
Nuclides
- insensitive 3, 9, 182, 187, 255
- properties of (table) 2
- sensitive 3, 9. 182, 187, 255
Nyquist frequency 18

O

Off-resonance decoupling 120-122, 140, 247
Optical purity 300. 302
Order of a spectrum 30
Oscillator 17

N Oscilloscope 8, 17
Overhauser effect (NOE)

Natural abundance 2, 16, 197
Negative signal 12, 229
Newman projection formulas 69 
NMR
- discovery of 1
- dynamic (DNMR) 263-291
- high-resolution 1
- pulsed 9
- in solids 1, 24
- time scale 285
- tomography 324-330
- two-dimensional 203-250
NOE (Nuclear Overhauser effect) 
32-34, 149, 251-262 
- dependence on

- electron-nuclear 252
- nuclear 251-262 - see also NOE
Oxygen
- dissolved 153. 165, 261
- nuclear properties 2. 3

P

31P NMR spectroscopy 313, 320-323 
Paramagnetic species 33. 149, 150. 153, 165.

261, 293
- see also Lanthanide shift reagents; Oxygen, 

dissolved
Paramagnetic shielding term 39, 40, 60



Parts per million, ppm 22
Pascal's triangle 28
Pascual-Meier-Simon rule 128
Pauli exclusion principle 91
Pentads 308, 309
Permanent magnet 9
pH within the cells 322
Phase coherence 13, 158, 159
Phase correction 15, 19
Phase-sensitive detector/detection 18. 229
Phenols 553, 286, 298
Planck constant 2, 271
Point dipole model 41
Polarization transfer 182-197
Polymers 305-311
Populations (of Energy levels) 5, 12, 174, 

182-187, 252-254
Precession 4
- classical picture of 4, 6, 158
- frequency 4
Preparation phase 204
Prochiral center 70, 279
Progressively connected transitions 102
Protonation 44
Proton exchange 285, 286
- alcohols 285
- ammonium ions 286
Pseudo-asymmetric carbon atom (in polymers) 

306
Pseudocontact interaction 294, 295
Pulse 9
- angle 10
- delay 150
- duration (length, width) 10, 12, 319
- generator 8, 9
- „hard“ 10
- power 33, 34
- repetition rate or time 33, 34

Q

Quadrature detection 18
Quadrupolar broadening 93, 164
Quadrupolar relaxation 149
Quadrupole moment 93
Quantitative analysis 31
Quantum number
- angular momentum 2
- magnetic or directional 3
Quarternary carbon atoms/nuclei 120

R

Radio-frequency (r.f.) field 6
Rate constant 240, 267-275
Reaction pathways in biochemistry 314-318
Real part of signal 15
Receiver coil 8, 11, 18, 319
Reduced coupling constant 121
Reference compound 21 - see also Standard
Reference frequency 18
Reference spectra 142, 143
Regressively connected transitions 102
Relaxation 13, 147-165, 252-254, 326
- agents 33
- by chemical shift anisotropy 148
- by paramagnetic species 33, 149, 293
- by quadrupolar nuclei 149
- by scalar coupling 149
- by spin rotation 148. 155
- dipolar 148-150, 154, 253, 257
- longitudinal (Spin lattice) 13
-mechanisms 148-150,157-159
- transverse (Spin-spin) 13
Relaxation time
- longitudinal or spin-lattice 1\ 32. 140, 

148-157
- measurements 140, 150-153, 159-163
- transverse or spin-spin 71 157-165, 326 ff.
Relayed coherence transfer spectroscopy 234
Relayed H.C-COSY 234-238, 247
Relayed H,H-COSY 234, 238-240, 247
Repetition rate/time (pulse) 17, 33, 34
Resolution 163, 216, 244, 319, 325
- digital 33. 34
Resonance 7
Resonance condition 6-8, 20, 325
Ring current effects 40. 43. 281-283
Ring inversion 273, 280-283
Ring size effects 82, 85, 155
Roof effect 25, 102, 103
Rotating coordinate system 11, 13, 158ff.
Rotation 154, 275-279
- hindered 70, 263-265, 276-279
- rapid 78, 81, 276
Rotation barriers 263. 276 ff.
Rotational isomers 69, 79



s

Sample tubes, coaxial 23
Satellites in
- I3C spectra 198-201, 242
- >H spectra 30, 110, 123
Saturation 7, 116
- transfer 113
Scalar coupling 25
- see also Spin-spin coupling

Segmental mobility 140, 156
Selection rules 7, 105, 253
Selective decoupling 123
Selective population inversion (SPI) 182-184
Sensitive nuclides 3, 9, 182, 187. 255
Sensitivity 3, 167, 182
Shielding anisotropy 40
Shielding constant 20. 37-41
- see also Chemical shift

Shielding term
- diamagnetic 38-40
- paramagnetic 39, 40
Shift reagents 293-303
Shoolery's rule 48, 127
Signal broadening 93, 150, 263, 285. 293
- see also Line-width 163

Signal-to-noise ratio 16
Solvents
- chiral 300-302
- deuterated 116, 261
- effects on <5 40, 44, 53. 131, 140
- suppression of signals 116, 157
Spectral width 10, 17, 33
Spectrometer
- CW 8
- pulsed 17
Spectrum 
- accumulation 16 
- classification 97 
- first-order 30 
-higher-order 30, 96, 110, 122 
- simulation 106, 108, 109 
- zero-order 30
Spectrum analysis 95-111
-computer-aided 106, 108, 109, 142-144
SPI (Selective population inversion) 182-184
Spin (of nucleus) 2
Spin decoupling - see Decoupling 113-124
Spin density (of unpaired electron) 294 
Spin-echo 159-163. 173, 326-329 
- J-modulated 173-181
Spin functions 4
Spin-lattice relaxation 13 - see also Relaxation
Spin-orbit coupling 56
Spin-rotation relaxation 148, 155

Spin-spin coupling
- H,H; C,H 23-31.73-94
— dipolar/direct 24, 240, 256
— equivalent nuclei 92
— geminal (H,H) 75, 89
— indirect 24. 25, 73-94
— long-range 84, 87
-- mechanisms 90-94
-- Tt-electron effects on 76
— reduced 121
— s-fraction effect on 85, 91
— sign of 74,91,101,106
— substituent effects on 81-83, 85ff.
- - temperature dependence of 79
- - through space 94
- - vicinal
— (C.H) 87, 89
- - (H,H) 77-83, 89
- C,C 198, 200. 316-318
- H.D 92
- P,P 321
Spin-spin relaxation 13

- see also Relaxation
Spin systems, nomenclature 97
Spin-tickling 116
Stacked plot 208, 211
Standard, chemical shift 
- external 23 
- internal 21
Stationary coordinate system 13
Stereoregularity (of polymers)
- see Tacticity 306-309

Steric effects 56, 135. 309
STN International C13 data bank 142.145
Sub-spectra 
- ABX 106 
- DEPT 193
Substituent increments 48. 126-130, 134-139
Sugars 80
Superconductivity 9
Surface coils 319-324
Susceptibilities 41
Sweep (CW) 8
Symmetry 64-71. 95. 107, 108
Syndiotactic polymers, diads. triads 306-308

T

T, - see Relaxation time, longitudinal or spin­
lattice 13, 148-157
73 - see Relaxation Time, transverse or spin­

spin 13, 157-165
Tacticity 306-309
Taft constants 59. 134



Temperature effects on
- <5 53, 131, 140

,/ 79
- populations of energy levels 5
Tetrads 308
Tetramethylsilane 20-22
Thioamids, hindered rotation in 277
Three-spin systems (A3; AB2; AK2; AX2; ABX:

AMX) 26, 28-29, 104-107
Time-averaged spectra 40, 43, 54, 265
Time domain spectrum 14-16
Tomography, magnetic resonance 324-330
Torsion angle 74 - see also Dihedral angle 

77-81
Transitions
- allowed 7, 102, 252, 253
- double quantum 7, 199, 252-254
- forbidden 7, 199, 253
- progressivly/regressively connected 102
- single quantum 7, 102, 253
- zero quantum 7, 199, 252-254
Transmitter 8, 17
Transverse relaxation T2 13
Triads 308, 310
Triple resonance experiments 115
Two-spin systems (A2; AB; AX)

24-25, 100-103
Two-dimensional (2D) NMR spectroscopy 

203-250
- ./-resolved 209-218

U

Unpaired electrons 149, 150, 294

V

Valence tautomerism 283
Vector quantities 2
Vicinal coupling
- (C.H) 87, 89
- (H,H) 77-83

W

Walden inversion 279, 286

Z

Zeeman levels 4
Zero-crossing point 153, 157, 326
Zero quantum transition 7, 199, 252-254



Index of Compounds
('H) or (I3C) after the page number indicates that the 'H or l3C spectrum is shown.

A

Acetaldehyde 53, 61, 83
Acetaldehyde diethyl acetal 70, 71 ('H)
Acetate ion 62, 315
Acetic acid 47, 62, 63, 318
Acetic anhydride 62
Acetylacetic ethyl ester 284
Acetylacetone 62, 284 ('H)
Acetyl chloride 62
Acetylene, Ethyne 42, 51, 52, 60, 85. 86. 89
N-Acetyl-/3-D-neuraminic acid methyl ester

methylketoside
133 (13C), 143
181 (13C, J-modulated spin-echo)
188, 189 (l3C, INEPT)
192, 193, 196, 197 (13C, DEPT)
199, 200 (ID INADEQUATE)
211-213 (2D J-resolved 13C NMR spectrum)
216-218 (2D 7-resolved *’C NMR spectrum)
225-227 (2D H,C-COSY)
231-233 (2D H.H-COSY)
235-238 (2D H-Relayed (H,C)-COSY)
242-245 (2D INADEQUATE)
248 (complete assignment)

Acrolein 61
Acrylic acid 63
Adenosine triphosphate 320-322
Allene 60
Allenecarboxylic acid 68
Allyl alcohol 66, 67 (‘H)
Aniline 50 (’H), 58
[18]-Annulene 44, 282 ('H), 283, 284

B

Benzaldehyde 53, 61, 84, Til
Benzene 29, 43, 45, 46 (l3C), 58, 59, 77, 85-89
Benzene-</6 45, 46 (L’C)
Benzofuroxan 265, 266 ('H). 268
Benzoic acid 58, 63, 89
Benzophenone 61
Benzyl acetate 31 ('H)
Benzyl alcohol 26 (*H),  54
Benzylchloromethylphosphanc 279

Benzylmethoxymethylamine 279 
yV-Benzylmethylamine 48, 49 ('H), 127
Bicyclop.2. l]heptane (norbornane) 84
Bicylo[2.1.1]hexane 84
Bicyclo[2.1.0]hexan-2-one 84
Bicyclop.1.0]pentan-2-one 84
Bikaverin 317. 318
Biphenyl 156
2,2'-Bis(hydroxyisopropyl) biphenyl 70 ('H),

277
Bromochloromethane 68
1-Bromodecane 156
Bromoform 20 (1H), 22
Bromomethane 20 (*H),  22, 47
1-Bromopropane 56
Bullvalene 283
1,3-Butadiene 57
Butane 56
1-Butene 57
ds-2-Butene 57
trans-2-Butene 57

C

Cephalosporin 315, 316
N-Chloro-aziridine 279
Chlorobenzene 88
Chloroethane 48, 81
3-Chloro-6-ethoxypyridazine 102, 103 ('H) 
Chloroform (also CDC13) 24, 30 ('H), 31, 48, 

141, 173-178, 182-187, 204-211
Chloromethane 47, 48. 76. 86
1-Chloropropane 48, 56
2-Chloropropane 48
Chloroprothixene 258 (’H)
2-Chloropyridine 115 ('H)
Chromium tris-acetylacetonate (Cr(acac)3) 33
Cinnamic acid 24, 25 (‘H), 98
Citric acid 71 (‘H)
Creatine phosphate 320-322
Crotonaldehyde 53
Crotonic acid 89, 117 (l3C), 118. 121 ('H), 122, 

123, 128, 138



5-(2.3-Dipropyl-2-cyclopropenylidene)-l,3-cyclo- 
pentadicne- l-carbaldehyde 278

Cyclobutane 49, 56, 77, 85 E
Cyclobutcne 82, 85
Cyclodecane 85
Cycloheptane 49, 56
Cycloheptene 82
Cyclohexane 49, 56, 77, 79, 84, 85, 89. 155,

273. 274
Cyclohexene 57, 82, 85
Cyclohexylcarboxylic acid 89
Cyclooctane 49
Cyclooctatetraene 44
Cyclopentane 49. 56, 85
Cyclopentene 82, 85
Cyclopentene-1,4-dione 76
Cyclopropane 49. 56, 75-77, 81. 85, 155
Cyclopropene 82, 85, 107

Ethane 56. 81, 85, 86, 89
Ethanol 285 (‘H), 286
Ethoxyacetylene 60
Ethyl acetate 23 ('H), 28, 98, 114 (’H), 115
Ethylbenzene 97 ('H), 150, 152 (I3C)
Ethylene, Ethene 43, 49, 57, 75, 77, 82, 85,

86, 89, 128
Ethylene oxide 76
Ethylene sulfide 76
Ethyllithium 81

F

Fluorobenzene 58, 88
Fluoromethane 47. 76, 86

D 1-Fluoropropane 56
Formaldehyde 76

1.4-Decamethylenebenzene 43
Decane 156
Decan-l-ol 156
Diacctylene, 1,3-Butadiyne 60
Dibenzylmethylammonium ion 286
Dibromomethane 20 ('H), 22
Di-t-butyl ketone 61
w-Dichlorobenzene 65 ('H), 126
o-Dichlorobenzene 65 (‘H), 107, 108 ('H), 126
p-Dichlorobenzene 65 (’H). 126
1,1-Dichlorocyclopropane 65 
czs-l,2-Dichlorocyclopropane 65 
Zz'a/zs-l,2-Dichlorocyclopropane 65
Dichloromethane 48, 76
Difluoromethane 107
6,9-Dimethoxy-3,3-dimethyl-1.5-dihydro-2,4- 

benzodithiepin 280 ('H), 281, 282
/V, zV-Dimethylacetamide 62
Dimethylacetic acid 63
1.1-Dimethylallene 84
4-Dimethylamino-3-buten-2-one 278
2,6-Dimethylanilinc 96 ('H), 98, 100
trans-10b, lOc-Dimethyl-10b, lOc-dihydropyrcne 

dd

Fumaric acid 63
Furan 83

G

a,p-Glucose 80. 81 ('H), 288 (’H). 289
Glutamic acid 230, 231 (H.H-COSY), 238, 239

(H-Relayed (H.H)-COSY)
Glycine 63

H

l,l,l,2,2,3,3-Heptafluoro-7.7-dimethyl-4,6- 
octandione (FOD) 297

Hexachloroacetone 61
Hexachlorodimethylketone 61
Hexan-l-ol 293, 294 (’H)
Hydrogen fluoride 24
Hydroxyacetic acid 63
6-Hydroxychloroprothixene 258 ('H)

-+4-
Dimethylformamide 251, 257, 263, 264 ('H), 

265. 267-269. 271. 277
Dimethyl ketone 61
2,2-Dimethylpropane 56
3,3-Dimethylpropionaldehyde 61
Dimethylsulfoxide-u!6 45, 131
Diphenylbutadiyne (Diphenyldiacetylene) 156 
1,2-Diphenyldiazetidinone 265 (’H), 268, 270, 

271. 279 '

I

lodobenzene 58, 59 
1-lodohcx-1-yne 60 
lodomethanc 47 
1-Iodopropane 56 
Isobutane 137 
Isobutanol 137



Isobutyraldehyde 61
Isobutyric acid 63

1-Nitropropane 56
Norbornane 84

Isooctane 154
l-Isopropyl-2-methylnaphthalene 276

O

M Oxetane 66 (‘H)
Oxirane 76

Maleic acid 63
Maleic anhydride 110
Mellein 317
Methane 47, 48, 56, 75, 76, 86
Methanol 16 (13C), 47, 76, 86, 266
Methicillin 259 (‘H)
Methionine 318
4-Methoxyphenol 260
4-Methoxy-2-(l-phenylethyl)phenol 260
( + )-2-Methoxy-2-trifluoromethylphenylacetic 

acid 301, 302
Methyl acetate 62
Methylacetylene (propyne) 52
Methylamine 47
N-Methyl-jV-benzylformamide 265
Methyl bromide 20 (’H), 22, 47
2-Methylbutane 135
2-Methylbut-l-ene 138
Methyl t-butyl ketone 61
Methyl chloride 47, 48, 76, 86
3-Methylcrotonic acid 251, 257
Methylcyclohexane 55 (l3C, 'H)
2-Methyl-3-dimethylamino-3-phenylpropionic 

acid ethyl ester 79
Methylene dibromide 20 (‘H), 22
Methylene dichloride 48, 76
Methylene difluoride 107
Methyl ethyl ketone 61
Methyl fluoride 47, 76, 86
Methyl iodide 47
Methyllithium 47, 86
2-Methylpropane 137
2-Methylpropan-l-ol 137
Methyl vinyl ether 49, 57, 77, 82
Methyl vinyl ketone 61

P

Paraldehyde 27 (‘H)
Penicillin 315
2-Pentyne 84
Phenanthrene 155
Pheno] 58
Phenylacetylene 52, 60, 156
1-Phenylethylamine 296, 297 (‘H), 299 (‘H), 

300, 301, 302 (‘H)
2-(l-Phenylethyl)-4-methoxyphenol 260
Phenyllithium 58, 59
3-Phenylpropenoic acid (cinnamic acid) 24,

25 (*H),  98
Phosphate ion 320-322
Polybutadiene 309, 310 (l3C)
Polyethylene 306
Polyisobutylene 306
Polymethylmethacrylate 307 ('H), 308
Polypropylene 306, 307
Polystyrene 155, 306, 307
Polyvinylchloride 306, 307
1,2-Propandiol 68, 69
Propane 56, 81, 84
Propan-l-ol 56
Propene 49, 57, 87, 89
Propionaldehyde 52. 53 ('H), 61, 83
Propionic acid 63
1-Propylamine 56
Propylene oxide 66, 67 ('H)
Propyne 52
Propynol 52 (‘H), 54
Pyridine 59, 77, 83

N

Pyrrole 83

Naphthalene 83, 84 
p-Nitroanisole 130
Nitrobenzene 51 (‘H), 58
Nitroethylene 49, 57
Nitromethane 47
p-Nitrophenol 99, 139, 287 (*H)  
p-Nitrophenyl-a-glucoside 287 (*H)

S

Sodium acetate 316, 317
cis-, trans-Stilbene 128, 129
Styrene 29, (’H), 49, 57, 110



Tetramethoxyallene 60
Tetramethylsilane (TMS) 20 ('H), 21, 22, 34
Thioacetic acid 62 
3-ThiophenecarboxyIic acid 105 (’H), 106 
Toluene 58, 87, 88, 156, 276
Tribromomethane (bromoform) 20 ('H), 22
Trichloroacetic acid 63 
1,2,3-Trichlorobenzene 99, 100 
Trichloromethane - see Chloroform 
2,2,2-Trifluoro-l-phenylethanol 301 
Trimethylene oxide (oxetane) 66 (’H) 
Tris(dipivaloylmethanato)-Eu(lll) complex 

293, 294
Tris(3-(2,2,2-tri fluoro-l-hydroxyethylidene)-d- 

camphorato)europium 296, 297, 299, 300

Valine 70 (]H), 315
Vinyl acetate 49, 57, 62
Vinyl bromide 49, 57
Vinyl chloride 49, 57, 77, 82
Vinyl cyanide 57
Vinyl fluoride 49, 57, 77, 82, 86
Vinyl iodide 49, 57
Vinyllithium 77, 82

W

Water (also D2O, HDO) 12, 116, 132, 157, 
266, 285, 286, 323, 325-327
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