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Foreword 

The past twenty years have witnessed the development of nuclear mag- 
netic resonance (NMR) into one of the most powerful analytical tools of 
natural science. Applications range from solid state physics to chemistry, 
biology, and medicine. NMR takes advantage of the presence of nuclear 
spins inserted by nature at strategic points in virtually all materials and 
biological organisms. NMR has become not only one of the most useful 
but also one of the most sophisticated techniques for exploring nature. An 
enormous number  of ingenious pulse techniques have been developed by 
the experts to enhance its applicability. An in-depth understanding of this 
advanced technology is necessary for a fruitful application of NMR to a 
still-growing palette of important  practical issues in industry, science, and 
health care. 

Solving Problems with NMR Spectroscopy is a very welcome addition to the 
existing literature. It fulfills a real need for an up-to-date and authoritatively 
written introduction for students and practitioners of NMR. The vast experi- 
ence of Professor Atta-ur-Rahman and Dr. Muhammad Iqbal Choudhary  in 
the field of structural natural-product chemistry combined with a profound 
understanding of the concepts and techniques of NMR has led to a very 
useful and reliable treatise of practical NMR that is useful both for grad- 
uate students and for research workers. Professor Atta-ur-Rahman and Dr. 
Muhammad Iqbal Choudhary are congratulated for their admirable 
achievement. 

PROF. DR. RICHARD R. ERNST 
Nobel Prize in Chemistry, 1991 

§ § § § § § § x/ 



Preface 

The explosive growth in the area of structural chemistry is based mainly 
on new and sensitive spectroscopic techniques developed in the past few 
decades, particularly in the field of NMR spectroscopy. The advent of faster 
and affordable computer systems with sophisticated microprocessors and 
large and powerful magnets has led to the development of many extremely 
sensitive and precise NMR spectrometers. The advent of microcomputers 
that enable one to control the durations of the pulse as well as the time 
interval between pulses (or sets of pulses) has made it possible to manipulate 
nuclear spins in prescribed fashions. The superconducting magnets now 
available have provided increased sensitivity and field dispersions and, more 
importantly, very high field stabilities so that scans can be accumulated 
over long time periods with little or no change in the recording conditions. 
The use of two-dimensional NMR spectroscopy, triggered byJeener 's  origi- 
nal experiment, has transformed the field to such an extent that 2D experi- 
ments such as COSY, NOESY, and hetero COSY can now be routinely 
performed on modern NMR spectrometers. 

Chemists, biochemists, biotechnologists, and physicists now routinely 
use NMR spectroscopy as a powerful research tool. The effective application 
of 1D and 2D NMR experiments depends largely on the skill and innovation 
of the user. This book is intended to provide practical knowledge to research 
workers in the use of NMR spectroscopic techniques to elucidate the struc- 
ture of organic molecules. Every attempt has been made to prevent the 
book from becoming too technical, and the underlying principles behind 
many of the experiments have been described nonmathematically. 

Special emphasis has been given to the more important techniques for 
solving practical problems related to the interpretation of the spectral data 
obtained from one- and two-dimensional NMR techniques. An introductory 
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xvi Preface 

treatment of the underlying principles is also included. We hope that the 
book will be useful to a large community of students of NMR spectroscopy 
who wish to acquire practical knowledge on how to use this important  
technique to solve structural problems. 

We are most grateful to Mr. Mohammad Ashraf for his constant and 
invaluable help in the preparation of the manuscript. We are also grateful 
to Mr. Ahmedullah for typing the manuscript and Mr. Mahmood Alam for 
secretarial work. 

ATTA-UR-RAHMAN 
M. IQBAL CHOUDHARY 
Karachi, Pakistan 



Foreword 

Since its inception as a method for investigating structures of organic 
molecules, NMR spectroscopy has been characterized by its ever-increasing 
complexity and diversity. This has presented organic chemists of all levels 
of experience with some special difficulties. Despite the considerable suc- 
cesses of manufacturers in designing instruments and software that are 
user friendly, the modern spectrometer is far from being a "black box." 
The effectiveness of NMR as a tool for solving structures is still greatly 
enhanced by the practitioner's understanding of the fundamental concepts 
of the experiments. Furthermore, unlike with other physical methods for 
structure determination, the user is confronted with a veritable galaxy of 
NMR experiments that may be applied to particular problems. How then 
is the subject best presented to organic chemists, many of whom may lack 
the basic physics and mathematics necessary for adopting a truly rigorous 
treatment? Professor Atta-ur-Rahman and Dr. Choudhary have approached 
this problem by liberally interspersing the text with formal problems plus 
their solutions, thereby reinforcing an understanding of the basic prin- 
ciples. 

It is my opinion that this approach has considerable merit, provided 
that the questions posed in the problems are wisely selected, as indeed 
they are in this text. The authors themselves are well versed in natural- 
product chemistry, an area that presents a wide array of "small molecule" 
structural problems. They are therefore concerned that the reader reach 
the practical goal of applying the full power of NMR spectroscopy to prob- 
lems of this type. To this end they have selected problems that address 
methods for solving structures as well as those that pertain to basic theory. 
The authors have wisely made a point of treating the more widely used 1D 
and 2D experiments in considerable detail. Nevertheless, they also intro- 
duce the reader to many of the less common techniques. 

§ § § § § § § xii i  



xiv Foreword 

Organic chemists who read this book and do the problems as they occur 
in the text will be rewarded with a functional unders tanding of NMR 
spectroscopy at a level that will allow them to make full use of this most 
versatile spectroscopic method for investigating the structures, stereochem- 
istries, and conformations of organic molecules. 

LLOYD M. JACKMAN 
The Pennsylvania State University 
University Park 



C H A P T E R  1 

The 

Basics of 

Modern NMR Spectroscopy 

1.1 W H A T  IS NMR? 

Nuclear magnetic resonance (NMR) spectroscopy is the study of mole- 
cules by recording the interaction of radiofrequency (Rf) electromagnetic 
radiation with the nuclei of molecules placed in a strong magnetic field. 
Zeeman first observed the strange behavior of certain nuclei subjected to 
a strong magnetic field at the end of the last century, but practical use of 
the so-called "Zeeman  effect" was made only in the 1950s when NMR 
spectrometers became commercially available. 

Like all other  spectroscopic techniques, NMR spectroscopy involves 
the interaction of the material being examined with electromagnetic radia- 
tion. The simplest example of electromagnetic radiation is a ray of light, 
which occurs in the visible region of the electromagnetic spectrum and 
has a wavelength of 380 nm to 780 nm. Each ray of light can be thought  
of as a sine wave. However, this wave can actually be considered to be made 
up of two mutually perpendicular  waves that are exactly in phase with each 
other; i.e., they both pass through their maxima and minima at exactly the 
same point of time. One of these two perpendicular  waves represents an 
oscillatory electric field (E) in one plane, while the second wave, oscillating 
in a plane perpendicular  to the first wave, represents an oscillating magnetic 
field, B. 

Cosmic rays, which have a very high frequency (and a short wavelength), 
fall at the highest-energy end of the known electromagnetic spectrum and 
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1. The Basics of Modern NMR Spectroscopy 

involve f requenc ies  g rea te r  than  3 • 1020 Hz. Rad io f r equency  (Rf) radia- 

tion, which is the type of  radia t ion  that  conce rns  us in NMR spectroscopy,  

occurs at the  o the r  ( lowest-energy) e n d  of  the  e l ec t romagne t i c  s p e c t r u m  
and  involves energ ies  o f  the o r d e r  of  100 MHz (1 MHz = 106 Hz). G a m m a  

rays, X rays, ul traviolet  rays, visible light, in f ra red  rays, and  microwaves fall 
be tween  these two ext remes .  T h e  various types of  rad ia t ion  and  the corre-  
spond ing  ranges  of  wavelength,  f requency,  and  energy  are p r e s e n t e d  in 
Table  1.1. 

E lec t romagne t i c  radia t ion  also exhibits  behavior  characteris t ic  of  parti- 
cles, in add i t ion  to its wavelike character .  Each q u a n t u m  of  radia t ion  is 

called a photon, and  each photon.,  exhibits  a discrete a m o u n t  o f  energy,  
which is directly p ropor t i ona l  to the f r equency  of  the e l ec t romagne t i c  
radiat ion.  T h e  s t rength  of  a chemical  b o n d  is typically a r o u n d  400 kJ mo1-1, 
so that  only radia t ion  above the visible reg ion  will be capable  of  b reak ing  

bonds.  But inf rared  rays, microwaves, and  rad io - f requency  radia t ion  will 
no t  be able to do  so. 

Let  us now cons ider  how e lec t romagne t i c  radia t ion  can in teract  with 
a particle o f  mat ter .  Q u a n t u m  mechan ics  ( the field of  physics dea l ing  with 

Table 1.1 

The Electromagnetic Spectrum 

Wavelength Frequency 
Radiation (nm) h (Hz) v Energy (kJ mol -l) 

Cosmic rays < 10 -3 >3 • 102o > 1.2 x 108 
Gamma rays 10 -1 to 10 -3 3 x  1018 to 1 .2x  106 to 1 .2x  108 

3 x 1020 
Xrays 10to 10-~ 3 x  10 ~6to 1 .2x  104 to 1 .2x  106 

3 x 1018 
Far ultraviolet 200 to 10 1.5 X 1015 to 6 x 102 to 1.2 X 104 

rays 3 x 10 ~6 
Ultraviolet rays 380 to 200 8 x 1014 to 3.2 X 10 / to 6 X 102 

1.5 x 1015 

Visible light 780 to 380 4 x 10 ~4 to 1.6 x 10 z to 3.2 x 102 
8 x 10 TM 

Infrared rays 3 • 104 to 780 1013 to 4 x 10 TM 4 to 1.6 X 10 z 
Far infrared 3 x 105 to 3 x 104 1012 to 1013 0.4 to 4 

rays 
Microwaves 3 X 107 to 3 X 105 10 l~ to 1012 4 x 10 -3 to 0.4 
Radiofrequency 1011 to 3 x 107 106 to 10 l~ 4 x 10 -7 to 4 x 10 -3 

(Rf) waves 
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energy at the atomic level) stipulates that in order  for a particle to absorb 
a photon  of electromagnetic radiation, the particle must  first exhibit  a 
uniform periodic motion with a frequency that exactly matches the fre- 
quency of the absorbed radiation. When these two frequencies exactly 
match, the electromagnetic fields can "constructively" interfere with the 
oscillations of the particle, and the system is then said to be "in resonance"  
and absorption of Rf energy can take place. Nuclear magnetic resonance 
involves the immersion of nuclei in a magnetic field, and then matching 
the frequency at which they are precessing with electromagnetic radiation 
of exactly the same frequency so that energy absorption can occur. 

1.1.1 The Birth of a Signal 

Certain nuclei, such as ~H, 13C, 19F, ZH, and 15N, possess a spin angular 
m o m e n t u m  and hence a corresponding magnetic m o m e n t / z ,  given by: 

y h [ I ( I +  1)] 1/z 
/z = 2~r ' (1) 

where h is Planck's constant and Y is the magnetogyric ratio. When such 
nuclei are placed in a magnetic field Bo applied along the z-axis, they can 
adopt one of (21 + 1) quantized orientations, where I is  the spin quan tum 
number  of the nucleus (Fig. 1.1). Each of these orientations corresponds 
to a certain energy level: 

Bo 

X- I Y 

Figure 1.1 Representation of the precession of the magnetic moment about the 
axis of the applied magnetic field, B0. The magnitude/z~ of the vector corresponds 
to the Boltzmann excess in the lower energy (c~) state. 
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E = -l~zBo = m]yhBo 
2~r ' (2) 

where ml is the magnetic quan tum number  of the nucleus. In the lowest 
energy orientation, the magnetic m o m e n t  of the nucleus is most closely 
aligned with the external magnetic field (B0), while in the highest energy 
orientation it is least closely aligned with the external field. Organic chem- 
ists are most frequently concerned with 1H and ~3C nuclei, both of which 
have a spin quan tum number  (I) of x/z, and only two quantized orientations 
are therefore allowed, in which the nuclei are either aligned parallel to 
the applied field (lower energy orientation) or antiparallel to it (higher 
energy orientation).  Transitions from the lower energy level to the higher  
energy level can occur by absorption of radiofrequency radiation of the 
correct frequency. The energy difference AE between these energy levels 
is proport ional  to the external magnetic field (Fig. 1.2) as defined by 
the equation AE = yhBo/21r. In frequency terms, this energy difference 
corresponds to: 

~'~, (~) 
v0 = 2~r" 

Before being placed in a magnetic field, the nucleus is spinning on its 
axis, which is stationary. The external magnetic field (like that generated 

I=-  1/2 

Eo 

Without magnetic field 

AE 

" I = +  1/2 

Increasing AF. with increasing values 
of the magnetic field B o 

i i 
_ L  ii w . - -  

Bo 

Figure 1.2 The energy difference between two energy states AE increases with 
increasing value of the applied magnetic field B0, with a corresponding increase 
in sensitivity. 
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by the NMR magnet)  causes the spinning nucleus to exhibit a characteristic 
wobbling motion (precession) often compared to the movement  of a gyro- 
scopic top before it topples, when the two ends of its axis no longer remain 
stationary but trace circular paths in opposite directions (Fig. 1.3). If a 
radiofrequency field is now applied in a direction perpendicular  to the 
external magnetic field and at a frequency that exactly matches the preces- 
sional frequency ( "La rmor"  frequency) of the nucleus, absorption of en- 
ergy will occur and the nucleus will suddenly "f l ip"  from its lower energy 
orientation (in which its magnetic m o m e n t  was precessing in a direction 
aligned with the external magnetic field) to the higher energy orientation, 
in which it is aligned in the opposite direction. It can then relax back to 
the lower energy state through spin-lattice relaxation T~ by transfer of energy 
to the assembly of surrounding molecules (" lat t ice") ,  or by spin-spin relax- 
ation (T z), involving transfer of energy to a neighboring nucleus. The 
change in the impedance of the oscillator coils caused by the relaxation 
is measured by the detector as a signal in the form of a decaying beat 
pattern, known as a free induction decay (FID) (Fig. 1.4), which is stored in 
the compute r  memory  and converted by a mathematical  operation known 
as Fourier transformation to the conventional NMR spectrum. 

Thus, excitations caused by absorption of radiofrequency energy cause 
nuclei to migrate to a higher energy level, while relaxations cause them to 
flip back to the lower energy level, and an equil ibrium state is soon estab- 
lished. In nuclei with positive magnetogyric ratios, such as 1H or 13C, the 
lower energy state will correspond to the +1/9 state, and the higher energy 

s 
r % 

B 
o 

Axis 
of rotation iii 

h ~  

Precessional Orbit 

Figure 1.3 Precessional motion of an NMR active nucleus in magnetic field B0. 
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Time Domain 
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Figure 1.4 (a) Free induction decay (FID) in the time domain. (b) Fourier transfor- 
mation of the time domain signal yields the conventional frequency domain 
spectrum. 

state to the -1/2 state; but in nuclei with negative magnetogyric states, e.g., 
29Si o1" 15N, the opposite will be true. The magnetogyric ratios of some 
important  nuclei are given in Table 1.2 (Harris, 1989). 

If the populations of the upper  and lower energy states were equal, 
then no energy difference between the two states of the nucleus in its 
parallel and antiparallel orientations would exist and no NMR signal would 
be observed. However, at equilibrium there is a slight excess ("Bol tzmann 
excess") of nuclei in the lower energy (c~) state as compared to the upper  
energy (/3) state, and it is this difference in the populations of  the two 
levels that is responsible for the NMR signal (Fig. 1.5). The ratio of the 
populations between the two states is given by the Boltzmann equation: 
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Table 1.2 

Magnetogyric Ratios of Some Important NMR-Active Nuclei 

Magnetogyric ratio, 7 
Nucleus (107 rad T-is -1) 

Larmor frequency, Vo (MHz) 
for Bo = 7.0461T 

1H 26.7520 300.000 
13C 6.7283 75.435 
15N -2.712 30.410 
lOF 25.181 282.282 
29Si -5.3188 59.601 
~lp 10.841 121.442 

N--A = exp , (4) 
N~ 

where N~ is the popula t ion of the lower energy state and N~ is the popula t ion  
of the uppe r  energy state. On  a 100-MHz ins t rument ,  if there a r e a  million 
nuclei in the lower energy level, there  will be 999,987 in the uppe r  energy 
level, yielding only a tiny excess of 13 nuclei in the lower energy state. It 
is this tiny excess that is de tec ted  by NMR spect rometers  as a signal. Since 
the signal intensity is d e p e n d e n t  on the popula t ion  difference between 

a b 

Bo 

§ 

+z 

+3' 

Bo 

+~ 

+x  +y 

Figure 1.5 (a) Vector representation displaying a greater number of spins aligned 
with the magnetic field B0. (b) Excess spin population (Boltzmann distribution 
excess) aligned with B0 results in a bulk magnetization vector in the +z direc- 
tion. 
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nuclei in the upper  and lower energy states, and since the populat ion 
difference depends on the strength of the applied magnetic field, the signal 
intensities will be significantly higher on instruments with more powerful 
magnets. Nuclear Overhauser enhancemen t  (Section 4.1) or polarization 
transfer techniques (Section 2.2) can also be employed to enhance  the 
population of the ground state over that of the higher energy state to 
obtain a more intense signal. 

§ P R O B L E M  1 . 1  

What will happen if the radiofrequency pulse is applied for an unusually 
long time? 

§ 

P R O B L E M  1 . 2  

From the discussion in Section 1.1, can you summarize the factors 
affecting the population difference between the lower energy state (N~) 
and the upper  energy state (N~) and how is the population difference 
related to the NMR signal strength? 

§ 

§ P R O B L E M  1 . 3  

As ment ioned in the text, there is only a slight excess of nuclei in the 
ground state (about 13 in a million protons at 100 MHz). Would you 
expect in the case of a 13C-NMR exper iment  for the same populat ion 
difference to prevail? 

§ 

§ P R O B L E M  1 . 4  

Explain what is meant  by the Larmorfrequency. What is its importance 
in an NMR experiment? 

§ 

§ P R O B L E M  1 . 5  

What is the magnetogyric ratio, and how does it affect the energy 
difference between two states and the nuclear species sensitivity to the 
NMR experiment? 

§ 
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1.2 INSTRUMENTATION 

NMR spectrometers have improved significantly, particularly in the 
present decade, with the development of very stable superconduct ing mag- 
nets and of minicomputers that allow measurements over long time periods 
under  homogeneous  field conditions. Repetitive scanning and signal accu- 
mulation allow ~H-NMR spectra to be obtained with very small sample quan- 
tities. 

There are two types of NMR spec t romete r s~con t inuous  wave (CW) 
and pulsed Fourier transform (FT). In the CW instruments, the oscillator 
frequency is kept constant while the magnetic field is changed gradually. 
The value of the magnetic field at which a match is reached between the 
oscillator frequency and the frequency of nuclear precession depends on 
the shielding effects that the protons experience. Different protons will 
therefore sequentially undergo transitions between their respective lower 
and upper  energy levels at different values of  the changing applied magnetic 
field as and when the oscillator frequency matches exactly their respective 
Larmor frequencies during the scan, and corresponding absorption signals 
will be observed. 

One limitation of this procedure  is that at any given moment ,  only 
protons resonating at a particular chemical shift can be subjected to excita- 
tion at the appropriate value of the magnetic field, and it is therefore 
necessary to sequentially excite the protons that have differing precessional 
frequencies in a given molecule. A given set of protons will therefore be 
scanned for only a small fraction of the total scan time, with other  protons 
or base line noise being scanned for the rest of the time. Moreover, since 
it is often necessary to distinguish splitting that is only a fraction of a hertz 
in width, a serious time constraint is introduced. This is because, in or- 
der to distinguish spectral features separated by Av Hz, we need to spend 
1/Av s measuring each element of the spectrum of width Av. If the spec- 
tral range is W, then the minimum time required to record this spectrum 
would be W/Av s. Thus, on a 500-MHz inst rument  with a spectral width 
of 12 ppm (6000 Hz), to achieve a resolution of 0.1 Hz would require 
6000/0.1 = 60,000 s (almost 17 h) if the spectrum were recorded in the 
continuous-wave mode! Clearly this imposes a severe time limitation in CW 
NMR spectroscopy, making it impractical at higher field strengths. 

Fortunately, an alternative method of excitation exists, instead of the 
sequential excitation of nuclei by the slow variation of the magnetic field. 
This involves the application of a short but  intense radiofrequency pulse 
extending over the entire bandwidth of frequencies in which the nuclei to 
be observed resonate, so that all the nuclei falling within the region are 
excited simultaneously. As a result the total scan time is made independent  
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of the sweep width Wand  becomes reduced to 1/A/x. The relaxations that 
occur immediately after this excitation process are measured as exponen-  
tially decaying waves (FID) and converted to NMR spectra by Fourier trans- 
formation. 

Such instruments,  often called pulse Fourier transform (PFT) NMR spec- 
trometers, have largely replaced the CW instruments. The NMR measure- 
ments on the earlier CW instruments were in the frequency domain, involving 
the measurement  of the signal ampli tude as a function of frequency. The 
sample in such experiments  was subjected to a weak field, and the energy 
absorbed was measured.  In pulse NMR, the sample is subjected to a strong 
burst of radiofrequency energy; when the pulse is switched off, the energy 
emitted by the relaxing nuclei is measured.  Thus the CW NMR exper iment  
may be considered as providing an absorption spectrum, while the pulse 
NMR exper iment  affords an emission spectrum. A 500-MHz PFT NMR 
spectrometer  is shown in Fig. 1.6. 

NMR experimenters  need to be aware of some basic features of NMR 
spectrometers, to be presented briefly next. 

Figure 1.6 A 500-MHz NMR spectrometer (Bruker AMX 500). The console is the 
computer-controlled recording and measuring system; the superconducting magnet 
and NMR probe assemblies are on the right. 
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1.2.1 The Magnet 

The heart  of the NMR spectrometer is the magnet. Modern high-field 
NMR spectrometers have oscillators with frequencies of up to 750 MHz, and 
intensive efforts are under  way to develop magnets with higher oscillator 
frequencies. The solenoid in these magnets is made of a niobium alloy 
wire dipped in liquid helium (-269~ At this temperature the resistance 
to electron flow is zero, so, once charged, the "superconduct ing"  magnets 
become permanently magnetized without consuming any electricity. The 
liquid helium is housed in an inner container, with liquid nitrogen in an 
outer container to minimize the loss of helium by evaporation. A large 
balloon can be connected to the magnet  to collect the evaporated helium 
gas, for subsequent liquefication and recycling. In places where liquid 
helium is not  readily available, it is advisable to order  special larger magnet  
Dewars with the instrument, with longer helium hold times. Fitted with 
such special Dewars, 300-MHz instruments need to be refilled only about 
once a year; on 500-MHz instruments the refill period is about once in 
4-5  months. Superconducting magnets are very stable, allowing measure- 
ments to be made over long periods with little or no variation of the 
magnetic field. 

§ P R O B L E M  1 . 6  

Which of the following conditions would be desirable? 

(a) More samplemmeasurement  on a lower-MHz NMR spec- 
trometer. 

(b) Less sample--use  of a higher-MHz NMR spectrometer. 
§ 

§ P R O B L E M  1 . 7  

Describe the effect of the magnet 's  power B0 on the separation of the 
nuclei in the frequency spectrum. Does it also affect the coupling con- 
stant? 

§ 

1.2.2 The Probe 

The probe, situated between the field gradient coils in the bore of the 
magnet, consists of a cylindrical metal tube that transmits the pulses to the 
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sample and receives the resulting NMR signals. The glass tube containing 
the sample solution is lowered gently onto a cushion of air from the top 
of the magnet  into the upper  regions of the probe. The probe, which is 
inserted into the magnet from the bottom of the cryostat, is normally kept 
at room temperature, as is the sample tube. The sample is spun on its axis 
in a stream of air to minimize the effects of any magnetic field inhomogenei-  
ties. The gradient coils are also kept at room temperature. If only ~H-NMR 
spectra are to be recorded, then it is advisable to use a dedicated ~H probe 
that affords maximum sensitivity. If, however, ~3C-NMR spectra are also to 
be recorded frequently, as is usually the case, then a dual ~H/~3C probe 
is recommended,  which, al though having a somewhat (10-20%) lower 
sensitivity than the dedicated probe, has the advantage of avoiding frequent  
changing of the probe, retuning, and reshimming. If other  nuclei (e.g., 
19F, ~lp) are to be studied, then broadband multinuclear probes can be 
used, although the sensitivity of such probes is lower by a factor of about 
2 than that of dedicated probes. 

We also need to choose the probe diameter to accommodate 5-, 10-, 
or 15-mm sample tubes. In wide-bore magnets, the probes can be several 
centimeters in diameter, allowing insertion of larger sample tubes and even 
small animals, such as cockroaches and mice. Normally, the 5-mm probe 
is used, unless sample solubility is a critical limitation, when it may become 
necessary to use a larger quantity of sample solution to obtain a sufficiently 
strong signal. The usual limitation is, however, that of sample quantity 
rather than sample solubility, and it is often desirable to be able to record 
good spectra with very small sample quantities. In such situations we should 
use the smallest-diameter probe possible that affords stronger signals than 
larger-diameter probes with the same amount  of sample. A microprobe of 
diameter 2.5 mm with special sample tubes is particularly useful in such 
cases, and special NMR tubes are used with it. If, however, the amount  of 
sample available is not a limiting factor, then it may be preferable to use 
a larger-diameter probe to subject as much sample as possible to the NMR 
experiment so as to obtain a good spectrum in the shortest possible measur- 
ing time. Such a situation may arise, for instance, in INADEQUATE spectra 
(Section 5.2.1.7) in which 13C-~3C couplings are being observed, and it may 
be necessary to scan for several days to obtain an acceptable spectrum. 

The significant improvements in sensitivity achieved during the last 5 
years have been because of improved probe design and radiofrequency 
circuits. Since the probe needs to be located very close to the sample, it 
must be made of a material with a low magnetic susceptibility, for otherwise 
it would cause distortions of the static magnetic field/~, thereby adversely 
affecting line shape and resolution. Much research has therefore been 
undertaken by NMR spectrometer manufacturers to develop materials that 
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have low magnetic susceptibilities suitable for use in probes. The probe 
must also have a high field (B1) homogeneity; i.e., it must be able to receive 
and transmit radiofrequency signals from different regions of the sample 
solution in a uniform manner. A typical probe assembly is shown in Fig. 1.7. 

§ P R O B L E M  1 . 8  

Recommend the most suitable probe for each of the following labora- 
tories: 

(i) A laboratory involved in biochemical work or in analytical 
studies on natural products. 

(ii) A laboratory involved in the synthesis of phosphorus com- 
pounds and organometallic complexes. 

(iii) A laboratory where large-scale synthesis of organic com- 
pounds is carried out. 

(iv) A laboratory where various nitrogenous bases are prepared 
and studied. 

§ 

§ P R O B L E M  1 . 9  

What properties should an "ideal" NMR probe have? 

1.2.3 Probe Tuning 

Inside the probe is a wire coil that surrounds the sample tube. This 
wire transmits the radiofrequency pulses to the sample and then receives 

Figure 1.7 A typical probe assembly. 
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the NMR signals back from the sample. It is vital that the impedance of 
the wire be identical to those of the transmitter and receiver to properly 
perform the dual function of pulse transmitter and signal receiver. To 
match the impedance correctly, two capacitors deep inside the probe reso- 
nant circuit can be adjusted by a long screw driver (Fig. 1.8). Adjusting 
one of the capacitors changes the resonant frequency of the circuit, and 
this adjustment is carried out so the circuit resonant frequency matches 
precisely the precessional frequency of the observed nucleus. The other 
capacitor controls the impedance of the circuit, and it is adjusted to match 
the probe impedance. 

Normally it is not necessary to adjust these capacitors. But if a very 
high-quality NMR spectrum is wanted, then it may be necessary to tune 
the probe by adjusting these two capacitors, since the inductance of the 
coil will vary from sample to sample. The two capacitors are adjusted in 

B 2.~ 
! 
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1H Matching 

13C O 

1H Tuning 
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Tuned for 2H 
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Figure 1.8 A schematic representation of a typical resonant circuit for a dual Ill/ 
~3C probe. The capacitors A, B, C, and D perform various functions, such as symmetry 
and matching resonance. 
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conjunction with one another, since adjustment of one tends to affect the 
other  and an opt imum combination of settings is required. This process 
is facilitated by employing a directional coupler that is inserted between the 
probe and the transmitter output  (Fig. 1.9). The power of the pulse trans- 
mitter reflected from the probe is measured by the directional coupler, 
and the probe is tuned so the reflected power is kept to a minimum, to 
obtain the best performance. The power level is displayed on a separate 
directional power meter or Voltage Standing Wave Ratio (VSWR). This 
meter  may be built-in in some spectrometers. 

§ P R O B L E M  1 . 1 0  

How does probe tuning affect the quality of the NMR spectrum? 
§ 

1.2.4 Shimming 

Modern superconducting magnets have a set of superconduct ing gradi- 
ent coils that are never adjusted by the user. There is, however, another  
set of printed coils at room temperature that are wrapped around the 
magnet  cylinder. The weak magnetic fields produced by these coils can be 
adjusted to simplify any errors in the static field, a process known as shim- 
ming. The shim assembly contains many different coils, which have their 
respective fields aligned with the x-, y-, and z-axes. The NMR probe lies in 
between the shim assembly, with the sample tube being located in the 

Spectrometer Directional 
Coupler 

Figure 1.9 

(vswR) 
Meter 

Use of a directional coupler for probe tuning. 
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center  of the z-gradient coil. The static field in superconduct ing magnets 
lies along the z-axis (in an iron magnet  it is aligned horizontally). The 
proper  adjustment of the vertical z- and z2-gradients is most important,  
particularly since most of the field inhomogeneit ies  along the x- and y- 
axes are eliminated by the rapid spinning of the sample tube along the z- 
axis. It is therefore necessary to correct the x- and y-gradients only to the 
third order  (x, x z, x 3, y, y2, y3), while the z-gradients need to be corrected 
to the fourth or fifth order, particularly on high-field instruments. 

Since it is the z- and zZ-gradients that have to be adjusted most fre- 
quently, the operator  has to become proficient in the rapid and opt imum 
adjustment of these gradients each time the sample is changed. The adjust- 
ments afford maximum lock levels, which in turn lead to higher resolution 
and improved line shape. The intensity of the lock signal (Section 1.2.5) 
displayed on the lock-level meter  or on some other  gradient  device indicates 
the field homogeneity,  and it is therefore used to moni tor  the shimming 
process. 

One feature of the shimming process is the interdependabil i ty of the 
gradients; i.e., changing one set of gradients alters others, so that an already 
optimized gradient will need to be readjusted if other  gradients have been 
subsequently altered. Good shimming therefore requires patience and per- 
severance, since there are several gradients to be adjusted and they affect 
each other. 

However, shimming of the various gradients is not done randomly, 
since certain gradients affect others more or others less. The NMR operator  
soon recognizes these pairs or small groups of in te rdependent  gradients 
that need to be adjusted together. The adjustment of x- and y-gradients 
corresponds to first-order shimming, changes in xy-, xz-, yz-, and x2-y 2- 
gradients represents second-order shimming, while optimization of xz ~- 
and yzZ-gradients is called third-order shimming. It is normally not necessary 
to alter the xy-, xz-, yz-, xy-, or xZ-yZ-gradients. 

Adjustment of the z-gradients affects the line widths, with changes 
in z-, z ~-, and z~'-gradients altering the symmetrical line broadening and 
adjustments of z ~- and za-gradients causing unsymmetrical line broadening. 
Changes in the lower-order gradients, e.g., z or z 2, cause more significant 
effects than changes in the higher-order  gradients (z ~, z 4, and z~). The 
height and shape of the spinning side bands is affected by changing the 
horizontal x- and y-gradients, adjustments to these gradients normally being 
carried out without spinning the sample tube, since field inhomogeneity 
effects in the horizontal (xy) plane are suppressed by spinning the sample 
tube. A recommended  stepwise procedure for shimming is as follows: 

1. First optimize the z-gradient to maximum lock level. Note the maximum 
value obtained. 
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2. Then adjust the z2-gradient, and note carefully the direction in which 
the z2-gradient is changed. 

3. Again adjust the z-gradient for maximum lock level. 
4. Check if the strength of the lock level obtained is greater than that 

obtained in step 1. If not, then readjust z 2, changing the setting in a 
direction opposite to that in step 2. 

5. Readjust the z-gradient for maximum lock level, and check if the lock 
level obtained is greater then that in steps 1 and 3. 

6. Repeat t he  preceding adjustments till an opt imum setting of z/z  ~- 
gradients is achieved, adjusting the z2-gradient in small steps in the 
direction so that maximum lock level is obtained after subsequent adjust- 
ment  of the z-gradient. 

7. If x 2-, y2_, o r  z2-gradients require adjustment, then follow this by readjust- 
ment  of the x- and y-gradients, making groups of three (x  2, x, y; y2, X, 
y; z 2, x, y). 

8. If a shim containing a z-gradient is adjusted (e.g., xz, yz, xz2), then it 
should be followed by readjustment of the z-gradient. 

The main shim interactions are presented in Table 1.3. Note that since 
adjustments are made for maximum lock signal corresponding to the area 
of the single solvent line in the deuterium spectrum, a high lock signal 
will correspond to a high intensity of the NMR lines but will not represent  
improvement in the line shape. The duration and shape of the FID is a 
better indication of the line shape. Shimming should therefore create 
an exponential decay of the FID over a long time to produce correct 
line shapes. 

The duration for which an FID is acquired also controls the resolution 
obtainable in the spectrum. Suppose we have two signals, 500.0 Hz and 
500.2 Hz away from the tetramethylsilane (TMS) signal. To observe these 
two signals separately, we must be able to see the 0.2-Hz difference between 
them. This would be possible only if these FID oscillations were collected 
long enough that this difference became apparent. If the FID was collected 
for only a second, then 500 oscillations would be observed in this time, 
which would not allow a 0.2-Hz difference to be seen. To obtain a resolu- 
tion of signals separated by n Hz, we therefore need to collect data for 
0 .6 /n  s. Bear in mind, however, that if the intrinsic nature of the nuclei is 
such that the signal decays rapidly, i.e. if a particular nucleus has a short 
T2*, then the signals will be broad irrespective of the duration for which 
the data is collected. As already stated, FIDs that decay over a long time 
produce sharp lines, whereas fast-decaying FIDs yield broad lines. Thus, 
to obtain sharp lines, we should optimize the shimming process so the 
signal decays slowly. 
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Tab le  1 .3  

Main Shimming Interactions 

Main interactions Subsidiary interactions 

m m 

Z2 Z 

x y z 
y x z 
XZ X g 

yz y z 

xy x,y m 
Z 3 Z Z 2 

Z 4 Z 2 Z ,Z  3 

z 5 z,z 3 z2z 4 

x2 - y 2 xy x, y 

xz 2 xz x,z  

yz 2 yz y,z 

zxy xy x, y ,z  
z ( ~ - y ~ )  x 2_y2 x, y,z  

x 3 x 
y3 y 

* Alteration in any gradient in the first column will affect the gradients in the second column 
markedly, while those in the third column will be affected less. 

FIDs have to be accumula ted  and  stored in the c o m p u t e r  memory,  of ten 
over long periods,  to obtain an acceptable  signal-to-noise ratio. Dur ing  this 
t ime there  may be small drifts in the magnet ic  field due  to a slight electrical 
resistance in the magne t  solenoid,  variations in r o o m  tempera tu re ,  and  
o the r  outside influences,  such as the presence  of  nearby metal  objects. It 
is therefore  desirable to lock the signal on to a s tandard  re fe rence  to 
compensa te  for these small changes.  

The  d e u t e r i u m  line of  the deu t e r a t ed  solvent is used for this purpose ,  
and,  as stated earlier, the intensity of  this lock signal is also employed  to 
mon i to r  the sh imming  process. The  deu t e r i um lock prevents  any change  
in the static field or  rad iof requency  by main ta in ing  a cons tan t  ratio between 
the two. This is achieved via a lock feedback loop (Fig. 1.10), which keeps 
a constant  f requency of  the d e u t e r i u m  signal. The  d e u t e r i u m  line has a 
d i spers ion-mode  shape; i .e.,  its ampl i tude  is zero at r e sonance  (at its center) ,  
but  it is positive and  negative on e i ther  side (Fig. 1.11). If the receiver 
re fe rence  phase is adjusted correctly, then  the signal will be exactly on 
resonance.  If, however,  the field drifts in e i ther  direct ion,  the de tec tor  will 
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Figure 1.10 (a) The dispersion mode line should have zero amplitude at resonance. 
(b) The deuterium lock keeps a constant ratio between the static magnetic field 
and the radiofrequency. This is achieved by a lock feedback loop, which keeps the 
frequency of the deuterium signal of the solvent unchanged throughout the exper- 
iment. 

exper ience  a positive or negative signal (Fig. 1.12), which will be fed to a 
coil lying coaxially with the main m a g n e t  solenoid.  The  coil will gene ra t e  
a field that  will be added  or subtracted f rom the main field to compensa t e  
for the effect of  the field drift. The  d e u t e r i u m  lock therefore  comprises  a 
simple deu t e r ium spec t romete r  opera t ing  in parallel to the nucleus  be ing  
observed (Fig. 1.10b). 

J 

Figure 1.II The dispersion-mode line shape showing the zero amplitude at the 
center of the peak but nonzero amplitude on each side. 
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a 

Misadjus ted  

__.. Misadjus ted  

20 

Figure 1.12 (a and c). The reference phase of the receiver is not correctly adjusted. 
(b) Zero amplitude is achieved by accurate receiver reference phase setting. 

§ P R O B L E M  1 . 1  1 

How would you expect the NMR spectrum to be affected if the instru- 
ment is poorly shimmed? 

§ 

1.2.5 Deuterium Lock 

Two other  parameters that need to be considered in the operation of 
the lock channel, besides adjusting the receiver reference phase as just 
described, are (1) Rf power and (2) the gain of the lock signal. If too much 
Rf power is applied to the deuterium nuclei, a state of saturation will result, 
since they will not be able to dissipate the energy as quickly via relaxation 
processes, producing line broadening and variation of the signal amplitude. 
It is desirable to achieve the highest transmitter power level that is just 
below the saturation limit to obtain a good lock signal amplitude. The gain 
of the lock signal should also be optimized, since too high a lock gain will 
result in overamplification of the lock signal, thereby causing excessive 
noise. 

§ P R O B L E M  1 . 1  2 

What physical changes would you expect in the shape of the NMR 
signal if the deuterium lock is not applied during data acquisition? 

§ 

1.3 C R E A T I N G  N M R  S I G N A L S  

As stated earlier, when placed in a magnetic field, the hydrogen nuclei 
adopt one of two different orientations, aligned either with or against the 
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Bo 

Bo 

Figure 1.13 (a) Bulk magnetization vector, M ~ at thermal equilibrium. (b) Mag- 
netization vector after the application of a radiofrequency pulse. 

applied magnetic field B0. There is slight excess of nuclei in the lower 
energy (cz) orientation, in which the nuclei are aligned with the external  
field, and there is a bulk magnetization M ~ corresponding to this difference 
that points in the direction of the applied field (z-axis, by convention) and 
that represents the sum of the magnetizations of the individual spins. 
As long as the bulk magnetization remains aligned along the z-axis, the 
precessional motion of the nuclei, though present, will not become appar- 
ent. This is the situation prevailing at the thermal equilibrium. 

The NMR exper iment  is aimed at unveiling and measuring this preces- 
sional motion of the nuclei. One way to do this is to displace the magnetiza- 
tion from its position along the z-axis by application of a radiofrequency 
pulse. Once the magnetization M is displaced from its position along the 
z-axis, it experiences a force due to the applied magnetic field Bo, causing 
it to "precess" about the z-axis at a frequency of 2,/3o radians per second 
(or yBo/2rr Hz) (Fig. 1.13), a motion called Larmor precession. The object 
of the NMR exper iment  is to measure this motion. When the magnetizat ion 
M is bent  away from the z-axis, it will have a certain componen t  in the xy- 
plane; it is this componen t  that is measured as the NMR signal. 

P R O B L E M  1 . 1 3  

Deuter ium ('2H) is the most common  lock signal. ~H, 7Li, and ~9F have 
also been employed for this purpose. Can we use a nucleus as lock 
signal while recording a spectrum of the same nuclei? 

For a transition to occur from the lower energy state to the upper  
energy state, the precessing nuclei must  absorb radiofrequency energy. 
This can happen only if the radiofrequency of the energy being emit ted 
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from the oscillator matches exactly the precessional frequency of the nuclei. 
Here's  a simple analogy: Imagine that you are holding a sandwich (an 
"energy packet," if you like) in your right hand while you are constantly 
rotating your left hand at a particular angular velocity. To pass this sandwich 
from your right hand to your left without stopping the rotation of your 
left hand, your right hand must also rotate with exactly the same angular 
velocity. The transfer of the sandwich (energy) between the two hands can 
take place only if they rotate synchronously. Similarly, only when the oscillator 
frequency matches exactly the nuclear precessional frequency can the nuclei 
absorb energy and fl ipto the higher energy state. Via spin-spin or spin-lat- 
tice relaxations, they can then relax back to their lower energy state. The 
resulting change in the impedance of the magnet  coils during the relaxation 
process is recorded in the form of an NMR signal. 

The z-component of the magnetization (Mz) corresponds to the popula- 
tion difference between the lower and upper  energy states. Any change in 
this population dif ference--for  instance, by nuclear Overhauser enhance- 
mentmwill  result in a corresponding change in the magnitude of Mz, the 
NMR signal being strong when the magnitude of M~ is large. 

1.3.1 Effects of  Pulses 

A pulse is a burst of radiofrequency energy that may be applied by 
switching on the Rf transmitter. As long as the pulse is on, a constant force 
is exerted on the sample magnetization, causing it to precess about the 
Rf vector. 

The slight Boltzmann excess of nuclei aligned with the external mag- 
netic field corresponds to a net magnetization pointing towards the +z- 
axis. We can bend this magnetization in various directions by applying a 
pulse along one of the axes (e.g., along the +x-, -x- ,  +y-, or -y-axis). If 
a pulse is applied along the x-axis, a linear field is generated along the y- 
axis that is equivalent to two vectors rotating in opposite directions in the 
xy-plane. However, interaction with the precessing nuclear magnetization 
occurs only with the vector that rotates in the same direction and with 
exactly the same frequency. 

We can control the extent by which the +z-magnetization is bent by 
choosing the duration for which the pulse is applied. Thus the term "90 ~ 
pulse" actually refers to the time period for which the pulse has to be applied 
to bend the magnetization by 90 ~ If it takes, say, t/zs to bend a pulse by 
90 ~ , it would require half that time to bend the magnetization by 45 ~ , i.e., 
t/2/zs. A 180 ~ pulse, on the other hand, will require double that time, i.e., 
2t/.~s and cause the z-magnetization to become inverted so that it comes 
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to lie along the -z-axis (Fig. 1.14). There  will then be a Boltzmann excess 
of nuclei in the upper  energy state, and the spin system is said to possess 
a "negative spin tempera ture ."  A subscript such as x or y is usually placed 
after the pulse angle to designate the direction in which the pulse is applied. 
A "900'' pulse therefore refers to a pulse applied along the + x-axis that  
bends the nuclear magnetization by 90 ~ while a 40~ pulse is a pulse 
applied along the -y-axis (i.e., in the direction - y  to +y) for a durat ion just  
enough to bend the nuclear magnetization 40 ~ from its previous position. 

The durat ion for which the pulse is applied is inversely proport ional  
to the bandwidth; i.e., if we wish to stimulate nuclei in a large frequency 
range, then we must apply a pulse of a short duration. Nuclear excitation 
will o f  course only occur if the magni tude of the B1 field is large enough  
to produce the required tip angle. Typically, if the transmitter power is 
adjusted to 100 W on a high field instrument,  then a 90 ~ pulse width would 
have a durat ion of a few microseconds, and it would have a bandwidth of 
tens of kilohertz over which nuclei could be uniformly excited. A "soft" 
pulse is one that has low power or a long duration (milliseconds ra ther  
than microseconds),  and such pulses can be used to excite nuclei selectively 
in specific regions of the spectrum. 
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Figure 1.14 Effect of radiofrequency pulses of different durations on the position 
of the magnetization vector. 
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Figure 1.15 Time domain representation of a hard rectangular pulse and its fre- 
quency domain excitation function. The excitation profile of a hard pulse displays 
almost the same amplitude over the entire spectral range. 

II 
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selective excitation 
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Figure 1.16 Time domain representation and frequency excitation function of a 
soft pulse. The soft pulse selectively excites a narrow region of a spectral range and 
leads to a strong offset-dependent amplitude of the excitation function. 

Gaussian pulses are frequently applied as soft pulses in mode rn  1D, 
2D, and 3D NMR experiments .  The  power in such pulses is adjusted in 
milliwatts. " H a r d "  pulses, on the o ther  hand,  are short-durat ion pulses 
(durat ion in microseconds) ,  with their  power adjusted in the 1-100 W 
range. Figures 1.15 and 1.16 illustrate schematically the excitation profiles 
of hard  and soft pulses, respectively. Readers wishing to know more  about  
the use of shaped pulses for frequency-selective excitation in mode rn  NMR 
exper iments  are referred to an excellent  review on the subject (Kessler et 
al., 1991). 

§ P R O B L E M  1 . 1 4  

The bandwidth is inversely propor t ional  to the pulse duration.  Follow- 
ing is a compute r  simulation of a short  pulse (/eft) and its calculated 
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spectrum (right). Can you predict the shape of the pulse and its spec- 
trum if a long pulse were employed? 

The direction in which the nuclear magnetization is bent  by a particular 
pulse is controlled by the direction in which the pulse is applied. A pulse 
applied along a certain axis causes the magnetization to rotate about that axis in 
a plane defined by the other two axes. For instance, a pulse along the x-axis 
will rotate the magnetization around the x-axis in the yz-plane. Similarly a 
pulse along the y-axis will rotate the magnetization in the xz-plane. The  
final position of the magnetization will depend  on the time t~ for which 
the Rf pulse is applied (usually a few microseconds).  The angle (flip angle) 
by which the magnetization vector is bent  may be calculated as B = yBltp, 
where B~ is the applied field and tp is the durat ion of the pulse. Since the 
spectrometers are normally set up to detect the component  lying along 
the y-axis, only this component  of the total magnetization will be recorded 
as signals. The pulse, therefore, serves to convert longitudinal magnetiza- 
tion, or z-magnetization, to transverse, or detectable, magnetization along 
the y-axis. The magnitude of the magnetization component  along the y- 
axis is given by B0 sin 0, where 0 is the angle by which the magnetization 
is bent  away from the z-axis (Fig. 1.17). 

The direction in which the magnetization is bent  by a particular pulse 
may be predicted by a simple "r ight-hand thumb"  rule: If the thumb of 
your right hand represents the direction along which a pulse is applied, 
then the partly bent  fingers of that hand will show you the direction in which 
the magnetization will be bent. Let us consider three different situations and 
see if we can predict the direction of bending of the magnetization vector 
in each case. 

First let us imagine that the net magnetization lies along the +z-axis 
and that we apply a 90~ pulse. If you point your r ight-hand thumb along 
the direction +x  to -x ,  then the bent  fingers of that hand indicate that 
the magnetization will be bent  away from the z-axis and toward the +y- 
axis, adopting the position shown in Fig. 1.18. If we continue to apply this 
pulse for a second, identical time durat ion-- i .e . ,  if we apply a second 90 ~ 
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Figure 1.17 A cross-sectional view of the y'z-plane (longitudinal plane) after applica- 
tion of pulse B~ along the x'-axis (perpendicular to this plane). The pulse B~ applied 
along the x'-axis causes the equilibrium magnetization M0 to bend by an angle 0. 
The magnitude of the component  My along the y'-axis is M0 sin 0. 

pulse immedia te ly  af ter  the  first 90 ~ pulse ( the  two pulses actually const i tut-  
ing a 180 ~ p u l s e ) m t h e n  the magne t i za t i on  vec tor  tha t  has c o m e  to lie 
a long  the +y-axis will be b e n t  f u r t h e r  by a n o t h e r  90 ~ so it comes  to lie 

D i r e c t i o n  
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Figure 1.18 Effect of applying a 90 ~ pulse on the equilibrium magnetization M~. 
Continuous application of a pulse along the x'-axis will cause the magnetization 
vector (M~) to rotate in the y'z-plane. If the thumb of the right hand points in the 
direction of the applied pulse, then the partly bent fingers of the right hand point 
in the direction in which the magnetization vector will be bent. 
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Figure 1.19 Applying a 902x pulse will bend the magnetization vector lying along 
the -y'-axis to the -z-axis, while continued application of the pulse along the x'- 
axis will cause the magnetization to rotate in y'z-plane. 

along the -z-axis. Continuous application of this pulse effectively rotates 
this vector continuously around the x-axis in the y'z-plane. 

Now assume the vector lies along the -y-axis and a 90_~ pulse is applied 
(i.e., a pulse in the - x  to +x  direction along the x-axis). This pulse will 
now cause the magnetization vector to bend from the -y-axis to the z-axis 
(Fig. 1.19). Applying another  90_~ pulse without any intervening delay will 
rotate the magnetization vector by a further 90 ~ so it comes to lie along 
the +y-axis. Continuous application of this pulse will cause the magnetiza- 
tion vector to rotate around the x-axis in the y'z-plane. 

Finally, let us assume that the magnetization vector lies along the x- 
axis and that the magnetization pulse is also applied along the x-axis (i.e., 
in the +x  to - x  direction, Fig. 1.20). There is now no magnetization 
component  to be bent in the yz-plane, since the entire magnetization 
component  lies along the x-axis. In other words, a pulse applied along a 
particular axis will have no effect on any magnetization component  vector 
lying along that axis. 

1.3.2 Rotating Frame of Reference 

As stated earlier, when placed in a magnetic field, the bulk magnetiza- 
tion of the nuclei will precess about the applied magnetic field with a 

Direction 
of pulse 

Z 

0 0 

+ X  + 

Figure 1.20 Applying a pulse along the x'-axis will not change the position of the 
magnetization vector lying along that axis. 
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f requency yB0. If this precessing magnet iza t ion is exposed to a second 
magnet ic  field B1 p roduced  by an oscillator perpendicu la r  to B0, then this 
causes it to tilt away from the z-axis and to exhibit  an addit ional  precessional 
mot ion  around the applied Rf field at an angular  f requency yBI. This simulta- 
neous precession about  two axes (B0 and B1) makes it quite difficult to 
visualize the movemen t  of the magnet izat ion.  To simplify the picture,  we 
can eliminate the effects of the precession about  B0 by assuming that  the 
plane defined by the x- and y-axes is itself rotat ing about  the z-axis at a 
f requency yB0. 

P R O B L E M  1 . 1 5  

Based on the r ight -hand thumb rule described in the text, and assuming 
that only an equi l ibr ium magnet izat ion directed along the z-axis exists, 
draw the positions of the magnet izat ion vectors after the applicat ion of: 

(a) a 90 ~ pulse 
(b) a 180 ~ pulse 
(c) a 902y pulse 
(d) a 90y pulse and then a 90 ~ pulse. 

§ 

§ P R O B L E M  1 . 1 6  

Describe what is mean t  by " h a r d "  and "sof t"  pulses. 

To unders tand  this simplification, imagine a man sitting on a merry- 
go- round  with a large placard on which several sentences are written. As 
long as the merry-go-round is rotat ing rapidly, a stationary observer may 
not  be able to read the words on the placard as it whirls round.  However, 
if the observer were to j u m p  onto the merry-go-round,  then the apparen t  
circular mot ion of the man with the placard would disappear  to the observer 
since the two would now have the same angular  velocity, and the words on 
the placard would be readable. 

Another  analogy is that of communica t ion  satellites in geostat ionary 
orbits. Imagine a satellite in the sky directly above us that is moving with 
an angular  velocity that matches exactly the rotation of the Earth. From 
our  rotating frame of reference,  the satellite will appear  stationary to us, 
a l though it will be rotat ing with a much  higher  angular  velocity than our  
own rotation on the Earth, since it will be in a larger orbit. If we could 
somehow change the angular  velocity of the satellite, say, by firing its rockets 
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so it starts to travel faster, then it would appear  to move slowly away from 
us; if it were made to travel more slowly, then it would appear  to move 
away from us, in the opposite direction. Only the relative motion between 
us and the satellite would be visible in such a rotating frame of reference. 

Considering the motions of nuclear magnetization in a "rota t ing 
f rame"  greatly simplifies their description. By rotating the plane defined 
by the xy-axes at the frequency B0, we have effectively switched off the 
precession due to B0, so that in the rotating frame only the precession due 
to the field B1 of the oscillator will be evident. If the field B1 is applied 
along the x-axis, it causes the bulk magnetization that was originally lying 
along the z-axis to precess about the x-axis (i.e., about  B~) in the yz-plane. 
A zr/2 (90 ~ pulse along the x-axis would bend the magnetization from the 
z-axis to the y-axis. Let us assume that the plane defined by the x- and y- 
axes is rotating at a frequency exactly equal to the Larmor  frequency of 
the methyl protons of TMS. When a 90 ~ pulse is applied along the x-axis, 
the magnetization vector (M) of the TMS protons will flip away from the 
z-axis by 90 ~ and come to rest along the y-axis. Since the y-axis and the 
magnetization vector M are now rotating with identical frequencies, the 
vector M will appear  static along the y-axis in this "rota t ing frame."  

Now let us consider a second case, in which we record the NMR spec- 
t rum of TMS in CHCI~ and the xy-plane is again assumed to be rotating 
at the precession frequency of the TMS methyl protons. Application of a 
90 ~ pulse would superimpose both vectors (the one for the TMS methyl 
protons as well as the one for the CHCI~ methine  proton) on the y-axis. 
Because the TMS vector is rotating with the same frequency as the y-axis, 
the movement  of the TMS vector becomes concealed in this rotating frame 
of reference, and it appears static along the y-axis. The frequency of preces- 
sion of the CHC13 methine  proton is, however, somewhat greater than that 
of the TMS vector, so in the time interval immediately after the pulse, it 
appears to move away clockwise with a differential angular velocity (Fig. 
1.21). Similarly, if there are protons in a compound  that resonate upfield 
from TMS (such as those in an organometallic substance), then after the 
90 ~ pulse their respective magnetization vectors would move away from 
TMS in the opposite (counter-clockwise) direction in the delay immediately 
after the 90 ~ pulse. By convention, the x- and y-axes in the rotating frame 
of reference are differentiated by adding primes: x' and y'. 

After the 90 ~ pulse is applied, all the magnetization vectors for the 
different types of protons in a molecule will initially come to lie together 
along the y'-axis. But during the subsequent time interval, the vectors will 
separate and move away from the y'-axis according to their respective 
precessional frequencies. This movement  now appears much slower than 
that apparent  in the laboratory frame since only the difference between the 
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Figure 1.21 (a) Position of the magnetization vector at thermal equilibrium. (b) 
After the 90 ~ pulse, the magnetization vector M~ will come to lie along the y'-axis 
on the x'y'-plane. (c) During the subsequent delay, the sample magnetization vector 
will move away from the TMS vector due to its (generally) higher precessional 
frequency on account of its chemical shift. Since the x'y'-plane is itself precessing 
at the precessional frequency of the TMS vector, the TMS vector appears to be 
stationary along the y'-axis in this rotating frame. 

reference frequency of the rotat ing frame and the precessional f requencies  
of the nuclei is observable in the rotat ing frame. If we consider  the relative 
movemen t  of two different vectors in the x'y '-plane, the angle between the 
faster vector and the slower vector will grow with t ime till it reaches 180 ~ 
then start decreasing, the two vectors thus repetitively coming in phase 
and then out  of phase. The  faster-moving vector corresponds  to a downfield 
proton,  while the slower-moving vector corresponds  to an upfield proton.  
Chemical shifts can therefore be considered in terms of differences between the angular 
velocities of the magnetization vectors of the nuclei as compared to the angular 
velocity of the TMS vector. 

1.3.3 Free Induction Decay 

As long as the bulk magnet izat ion lies along the z-axis, there  is no 
signal. Once  a pulse is applied along the x'-axis, the magnet izat ion M is 
bent  away from the z-axis and a c o m p o n e n t  is genera ted  along the y'-axis. 
Since a pulse (a " h a r d "  one) produces  a wide band  of frequencies  with 
about  the same ampli tude,  all the nuclei lying within the entire chemical  
shift range are simultaneously t ipped by the same angle. If a 90 ~ pulse is 
applied, then the total magnet izat ion M0 will " f l ip"  to the y'-axis; but  if a 
pulse of a smaller pulse angle 0 is applied,  then the c o m p o n e n t  al igned 
along the y'-axis will be correspondingly smaller (M0 sin 0). 

. P R O B L E M  1 . 1  7 

Following is a pictorial vector representa t ion  of a doublet .  It shows the 
evolution of the componen t s  of a signal. Draw vector positions in the 
fourth and fifth frames, along with their  directions of rotation. 
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The effect of pulses on magnetization vectors is much easier to under- 
stand in the rotating frame than in the fixed frame. How do we arrive 
at the chemical-shift frequencies in the rotating flame? 

Since the detector is conventionally regarded as being set up to detect 
signals along the y'-axis, the signal intensity will be at a maximum immedi- 
ately after the 90 ~ pulse. During the subsequent delay, the magnetization 
vector will precess away from the y'-axis and toward the x'-axis, and the 
signal will decay to a zero value when it reaches the x'-axis. As it moves 
further toward the -y'-axis, a negative signal appears that will reach its 
maximum negative amplitude when the vector points directly toward the 
-y'-axis. As the vector then moves toward the - x '  axis, the negative signal 
amplitude will again proceed to become zero and then grow to a maximum 
positive amplitude as it completes one full circle and reaches the y'-axis. 
A sinusoidal variation of signal amplitude will thus occur. The relationship 
of the magnetization vector's position with the signal amplitude and signal 
phase is shown in Fig. 1.22. 

The transverse magnetization and the applied radiofrequency field will 
therefore periodically come in phase with one another,  and then go out 
of phase. This causes a continuous variation of the magnetic field, which 
induces an alternating current in the receiver. Furthermore,  the intensity 
of the signals does not remain constant but diminishes due to 7'1 and T2 
relaxation effects. The detector therefore records both the exponential 
decay of the signal with time and the interference effects as the magnetiza- 
tion vectors and the applied radiofrequency alternately dephase and re- 
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Figure 1.22 Relationship of (a) the magnetization vector's position with (b) the 
signal time-domain NMR signal and (c) the frequency-domain NMR signal. 

phase in the form of a decaying beat pat tern,  the pulse interferogram or the 
free induction decay (indicating that it is free of the influence of the Rf field, 
that it is induced in the coils, and that it decays to a zero value). 

§ P R O B L E M  1 . 1  9 

Why in a decaying signal (FID) does the ampl i tude decay asymptotically 
toward zero while the precessional f requency remains  unchanged?  

§ 

§ P R O B L E M  1 . 2 0  

In practice we sample the FID for a dura t ion  of about  2 -3  seconds till 
most of  it has been recorded.  This means  that a small port ion of the 
" tai l"  of the FID will not  be recorded.  What  effect would you expect  
this to have on the quality of the spectrum? 

1.3.4 Fourier Transformation 

The data on mode rn  NMR spectrometers  are obtained in the time 
domain  (FIDs); i.e., they are collected and stored in the compute r  memory  
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as a function of time. However, in order  for such data to be used, they 
must be converted into the frequency domain, since the NMR spectrum 
required for interpretation must show characteristic line resonances at 
specific frequencies. The conversion of the data from the time domain to 
the frequency domain is achieved by Fourier transformation, a mathematical 
process that relates the t ime-domain data fit) to the frequency-domain 
data f(w) by the Cooley-Tukey algorithm: 

+t  

f(w) = ~ f ( t )  exp {iwt} dt. (5) 

Apparently, the t ime-domain and frequency-domain signals are inter- 
linked with one another,  and the shape of the t ime-domain decaying expo- 
nential will determine the shape of the peaks obtained in the frequency 
domain after Fourier transformation. A decaying exponential  will produce 
a Lorentzian line at zero frequency after Fourier transformation, while an 
exponentially decaying cosinusoid will yield a Lorentzian line that is offset 
from zero by an amount  equal to the frequency of oscillation of the cosinu- 
soid (Fig. 1.23). 

Fourier transformation of Rf pulses (which are in the time domain) 
produces frequency-domain components.  If the pulse is long, then the 
Fourier components  will appear over a narrow frequency range (Fig. 1.24); 
but if the pulse is narrow, the Fourier components  will be spread over a 
wide range (Fig. 1.25). The time-domain signals and the corresponding 
frequency-domain partners constitute Fourier pairs. 

Protons in different environments in a molecule will normally exhibit 
different chemical shifts (i.e., they will resonate at different frequencies) 
and different multiplicities (i.e., the individual components  of each multi- 
plet will resonate at their characteristic frequencies). Each of the individual 
components  will contribute its decaying beat pattern to the FID, which will 
therefore represent a summation of the various decaying beat patterns. 
Fourier transformation produces the NMR spectrum, in which the positions 
at which the individual signals appear will depend on the precessional 
frequencies of the respective nuclei, while the signal widths will depend on 
the life span of the decaying transverse magnetization. If the transverse 
magnetizat ion decays slowly (i.e., if there is a long FID due to a long 
effective transverse relaxation time, T2,) then a sharp signal will be observed; 
but if there is a short FID, then a broad signal results (Fig. 1.26). If a 
molecule contains only one type of proton, then only a single peak will be 
observed after Fourier transformation. Such a simple FID will have only 
one decaying sinusoidal pattern. However, in a molecule containing several 
different types of nuclei, the FID obtained will be more complex, since 
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it will be a summation of the various individual decaying beat patterns 
(Fig. 1.27). 

§ P R O B L E M  1 . 2 1  

Why is Fourier transformation essential in pulse NMR spectroscopy? 
§ 

1.3.5 Data Acquisition and Storage 

Although the idea of two-dimensional NMR was introduced by Jeener  
as far back as 1971 (Jeener, 1971), it was largely the limitations in the data 
systems available at the time that prevented the experiments from becoming 
popular in the early 1970s (the data systems typically needed 8K words of 
core memory).  Only in the early 1980s did sufficiently large data systems 
become available that were capable of handling the large amounts of data 
required in 2D NMR experiments, and the NMR spectrometers began to 
be fitted with sophisticated pulse programmers  that made it possible to 
operate multipulse sequences in a highly flexible manner.  This was accom- 
panied by the development of both reliable 160-MB or larger sealed Win- 
chester disk drives for storing all the data generated in 2D NMR experiments 
and array processors for fast Fourier transformations. Thus, a 512 x 512- 
word data matrix that required several hours for transformation on the 
instruments available in 1970s can now be processed in seconds! 

The free induction decay obtained in the NMR experiment  takes the 
form of high-frequency electrical oscillations. These must be converted 
into numerical form before being stored in computer  memory. The elec- 
trical input is converted into binary output, representing the magnitude 
of the electrical voltage, by an analog-to-digital converter (ADC). To sim- 
plify calculations, the reference frequency is subtracted from the observed 
frequency before the data are processed mathematically. For instance, 
on a 300-MHz (i.e., 300,000,000-Hz) instrument, the protons would nor- 
mally resonate in the region between 0 and 12 ppm (0-3600 Hz), so the 
frequencies to be processed would be between 300,000,000 Hz and 

Figure 1.23 (a) The Fourier transform of an exponentially decaying FID yields a 
Lorentzian line at zero. (b) The FT of an exponentially decaying consinusoid FID 
gives a Lorentzian line offset from zero frequency. The offset from zero is equal 
to the frequency of oscillation of the consinusoid. (Reprinted from S. W. Homans, 
A dictionary of concepts in NMR, copyright �9 1990, p. 127-129, by permission of 
Oxford University Press, Walton Street, Oxford OX2 6DP, U.K.) 
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Figure 1.24 Fourier components of a long Rf pulse ("soft" pulse) are spread over 
a relatively narrow frequency range. (Reprinted from S. W. Homans, A dictionary 
of concepts in NMR, copyright �9 1990, pp. 127-129, by permission of Oxford Univer- 
sity Press, Walton Street, Oxford OX2 6DP, U.K.) 

300,003,600 Hz. Since it is only the difference between these two frequencies 
that concerns us, and since the use of such large frequencies would unneces- 
sarily occupy compute r  memory,  it is convenient  first to subtract the refer- 
ence frequency (300,000,000 Hz in this case) from the observed frequency, 
and to store the remainder  (0-3600 Hz) in compute r  memory.  

After each pulse, the digitizer (ADC) converts the FID into digital form 
and stores it in the compute r  memory.  Ideally, we should keep sampling 
i.e., acquiring data till each FID has decayed to zero. This would require  
about  5 T1 seconds, where Tl is the spin-lattice relaxation time of the slowest- 
relaxing protons. Since this may often take minutes, it is more  convenient  
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Figure 1.25 A short ("hard") Rf pulse has Fourier components spread over a 
relatively wide frequency range. (Reprinted from S. W. Homans, A dictionary of 
concepts in NMR, copyright �9 1990, pp. 127-129, by permission of Oxford University 
Press, Walton Street, Oxford OX2 6DP, U.K.) 

to sample each FID for only a few seconds. This means  that  the data ob ta ined  
are f rom the larger-volume " h e a d "  of  the FID, while a small por t ion  of  its 
" tai l"  is cut  off. Since most  of  the requ i red  in format ion  is p resen t  in the 
" h e a d "  of  the FID, we can thus avoid the time-wasting process of  waiting for 
the " tai l"  to d isappear  before  recollect ing data f rom a new FID. 

The  next  issue to consider  is the rate at which the FIDs must  be sampled.  
To draw a curve unambiguously ,  we need  to have many data points  per  
cycle. This becomes  clear if we consider  two different  situations: In the 
first case, the signal is oscillating much  faster than the rate at which the 
data are be ing  collected; in the second case, the data are be ing  collected 
faster than the rate of  signal oscillation. Clearly, it is in the second case 
that  we will obtain several data points  per  cycle, allowing a p r o p e r  sinusoidal 
wave shape to be drawn. In the first case, the data col lected will no t  corre- 
spond  to any part icular  wave shape, and  many dif ferent  curves may be 
drawn th rough  the data points. 
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Figure 1.26 Free induction decay and corresponding frequency-domain signals 
after Fourier transformations. (a) Short-duration FIDs result in broader peaks in 
the frequency domain. (b) Long-duration FIDs yield sharp signals in the fre- 
quency domain. 

To represent  a f requency with accuracy, we must  have at least two data 
points per cycle, so that a unique  wave can be drawn that  would pass 
th rough both data points. Thus, in Fig. 1.28a, only one data point  has 
been registered per  cycle, and the result ing ambiguity is apparent ,  since 
many curves can be drawn through these points. In Fig. 1.28b, however, 
two data points have been registered per  cycle, so only one curve can be 
drawn through them. This causes a problem: On a 500-MHz ins t rument ,  
the signal will have to be sampled at twice its oscillator f requency i.e., at 
1000 MHz. In o ther  words, we will need  to collect one data point  every 
1/(106 x 10 "~) s, i.e., every 1 ns, for a second or longer. 

Collecting such a large a m o u n t  of data would require  highly sophisti- 
cated and expensive ins t rumenta t ion  and is unnecessary, since we are really 
interested in the signals appear ing  in a ra ther  narrow frequency range. 
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Figure 1.27 FIDs and Fourier-transformed frequency spectra. (a) Single-proton 
system displaying only one decaying sinusoidal pattern. (b) Several different types 
of nuclei in a complex molecule yield a more complex FID pattern. 
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Figure 1.28 (a) If fewer than two data points are sampled per cycle, then more 
than one curve can be drawn through the points. This will result in an ambiguous 
wave shape. (b) Sampling of at least two data points per cycle removes the uncertainty 
and yields a particular wave shape. 

For instance, on a 500-MHz ins t rument ,  a 15-ppm range  would r ep resen t  
7500 Hz, and  because we are in teres ted only in the difference between the 
f requencies  at which the signals of  one  sample appear  and  the f requen-  
cies of  a re fe rence  standard,  such as TMS, the sampling can be carr ied 
out  at low f requencies  (which can be digitized easily) even t hough  detec- 
tion is be ing done  at much  h igher  f requencies  ( rad iof requency range) .  
In the earlier example ,  the m i n i m u m  n u m b e r  of  words of  data storage 
per  second requi red  to cover the ent i re  spectral width of  7500 Hz (0 -  
15 ppm)  would be 2 x 7500 = 15,000, and  the sampling rate would need  
to be 1 / 15,000 s (0.066 ms). 

The  f requency at which the signals must  be sampled is d e t e r m i n e d  by 
the m a x i m u m  separat ion between the signals in a spectrum,  i.e., by the 
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highest frequency to be characterized. If this is S Hz, then according to 
the Nyquist theorem, the signals will need to be sampled every 1/2S s. 
Moreover, to distinguish spectral features separated by A8 Hz, the sampling 
must be continued for 1/AS s. The total number  of points that are sampled, 
stored in computer  memory, and subjected to Fourier transformation is 
given by 2S/A8. In practice we actually set the dwell time between the data 
points on the computer  (which is equal to 1/2SW, where SW is the sweep 
width) and hence indirectly set the required sweep width. The design of 
the timers installed in NMR spectrometers does not allow them to be set 
at all possible time durations, so the computer  program will select the dwell 
time that is slightly shorter than the required dwell time, and the spectral 
window will therefore be slightly larger than the required window. 

P R O B L E M  1 . 2 2  

Why it is necessary to subtract the reference frequency from the ob- 
served frequency before data storage and processing? 

§ 

1.3.6 Digital Resolution 

Even when the NMR spectrometer has been adjusted for opt imum 
resolution, the spectrum may still have a poor  resolution if enough com- 
puter memory was not allocated for the purpose, i.e., it will have poor  
digital resolution. A large allocation of computer  memory (i.e., a greater 
number  of words of data storage) requires a corresponding increase in 
acquisition time. The maximum acquisition time, in seconds, required after 
each pulse is given by: 

No. of words of data storage 
2 x spectral width, in Hz 

(6) 

In the example given in the preceding section, the number  of words of 
data storage was 15,000 and the spectral width was 7500 Hz, so an acquisition 
time of 15,000/(2 • 7500) = 1.0 s was required after each pulse. 

The resolution is controlled not only by such factors as field homogene-  
ity and intrinsic nature of the compound  (such as the presence of exchange 
or restricted rotation), but also by the sampling rate. With a spectral width 
of 7500 Hz on a 500-MHz instrument, the sampling rate was 1/(2(7500))  s, 
i.e., 0.066 ms. An acquisition time of 1.0 s requires 1.0 s/0.066 ms --~ 15,000 
data points of computer  memory. 

Suppose this gave a digital resolution of 1.0 Hz when the desired 
resolution was 0.2 Hz. A fivefold increase in digital resolution would now 
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necessitate a corresponding fivefold increase in the number  of data points 
(i.e., 75,000 instead of 15,000) to improve the line resolution from 1.0 Hz 
to 0.2 Hz. Alternatively, we could maintain the same number  of data points 
(15,000) but use a five-times smaller spectral width, i.e., scan in a 3-ppm 
region rather than the original spectral width of 15-ppm, to improve digital 
resolution from 1.0 Hz to 0.2 Hz. As already indicated, there are other  
limiting factors that control the maximum achievable resolution, such as 
field inhomogeneity,  and increase in the sampling rate would only improve 
the resolution to a certain point. 

Apparently, the digital resolution (DR) depends on the amount  of 
computer  memory used in recording the spectrum. If the memory size is 
M, then there will be M / 2  real and M / 2  imaginary data points in the 
frequency spectrum, and the separation (in hertz) between these data 
points (DR) will be given by: 

2SW 
D R =  m '  (7) 

where SW represents the sweep width. In a spectrum recorded with 16K 
(214 = 16,384) data points, there will be 8K (8,192) real and 8K imaginary 
data points. For a spectral width of 6000 Hz (12 ppm on a 500-MHz instru- 
ment),  the digital resolution per point will be 6000/8192 = 0.73 Hz (i.e., 
the accuracy of measurement  will be _+0.73 Hz), so it will be impossible to 
differentiate between lines separated by less than 1.46 Hz. 

If we wish to measure at a higher digital resolution, then the same 
spectrum could be recorded at, say, 32K (16,384 real and 16,384 imagi- 
nary data points), giving a digital resolution of 6000/16,384 = 0.365 Hz. 
The same improvement  could be achieved by halving the spectral width to 
3000 Hz and measuring the spectrum at the same 16K digital resolution 
(3000/8192 = 0.365 Hz). Working at high digital resolutions increases the 
computing time, so spectra are normally not recorded beyond 32K or 64K. 
If increase in digital resolution does not improve resolution, then field 
homogeneity, instrumental factors, or the intrinsic nature of the compound  
may be the limiting considerations. 

We should decide in advance the digital resolution at which we wish 
to acquire a spectrum and then set the acquisition time accordingly. The 
acquisition time AT (that is, the product  of the number  of data points to 
be collected and the dwell time between the data points) is calculated as 
simply the reciprocal of the digital resolution: 

1 
AT = DR" (8) 
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§ P R O B L E M  1 . 2 3  

A poor digital resolution will result in loss of some of the fine structure 
of an NMR signal. To increase the digital resolution, we need either 
to maintain the same number  of data points but reduce the spectral 
width or, alternatively, to maintain the spectral width but increase the 
number  of data points. Which method would you prefer for achieving 
a better signal-to-noise ratio? 

Figure 1.29 shows the effect of digital resolution on the appearance of 
signals. It is important  to remember  that each data point in the FID contains 
information about every peak in the spectrum, so as more data points are 
accumulated, and the FIDs acquired for a longer period, a finer digital 
resolution is achieved. 

1.3. 7 Peak Folding 

If too small a spectral width is chosen, the signal lying outside the 
selected region will still appear in the spectrum, but at the wrong frequency. 
This is because the peaks lying outside the spectral width fold over and 
become superimposed on the spectrum (Fig. 1.30). The folded (or aliased) 
peaks can usually be recognized easily, since they show different phasing 
than the other peaks. To check if a peak is indeed a folded one, the spectral 
window may be shifted (say, by 500 Hz) to one side. All the "no rma l"  
peaks will then shift in the same direction by exactly this value, but the 
folded peaks will either shift in the wrong direction or will shift by the 
wrong value. 

If too large a spectral width is chosen to avoid the folding of speaks, 
much of the computer  memory will be wasted in storing noise data lying 
beyond the frequency range of the spectrum. The spectral width should 
therefore be chosen to be just wide enough to cover the region in which 
the signals are likely to appear. Even if the correct spectral width is chosen, 
the noise lying within the spectral region would still be digitized and pro- 
cessed. The magnitude of this problem can be reduced by filtering off the 
noise before digitization. Modern NMR spectrometers are fitted with filters 
that remove most of the noise, but they also somewhat reduce signal intensi- 
ties within the spectral range while cutting them off outside the spectral 
range. 

1.3.8 The Dynamic Range Problem 

The analog-to-digital converter receives the FID signals in the form of 
electrical voltages and converts them into binary numbers  proport ional  to 
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the voltages stored in computer  memory.  To a great extent, the digitizer 
resolution (which is different from the digital resolution discussed earlier) 
determines the efficiency of this process. The digitizer resolution is depen-  
dent  on the word length used in the ADC, i.e., the number  of bits (binary 
1 or 0) used to sample the electrical voltages. An 8-bit digitizer can process 
numbers  from 00000000 binary (which is 0 in decimal) to 11111111 (which 
is 255 in decimal, or 2 8 -  1). Thus, an 8-bit digitizer would accept the 
largest signal with an output  of 255 and the smallest signal with an ou tput  
of 1. The dynamic range of the 8-bit digitizer would then be described 
as 255: 1. 

The NMR signal should fit into the dynamic range properly; i.e., the 
gain of the inst rument  must  be adjusted correctly. If the gain is too high, 
then the largest signal will not fall within the dynamic range of the digitizer 
and an ADC overflow will result, causing baseline distortions. If, however, 
some of the signals are too small, then they will be below the detect ion 
limits of the digitizer and will not be observed. To cope with this problem,  
modern  NMR spectrometers are fitted with 12-bit digitizers with a dynamic 
range of 4095:1 or 16-bit digitizers with a dynamic range of 65,535: 1. 

§ P R O B L E M  1 . 2 4  

If the spectral width is inadequate to cover every peak in the spectrum, 
then some peaks in the downfield or upfield region may fold over and 
appear  superimposed on the spectrum. How can you identify these 
folded signals? 

The dynamic range problems become acute if we are trying to record 
a spectrum in which there is a large size difference between the largest 
and the smallest signals, such as in the spectra of proteins in the presence 
of a signal for the hydroxylic protons in monodeute ra ted  water (HOD),  
present as an impurity. Attempts to fit the large hydroxylic signal within 
the dynamic range may make the signals for the protein molecule fall below 
the digitizer detection limit. Careful adjustment  of the gain and special 
water-suppression pulse sequences may be used to solve this problem. 

Figure 1.29 The effect of increased digital resolution (DR) on the appearance of 
the NMR spectrum. (a) The spectrum of 0-dichlorobenzene recorded at a digital 
resolution of 0.1 Hz per point, allowing the spectral lines to be seen at their natural 
line width. (b) The spectrum of the same molecule recorded at a digital resolution 
of 0.4 Hz per point. 
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Figure 1.30 (a) Normal NMR spectrum resulting from the correct selection of 
spectral width. (b) When the spectral width is too small, the peaks lying outside 
the spectral width can fold over. Thus a' and b' represent artifact peaks caused by 
the fold-over of the a and b signals. 

One way to solve the dynamic range problem might be simply to adjust 
the gain in order  to bring the smaller signals within the dynamic range 
and allow the intense FID signals to overflow, i.e., cut off a part of the 
"head"  of the FID that contains the most intense signals. However, as 
stated earlier, each data point in the FID contains information about all 
parts of the spectrum. Cutting off the top and bottom sections of the 
"head"  of the FID will therefore reduce the signal-to-noise (S/N) ratio, 
distort the peaks (with negative peaks appearing on the sides of the signals), 
and give the appearance of new artifact peaks (Fig. 1.31). 

With larger-capacity digitizers, the digitization rate is slower and the 
spectral width is also reduced. Thus, a 12-bit digitizer operates at a maximum 
speed of 300 kHz, requiring 3 ms for each sampling to characterize a 
spectral range of 150 kHz, while a 16-bit digitizer would reduce the spectral 
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Figure 1.31 (a) When the entire FID falls within the dynamic range of the digitizer, 
a regular-shaped signal results. (b) Dynamic range overflow (nonrecording of the 
top and bottom of the head of the FID) reduces S/N ratio and distorts signal shapes. 

range to 50 kHz. In spite of the slower digitization rate, it is still preferable  
to use larger-capacity digitizers to detect  the smaller signals, which would 
otherwise be lost in the quantizat ion noise caused by digitization at smaller  
word lengths (Fig. 1.32). 

After digitization, the data have to be readded  in the compute r  memory .  
It is convenient  to have a larger-capacity compu te r  (24- or 32-bit) to avoid 
a memory  overflow that  would cause loss of informat ion and spectral distor- 
tions. The  software checks for such memory  overflow and automatical ly 
compensates  for such problems by reducing  the digitizer precision. Alterna- 
tively, we can collect the data at full digitizer resolution in blocks, and 
store them on disks. The  blocks of data are then subjected to Fourier  
t ransformation and the frequency spectra coadded.  Such a "block averag- 
ing" procedure  allows the larger signals to overflow the m e m o r y  limit 
without  causing spectral distortion. 

§ P R O B L E M  1 . 2 5  

The dynamic range of the digitizer is very important .  The  NMR signal 
should fit into the digitizer appropriately;  i.e., the gain must  be adjusted 
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Figure 1.32 Increase in sensitivity via increase in ADC resolution. (a) A tiny signal 
of impurity at 8 3.90 appears clearly with a 16-bit digitizer. (b) The signal at 8 3.90 
is smaller when a 12-bit digitizer is used. (c) The signal at 8 3.90 is hard to see 
when the spectrum is recorded with an 8-bit digitizer. 

properly.  What  will h a p p e n  if there  is a large solvent signal that  makes  

the gain too high? 
§ 

1.3.9 Quadrature  Detection 

So far we have b e e n  c o n c e r n e d  with a single de t ec to r  measu r ing  only 
the y - c o m p o n e n t  of  the magnet iza t ion .  In such a s ingle-detect ion system 
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we can measure only the frequency difference between the reference frequency 
and the frequency of the signal, but not  its sign; i.e., it is impossible to tell 
whether the signal frequency is greater or less than the reference frequency. 
If the Rf pulse is placed at one end of the spectrum, then all the signals 
will appear on one side of the pulse frequency while only noise will lie on 
the other side. Because the positive and negative frequencies cannot  be 
distinguished, this noise will fold over and come to lie on top of the 
spectrum, thereby decreasing the signal-to-noise ratio by a factor of X/'2, 
or 1.4. 

Clearly, this is not acceptable. In modern  NMR spectrometers, the 
irradiating frequency is therefore placed in the middle of the spectrum 
rather than at one end. To distinguish between the signals lying above and 
below the reference frequency, the so-called quadrature detection method  is 
employed. This involves detecting not only the magnetization componen t  
along the y-axis, but also those along the x-axis by employing two detectors 
to detect the signals from the same coil, with their reference phases differing 
by 90 ~ . This allows us to discriminate the sign of the detected frequencies. 
The x-magnetization Mx results in a signal of magnitude cos l~t in the x- 
channel, while the y-magnetization My creates a signal of magnitude sin l~t 
in the y-channel. 

Two different methods have been employed for quadrature detection. 
In the first method, the two signals along the x- and y-axes are collected 
simultaneously; in the other method, they are collected sequentially. This has 
implications in two-dimensional spectra in which the spectral widths may 
be defined differently in the two dimensions. The sequence of 90 ~ phase 
shifts used in the quadrature phase-cycling routine (also known as cyclops) 
results in the magnetization being successively generated along the y-, 
x-, -y-, and -x-axes, corresponding to the 0 ~ 90 ~ 180 ~ and 270 ~ phase 
shifts, respectively. The data from the four separate phase shifts are coadded 
in the computer.  

The underlying principle of this Redfield technique is illustrated in 
Fig. 1.33. Since the spectral width is now reduced, the noise lying outside 
the spectral region cannot fold back onto the spectrum, resulting in an 
improved signal-to-noise ratio (Fig. 1.34). For simplicity, we can assume 
that one of the two phase-sensitive detectors is set up correctly to detect 
the cosine (odd) component  of the magnetization while the other detects 
the sine (even) component  (actually each detector detects both compo- 
nents). The two signals, corresponding to the real and imaginary parts of 
a complex spectrum, are digitized separately and subjected to Fourier 
transformation so that one line in the frequency domain is reinforced while 
the other is cancelled (Fig. 1.35). This allows us to distinguish the signs of 
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Figure 1.33 The underlying principle of the Redfield technique. Complex Fourier 
transformation and single-channel detection gives spectrum (a), which contains 
both positive and negative frequencies. These are shown separately in (b), corre- 
sponding to the positive and negative single-quantum coherences. The overlap 
disappears when the receiver rotates at a frequency that corresponds to half the 
sweep width (SW) in the rotating frame, as shown in (c). After a real Fourier 
transformation (involving folding about n~ = 0), the spectrum (d) obtained contains 
only the positive frequencies. 

the signals, i.e., whether  they are lying at h igher  or lower frequencies than 
the reference frequency. 

Since quadra ture  detect ion involves the cancellat ion of an unwanted  
c o m p o n e n t  by adding two signals that  have been  processed through differ- 
ent  parts of the detect ion system, they will cancel out  completely only if 
their phases differ by precisely 90 ~ and if their  ampl i tudes  are exactly equal. 
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Figure 1.34 (a) Reduced S/N ratio resulting from noise folding. If the Rf carrier 
frequency is placed outside the spectral width, then the noise lying beyond the 
carrier frequency can fold over. (b) Better S/N ratio is achieved by quadrature 
detection. The Rf carrier frequency in quadrature detection is placed in the center 
of the spectrum. Due to the reduced spectral width, noise cannot fold back on to 
the spectrum. 

In practice this may not  be achieved perfectly, so weak quad images may be 
produced.  They can be readily recognized as they show different phases 
than the rest of the spectrum. 

Suppose we wish to collect signals in the range of 4000 Hz involving 
2000 time domain  points, with 1000 data points from each of the quadra ture  
signals. In the simultaneous data-collection mode,  the spectral window 
will be defined as 2000 Hz (i.e., +_2000 Hz) and the dwell time will be 
1/2(2000) = 0.25 ms (DW = x/2SW) and the acquisition time will be 1000 
data points • 0.25 m s / p o i n t  = 0.25 s. The digital resolution will be 4000/  
1000 = 4 Hz per point. If, however, we acquire the quadrature  signals 
alternately, the spectral window will be 4000 Hz and the dwell time will be 
1 / (2  • 4000) = 0.125 ms, the acquisition time will remain at 0.25 s (2000 
points • 0.125 ms), and the digital resolution will remain at 4 Hz per  point.  
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Figure 1.35 (a) Combination of odd and even components yields a spectrum with 
cancellation of signals through the addition of opposite-phased signals. (b) Sine 
waves are odd, and cosine waves are even. (Reprinted from E. Derome, Modern 
NMR techniques for chemistry research, copyright �9 1987, pp. 78-79, with permission 
from Pergamon Press I.td., Headington Hill Hall, Oxford OX30BW,  U.K.) 

1.3.10 Signal-to-Noise Rat io  

As stated earl ier ,  the spectral  width of  the f requenc ies  is d e t e r m i n e d  
by the rate  at which the data  are col lected;  so in o r d e r  to have a spectral  
width of  W Hz, the data  must  be sampled  at 2W Hz. In o the r  words, to 
collect  da ta  over wider  spectral  widths, we mus t  collect  data  m o r e  slowly. 
However,  because  the accuracy with which the f requenc ies  are m e a s u r e d  
d e p e n d s  on the l eng th  of  t ime spent  in col lect ing data  points  in each F1D, 
to obta in  a high resolu t ion  spec t rum we n e e d  to collect  data  points  for  a 
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greater length of time. Fourier transformation converts the FID, which is in 
the time domain,  to the spectrum, which is in the frequency domain,  2N 
data points in the time domain giving 2 u-1 points in the frequency domain.  

§ P R O B L E M  1 . 2 6  

A serious problem associated with quadrature  detection is that we rely 
on the cancellation of unwanted components  from two signals that  
have been detected through different parts of the hardware. This can- 
cellation works properly only if the signals from the two channels are 
exactly equal and their phases differ from each other  by exactly 90 ~ . 
Since this is practically impossible with absolute efficiency, some so- 
called " image peaks" occasionally appear  in the center of the spectrum. 
How can you differentiate between genuine  signals and image peaks 
that arise as artifacts of quadrature detection? 

§ 

However, many FIDs have to be recorded sequentially and the FIDs 
coadded in the memory before Fourier transformation is carried out  
to afford a spectrum with an acceptable signal-to-noise ratio. On the 
continuous-wave instruments, improvement  in the signal-to-noise ratio 
could be achieved by incorporating a computer  of averaged transients 
(CAT) and coadding successive scans. As we scan slowly from one end of 
the spectrum to the other, different nuclei come to resonance sequentially. 
However, since at any one time only nuclei in a specific region of the 
spectrum are being subjected to excitation while for the remainder  of the 
scan time only the baseline noise or other  spectral regions are being 
scanned, acquisition of spectra on continuous-wave instruments,  even if 
fitted with a CAT, involves the time-wasting process of scanning one region 
at a time. 

Fourier transform NMR spectroscopy overcame this problem because 
all the nuclei in the spectral range of interest are excited simultaneously 
by a short, sharp burst of radiofrequency energy (pulse). On the mode rn  
PFT instruments, the FIDs can therefore be obtained much more rapidly, 
with only a certain relaxation delay being inserted between successive scans. 
Since the sample signals appear  at exactly the same frequency while the 
noise signals vary in their positions, the noise tends to grow at a slower 
rate. If n scans are accumulated,  the signal will grow n times while the 
noise will grow by a factor of N/-nn, resulting in an improvement  of the 
signal-to-noise ratio by ~ n .  Thus, if a certain signal-to-noise ratio is achieved 
with 64 scans (N/'64 = 8), then to double this ratio we would need to 
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accumulate 256 scans (2%/-~ = 16), which would take four times longer 
than did accumulating the original 64 scans. Simply doubling the scan 
time, therefore, does not double the signal-to-noise ratio, a common mis- 
conception. With small sample quantities, a point is soon reached beyond 
which it is no longer feasible to devote more instrument  time to accumulate 
additional scans for improving the signal-to-noise ratio. It is also possible 
to obtain an improved signal-to-noise ratio by manipulating the spectrum 
through digital filtering and other apodization techniques that will be 
discussed later. 

The maximum signal intensity is obtained if the magnetization vectors 
point directly to the y'-axis, i.e., if a 90 ~ pulse is employed. However, the 
nuclei would require a certain time, depending on the relaxation rate R, 
to relax back to their equilibrium state before a new pulse is applied. If 
the pulses are applied too rapidly so the nuclei cannot  relax sufficiently, 
then a state of saturation would soon be reached and the signal will disap- 
pear. Moreover, if all the nuclei do not have the same relaxation rates (as 
is usually the case), and if the spectrum is recorded before they have 
relaxed to their respective equilibrium states, the signal intensities will not  
correspond with their respective integrations. If, however, we wait long 
enough between the pulses so the z-magnetization of all the nuclei is fully 
restored (normally, 5 T~ of the slowest-relaxing nuclei in the molecule), then 
so much time would be spent between successive scans that an insufficient 
number  of scans may be accumulated in a given time. A compromise 
between these two extremes is therefore desirable. It is more time-efficient 
to tip the nuclei by a smaller angle so they take less time to relax back to 
their respective equilibrium states, allowing the spectra to be recorded with 
smaller time delay intervals between successive scans. In general, the most 
efficient combination of pulse angle 0, delay interval t between successive 
pulses, and relaxation rate R is given by the equation 

cos 0 = exp ( -  tR). (8) 

The relaxation rates of the individual nuclei can be either measured 
or estimated by comparison with other related molecules. If a molecule 
has a very slow-relaxing proton, then it may be convenient not to adjust 
the delay time with reference to that proton and to tolerate the resulting 
inaccuracy in its intensity but adjust it according to the average relaxation 
rates of the other protons. In 2D spectra, where 90 ~ pulses are often used, 
the delay between pulses is typically adjusted to 3 T~ or 4 T~ (where T~ is the 
spin-lattice relaxation time) to ensure no residual transverse magnetization 
from the previous pulse that could yield artifact signals. In 1D proton NMR 
spectra, on the other hand, the tip angle 0 is usually kept at 30o-40 ~ 
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§ P R O B L E M  1 . 2 7  

What is signal-to-noise (S/N) ratio, and how can it be improved by 
acquiring a large number  of FIDs? 

§ 

1.3.11 Apodization 

Having recorded the FID, it is possible to treat it mathematically in 
many ways to make the information more useful by a process known as 
apodization (Ernst, 1966; Lindon and Ferrige, 1980 ). By choosing the right 
"window function" and multiplying the digitized FID by it, we can improve 
either the signal-to-noise ratio or the resolution. Some commonly used 
apodization functions are presented in Fig. 1.36. 

P R O B L E M  1 . 2 8  

The signal-to-noise ratio can be increased by treating the data so as to 
bias the spectrum in favor of the signals and against the noise. This 
can be done by multiplying the FIDs by the proper  apodization func- 
tions. What would happen if the spectrum is recorded without apodi- 
zation? 

§ P R O B L E M  1 . 2 9  

Apodization is likely to change the relative intensities of signals with 
different line widths. Can it also affect the chemical shifts of the signals? 

1.3.11.1 SENSITIVITY EN~CEMr~,q" 
To increase the signal-to-noise ratio, we need to multiply the FIDs by 

a window function that will reduce the noise and lead to a relative increase 
in signal strength. Since most of the signals lie in the "head"  of the FID 
while its "tail" contains relatively more noise, we multiply the FID by a 
mathematical function that will emphasize the "head"  of the FID and 
suppress its "tail." 

Most simply this can be done by multiplying each data point in the 
FID by an exponential decay term that starts at unity but decays to a 
negligible value at its end. Such an exponential multiplication (EM) is a 
simple and effective way to increase the signal-to-noise ratio at the expense 
of added line broadening (LB). The LB term in this function can be altered 
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Figure 1.36 Various selected apodization window functions: (a) an unweighted FID; 
(b) linear apodization; (c) increasing exponential multiplication; (d) trapezoidal 
multiplication; (e) decreasing exponential multiplication; (f) convolution differ- 
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by the operator,  the larger the value of LB, the more  rapid will the apodized 
FID decay, leading after Fourier transformation to some broadening of 
lines (i.e., reduction in resolution) but often to significant improvement  
in the signal-to-noise ratio. If the lines are already rather  broad, then LB 
should be chosen to correspond to the existing line widths; if the lines are 
narrow, then LB may be set to correspond to the digital resolution. If a 
negative LB value is chosen, then an opposite effect will be observed after 
Fourier transformation, and resolution will be improved; i.e., the lines will 
be sharper but there will also be more noise. Such a " resolut ion-enhanced"  
spectrum will have a lower signal-to-noise ratio. Figure 1.37 shows the 
effects of multiplying an FID when various LB values are included in the 
exponential  multiplication. 

1.3.11.2 RESOLUTION ENHANCEMENT 
The process of exponential  multiplication just  described produces a 

rapid decay of the FID and the product ion of broad lines; suppressing the 
decay of the FID gives narrow lines and better  resolution, with increased 
noise level. An alternative approach to resolution enhancemen t  is to reduce 
the intensity of the earlier part of the FID. Ideally, we should use a function 
that reduces the early part of the FID, to give sharper lines, as well as 
reduces the tail of the FID, to give a better signal-to-noise ratio. 

A simple way to do this is to multiply by a symmetrical shaping function, 
such as the sine-beU function (Marco and Wuethrich,  1976), which is zero 
in the beginning, rises to a maximum, and then falls to zero again, resem- 
bling a broad inverted cone (Fig. 1.36g). One problem with this function 
is that we cannot  control the point at which it is centered, and its use can 
lead to severe distortions in line shape. A modification of the function, the 
phase-shifted sine bell (Wagner et al., 1978) (Fig. 1.36h), allows us to adjust 
the position of the maximum. This leads to a lower reduction in the signal- 
to-noise ratio and improved line shapes in comparison to the sine-bell 
function. The sine-bell squared and the corresponding phase-shifted sine-beU 
squared functions have also been employed (see Section 3.2.2. also). 

Gaussian multiplication (Ernst, 1966; Marco and Wuethrich, 1976) has 
been used widely for resolution enhancemen t  without significant loss of 
sensitivity in 1D NMR spectra. There are two parameters  altered by the 

ence; (g) sine-bell; (h) shifted sine-bell; (i) LIRE; (j) Gaussian multiplication. 
(Reprinted from J. C. Lindon and A. G. Ferrige, Progress in NMR spectroscopy, copy- 
right �9 1980, pp. 27-66, with permission from Pergamon Press Ltd., Headington 
Hill Hall, Oxford OX30BW, U.K.) 
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Figure 1.37 The effect of line broadening (LB) multiplication on the appearance 
of ]H-NMR spectra. (a:LB = 10) and (b:LB = 5) ~H-NMR spectra recorded after 
multiplying the FIDs by positive LB values. (c:LB = 0). The same ~H-NMR spectrum 
recorded without line broadening. (d:LB = - 2 )  Sharper signals are obtained when 
the FID is multiplied by negative LB values. 
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operator: Lorentzian Broadening (LB) controls the line widths (negative 
values lead to sharper lines), and Gaussian Broadening (GB) determines 
the position of the maximum of the function. LB initially may be set at - 2  
or at 3DR (where DR is digital resolution), and GB should be located at 
the point where the FID begins to merge into the noise. Increasingly 
negative values of LB lead, up to a point, to sharper lines, but with corre- 
sponding decreases in the signal-to-noise ratio; smaller values of GB tend 
to prevent the lowering of the signal-to-noise ratio. 

The existence of a high signal-to-noise ratio in the collected data there- 
fore allows the use of resolution enhancement  functions with greater free- 
dom, since it offers the operator greater flexibility in sacrificing some of 
the signal-to-noise ratio to obtain the desired resolution. If the signal-to- 
noise ratio in the original data is low to start with, then multiplication by 
a resolution enhancement  function may lead to weakening of the signals 
to the extent that they become indistinguishable from the noise. 

§ P R O B L E M  1 . 3 0  

Define sensitivity and resolution in NMR spectroscopy. 

§ P R O B L E M  1 . 3 1  

What changes in the line shape of an NMR spectrum occur after 
resolution enhancement? 

§ 

§ P R O B L E M  1 . 3 2  

Why are pulse Fourier transform (PFT) NMR experiments preferred 
over continuous wave (CW) NMR techniques? 

§ 

§ P R O B L E M  1 . 3 3  

How does saturation affect the sensitivity of an NMR experiment? 
§ 

§ P R O B L E M  1 . 3 4  

Summarize the common methods for enhancing sensitivity in NMR 
spectroscopy. 

§ 
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1.3.12 Pulse Width Calibration 

It is impor tant  that the pulse widths be calibrated accurately, since the 
NMR experiments  cannot be performed properly if the wrong flip angles 
are chosen. The flip angle may not  be critical in simple one-dimensional  
NMR experiments,  but it is still impor tant  to know the duration of the 180 ~ 
pulse. In two-dimensional NMR experiments,  however, accurate knowledge 
of pulse widths is essential. In some heteronuclear  2D NMR exper iments  
in which a proton or X-band decoupler  is used as a pulse transmitter,  it 
may be necessary to determine the pulse widths of the decoupler  amplifiers. 
In 2D multiple quantum coherence NMR experiments,  even a slight devia- 
tion from the required pulse angle can adversely affect the outcome of 
the experiment ,  making the accurate determinat ion of the relationship 
between spin flip angle and pulse durat ion even more critical. Also, the 
pulse calibration must be repeated regularly. Since pulse widths depend  
on the power output  of the transmitter and decoupler,  and since power 
levels can vary with time, pulse widths de te rmined  on one day may not  be 
valid on the following day. In certain 2D NMR experiments it is also advis- 
able to calibrate the pulse width immediately before the start of the exper- 
iment. 

It is important  to avoid saturation of the signal during pulse width 
calibration. The Bloch equations predict that a delay of 5* 7] will be required 
for complete restoration to the equilibrium state. It is therefore advisable 
to determine the Ti values; an approximate determinat ion may be made 
quickly by using the inversion-recovery sequence (see next paragraph) .  
The protons of the sample on which the pulse widths are being de te rmined  
should have relaxation times of less than a second, to avoid unnecessary 
delays in pulse width calibration. If the sample has protons with longer 
relaxation times, then it may be advisable to add a small quantity of a 
relaxation reagent,  such as Cr(acac) 3 or Gd(FOD)~, to induce the nuclei 
to relax more quickly. 

The inversion-recovery pulse sequence used to determine 7] values is 
shown in Fig. 1.38. The first 180 ~ pulse causes the magnetization of the 
protons to be inverted so that it comes to rest along the -z-axis. During 
the subsequent evolution period "r, the magnetization would relax from 
the -z-axis back toward its original equilibrium position along the +z-axis. 
The return to equilibrium is not instantaneous, but usually takes place with 
a first-order rate constant R1. In the study of nuclear relaxations involving 
t ime-dependent  measurements,  however, it is more convenient to consider 
the relaxation-time constant 7](= 1/R~) rather than the rate constant R~. 
To convert the longitudinal magnetization into a signal, it must first be 
converted into transverse magnetization (i.e., brought  in the x'y'-plane) 
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Figure 1.38 The effect of the duration of the evolution delay "r on the spin-lattice 
relaxation in an inversion-recovery experiment  is shown. A short duration produces 
only minimal relaxation along the z-axis. Thus, when a 90 ~ pulse is applied to the 
evolved magnetization, the z-magnetization vector (which points to the -z-axis) 
will be rotated to the -y'-axis, ultimately giving rise to a negative signal in the 
spectrum (assuming the detector lies along y'). On the other  hand, a longer duration 
results in a restoration of the +z-magnetization, so the 90 ~ pulse will cause the 
magnetization to rotate to the +y'-axis, producing a positive signal. 
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by the application of a subsequent 90 ~ pulse. If this 90 ~ pulse is applied 
very soon after the original 180 ~ pulse (i.e., if the evolution period or delay 
I" is very short), then the 90 ~ pulse will "catch" the magnetization while it 
is still on the -z-axis and cause it to rotate to the -y'-axis, thereby giving 
a negative signal. As the evolution period I" is increased progressively, the 
90 ~ pulses will "encounte r"  the z-magnetization as it recedes along the -z-  
axis to a zero value; at still longer I" intervals, it would grow along the 
+z-axis toward its original equilibrium value, the one that existed before 
application of the 180 ~ pulse. This would produce a series of corresponding 
spectra in which the signals initially have decreasing negative amplitudes 
and then, after going through a null point, increasingly positive amplitudes. 
The null points may sometimes appear as tiny out-of-phase signals and are 
readily recognized (Fig. 1.39). 

The whole sequence of successive pulses is repeated n times, with the 
computer  executing the pulses and adjusting automatically the values of 
the variable delays between the 180~ and 90 ~ pulses as well as the fixed 
relaxation delays between successive pulses. The intensities of the resulting 
signals are then plotted as a function of the pulse width. A series of "stacked 
plots" are obtained (Fig. 1.40), and the point at which the signals of any 
particular proton pass from negative amplitude to positive is determined.  
This zero transition time % will vary for different protons in a molecule, 

t 
1 

Approximte 
roll point 

1 8 0 0 -  t I - 900 

_ / ~  _ ~ . 

- -  

Figure 1.39 Representation of an inversion-recovery 7"1 experiment. (Reprinted 
from W. R. Croasmun and R. M. K. Carlson, Two-dimensional NMR spectroscopy 
applications for chemists and biochemists, copyright �9 1987, p. 13, with permission, 
from VCH Publishers Inc., 220 East, 23rd Street, New York 10010-4606.) 
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Figure 1.40 Stacked plots of ~H-NMR spectra for ethylbenzene. This experiment 
can be used to measure the spin-lattice relaxation time, 7"1. 

depend ing  on their respective spin-lattice relaxation times, and it is related 
to T1 by the equat ion 7'1 = "r0/ln 2 = %/0.693. Determining "r, in seconds, 
at which the ampli tude of a particular nucleus is zero and dividing it by 
0.693 thus gives its spin-lattice relaxation time 7'1. There  are o ther  ways to 
determine the spin-lattice relaxation times, but  this is the most convenient.  

As already indicated, de terminat ion of the T1 times helps in setting the 
interpulse delays to be used dur ing pulse calibrations. Having derived the 
T~ values, we next acquire an FID with a very short  pulse (say, 250 /zs). 
Fourier t ransformation and phasing produces  a spectrum. The process is 
repeated to give a series of FIDs with the appropriate  intervening relaxation 
delays, and the pulse widths are incremented  successively in small steps 
(say, 5/zs).  The spectra thus collected are arranged as a stacked plot, and 
each signal is seen to undergo  an oscillation that reaches its max imum 
positive ampli tude at 90 ~ and its maximum negative ampli tude at 270 ~ . The 
180 ~ pulse width (zero ampli tude or very weak signal) can thus be deter- 
mined. 
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It is convenient to use a sample of p-dioxane in CDCI3 having enough  
concentration to give an acceptable signal-to-noise ratio in one acquisition. 
The 90 ~ pulse width is not read directly, since it is often difficult to see 
when the peaks reach their maximum amplitude but easier to see the 
null point. The 90 ~ pulse is therefore calculated by halving the durat ion 
determined for the 180 ~ pulse. We should check that inadequate interven- 
ing delays between successive pulses are not producing an erroneous value 
due to saturation. We can do this by repeating the experiment,  with in- 
creased intervals between successive FIDs and checking that the signal 
intensity does not increase. If it does, then the plot should be repeated, 
with longer delays between successive FIDs. Once the approximate null 
point is known, to get a more accurate reading the experiment is repeated, 
with smaller incrementation of pulse durations, say, 1 or 2 ~s. 

A closely related procedure involves setting the pulse width to the 
approximate value of the 180 ~ pulse and then recording many spectra. 
Before doing this, the approximate phase constants must first be deter- 
mined. The transmitter frequency is placed close to the signals being used 
for calibration. We should obtain a reasonable signal-to-noise ratio with a 
single transient. But if the signal obtained with a single transient is too 
weak, then we can accumulate several transients, with a relaxation delay 
of at least 5T~ s between successive transients. The transmitter offset is 
placed close to the signal in the sample of interest, and the FID is acquired 
with a small flip angle (10~176 The sensitivity is enhanced by exponential  
line broadening, the FID subjected to Fourier transformation in the abso- 
lute intensity mode, and the phase corrected for the pure absorption mode 
across the spectrum. The phase correction constants thus defined are care- 
fully noted. 

The pulse width is next adjusted to the expected value of the 180 ~ 
pulse, and a new FID recorded. This is again subjected to exponential  
multiplication, Fourier transformation, and phase correction using the 
phase constants defined in the earlier experiment. The phasing of the 
signal (i.e., positive or negative) depends on whether the pulse is longer 
or shorter than 180 ~ Many spectra are thus recorded, each with a slightly 
different value of the pulse width, till the 180 ~ condition is reached, when 
the residual signal will have a symmetric dispersive (positive/negative) 
phasing with minimum amplitude. A broadened positive hump often also 
remains, due to poor  shimming, but only the positions of the central narrow 
dispersive region should be used for judging the 180 ~ pulse width. 

There are many other methods known for accurate calibration of pulse 
widths, but such discussion is beyond the scope of this text (see: Thomas 
et al., 1981; Lawn and Jones, 1982; Bax, 1983; Wesener and Gunther,  1985; 
Nielsen et al., 1986). 
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In practice it is usually unnecessary to de te rmine  exact pulse widths 
for each sample; we can use approximate  values de t e rmined  for each probe- 
head, except  in certain 2D exper iments  in which the accuracy of pulse 
widths employed is critical for a successful outcome.  Proper  tuning of  the 
p robehead  is advisable, since pulse widths will normally not  vary beyond 
+ 10% with well-tuned probeheads .  

1.3.13 Composite Pulses 

Since there is a slight delay between when a pulse is switched on and 
when it reaches full power, an er ror  may be in t roduced  when measur ing  
90 ~ or smaller pulses directly. If the 90 ~ pulse width is requi red  with an 
accuracy of bet ter  than +_0.5/zs, then it may be de t e rmined  more  accurately 
by using self-compensating pulse clusters that p roduce  accurate flip angles 
even when there are small (<10%)  errors in the setting of pulse widths. 

For example,  to bend  the equi l ibr ium magnet izat ion f rom the z-axis 
to the -z-axis, we need  to apply a 180 ~ pulse. Suppose the "180 o,, pulse 
is wrongly adjusted so that in practice it rotates the z-magnetizations by 
170 ~ instead of  the desired 180 ~ One  simple way to compensa te  for this 
error  is to apply a cluster of pulses compris ing a 90~ ~ composite 
pulse. The first "90 ~ pulse in this cluster actually produces  a similar er ror  
factor, so it will in reality be an 85 ~ pulse, causing the magnet izat ion to 
come to lie 5 ~ above the y'-axis in the y'z-plane. The  180~ causes the 
magnetizat ion vector to j u m p  across the y'-axis and adopt  a mir ror  image 
position* on the o ther  side of the y'-axis, i.e., 5 ~ below the y'-axis in the y'z- 
plane. Noted  that a 180 ~ pulse about  any axis would cause the magnet izat ion 
vector lying on one side of that axis to adopt  a position that is the exact 
mirror  image of its earlier position, across the axis about  which the pulse 
was applied. The  angle traversed may appear to be smaller than 180 ~ if 
viewed in a part icular plane. For instance, in the example  given, the vector 
has traveled only about  10 ~ in the y'z-plane but  has actually moved by a 
full semicircle (Fig. 1.41). The  magnet izat ion now lies as far below the y'- 
axis as it was above the y'-axis before the application of the "180y pulse; 
i.e., an equal and opposite er ror  has been p roduced  by the "180y" pulse. 
Applying the final "90 ~ (actually, 85 ~ pulse now moves the vector an 
additional 85 ~ , so it comes to lie fairly accurately on the -z-axis. 

*Actually, it will not be quite the mirror image position: The 180~ pulse now applied 
will really be only a 170~ pulse. But since the vector is now only moving a very short distance 
on the circular surface in the y'z-plane (about 10~ the error thus produced will be signifi- 
cantly less. 
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Figure 1.41 Applying the first incorrectly adjusted "90 ~ pulse (actually, 85 ~ pulse) 
bends the z-magentization vector 5 ~ above the y'-axis. The 180~ pulse at this stage will 
bring the magnetization vector 5 ~ below the y'-axis (to the mirror image position). 
Applying another similarly maladjusted "90~ '' pulse causes a further bending of 
the magnetization vector precisely to the -z-axis. The composite pulse sequence 
(i.e., 90~ ~ is thus employed to remove imperfections in the 90 ~ pulse. 

§ P R O B L E M  1 . 3 5  

What  problems would you expect  to encoun te r  in the case of incorrect  
a l ignment  of the pulse width dur ing  an NMR exper iment?  

Composi te  pulses are usually described in abbreviated notations.  For 
instance, a r r J2  pulse (i.e., 90 ~ pulse) is represented  as X, and a 7rx pulse 
as 2X. Phase shifts of 180 ~ are represen ted  by a bar over the X or Y. Hence ,  
a 1805y pulse (i.e., a 180 ~ pulse applied along the -y-axis) will be described 
as 2Y (since it is 180 ~ phase-shifted from the 180 ~ pulse applied along the 
+y-axis). A composi te  pulse sequence known as GROPE-16 represents  
the following cluster of pulses: 3 X 4 X Y 3 Y 4 Y X  (i.e., 2705x-360~176 
360y-90~ It compensates  for up to 20% error  in pulse width and an offset 
e r ror  of 0.5B1 (Shaka and Freeman,  1983). 

Composi te  pulses have also been used in overcoming problems due to 
sample overheat ing dur ing b roadband  decoupl ing experiments .  A widely 
used pulse sequence is Waltz-16 (Shaka et al., 1983), which may be repre- 
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sented as A A A A, where A = 3 4 2 3 1 2 4 2 3. The subsequently modi- 
fied GARP I has a larger bandwidth (Shaka et al., 1985). MLEV-16, com- 
prising the composite 180 ~ pulse ABBA BBAA BAAB AABB (where 
A = 905y - 1800-905y and B = 90~- 1805x-900), was originally developed for 
more efficient heteronuclear decoupling experiments (Levitt et al., 1982); 
later it found wide application in Har tmann Hahn echo spectroscopy (HO- 
HAHA) (Bax and Davis, 1985; Davis and Bax, 1985). A modified version 
of MLEV-16 is MLEV-17, which contains another  180 ~ uncompensated  pulse 
at the end of the MLEV-16 sequence (Bax and Davis, 1985; Davis and 
Bax, 1985). 

§ P R O B L E M  1 . 3 6  

What are the advantages of using composite pulses instead of a 
unified pulse? 

§ 

1.3.14 Phase Cycling 

Most NMR experiments use combinations of two or more of the four 
pulse phases shown in Fig. 1.42. The phase of the pulse is represented by 
the subscript after the pulse angle. Thus, a 905y pulse would be a pulse in 
which the pulse angle is 90 ~ and - y  is its phase (i.e., it is applied in the 
direction - y  to +y), so it will cause the magnetization to rotate about the 
y-axis in the xz-plane. 

Phase cyclingis widely employed in NMR spectroscopy to suppress artifact 
signals due to field inhomogeneities or imperfect pulse settings. We have 
already discussed how phase cycling can be used to suppress image peaks 
in quadrature detection. As ment ioned earlier, there are two separate 
sections of the computer  memory, designated A and B, which digitize the 
signals received. Let us assume that the signals of 0 ~ phase go into section 
A while signals with 90 ~ phase go into section B. To eliminate imbalances 
between the two receiver channels, the signals are cycled so both channels 
contribute equally to the data. Because each receiver channel is receiving 
signals of only one phase type (0 ~ or 90~ the switching of the receiver 
channels is carried out simultaneously with the changing of the phases 
( phase cycling), so absorptive and dispersive signals are recorded on succes- 
sive scans. 

A simple, two-step phase cycling scheme may therefore be employed: 
The signals of 0 ~ phase and 90 ~ phase pass through signal channels (1) 
and (2) to sections A and B, respectively, of the computer  memory during 
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Figure1.42 A90 ~ pulse brings the equilibrium magnetization to the x'y'-plane, lts orien- 
tauon in the x'y'-plane depends on the direction of the pulse. Applying the pulse along 
one axis causes the magnetization to rotate in a plane defined by the other two axes. 

the first cycle; in the second cycle the receiver channels  are switched so 
that both channels  contr ibute equally to the signals (Fig. 1.43). 

To suppress other  interference effects, the phase of the transmitter  
pulse is also shifted by 180 ~ and the signals subtracted from sections A and 
B, leading to the CYCLOPS phase cycling scheme shown in Table 1.4, in 
which the two different receiver channels  differing in phase by 90 ~ are 

o o designated as 1 and 2 and the four different receiver pulses (90 ~ 90 y, 90_~x, 
and 90_~ are called x, y, - x ,  and -y ,  respectively. 

§ P R O B L E M  1 . 3 7  

What is phase cycling, and why is it used in NMR spectroscopy? 
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Table 1.4 

CYCLOPS Phase Cycling* 

Receiver Receiver Pulse 
Scan Pulse Sign A Sign B phase code mode phase A B 

1 90 ~ cost cot sin cot R0 x x + 1 + 2 
o 2 90y sin cot - cos  cot R1 y y - 2 + 1 

3 902x -cos  cot - s in  cot R2 - x - x - 1 - 2 
o 4 90_y - s in  cot cos cot R3 - y  - y  + 2 - 1 

* The two memory blocks in the computer are designated A and B; the two receiver channels 
differing in phase by 90 ~ are shown as 1 and 2. 

P R O B L E M  1 . 3 8  

What  is the  effect o f  phase  cycling on  the  a p p e a r a n c e  o f  NMR signals? 
§ 

1.3.15 Phase Cycling and Coherence Transfer Pathways 

Coherence may be c o n s i d e r e d  as a gene ra l i zed  desc r ip t ion  o f  t ransverse 
magne t i za t ion ,  and  it c o r r e s p o n d s  to a t ransmiss ion be tween  two ene rgy  
levels. T h e  m a g n i t u d e  of  c o h e r e n c e  in each  spin system is g o v e r n e d  by the 
c o h e r e n c e  level. T h e  d i f fe rence  in magne t i c  q u a n t u m  n u m b e r  mz of  two 
energy  levels c o n n e c t e d  by the same c o h e r e n c e  r ep re sen t s  the  coherence 
order, p. T h e  pa th  descr ib ing  the progress  of  a c o h e r e n c e  o r d e r  in a pulse 
s equence  is cal led a coherence transfer pathway. It is possible to c h a n g e  the 
c o h e r e n c e  level by apply ing  a pulse,  while in the  t ime interval  delay be tween  
the pulses the  c o h e r e n c e  level does  no t  change .  

T h e  t rans i t ions  be tween  ene rgy  levels in an AX spin system are shown 
in Fig. 1.44. T h e r e  are four  s i ng l e -quan tum t ransi t ions  ( these  are  the  "no r -  
ma l "  t ransi t ions  A~, A2, Xl, a n d  X2 in which changes  in q u a n t u m  n u m b e r  
of  1 occur ) ,  o n e  d o u b l e - q u a n t u m  t rans i t ion  Wz be tween  the  o~r and/3 /3  
states involving a c h a n g e  in q u a n t u m  n u m b e r  of  2, and  a z e r o - q u a n t u m  
transi t ion W0 be tween  the  oq3 and/3o~ states in which no  c h a n g e  in q u a n t u m  
n u m b e r  occurs.  T h e  d o u b l e - q u a n t u m  and  z e r o - q u a n t u m  t ransi t ions  are 
no t  al lowed as exci ta t ion  processes  u n d e r  the q u a n t u m  m e c h a n i c a l  selec- 
t ion rules, bu t  thei r  i nvo lvemen t  may be c o n s i d e r e d  in re laxa t ion  processes.  

Transverse  magne t i za t i on  r ep re sen t s  a par t icu la r  type o f  c o h e r e n c e  
involving a c h a n g e  in q u a n t u m  n u m b e r  p of  _+ 1. Each c o h e r e n c e  errs is 
equal  to the  d i f fe rence  in magne t i c  q u a n t u m  n u m b e r s  of  the  nucle i  r and  
s, i.e., the  c o h e r e n c e  o r d e r  is Mr-M, and  pulses cause t rans i t ions  to occur  
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Figure 1.44 Transitions between various energy levels of an AX spin system. A~ and 
A2 represent the single-quantum relaxations of nucleus A, while X1 and X2 represent 
the single-quantum relaxations of nucleus X. W~ and W0 are double- and zero- 
quantum transitions, respectively. 

between the different coherence  orders. At thermal  equil ibr ium, the 
change in quan tum n u m b e r  p is zero, and it is at this point  that  the 
coherence  transfer pathway is begun by the application of a pulse. For 
signals to be detected by the receiver, the coherence  transfer must  end 
with single quan tum coherence  (i.e., with p = - 1 ) .  

When a 90 ~ pulse is applied to the sample at equil ibrium, the longitudi- 
nal (z) magnetization vanishes (i.e., the popula t ion  difference between the 
c~ and /3  states decreases to zero) and transverse magnetizat ion is created 
in the x'y'-plane. A phase coherence  is now said to exist between the c~ 
and /3  states of the nucleus, since they precess coherently with the same 
phase (a property conveyed to them by the pulse). The coherence  that 
now exists, te rmed single-quantum coherence, causes a precessing net  magneti-  
zation of the nucleus, which can be detected in the form of a signal. It is 
possible to transfer this coherence  by applying additional pulses to o ther  
states. 

Suppose the first pulse resulted in the creation of a phase coherence  
across the A1 transition between the c~c~ and cq3 states (Fig. 1.44). It is 
possible to transfer this phase information from the cq3 state to the /3/3 
state by applying a selective rr pulse across the X1 transition. The two succes- 
sive pulses would therefore transfer the phase of the c~c~ state to the/3/3 
state, with the two states now becoming phase coheren t  with one  another .  
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Since the ac~ and/3/3 states are separated by a quantum number  difference 
of 2, double-quantum coherence is said to have been created. Similarly, in more 
complex spin systems, coherence can be created between states differing 
by 2, 3, 4, or higher quantum numbers.  The quantum mechanical selection 
rules stipulate that such multiple-quantum coherences do not give rise to detect- 
able magnetization, detectable signals resulting only from single-quantum 
transitions. Double-, triple-, and other  multiple-quantum transitions must 
therefore be converted into single-quantum coherence before detection. 
Many different coherence transfer pathways can be used, and by selecting 
appropriate phase cycling procedures, a particular coherence transfer path- 
way can be detected exclusively. Some typical coherence transfer pathways 
in common 2D NMR experiments are shown in Fig. 1.45. 

When designing phase cycling procedure,  it is necessary to tailor them 
to the coherence pathways by which the signals reach the receiver. The 
application of the first pulse causes the z-magnetization to be transferred 
to some coherence level. The coherence level may then be systematically 
altered by subsequent applications of one or more pulses, with the sequence 
of coherence levels by which the signals reach the receiver representing 
the coherence pathway. The phase cycling procedures adopted determine 
which signals are to be coadded and which signals canceled, according to 
the coherence pathway chosen. Coherence levels may be negative or posi- 
tive. For instance, in a nucleus of spin x/z, applying a pulse can create a 
single-quantum coherence of level + 1 and another  coherence of level - 1, 
corresponding to the clockwise and counterclockwise rotating magnetiza- 
tion vectors obtained from the x and y Bloch magnetizations. If the phase 
of a pulse is shifted, then the behavior of a coherence subjected to such a 
pulse will be governed by the change in coherence level. For instance, if 
a pulse is shifted by angle 0, and the change in coherence level is A ,  then 
the effect on the coherence is obtained by multiplying e ~A~ by the coherence. 
It is possible thereby to derive a simple rule that would predict which signals 

Figure 1.45 Coherence transfer pathways in 2D NMR experiments. (A) Pathways 
in homonuclear 2D correlation spectroscopy. The first 90 ~ pulse excites single- 
quantum coherence of order p = _+ 1. The second mixing pulse of angle/3 converts 
the coherence into detectable magnetization (p = -1).  (B:a) Coherence transfer 
pathways in NOESY/2D exchange spectroscopy; (B:b) relayed COSY; (B:c) double- 
quantum spectroscopy; (B:d) 2D COSY with double-quantum filter (a'm = 0). The 
pathways shown in (B:a,b, and d) involve a fixed mixing interval ('rm). (Reprinted 
from G. Bodenhausen et al., J. Magn. Resonance, 58, 370, copyright �9 1984, Rights 
and Permission Department, Academic Press Inc., 6277 Sea Harbor Drive, Orlando, 
Florida 32887.) 
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following a certain coherence pathway will survive a particular phase cycling 
procedure  and which signals would be eliminated (Bain, 1980). 

Before the application of a pulse, only equilibrium magnetization exists, 
directed toward the z-axis corresponding to the zero coherence level for 
all coherence pathways. When the pulse is applied, two coherence levels, 
+ 1 and - 1 ,  are created during the evolution period that evolve into Me ~~ 
and Me -iot, respectively, where co is the absolute Larmor  frequency of the 
nucleus and t is the evolution time. Before detection, the signal is mixed 
with the carrier frequency W0 so it comes within the audiofrequency range 
to be picked up by the receiver. In quadrature  detection, the carrier fre- 
quency may be considered to be circularly polarized, and mathematically 
the mixing of the carrier frequency is equivalent to multiplication of each 
of the two magnetization components  by e -i~ As a consequence,  the mag- 
netization component  corresponding to the coherence level of + 1 is de- 
tected, since it is the only signal Me a~'~176 in the audiofrequency range. 
Apparently, all coherence pathways will therefore start at zero coherence 
levels and end at + 1 coherence levels; since the quadrature  receiver is 
sensitive only to the + 1 polarization, only the single-quantum coherence 
is detected. 

The signals reaching the receiver from each coherence pathway will, 
in general, depend on the pu/se phase factor (and hence on the phase) as 
well as on the receiver phase factor (i.e., the data routing).  To analyze the 
phase cycling sequence, it is therefore necessary to calculate the change 
in the coherence level and the phase factor for each pulse in the cycle, 
including the receiver phase. By multiplying all the phase factors together 
and coadding the results over the cycle, it is possible to check whether  the 
result is zero or not. If the results add up to zero, then that pathway does 
not contribute to the signal; if the answer is not zero, then that pathway 
may lead to a signal. 

§ P R O B L E M  1 . 3 9  

Summarize the different events during a pulsed NMR experiment,  
in the form of a flow diagram. 

S O L U T I O N S  T O  P R O B L E M S  

1 . 1  
By absorption of continuous energy from the radiofrequency source, 
transitions of the nuclei occur to higher energy state,/3; by relaxation 
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processes, they revert to the lower energy state, ~, and an equilibrium 
is established with a slight Boltzmann excess in the lower c~ state. This 
slight excess of population in the lower state will be disturbed on 
continuous irradiation, and a state of saturation will be reached, since 
the nuclei will not  be able to dissipate the extra energy via relax- 
ation processes. 

1 . 2  
The population difference between two energy levels c~ and/3 is directly 
proport ional  to the energy difference AE, 

No = exp - AE 
N~ kt 

The energy difference AE depends on the strength of the external 
magnetic field B0 and the magnetogyric ratio y. A stronger applied 
magnetic field B0 will cause a correspondingly larger separation (AE) 
between the two energy levels and result in a larger difference in the 
populations of the two levels. Similarly, the energy difference AE also 
depends on the magnetogyric ratio of the nuclear species under  obser- 
vation: 

AE= hyBo 
2/r. 

Since the magnetogyric ratio determines the sensitivity of a nuclear 
species to the external magnetic field, it has a profound effect on the 
strength of the NMR signals. For instance, 'H nuclei will have a Lar- 
mor frequency of 300 MHz at an external magnetic field of 7.046 T 
(tesla), while '3C nuclei will resonate with a Larmor frequency of only 
75.435 MHz in the same magnetic field, since the y for '3C is about a 
quarter of the y for ~H. The signal strength is determined by y~, so a 
'~C signal will be about 64 times weaker than an 'H signal [ (1/4)  ~ = 1/  
64]. In practice, a '~C signal is over 6000 times weaker, because it occurs 
in only 1.1% natural abundance. 

1 . 3  
No. Since the magnetogyric ratio of '3C is roughly one-fourth that of 
'H, the population difference between the two states (c~ and/3) of '3C 
nuclei will therefore be about 64 times [(1/4)  ~ = 1/64] less than that 
of the 'H nuclei. 

1 . 4  
The frequency with which a nucleus precesses around the applied 
magnetic field is called its Larmor frequency or Larmor precessional 
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frequency. The Larmor frequency depends on the strength of the 
applied magnetic field/3o and on the magnetogyric ratio of the nucleus. 
When the radiofrequency B~ is applied in a direction perpendicular to 
the external magnetic field B0, and when the value of B1 matches exactly 
the Larmor frequency, absorption of energy occurs causing the nucleus 
to "flip" to a higher-energy orientation. This represents the process 
of excitation. Through a relaxation process, the nuclei can then relax 
back to the lower energy level. The energy released during the relax- 
ation process is recorded as an FID (free induction decay), which is 
then converted into NMR signals through a mathematical operation 
called Fourier transformation. 

1 . 5  
The magnetogyric ratio of a nuclear spin represents its response toward 
the external magnetic field. Nuclear species with larger magnetogyric 
ratios have larger differences in energy levels AE in comparison to 
nuclear species of smaller magnetogyric ratios, when placed under an 
external magnetic field of the same strength B0: 

AE= hyB~, 
2rr. 

1 . 6  
A higher-MHz NMR spectrometer is always a better choice, since the 
sensitivity of the experiment is proportional to the frequency of mea- 
surement. Moreover, with highly concentrated solutions, the presence 
of some solid particles can cause an increase in 7~ (FID will be short) 
and line broadening of the NMR signals will result. Therefore, an 
optimum concentration (say, 25-50 millimolar solution) is recom- 
mended. Of course, ~H-NMR spectra can be readily measured at much 
lower concentrations, though higher concentrations are necessary for 
recording ~3C-NMR spectra. 

~ 1 . 7  
The magnetic field strength B0 has a direct relationship with the Larmor 
frequencies of nuclei: The stronger the magnetic field, the greater the 
difference, in hertz (n0t in ppm), between magnetically nonequivalent 
nuclei having differing chemical shifts. Moreover, the population excess 
of the lower energy level over the upper energy level increases with 
increasing magnetic field, B0, leading to a corresponding increase in 
the sensitivity of the NMR experiment. The magnitude of the coupling 
constants, however, remains unaffected by the magnetic field strength. 
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1 . 8  
The probe selection should be based on the actual requi rements  of 
a laboratory. 

(i) 

(ii) 

(iii) 

(iv) 

Small-diameter probes are generally suitable when the total 
availability of the sample is a limiting factor. For natural  prod- 
ucts or biochemical studies, a 13C/~H probe of 5-ram size is 
probably the best choice, since the major requ i rement  here  
is to analyze small quantities of organic samples for the pro ton  
and carbon spectra. A 2.5-mm microprobe is also now avail- 
able for use with special sample tubes having a d iameter  of 
2.5 mm, and it is highly r ecommended  for small samples. 
An inverse probe is highly desirable for 1H/13C inverse-shift 
correlation experiments (e.g., HMQC, HMBC). Its use re- 
quires certain hardware modifications, if these are not  al- 
ready incorporated. 
For heteronuclear  studies, where different types of nuclei are 
investigated routinely, the broad-band multinuclear probe is 
an excellent choice, since it can be tuned over a wide fre- 
quency range for various elements. 
In organic-synthesis laboratories, where sample quantity is not  
a limiting factor, the larger probes provide a significant saving 
in time. A 13C/~H probe of 10-15-mm size is more appropriate.  
A laboratory where nitrogen is the main nucleus to be ana- 
lyzed, with occasional I~C/~H analysis, a broad-band probe 
specific for nitrogen should be acquired. 

1 . 9  
An ideal probe should have the following properties. 

(i) 

(ii) 

(iii) 

It should be made up of a material with a low magnetic  
susceptibility so it does not distort the static magnetic field 
B0 and adversely affect the line shape and resolution of the 
NMR signals. 
It should have a high field (B1) homogeneity so it can receive 
and transmit radiofrequency signals uniformly from all parts 
of the sample solution. 
It should fulfill the needs of a maximum number  of users. 

1 . 1 0  
The probe contains the electronics designed to detect the tiny NMR 
signal. The central component  of the probe is a wire that receives the 
Rf pulse from the transmitter and dissipates it into the sample. It also 
receives the signal from the sample and transfers it to the receiver 
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circuit. It is therefore necessary to tune the probe wire impedance to 
match it with those of the transmitter and the receiver. The optimum 
sensitivity of the NMR experiment will be realized only when this adjust- 
ment is made correctly. The probe tuning also minimizes the variable 
off-resonance effects, and it is therefore essential for the proper repro- 
ducibility of the pulse width. 

1 . 1 1  
Poor shimming would lead to poor line shape and resolution, as illus- 
trated here: 
(a) With proper shimming 

�9 . . . .  i . . . .  ! . . . .  �9 . . . .  �9 . . . .  �9 . . . .  ! . . . .  I . . . .  I . . . .  i . . . .  i . . . .  �9 . . . .  I ~ -  

?.0 6.s 6.0 s.s s.o 4.s 4.0 3.s 3.0 2.s 2.0 i .  "1-.0 
PPH 

(b) With poor shimming. 

7.0 6.0 5.0 4.0 3.0 2.0 1.0 
PPH 
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1 . 1 2  

The deuterium lock prevents changes in the static field (B0) and radio- 
frequency (B1) by maintaining a constant ratio between the two. It 
therefore ensures long-term stability of the magnetic field. If the 2H 
lock is not applied, a drastic deterioration in the shape of the NMR lines 
is expected, due to magnetic and radiofrequency inhomogeneities. 
(a) With deuterium lock 

! 
7.0 6.0 S.O 4.0 3.0 2.0 

Plq4 

(b) Without deuterium lock. 

~ j . i  

1.0 
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1 . 1 3  
No. The signals from the lock transmitter would obliterate the signals 
we wish to observe. 

1 . 1 4  
A long pulse results in a narrow NMR signal. 

+ 1 . 1 5  

(a) (c) 
e # �9 o 

z z, 

(b) (d) 

e e e t 

x i Y x y 

r 1 . 1 6  
" H a r d "  and "soft" pulses depend on the pulse width: The shorter 
the width of the pulse, the "harder , "  or the more powerful, it will 
be. Similarly, a long width pulse is "soft"  and less powerful. For 
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example, a pulse that requires 25-KHz B0 for a duration of 20 /zs 
will be "hard ,"  while the same pulse of 20-ms pulse width will be 
considered "soft." 

+ 1 . 1 7  

Z 
MAI 

Mw delay x ._ 

x' I Y' x y 
I g' 

1 . 1 8  
We can use the angular frequency of TMS as the reference frequency 
of the rotating frame. Deducting this from the Larmor frequency of 
the signal will leave only the differential frequency (or, in other words, 
the chemical shift) associated with the magnetization vector of the 
signal. 

1 . 1 9  
The amplitude represents a circular motion of the magnetization vector 
along the xy-plane, which slowly relaxes back toward the z-axis; the 
Larmor frequency of the nucleus is inherent  to it and would therefore 
remain unchanged throughout  the FID. 

1 . 2 0  
The "tail" of the FID contains very little information; rather, most 
of the relevant information is in the initial large-volume portion of 
the FID envelope. The loss of the "tail" of the FID should not, 
therefore, significantly affect the quality of the data. Another manipu- 
lation to compensate for the lost information is exponential multi- 
plication, in which the FID is multiplied by a negative exponential  
factor. 

1 . 2 1  
In pulse NMR we measure in the time domain; i.e., the variation of 
signal amplitude with time (FID) is recorded. These time-domain data 
are then subjected to Fourier transformation to convert them into the 
frequency domain. 
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1 . 2 2  
If we do not subtract the reference frequency, we will have to process 
a very large amount  of data. For example, on a 500-MHz NMR spec- 
trometer, the frequencies to be processed would be 500,000,000- 
500,003,600 Hz for protons (since protons normally resonate within 
0-12 ppm, i.e., 0-3600 Hz). 

1 . 2 3  
It is better to maintain the same number  of data points and reduce 
the spectral width as far as possible. In the alternative case, the improved 
digital resolution will be at the cost of sensitivity, since it will produce 
a corresponding increase in acquisition time, AT. Either a greater time 
period would then be required or a lesser number  of scans would be 
accumulated in the same time period, with a corresponding deteriora- 
tion in the signal-to-noise ratio. 

1 . 2 4  
The folded peaks are easy to identify, since they show different phases 
than the "normal"  signals. On shifting the spectral window to one 
side, all the "normal"  signals will shift in the same direction, and by 
the same value, as the spectral window. In contrast, the folded signals 
will move either in the opposite direction or by a different value in 
the same direction, so their relative disposition to other signals in the 
spectrum will change. 

1 . 2 5  
If the gain is too high, then the largest signal of solvent in the spectrum 
will cause ADC overflow, resulting in severe distortions. 

1 . 2 6  
The image peaks resulting from quadrature detection can be easily 
distinguished from small genuine peaks since they show different 
phases and move with changes in the reference frequency. 

1 . 2 7  
The ratio of the height of an NMR signal to the noise is called the 
S/N (signal-to-noise) ratio. The simplest way to improve S /N is through 
signal averaging. Recording a large number  of spectra and combining 
them together will increase S/N. Since the noise contribution is random 
whereas the signals occur in exactly the same place each time, the 
signals will build up over a number  of scans. This means that over n 
scans of the experiment,  the signal will increase n times, while the 
noise amp_[itude will increase by XTn, to give an overall increase in 
S /N of V n. 
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1 . 2 8  
Following are examples of s.pectra recorded with and without apodi- 
zation. 
(a) Spectrum recorded with apodization. 

' 1  I - - - �9 . . . .  ' -  - 1 - i . . . .  I . . . . . . . .  i - - - i i - - I - - i . . . . .  
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(b) Spectrum recorded without apodization. 
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1 . 2 9  
Apodization (exponential  multiplication) is used to improve the signal- 
to-noise ratio, and it does not affect the chemical shifts of the NMR 
signals. 

1 . 3 0  
The simplest definition of sensitivity is the signal-to-noise ratio. One  
criterion for judging the sensitivity of an NMR spectrometer  or an 
NMR exper iment  is to measure the height  of a peak under  standard 
conditions and to compare it with the noise level in the same spectrum. 
Resolution is the extent to which the line shape deviates from an ideal 
Lorentzian line. Resolution is generally de termined  by measuring the 
width of a signal at half-height, in hertz. 

1 . 3 1  
(a) Spectrum before resolution enhancement .  

7.0 6.0 5.0 4.0 3.0 
P ~  

�9 2 5 0  " 1 . 0  

(b) Spectrum after resolution enhancement .  
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1 . 3 2  
Greatly enhanced sensitivity with very short measuring time is the major 
advantage of PFT (pulse Fourier transform) experiments. In the CW 
(continuous wave) experiment,  the radiofrequency sweep excites nu- 
clei of different Larmor frequencies, one by one. For example, 500 s 
may be required for excitation over a 1-KHz range, while in a PFT 
experiment  a single pulse can simultaneously excite the nuclei over 
1-KHz range in only 250/~s. The PFT experiment  therefore requires 
much less time than the CW NMR experiment,  due to the short time 
required for acquisition of FID signals. Short-lived unstable molecules 
can only be studied by PFT NMR. 

1 . 3 3  
If the radiofrequency power is too high, the normal relaxation processes 
will not  be able to compete with the sudden excitation (or perturba- 
tion), and thermal equilibrium will not  be achieved. The populat ion 
difference (Boltzmann distribution excess) between the energy levels 
(a and/3)  will decrease to zero, and the intensity of the absorption 
signal will also therefore become zero. 

1 . 3 4  
Following are some common methods for sensitivity enhancement:  

(i) Sample concentration: When the sample concentration in a given 
volume of solvent increases, the number  of NMR active nuclei 
also increases. 

(ii) Temperature: Slight lowering of the sample temperature increases 
the energy difference between energy levels and therefore in- 
creases the population difference based on the Boltzmann distri- 
bution equation. 

(iii) Magnetic field strength: The population difference (Boltzmann ex- 
cess) increases with increasing magnetic field. 

(iv) Rfpower Of Bl: The signal strength increases with the increase in Rf 
power. Care must be taken, however, to avoid population saturation. 

(v) Number of scans: In the pulse Fourier Transform NMR experiment,  
the signal-to-noise ratio increases as the square root of the number  
of accumulated scans. 

(vi) Polarization transfer and nOe effects also contribute to sensitivity 
enhancement .  

(vii) Relaxation rate: Slow-relaxing nuclei cannot attain thermal equilib- 
rium within the pulse interval, which results in lower sensitivity. One 
way to cope with this problem is to introduce a sufficiently large delay 
time between the pulses. Addition of small quantifies of relaxation 
reagents can also result in a better signal-to-noise ratio, but this may 
also produce a change in chemical shifts due to complexation. 
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1 . 3 5  
The pulse duration controls the extent to which the magnetization vec- 
tors are bent. A misalignment of the pulse would lead to various artifact 
signals. Including 180 ~ spin-echo pulses can, to some extent, compensate 
for setting pulses incorrectly. But in certain experiments (e.g., inverse 
NMR experiments), it is extremely important for the success of the exper- 
iment that the proper pulse angles be determined and employed. 
(a) IH-NMR spectrum with proper alignment of pulse width. 

J �9 JJ 
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(b) 1H-NMR spectrum with poorly set pulse width. 
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1 . 3 6  
Composite pulses reduce the error introduced due to the delay between 
the start of the pulse and when it reaches full power. They have also 
been used to overcome problems of sample overheating during broad- 
band decoupling and in experiments in which pulses have to be applied 
for long durations. 

1 . 3 7  
Phase cycling is widely employed in multipulse NMR experiments. It is also 
required in quadrature detection. Phase cycling is used to prevent the intro- 
duction of constant voltage generated by the electronics into the signal of 
the sample, to suppress artifact peaks, to correct pulse imperfections, and 
to select particular responses in 2D or multiple-quantum spectra. 

1 . 3 8  
1. 1H-NMR spectrum with phase cycling. 
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2. ~H-NMR spectrum without phase cycling. 
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Spin system placed in magnetic field Magnetic f ield causes 
magnetization to ])recess 

$ 
Perturbation pulse B1 

Excitation 

$ 
Relaxation 

Free induction deca7 

$ 
FID is converted into digital form 

A D C  

$ 
FID manipulat ion 

Co-addition of  FIDs or transients, 
Apodization, etc. 

; 
[ Fourier Transformation ] 

$ 
[ Plotting ] 
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C H A P T E R  2 

Spin-Echo and 

Polarz'zation 

Transfer 

2.1 S P I N - E C H O  F O R M A T I O N  IN H O M O N U C L E A R  A N D  
H E T E R O N U C L E A R  SYSTEMS 

Artifact signals generated due to field inhomogeneit ies or errors in 
setting pulse widths may be suppressed by spin-echo production. Let us 
consider a heteronuclear AX spin system, in which nucleus A is a proton 
and nucleus X is a carbon. If the behavior of nucleus X is examined, 
then its magnetization will be affected by nucleus A in two different ways, 
depending on whether nucleus A is in the lower energy (c~) state (i.e., 
oriented with the applied magnetic field) or in the higher energy (/3) state 
(oriented against the applied field). The magnetization of nucleus X can 
be considered to be made up of two components,  Mxa~ and Mxa~ (where 
Mxa~ is the magnetization vector of nucleus X when coupled to the lower 
energy (c~) state of the neighboring nucleus A, and Mxa~is the magnetization 
vector of nucleus X when coupled to the higher energy (/3) state of the 
nucleus A). For convenience, we will designate Mxa~ as M1 and Mxa~ as M2 

in the following discussions. 

2.1.1 Spin-Echo Production 

The basic pulse sequence for the production of a spin-echo is illus- 
trated in Fig. 2.1. The behavior of 1~C vectors in a heteronuclear CH sys- 

§ § § § § § § 91 



92 

x H 
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Decouple 

~s C s~  

Relaxation 
period _-- 

180~ 

B Z Z 

Y x '  Mw,MsY 
(a) Co) 

Z 

x Y 

(c) 

lS~ 

Z Z 

X' X' 

(d) (e) 

Figure 2.1 (A) Spin-echo pulse sequence. (B) Effect of spin-echo pulse sequence 
on 1:~(; magnetization vectors; (e) represents the coalescing of the two component 
vectors by the 180 ~ refocusing pulse. 

tem is shown. The  first 90 ~ pulse on the ~3C nuclei serves to b e n d  their  
z-magnetization to the y'-axis. Dur ing  the subsequen t  delay per iod  v, sup- 
pose that two c o m p o n e n t  vectors Mr and  Ms are genera ted ,  with M F precess- 
ing a little faster than Ms. The  180 ~ pulse on the l~C-nuclei results in the 
MF and Ms vectors f l ipping across the x'-axis and  adop t ing  mirror image 
positions in the x'y'-plane (Fig. 2.1c,d). Dur ing  the subsequen t  delay per iod  
a', which is kept  identical to the first "r delay per iod,  the two magnet iza t ion  
vectors travel the remain ing  distance and  become  focused on the y'-axis, 
p roduc ing  a spin-echo. The  advantage of  the 180 ~ refocusing pulse is that  it 
compensa tes  for any errors  due  to field inhomogenei t ies .  For instance, if 
we assume that  the v e c t o r  M F was closer to the x'-axis and the vector Ms 
far ther  f rom it before  the applicat ion of  the 180 ~ pulse, then the 180 ~ pulse 
would cause a mirror image jump across the x'-axis, and  vector MF would 
adop t  a posit ion a little far ther  f rom the -y ' -axis  than vector Ms. Similarly, 
Ms would come to lie a little nea re r  the -y ' -axis  due  to the 180 ~ pulse. Th e  
faster v e c t o r  M F has now to cover a g rea te r  distance than the slower vector  
Ms in the second "r period,  so the original errors  in the posi t ioning of  the 
vectors MF and Ms are compensa t ed  by the "equa l  and  opposi te  e r r o r "  
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caused by the refocusing 180 ~ pulse. As a result, refocusing occurs precisely 
along the -y '-axis at the end of the second "r period. 

The 180 ~ pulse applied to nucleus X unde r  observation causes a change 
of its position but  does not  affect the direction of rotat ion of its magnet izat ion 
vectors. This is because the direction of rotat ion of the  vectors of nucleus 
X depends  on the spin states of nucleus A to which nucleus X is coupled,  
and it is only when the spin states of nucleus A are in te rchanged  (for 
instance, by irradiation of nucleus A with a 180 ~ pulse) that  the directions 
of rotat ion of the vectors of nucleus X undergo  a reversal. Since refocusing 
at the end of the second delay per iod occurs along the -y'-axis,  a negative 
signal is produced,  irrespective of the precession frequency of the nucleus. The 
pulse sequence used to remove field inhomogenei t ies  is: 

90~ 180~ 
90~ - 180~ 

The phase alteration of the 180 ~ pulse and coaddit ion of the resulting FIDs 
serves to cancel the pulse imperfections, thereby produc ing  accurate spin- 
echoes (Fig. 2.2). 

The spin-echo exper iment  therefore leads to the refocusing not  only 
of the individual nuclear resonances but  also of the field inhomogenei ty  
components  lying in front or behind  those resonances, a m a x i m u m  negative 
ampli tude being observed at time 2"r after the initial 90 ~ pulse. The fre- 
quency of rotat ion of each signal in the rotating frame will depend  on its 
chemical shift; and after the vector has been flipped by the 180 ~ pulse, it 

Z 

y 
O 

Z Z 

90~ --x'~ 
y '  X 

~ 0  

_ -  

x y '  X y 
# 

Figure 2.2 Effect of 180 ~ pulse on phase imperfections resulting from magnetic 
field inhomogeneities. Spin-echo generated by 180~ refocusing pulse removes the 
effects of magnetic field inhomogeneities. 
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Figure 2.3 Spin-echo exper iment .  The  behavior of nucleus X in an AX spin system 
is shown. (A) Application of the second 180 ~ pulse to nucleus X in the AX hetero- 
nuclear  system results in a spin-flip of the two X vectors across the x'-axis. But the 
direction of rotation of the two X vectors does not  change,  and the two vectors 
therefore refocus along the - y '  axis. The  spin-echo at the end of the "r per iod 
along the - y '  axis results in a negative signal. (B) When  the 180 ~ pulse is applied 
to nucleus A in the AX he te ronuc lear  system, the spin-flip of the X vectors 
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will cont inue  to rotate in the same direct ion and at the same f requency 
till it decays due to transverse relaxation effects. If we acquire data at the 
point  at which each echo is p roduced ,  Fourier  t ransformat ion would lead 
to a spectrum. By varying the delay time % we can collect a series of  spectra 
f rom which the transverse relaxation rate/g2 constants can be measured  by 
plott ing the intensity of  each signal as a funct ion of time, provided that  
each signal is a singlet. In the case of  multiplets, a more  complex  pulse 
sequence  is used to cancel the mult iplet  effects and  then to measure  the 
transverse relaxation delay. 

§ P R O B L E M  2 . 1  

The  spin-echo is used to suppress the produc t ion  of spurious signals 
due  to field inhomogenei t ies  or to el iminate errors  in the setting of  
pulse widths. It is also possible to use the spin-echo to follow the 
decay of transverse magnet izat ion and to de te rmine  the transverse 
relaxation time (7"2). How might  we do this in practice? 

2.1.2 Spin-Echo Production in a Heteronuclear AX Spin System 

In a he te ronuc lea r  AX spin system in which nucleus X is being observed, 
three different  cases can be considered,  depend ing  on whe ther  the 180 ~ 
pulse is applied to nucleus A only, nucleus X only, or simultaneously to 
both  nuclei A and X (Fig. 2.3). 

In the first case, the 180 ~ pulse is applied to nucleus X, causing the 
two vectors of  nucleus X to flip across the x'-axis. But no change  occurs 
in the direction of their  rotat ion dur ing  the second delay period,  so at the 
end  of this per iod the vectors are refocused along the -y'-axis,  p roduc ing  
a negative signal. 

In the second case, the 180 ~ pulse is applied only to nucleus A, causing 
an exchange  of spin labels of  the A spin states to occur,  so the direct ion 
of rotat ion of the X magnet izat ion vectors is reversed dur ing  the second 

across the x'-axis does not occur; only their direction of rotation changes due to 
relabeling of the A spin states. Spin-echo formation therefore takes place along 
the y'-axis, producing a positive signal. (C) Simultaneous application of the 180 ~ 
pulse to both nuclei A and X will not only cause a spin-flip but also exchange the 
direction of their rotation so that at the end of the 2"r delay period, they lie along 
the x'-axis. 
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delay period, resulting in a refocusing of the X vectors to occur  along 
the y'-axis at the end of the second delay period, thereby p roduc ing  a 
positive signal. 

In the third case, the 180 ~ pulses are applied simultaneously to both  
nuclei A and X, so the direction of rotat ion of the X vectors changes, 
and a flip-over to mirror  image positions across the x'-axis also occurs. 
This results in the two vectors aligning themselves along the x'-axis at 
the end of the second delay period. Since the detector  is assumed to 
be aligned to detect signal componen t s  along the y'-axis, no  signal is 
produced.  This third case is also applicable to homonuclear spin systems, 
in which the 180 ~ pulse will be nonselective, affecting both the A and 
X nuclei. 

Hence it is clear that if the two delay periods before and after the 
180 ~ pulses are kept identical, then refocusing will occur only when a 
selective 180 ~ pulse is applied. This can happen  only in a he te ronuc lea r  
spin system, since a 180 ~ pulse applied at the Larmor  frequency of pro- 
tons, for instance, will not  cause a spin flip of the ~~C magnet izat ion 
vectors. 

§ P R O B L E M  2 . 2  

What is the effect of applying a spin-echo on chemical shifts? 
§ 

P R O B L E M  2 . 3  

Describe the effects of a 180 ~ refocusing pulse in each of the follow- 
ing situations: 

(i) Single line dephased due to field inhomogenei ty.  
(ii) A doublet  resulting from heteronuclear  coupling, assuming 

that vectors of nucleus A are being observed and that the 180 ~ 
pulse is applied selectively on nucleus A. 

§ 

§ P R O B L E M  2 . 4  

Will the vectors of a doublet  be refocused at time 2"r in a spin-echo ex- 
periment? 

§ 



2. I Spin-Echo Formation in Homonuclear and Heteronuclear Systems 97 

§ P R O B L E M  2 . 5  

Ms and M s are magnetization components  of the X vector of a het- 
eronuclear AX spin system, shown here at a certain delay after the 
application of a 90 ~ pulse. Draw the vector positions and their 
direction of rotation after each of the following radiofrequency 
pulses: 

z 

x Y 
M~ 

(i) 180 ~ pulse applied to nucleus X 
(ii) 180 ~ pulse applied to nucleus A 

(iii) 180 ~ pulses applied to nuclei A 
and X 

2.1.3 Attached Proton Test (AFF), Gated Spin-Echo (GASPE), and 
Spin-Echo Fourier Transform (SEFF) 

When a 90 ~ pulse is applied to the ~~C nuclei, then during the subse- 
quent  delay interval "r after the pulse, the magnetization vectors of the ~~C 
nuclei of CH~, CH~, CH, and quaternary carbons do not rotate synchro- 
nously with one another  but rotate with characteristically different angular 
velocities. If the value of the delay time is kept at 1 / J  seconds, then CH2 
and quaternary carbons give signals with positive amplitudes while CH~ 
and CH carbons give signals with negative amplitudes. This provides a 
method, variously known as APT (Attached Proton Test), GASPE (Gated 
Spin-Echo), or SEFT (Spin-Echo Fourier Transform) for distinguishing 
between them. 

The pulse sequence used in the APT experiment is shown in Fig. 
2.4; the movement  of the magnetization vectors at various delay intervals 
"r after the 90~ ~3C pulse is shown in Fig. 2.5. The initial 90 ~ ~C pulse 
bends the magnetization vectors of the CH~, CH2, CH, and quaternary 
carbons so they come to lie together along the y'-axis in the x'y'-plane. 
During the subsequent delay interval, these vectors separate from each 
other and rotate in the x'y'-plane at their characteristic Larmor frequen- 
cies. The CH3, CH2, and CH carbon magnetization vectors also become 
split into 4-, 3-, or 2-vector components,  respectively, due to coupling 
with their attached protons. The detector, which by convention is regarded 
as located along the y'-axis, detects only the sum of these individual 
vector components,  with the signal amplitude increasing to a maximum 
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Figure 2.4 (A) Pulse sequence for the gated spin-echo (GASPE) or attached proton 
test (APT) experiment. (B) Effect of the pulse sequence on the ~3C magnetization 
vectors of a CH group. 

value when the vector sum approaches the y'-axis and decreasing as 
they move away from it toward the -y'-axis. Since this cosinusoidal 
modulation in signal strength with delay time "r depends on the positions 
(or the respective angular velocities) of the split magnetization compo- 
nents, it is termed J-modulation. 

The decoupler  is off during the first 1 / J  delay period, so it is during 
this period that the effect of J-splitting comes into play and the coupling 
information is provided. This information is contained in the phase and 
magnitude of the signal, which in turn are dependen t  on the positions, 



",~ 

il 
II 

II 
II 

II 
If 

o
~

 

1 !" N
~

 

.~
 

~ 
~ 

=
~

 
"~ 

~
-~

 
~ 

"~ 
~ 

~
-~

 
~

.~
 

-~- 
_~_ 

ff 
~ 

~ 
* 



100 2. Spin-Echo and Polarization Transfer 

angular  velocities, and n u m b e r  of individual split magnet iza t ion compo-  
nents. The  decoupler  is switched on at the beginning  of the second delay 
interval that  causes the split magnet iza t ion vectors to collapse into resul- 
tant singlets. The  180 ~ pulse causes these vectors to adopt  mir ror  image 
positions across the x'-axis (Fig. 2.4). At the end of the second delay inter- 
val, the CHz and quaternary  carbons appear  with positive phases, while 
the CH~ and CH carbons appear  with negative phases, thus allowing the 
CH3 and CH carbons to be dist inguished from the C H  2 and quaternary  
carbons (Fig. 2.5). 

The  dependance  of signal phases and intensities on delay t ime "r in 
the APT exper imen t  is shown in Fig. 2.6. If Jell is assumed to be 125 Hz 
and the delay time is accordingly set at 1 / J  = Vlzs = 8 ms, then,  as is appar- 
ent  from Fig. 2.6, the quaternary  and C H z  carbons appear  with m a x i m u m  
positive ampli tudes  while the CH3 and CH carbons afford m a x i m u m  nega- 
tive ampli tudes  [see vertical line at (a)]. If the delay t ime is adjusted to 
6 ms [see vertical line at (b)], then quaternary  carbons still appear  with 
similar positive amplitudes,  the CH,2 carbons have weaker positive ampli- 
tudes, and the CH~ and CH carbons have weak negative ampli tudes.  The  

(c) (b) (a)  
o ! 

! o o 
o ! o 
! ! ! 

o ! ! 
o ! o 
o ! o 

Quaternary C , , ' I 
a 

1 . 0  ' ! - C - 

' ' ~ X  , I 
i I X I 
I I 

0.5 
- -  X !  ! 

/ ', ' ! 
, 

, . .  , x "  ', ', 

' x "  ' ', 
X .~ , ~ x (in ms) I 

, , ~  . . ,  , 
' 

, ~ , C H  3, J -. 125  H z  

I ~ I 
I 

' C H ,  J = 1 6 0  H z  

c ', " ! ! 

- 1 . 0  - C H  'l ' ' 
- X - X - X -  C H 2  ' ' , C H ,  J -  1 2 5 H z  

I I 

___CH 3 , , , 
I I I 

Figure 2.6 Signal intensities in the APT experiment depend on delay time "r. The 
signal intensities of CH~, CH~, and CH carbons are shown as various curves as a 
function of I". 
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signal magnitudes at the end of the 2"r period are given by the following 
equations: 

For quaternary carbons (C): 
For methine  carbons (CH): 
For methylene carbons (CHz): 
For methyl carbons (CH3): 

m2, r = m~e-2"r/T2 

M2, = Moe -2~/T2 cos zrrJ 
m2~ = 1/z'r Moe-Z~/T2(1 + cos 2zrrJ) 
M2~ = ]Moe-2"/Tz(cos 1r~J + �89 cos 3zr~J). 

One disadvantage of the APT exper iment  is that it does not  readily 
allow us to distinguish between carbon signals with the same phases, i.e., 
between CH3 and CH carbons or between CH2 and quaternary carbons, 
al though the chemical shifts may provide some discriminatory information.  
The signal strengths also provide some useful information, since CH~ car- 
bons tend to be more intense than CH carbons, and the CH2 carbons are 
usually more intense than quaternary carbons due to the greater nuclear 
Overhauser enhancements  on account  of the attached protons. 

In interpreting APT spectra, we have to be careful about erroneous 
phasing of the signals that may occur if the actual Jc.  values differ signifi- 
cantly from those set for the experiment .  For instance, j~:H may be about  
125 Hz for alkyl groups, so the op t imum 1/Jwill be 8 ms, but j~:H in alkenes 
may be about 160 Hz, so 1 / J  for such functional groups should be set at 
6.25 ms (Fig. 2.6). Such alkyl CH carbons will therefore afford the most 
intense negative signals at 2"r = 16 ms, while in alkene CH carbons the 
most intense negative signals will appear  at 2"r = 12.5 ms. If 2"r is set at 
16 ms, then the alkene CH carbons could appear with weak negative intensi- 
ties; if the Jvalues  differ significantly, we may even obtain signals with the 
"wrong"  phasing, leading to misinterpretation of the results. 

With "r set at 1/zJ, the quaternary carbons generally appear  with greate r 
intensity than the other  carbons, which will be of near-zero intensities, 
thereby allowing them to be distinguished, particularly from the CH2 car- 
bons, as compared to the " n o r m a l "  APT spectrum, in which both CH 2 
and quaternary carbons appear with positive amplitudes. A difference A P T  
spectrum, in which an APT spectrum recorded with "r set at z/'sJis subtracted 
from another  APT spectrum recorded with "r set at a/sJ, can provide useful 
information. The methyl carbons will then appear with reduced intensities 
in the difference spectrum as compared  to the methine  carbons, allowing 
us to distinguish between them. 

The errors in the APT spectra may arise due to (a) variation in the T2 
relaxation times of different carbons, (b) wide variation in J~:. values, and 
(c) modulations caused by long range ~C-1H couplings. A procedure  
known as ESCORT (Error Self Compensat ion Research by Tao Scrambling) 
has been developed to yield cleaner subspectra with reduced J"cross- ta lk"  
(Madsen et al., 1986). This involves replacing the normal APT spectral 
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editing procedure ,  which is based on using an average ~cn coupl ing con- 
stant, by a linear combinat ion of exper iments  that is partly i n d e p e n d e n t  
of the error  in setting J values. 

The variation in the T2 relaxation times of the individual carbons 
can be minimized by keeping the time between excitation and detect ion 
constant  (Radeglia and Porzel, 1984). 

§ P R O B L E M  2 . 6  

How can you distinguish between C, CH, CH2, and CH3 carbons in the 
APT exper iment?  

§ 

§ P R O B L E M  2 . 7  

The GASPE (or APT) spectrum of ethyl acrylate is shown here. Assign 
the signals to the various carbons. 

I . . . . .  H 

10 170 150 130 110 90 70 50 30 

/ H  
C - - C  

C m O ~ CH 2 - CH 3 
II 

O 
Ethyl acrylate 

PPM 

2.1.4 Nonobservable Magetization by 90 ~ Pulses: 
Mixing Spin States 

In the preceding discussion we have been concerned  with the genera- 
tion and detect ion of single-quantum coherence  (i.e., AM = + 1) magneti- 
zation. This magnetizat ion corresponds to the creation of a vector in the 
x'y'-plane, which is detected. There  are many methods  to generate  magneti- 
zation with transitions o ther  than AM = + 1. Such multiple- or zero-quantum 
coherences are "invisible," since they do not  induce any fluctuations in a 
receiver directly, and they do not  follow the selection rules. However, 
through the application of a suitable pulse or a set of pulses, these coher- 
ences can be converted into single-quantum transitions before being de- 
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tected. Such magnetizations can be generated simply by using two 90 ~ 
pulses separated by a time period. The two 90 ~ pulses together  serve to 
prepare the spin system; and after this preparat ion period, the coherences 
are allowed to evolve in the time period ~, before some of them are con- 
verted into a single-quantum coherence by a third 90 ~ pulse before de- 
tection. The second 90 ~ pulse thus serves to mix the orders of coher- 
ences, converting some of the single-quantum coherence generated by the 
first 90 ~ pulse into other orders of coherence,  whereas the third 90 ~ pulse 
does the reverse--converts  nonsingle-quantum coherence into single- 
quantum coherence. 

§ P R O B L E M  2 . 8  

What is the difference between single-quantum coherence and zero- 
or multiple-quantum coherences? 

§ 

P R O B L E M  2 . 9  

Can the simple vector presentation be used to display the effects of a 
90 ~ pulse on zero-or  multiple-quantum magnetizations? 

2.2 C R O S S - P O I A R I Z A T I O N  

The strength of an NMR signal depends on the gyromagnetic ratio y of 
a nucleus, which in turn determines the populat ion difference AE between 
the upper  and lower energy states. In a given applied magnetic field, 
B0:AE = yh B0/2rr where h is Planck's constant. Certain nuclei, such as 13C, 
occur in low natural abundance and have unfavorable magnetogyric ratios, 
leading to poor  sensitivity. Thus the magnetogyric ratio y of I~C is about  a 
quarter that of 1H, and since the signal obtainable from a nucleus is propor- 
tional to y~ of that nucleus, the lower y of 13C results in weakening of its signal 
intensity by a factor of (1/4)3 ~ 64. Moreover, since lsC has a natural abun- 
dance of 1.1%, this leads to a further hundredfold  reduction in the sensitivity 
of the signal, so that ~C signals are some 6000-fold weaker than ~H signals. 
Some increase in sensitivity is achievable through nuclear Overhauser en- 
hancement.  Alternatively, we can transfer magnetization from 1H to 13C nu- 
clei to intensify the ~3C signals, a process known as cross-polarization. Such 
population-transfer or polarization-transfer procedures are now used exten- 
sively in many NMR experiments, such as INEPT and DEPT. 
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Some of the most impor tant  2D experiments  involve chemical shift 
correlations between either the same type of nuclei (e.g., 1H/1H homonu-  
clear shift correlation) or between nuclei of different types (e.g., 1H/13C 
heteronuclear  shift correlation).  Such experiments  depend  on the modula- 
tion of the nucleus under  observation by the chemical shift frequency of 
other nuclei. Thus, if 1H nuclei are being observed and they are being 
modulated by the chemical shifts of other  ~H nuclei in the molecule, then 
homonuclear  shift correlation spectra are obtained. In contrast, if I~C nuclei 
are being modulated by ~H chemical shift frequencies, then heteronuclear  
shift correlation spectra result. One way to accomplish such modulat ion is 
by transfer of polarization from one nucleus to the other  nucleus. Thus 
the magnitude and sign of the polarization of one nucleus are modula ted  
at its chemical shift frequency, and its polarization transferred to another  
nucleus, before being recorded in the form of a 2D spectrum. Such polariza- 
tion transfer between nuclei can be accomplished by the simultaneous appli- 
cation of a pair of 90 ~ pulses on the two nuclei involved in the exchange 
of polarization, provided the spin components  are properly aligned. 

Let us consider a simple heteronuclear  lH/l~C spin system in which 
the lH polarization is transferred to ~sC nuclei. The first 90 ~ lH pulse bends 
the z-magnetization to the +y'-axis. During the subsequent time interval tl 
the IH magnetization is split into counterrotat ing components  that, at the 
end of tl = VzJ period, are aligned along the x'-axis of the rotating frame. 
The Rf field is then phase shifted in order to allow a 90 ~ pulse to be applied 
along the y'-axis. This pulse causes the two magnetization componen t  vec- 
tors lying along the x'-axis to rotate in the x'z-plane so they come to lie 
along the z-axis. The two vectors czH and/3~ are now directed in opposite 
directions along the z-axis (see Fig. 2.7, IIe), whereas in the equilibrium 
state (see Fig. 2.7, IIa) they were both pointing toward the z-axis. What we 
have therefore succeeded in doing is to invert the population of one of the 
tWO IH spin states. Since the ~3C nuclei, which are coupled to lH nuclei, 
have their spin states de termined  by the spin labels of the ~H spins, the 
inversion (or relabeling) of one of the ~H spins causes a corresponding 
relabeling of one of the ~3C spins (shown as ~C and aC in Fig. 2.7, IIf, with 
~C having undergone  the inversion in the illustration). A 90 ~ pulse (along 
the x'-axis) rotates these two ~sC vectors so they come to lie along the y'- 
axis (IIg). This antiphase magnetization can then be detected immediately, 
or it can be allowed to evolve for a certain time before detection (IIi). Or 
if decoupling is applied to the ~H nuclei during detection, it can be made 
to focus into a single componen t  before detection. 

Clearly the extent to which the ~H nuclei line up along the x'-axis (IId) 
will depend on the duration of tl, which in turn will de termine the extent 
of the antiphase z-magnetization created by the second 90 ~ lH pulse. The 
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extent  of divergence of the two magnetizat ion componen t s  of A between 
the two 90 ~ ~H pulses depends  on JHc, while the positions of the resultant 
of these two vectors will depend  on the extent  of precession due to the 
chemical shift of 1H. Hence,  the posit ioning of the c o m p o n e n t  vectors 
(and consequently the extent  of antiphase z-magnetization created by the 
second 90 ~ pulse) will depend  both  on the magni tude  of  the coupling 
constant  JcH as well as on the chemical shift ~H. The antiphase polarization 
of A along the x'-axis (in IId) before the application of  the second 90 ~ 
pulse is modula ted  by both  the chemical shift and the coupl ing constant  
frequencies, and it is this information that is transferred to the ~sC nuclei 
by polarization transfer before detection. 

The exper iment  just  discussed represents  a he te ronuc lea r  spin system. 
In a homonuc lea r  case, the separate 90 ~ ~sC pulse necessary in the hetero- 
nuclear  system is not  required,  since the second 90 ~ 1H pulse affects the 
coupled par tner  1H nucleus as well. The nucleus detected therefore has 
its two transitions antiphase with respect to each other,  cor responding  to 
the states represented in Fig. 2.7, IIg, IIh, etc. at detection. 

The IH/I~C energy level diagram in Fig. 2.8 will help to clarify how 
polarization transfer, i.e., inversion of one of the 1H spin states, intensifies 
the two antiphase l~C lines. The coupled ~H/~~C nuclei can be represented 
by four energy levels, cor responding to (a) 1H: O~, 13C: o~, (b) IH: O~, 13C: ~, 
(c) ill: /3, lsC: c~, and (d) IH: /3, 1sC: /3 (i.e., czcz, cq3, /3cz, and/3/3) states. 
In the lowest energy (czcz) orientat ion,  both  IH and 13C nuclei are aligned 
with the applied magnetic field; in the highest energy (/3/3) orientat ion,  
both are aligned against the applied magnetic field. In the two other  en- 
ergy levels (cq3 and /3cz), the two nuclei are not  parallel to each other.  
The populat ion of the lowest energy (czcz) state is (1/9)TH + (Vz)yc, while 
in the highest energy (/3/3) state the populat ion is --(Vg)TH- (1/2)yc. In 

Figure 2.8 (a) Energy levels, populations, and single-quantum transitions for a 
CH system. (b) (i) Populations at thermal equilibrium (Boltzmann distribution) 
responsible for the normal t'~C intensities, for example, of the doublet of CHC13. 
The amplitudes and intensities corresponding to this population difference is shown 
in (c) (i). (b) (ii) Population inversions of protons through the tH~ transition 
results in an increased negative difference ( -3)  between levels 3 and 4, and an 
increased positive difference (+5) between levels 1 and 2. The corresponding 
amplitudes and intensities of CH doublet are shown in (c) (ii). (b) (iii) The 
alternative exchange of proton populations achieved through ~Hz transition (b) (i) 
gives rise to a reverse situation in (b) (iii) to that seen in (b) (ii). The population 
differences are: level 3-level 4 = 5 - 0 = +5, and level l-level 2 = 1 - 4 = -3.  
Fig. (c) (iii) shows corresponding amplitudes and intensities of the CH doublet. 
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the two in termedia te  cq3 and/3c~ states, the respective populat ions  will be 
(x/2)y. - (1/z)yc and - (V2)y. + (1/2)yc. This is shown in Fig. 2.8a. 

Suppose, for clarity, we add a c o m m o n  factor [(1/z)yH + (1/2)yc] to all 
four energy levels so the energy difference between them does not  change.  
The  values of these energy levels will then become  y, Yc, Y., and YH + Yc. 
Since y .  is about  four times Yc, let us also assume that YH = 4 and Yc = 1. 
The  populat ions  of the four energy levels will then be 0, 1, 4, and 5. The  
populat ion difference between the two '3C spin states before the application 
of the 'H polarization transfer pulse corresponds  to the lower energy state 
minus the uppe r  energy state, i.e. 1 - 0 = 1 o r  5 - 4 - -  1 .  

Applying the polarization transfer pulse inverts the popula t ion  of one 
of the two IH states, p roduc ing  a cor responding  change in the populat ions  
of the '3C states. This occurs because the two '~C transitions share a c o m m o n  
energy level with this pro ton  transition. Thus,  if the populat ions  0 and 4 of 
one of the 'H transitions are exchanged,  then the '3C popula t ion differences 
become 5 - 0 = 5 and 1 - 4 = 3. The  original '~C popula t ion differences 
were 5 - 4 -- 1 and 1 - 0 = 1, so we see that  an intensification of  the 13C 
signal ampli tudes  has occurred.  The  net popula t ion  difference was (5 - 4) 
+ (1 - 0 )  = 2; after the polarization transfer pulse the net populat ion 
difference (5 - 3) is still 2. There  is therefore  no net  transfer of magnetiza- 
tion,0the intensification of the positive contr ibut ion being exactly balanced 
by a cor responding  change in the negative contr ibut ion.  However, since 
the original '~C line intensities before the polarization transfer pulse were 
+ 1 and + 1 and after the pulse they are +5  and - 3 ,  we see a significant 
increase in the intensity of the individual ant iphase "~C signals has occurred 
(Fig. 2.8c, ii). Figure 2.8c, iii, shows that the alternative exchange  of proton 
populat ions (5 with 1) th rough the o ther  'H transition leads to the '3C 
populat ion differences of 5 - 0 = 5 and 1 - 4 = - 3, i.e., the first peak of 
the ':~C double t  has an intensity of + 5, and the second peak has an intensity 
o f - 3 .  The  spectra therefore  show an e n h a n c e m e n t  of the order  of  3',,/ 
Yc: = "" 4: The  two '3C transitions would therefore  have asymmetric intensi- 
ties with an intensification of the individual peaks by factors of  approxi- 
mately +5  and - 3 .  

Populat ion transfer exper iments  may be selective or nonselective. Selec- 
tive populat ion transfer exper iments  have found only limited use for signal 
multiplicity assignments (S6rensen et al., 1974) or for de te rmin ing  signs 
of coupling constants (Chalmers  et al., 1974; Pachler and Wessels, 1973), 
since this is bet ter  done  by employing distortionless e n h a n c e m e n t  by polar- 
ization transfer (DEPT) or Correlated Spectroscopy (COSY) experiments .  
However, nonselective populat ion transfer exper iments ,  such as INEPT or 
DEPT (presented later) have found wide application. 
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P R O B L E M  2 . 1  0 

How does magnetization transfer from ~H to a coupled 13C nucleus 
(polarization transfer or population transfer) affect the signal intensity 
of the ~aC nucleus? 

§ 

§ P R O B L E M  2 . 1  1 

What is the difference between nonselective and selective polariza- 
tion transfer? 

§ 

2.2.1 I N E P T  

The polarization transfer experiment  just described involved inversion 
of one of the two vector components  so that it pointed towards the -z-  
axis, in contrast to the equilibrium situation, in which both components  
were pointing towards the +z-axis. It was this inversion of the lH spins that 
caused a corresponding change in the population difference of the coupled 
~C nuclei, which was detected. INEPT (Insensitive Nuclei Enhancement  
by Population Transfer) is a nonselective polarization transfer exper iment  
(Knoth, 1979; Avent and Freeman, 1980; Bolton, 1980; Burum and Ernst, 
1980; Doddrell et al., 1980; Morris, 1980a, 1980b; Pegg et al., 1981a,b), in 
which polarization is transferred from all protons to all nuclei having the 
appropriate ~H/~3C coupling. 

The pulse sequence employed is basically similar to that already 
described, except that (a) a 180 ~ lH pulse is applied in the middle of 
the evolution period to refocus the effects due to proton chemical shift 
evolution, and (b) a 180 ~ l~C pulse is applied simultaneously with the 
180 ~ ~H pulse, which serves to invert the carbon spin labels so the ~~C 
vectors continue to diverge from one another.  The basic INEPT pulse 
sequence applied to CH doublets is shown in Fig. 2.9. Application of 
the 90 ~ ~H pulse aligns the vectors along the y'-axis. During the subsequent  
"r = 1/4j period, the two vectors of the ~H nucleus fan out in the x'y'- 
plane. Applying the 180 ~ ~H pulse causes them to jump  across the x'- 
axis and adopt mirror image positions in the x'y'-plane. The simultaneous 
application of the 180 ~ ~3C pulse causes an interchange of the spin 
labels of the two vectors, resulting in an exchange of their "identit ies" 
and accompanied by a corresponding change in the direction of rotation, 
so that in the subsequent "r = 1/4j period they move away from each 
other, thereby aligning them along the x'-axis at the end of the evolution 
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Figure 2.9 Pulse s equence  for  the INEPT e x p e r i m e n t .  (B) Effect of  pulses on  
IH magne t iza t ion .  Appl ica t ion  of  the pulse s e q u e n c e  shown results  in popu la t i on  
inversion of  one  of  the two p r o t o n  vectors of  the  CH d o u b l e t  and  the re fo re  causes 
an intensif icat ion of  the c o r r e s p o n d i n g  lsC lines. 
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period. As in the previous polarization transfer experiment,  a 90y 13C 
pulse results in their rotating in the x'z-plane so they point  in opposite 
directions along the z-axis. Thus, while at equilibrium both componen t  
vectors of the IH doublet  pointed towards the +z-axis, by applying the 
INEPT sequence one of these two vector components  becomes inverted 
so it now points towards the -z-axis. This -z-magnetization created in 
one of the ~H vectors causes a corresponding change in the populat ion 
difference of the ~3C vectors. This is read by applying a 90 ~ 13C pulse 
that inverts the z-magnetization (longitudinal magnetization) of the laC 
nuclei to transverse magnetization in the x'y'-plane. The I~C-NMR spectrum 
now shows signals that are enhanced by a factor K = YH/Yc due to the 
greater population differences between the upper  and lower energy 
states of the lsC nuclei. 

§ P R O B L E M  2 . 1 2  

In what respect is the INEPT experiment  superior to the APT or 
GASPE experiment? 

§ P R O B L E M  2 . 1 3  

Describe the fundamental  properties of an INEPT experiment.  

2.2.1.1 SIGNAL INTENSIFICATION WITH INEFF 
In the case of a CH group, the two lines of the ~sC doublet  have 

intensities of +5 and - 3  (see previous discussion), and since they have 
different phases, they will partially cancel each other if they were to become 
focused. A suitable delay is therefore introduced to bring them into phase, 
the time delay differing for CHs, CH2, and CH groups. Once both lines 
are in phase, then each ~sC line exhibits a fourfold increase in intensity. 
This is significantly superior to the threefold enhancement  in sensitivity 
obtainable by nuclear Overhauser enhancement  when recording proton- 
decoupled I~C-NMR spectra. In practice, a fivefold to sixfold enhancement  
of sensitivity of INEPT spectra can be obtained, since the repetition rate 
of the entire INEPT sequence is governed by the relatively shorter proton 
spin-lattice relaxation times, whereas in proton-decoupled I~C spectra the 
repetition rate of successive scans is determined by the longer ~C spin- 
lattice relaxation times. 

In polarization transfer experiments such as INEPT, the recorded 
multiplets do not have the standard binomial intensity distributions of 
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Figure 2.10 (A) Relative intensities in an INEPT spectrum presented as a variation 
of the Pascal triangle. (B) Signal phase and amplitudes of (a) quaternary, (b) CH 
(c) CHz, and (d) CH~ carbons in a normal INEPT experiment. 

1 : 1 for doublets,  1 : 2 : 1  for triplets, and 1 : 3 : 3 : 1  for quartets,  etc. 
Instead, they exhibit  in tensi t ies--as  indicated in the Pascal triangle in 
Fig. 2 . 1 0 - - o f  - 3 : 5  for doublets,  - 7 : 2 : 9  for triplets, - 11, - 9 ,  15, 
and 13 for quartets,  etc. 

The sensitivity e n h a n c e m e n t  in the INEPT exper imen t  is particularly 
marked  when nuclei of low magnetogyric  ratios are being detected.  
A comparison of the signal intensities obta ined by polarization trans- 
fer against those obta ined by full NOE for various nuclei is presented in 
Table 2.1. 
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Table 2.1 

A Comparison of Signal Intensities 
Obtained by Polarization Transfer against 

Those Obtained by Full nOe from Protons 
to the Heteronucleus* 

Polarisation Maximum 
Nucleus transfer nOe 

13C 3.98 2.99 
15N 9.87 -3.94 
31p 2.47 2.24 
298i 5.03 - 1.52 
57Fe 30.95 16.48 
l~ 31.78 - 14.98 

* The intensities given are relative to those observed 
without nOe. 

113 

2.2.1.2 SPF.CXRAL EI)IXINC Wn'H I N E P T  
INEPT can be used for de t e rmin ing  the multiplicities of  ~3C nuclei  

coupled  to protons .  This is done  by dele t ing the 180 ~ ~H and 13C refocusing 
pulses and by including a delay A the value of  which is adjusted to give a 
part icular  angle 0, before  data acquisition. The  CH3, CHz, and  CH car- 
bon  intensities d e p e n d  on the delay A (i.e., on the angle 0), as shown in 

Table 2.2. 

P R O B L E M  2 . 1  4 

Based on the equat ion  K = YH/Yc, we would expect  about  a threefo ld  
e n h a n c e m e n t  in the signal intensities of  p ro ton-bear ing  ~C nuclei  in 
the b road-band  decoup led  INEPT exper iment .  In practice, the intensi- 
fication is more  than threefold.  Why? 

The  precession of  the ~~C mult iplet  c o m p o n e n t s  dur ing  the delay A by 
angle 0 (where 0 = zrJA) is related to the signal intensities of  CH, CHz, and  
CH~ carbons as follows: 

CH: I c~ sin 0 
CH2: I c~ sin 20 
CH~: I ot (a/4) (sin 0 + sin 30). 
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Table 2.2 
Relative Signal Intensities 

0* CHa CH2 CH 

1r/4 3/2V~ 1 1/V~ 
rr/2 0 0 1 

37t/4 3/2X/'2 -1 1/V'2 

O*=A. 

Since in the rotating frame the doublet vectors of the CH carbons precess 
at a precessional frequency of +J/2 and - J / 2 ,  if the delay A is set at 1/2.] 
(i.e., 0 = 90 ~ then only CH carbons will appear. With A set at V4J, all 
protonated carbons will appear with positive amplitudes; with A set at s/4J, 
CH and CH3 carbons will produce positively phased signals and CH2 carbons 
will give negatively phased signals. The quaternary carbons do not appear, 
since there are no attached protons from which polarization transfer can 
occur. Comparing the spectra at various A values with the broad-band 
decoupled spectrum yields a procedure for determining carbon multiplici- 
ties (spectral editing). This is illustrated in Fig. 2.11. To distinguish between 
the three kinds of carbon atoms (CH~, CH2, and CH), we need to record 
three different spectra with the delays A adjusted to make 0 equal -/4,1r/2, and 
-~,/4. Suitable combinations of these spectra allow us to generate subspectra 
containing CH, CH2, or CHs carbons. 

As mentioned already, the INEPT spectra are typified by the antiphase 
character of the individual multiplets. The INEPT ~C-NMR spectrum of 
1 ,2 -d ibromobutane  is shown, along with the normal off-resonance 13C-NMR 
spectrum, in Fig. 2.12. Doublets show one peak with positive phase and 
the other with negative phase. Triplets show the outer two peaks with 
positive and negative amplitudes and the central peak with a weak positive 
amplitude. Quartets have the first two peaks with positive amplitudes and 
the remaining two peaks with negative amplitudes. 

Since the natural magnetization has been removed by phase alterna- 
tion, we cannot apply IH decoupling during data acquisition, because there 
is no net magnetization contributing to any of the multiplets. Decoupling 
would therefore result in the mutual cancellation of the antiphase peaks 
within each multiplet when they collapse together, leading to the disappear- 
ance of the signals. It is therefore necessary to collect coupled spectra with 
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antiphase peaks within multiplets; and if decoupled spectra are required,  
we need to record a refocused INEPT exper iment  or a variant of it. 

§ P R O B L E M  2 . 1 5  

How can spectral editing in INEPT be used to generate separate spectra 
for CH, CHz, and CH~ groups, and how is it superior to the traditional 
off-resonance decoupled spectra? 

§ 

2.2 .2  Refocussed I N E P T  

The INEPT experiment  can be modified to allow the antiphase magneti- 
zation to be precessed for a further time period so that it comes into 
phase before data acquisition. The pulse sequence for the refocused INEPT 
experiment  (Pegg et al., 1981b) is shown in Fig. 2.13. Another delay, D3, 
is introduced and 180 ~ pulses applied at the center of this delay simultane- 
ously to both the 'H and the I~C nuclei. Decoupling during data acquisition 
allows the carbons to be recorded as singlets. The value of D~ is adjusted 
to enable the desired type of carbon atoms to be recorded. Thus, with D:~ 
set at V 4, the CH carbons are recorded; at vsJ, the CH2 carbons are recorded; 
and at 1/6j, all protonated carbons are recorded. With D:~ at 3/8J, the CH and 
CH,~ carbons appear out of phase from the CHz carbons. 

The additional delay causes a decrease in signal strength due to loss 
of magetization from transverse relaxation. Moreover, severe phase distor- 
tions, particularly for CH:~ carbons, can produce anomalous results. A fur- 
ther modification of INEPT known as INEPT + incorporates an additional 

1 H 

90~ 180~ 0 +_y 180~ Decouple 

~ D2 

13 C 

180.~ 90~ 180 ~ 

Figure 2.13 Refocused INEPT pulse sequence. 
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90 ~ purging-pulse on the 1H nuclei before detection (S6rensen and Ernst, 
1983). This serves to remove the unwanted phase and multiplet anomalies. 
Many other variants of the INEPT experiment  are known (Bodenhausen 
and Ruben, 1980; Eich et al., 1982; King and Wright, 1983; Wagner, 1983; 
Bax and Drobny, 1985; Neuhaus et al., 1985), but their discussion is beyond 
the scope of this book. 

§ P R O B L E M  2 . 1 6  

What are the characteristic differences between basic INEPT and refo- 
cused INEPT experiments? 

§ 

2 .2 .3  DEPT 

The most widely used method for determining multiplicities of carbon 
atoms is DEPT (Distortionless Enhancement  by Polarization Transfer). This 
has generally replaced the classical method of recording off-resonance ~~C 
spectra with reduced CH couplings from which the multiplicity could be 
read directly. 

The DEPT experiment (Doddrell et al., 1982) involves a similar polariza- 
tion transfer as the INEPT experiment,  except it has the advantage that 
all the ~~C signals are in phase at the start of acquisition so there is no 
need for an extra refocusing delay as in the refocused INEPT experiment.  
Coupled DEPT spectra, if recorded, would therefore retain the familiar 
phasing and multiplet structures (1 : 1 for doublets, 1 :2 :1  for triplets, etc.). 
Moreover, DEPT experiments do not require as accurate a setting of delays 
between pulses as do INEPT experiments. 

The pulse sequence used in DEPT is shown in Fig. 2.14 with reference 
to a CH group. A 90 ~ ~H pulse bends the equilibrium magnetization from 
the z-axis to the y'-axis. During the subsequent evolution period, the trans- 
verse ~H magnetization is modulated by the CH coupling so it splits into 
two counterrotat ing vectors; at the end of the first 1/zJ delay, the vectors 
point along the +x'- and -x'-axis. Next, a 180 ~ 1H pulse is applied to 
remove any field inhomogeneities; simultaneously, a 90 ~ 13C pulse serves 
to bend the ~3C magnetization from its equilibrium position along the z- 
axis to the y'-axis. Since there is no z-magnetization for either the ~H 
or the I~C nuclei, they are effectively decoupled. Therefore during the 
subsequent 1/zJ delay period, they remain stationary at their original posi- 
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Figure 2.14 (A) Pulse sequence for the DEPT experiment.  (B) Effect of the pulse 
sequence on ~H and ~C magnetization vectors. I~C magnetization can be recorded 
either as multiplets or, if broad-band decoupling is applied during the acquisition 
period, as singlets. 
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dons, with the delay serving only to remove the field inhomogenei ty  effects 
by the preceding 180 ~ 1H pulse. At the end of the second 1/2J delay period, 
a proton pulse of angle 0 is applied. The value of the angle 0 is adjusted 
according to the type of spectrum desired. Thus, if we wish to record 
only CH carbons, then the value of 0 is kept at 90 ~ so there is max imum 
polarization for CH carbons and negligible x'-magnetization for CH3 and 
C H  2 carbons. 

With the 90 ~ pulse we have rotated one of the two 1H spin vectors to 
the +z-axis (i.e., to its original equil ibrium position) and the other  to the 
-z-axis, i.e., inverted its population. As in the APT and INEPT experiments,  
this inversion of populat ion of one of the two spin vectors enhances the 
population difference between the two 1~C spin states with which the 1H is 
coupled (see section 2.2 discussion on polarization transfer for details 
on this phenomenon)  resul t ing in an intensification of the ~3C signal. 
Simultaneously, a 180 ~ pulse is applied to the ~C nuclei to remove any 
field inhomogeneit ies  during the third V2J delay period. It is during this 
last delay that the lsC signals are modula ted  by ~C-~H coupling, since 
z-magnetization now exists for the ~H nuclei. The ~C vectors rotate in the 
x'y'-plane, and at the end of the third 1/2J delay, the FID is acquired with 
or without ~H decoupling. With 0 set at 90 ~ only CH carbons are recorded. 
With 0 at 135 ~ the CH and CHs carbons are modula ted  differently from 
CH2 carbons so that CHs and CH carbons give positively phased signals 
and CH2 carbons give negatively phased signals. The two spectra on compar- 

.~ s S #  , C 
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Figure 2.15 In DEPT experiments, signal intensities of CH~, CH2, and CH carbons 
depend on the angle 0y of the last polarization pulse. For instance, at 0y = 90 ~ only 
CH carbons can be seen, while at 135 ~ CHs and CH carbons will appear with one 
phase and CHz carbons will appear with the opposite phase. 
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ison with the broad-band decoupled spectrum suffice to identify CH~, CH2, 
CH, and quaternary carbons. With 0 at 45 ~ all protonated carbons (CH3, 
CH2, and CH) appear with positive phases. The dependence  of signal 
intensities of CH3, CH2, and CH carbons in the DEPT exper iment  on the 
angle 0y of the last polarization pulse is shown in Fig. 2.15. The type of 
DEPT spectra obtained depends on the angle 0y of the polarization pulse, 
and DEPT spectra are less dependen t  than INEPT spectra on the delay 
times between pulses, an error  of _-+ 20% in the setting of these delays giving 
acceptable DEPT spectra. 

Many modifications of DEPT, spectra such as DEPT +, DEPT ++ 
(S6rensen and Ernst, 1983), DEPT GL (S6rensen et al., 1983), modified 
DEPT (MODEPT) (S6rensen et al., 1984), universal polarization transfer 
(UPT) (Bendall et al., 1983), and phase oscillations to maximize editing 
(POMMIE) (Bendall and Pegg, 1983; Bulsing et al., 1984) have been re- 
ported. 

§ P R O B L E M  2 . 1  7 

DEPT (0 = 135 ~ and 90 ~ and broad-band decoupled ~~C-NMR spectra 
of ethyl acrylate are shown. Assign the signals to various carbons of 
the molecule. 
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§ P R O B L E M  2 . 1 8  

What are the differences between INEPT and DEPT experiments? Why 
is DEPT considered a distortionless experiment? 

§ P R O B L E M  2 . 1  9 

Why do quaternary carbons not appear  in polarization transfer experi- 
ments? 

2.3 P O L A R I Z A T I O N  T R A N S F E R  IN R E V E R S E  

In the preceding experiments,  polarization was being transferred from 
a nucleus with a high magnetogyric ratio, such as IH, to a nucleus with a 
low magnetogyric ratio, such as ]'~C. It is possible to transfer the polarization 
from a nucleus with low magnetogyric ratio, e.g., ~~C, to the one with a 
higher magnetogyric ratio, e.g., ~H, before detection of the transferred 
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magnetization. Such a reverse transfer of polarization has advantages of both 
selectivity and sensitivity. 

Consider the selective polarization transfer in the normal (forward) 
sense, i.e., from a 1H nucleus to a 13C nucleus to which ~H is attached. To 
carry out this transfer from a given IH nucleus, we have to identify and 
irradiate it selectively. This may not always be possible, particularly in larger 
molecules such as lipids or proteins, due to extensive overlap, or because 
the ~H signals may be obscured by a large water signal. In the corresponding 
~C-NMR spectrum, however, it is easier to identify and irradiate individual 
carbons selectively because of the greater dispersion of the signals, particu- 
larly if enr ichment  of the particular carbon has been carried out. This is 
especially useful in studies of metabolic pathways. For instance, if we feed 
a l~C-labeled drug to a living system and we wish to study its metabolism, 
we can use the 13C label as a handle for detecting its attached protons 
selectively. The ~3C label helps us identify the carbon unambiguously be- 
cause of its more intense signal as compared to other unenr iched carbons 
in the same molecule, and polarization transfer from such a carbon to the 
corresponding protons would therefore allow us to follow readily the fate 
of such protons in the corresponding metabolite. 

The inverse INEPT (Bodenhausen and Ruben, 1980) and inverse DEPT 
(Brooks et al., 1984) experiments utilize such an approach. In the inverse 
INEPT experiment,  successive 90 ~ pulses are applied to the lSC nucleus, 
followed by a ~H read pulse. Protons not coupled to the lSC nucleus are 
suppressed by presaturation of the entire IH-NMR spectrum before the. 
polarization transfer, so only those signals will be detected that are gener- 
ated by polarization transfer from the lSC nucleus. 

13C 90~ 90~ 
�9 .y~ 18o~ .f.y~ [_ 1/2 J---~ 1/2 J ---~ ~ 

9~  ~80o~ 90~ 

~ -~---~ = 1 / 2  ~= I/2J 

Figure 2.16 Pulse sequence for the inverse (reverse) DEPT experiment. 
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D 
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123 

G 

Figure 2.17 Application of the reverse DEPT pulse sequence to monitor ~C-labeled 
glucose by mouse liver-cell extract. (A) Normal FT spectrum. (B) Reverse DEPT 
spectrum showing the a- and/3-anomeric proton resonances. (C) Two different 
CH2 proton resonances, a and b, appear after 1.5 h of metabolism. (D) Edited 
~H spectrum confirming that the CH 2 resonances arise from metabolic products. 
(Reprinted from J. Magn. Resonance 56, Brooks et al., 521, copyright �9 1984, Aca- 
demic Press.) 

Transfer  of  polarizat ion f rom 13C nuclei  to 1H nuclei  and  their  subse- 
quen t  de tec t ion  leads to a 16-fold increase in sensitivity because  the ~3C 
magnet iza t ion  is be ing  measu red  indirectly t h r o u g h  de tec t ing  it via the 
nucleus with the h igher  magnetogyr ic  ratio (i.e., 1H). I r radiat ion of  the 
pro tons  be tween the scans causes a fur ther  threefold  increase in the popula-  
tion of  the 13C nuclei  due  to nOe ,  so an overall 50-fold increase in sensitivity 
is achievable in contrast  to direct  ~3C measurements .  However,  because of  
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the longer relaxation times of the ~3C nuclei, the scan rate has to be reduced; 
and since 1H signals are split, a 15-fold to 20-fold increase in sensitivity may 
actually be achieved. 

The pulse sequence used in the reverse DEPT experiment  is shown in 
Fig. 2.16. Presaturation of the protons removes all IH magnetization and 
pumps up the laC population difference due to nOe. Broad-band decou- 
pling of the ~3C nuclei may be carried out. The final spectrum obtained is 
a one-dimensional 1H-NMR plot that contains only the ~H signals to which 
polarization has been t ransfer redmfor  instance, from the enriched ~3C 
nucleus. 

Applying the reverse DEPT pulse sequence to monitor  ~3C-labeled glu- 
cose by mouse liver-cell extract is shown in Fig. 2.17. The a- and/3-anomeric 
proton resonances are shown in the starting material; these are transformed 
to  C H  2 proton resonances in the metabolite. 

Many subspectral editing techniques alternative to DEPT, such as 
SEMUT (Subspectral Editing using a Multiple Quantum Trap) (Bilds6e et 
al., 1983) and SEMUT GL, have been developed that utilize the fact that 
the transfer of magnetization to unobservable multiple-quantum coherence 
for CH~, CH2, and CH spin systems is dependent  on the last flip angle 0. 
However, these experiments have not been widely used. 

§ P R O B L E M  2 . 2 0  

What are the principles governing reverse polarization transfer experi- 
ments? Why are reverse experiments more sensitive than "normal"  ex- 
periments? 

§ 

P R O B L E M  2 . 2 1  

I~C-NMR Chemical Shift Assignments by DEFI" 

The broad-band decoupled and DEPT spectra of podophyllotoxin, 
C22H2208, isolated from Podophyllum hexandrum, are shown. Although 
the molecule contains 22 carbons, only 18 signals are visible in the 
broad-band ~~C-NMR spectrum. This would obviously mean that some 
of these signals represent more than one carbon. Pairs of C-10/C-14, 
C-11/C-13, and 11-OCH3/13-OCH~ are magnetically equivalent while 
C-6 and C-7 could show accidental overlap. With this information, 
assign chemical shifts to various carbon atoms in the molecule. 
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(a) DEPT (0 = 135~ (b) DEPT (0 = 90~ and (c) broad-band decoupled 13C- 
NMR spectra of podophyllotoxin. 

§ 

. P R O B L E M  2 . 2 2  

The DEPT and broad-band decoupled ]3C-NMR spectra of vasicinone, 
C~IH~0N202, isolated from a plant Adhatoda vasica, are shown. Spec- 
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trum (a) displays CH signals with positive phase and C H 2  signals 
with negative phase; (b) shows only CH signals. Signals at 8~-160 
represent two quaternary carbons in broad-band decoupled spectrum 
(c). Assign the 13C-NMR chemical shifts to the various carbons in 
the molecule. 
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N M R  spec t r a  o f  vas ic inone .  
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§ P R O B L E M  2 . 2 3  

I~C-NMR Chemical Shift Assignments by DEPT 

The  DEPT a n d  b r o a d - b a n d  d e c o u p l e d  13C-NMR spec t ra  of  t h e r m o p -  
sine, CI~H20NzO, are shown. Assign r e s o n a n c e s  to the  var ious carbons .  
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(a) DEPT (0 = 1:35~ (b) DEPT (0 = 90~ and (c) broad-band decoupled 13C- 
NMR spectra of thermopsine. 
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§ P R O B L E M  2 . 2 4  

~3C-NMR Chemical Shift Assignments by DEPT 

The DEPT and broad-band decoupled  ]~C-NMR spectra ofmalabarol ide-  
A1, C]8H2407, a furanoid sesquiterpene isolated from Tinospora malabarica 
are presented.  The signals for the C-9 and C-10 carbons resonat ing at 
8 39.2 and 39.0, respectively, are embedded  in the solvent peak. The  peak 
at 8---72.0 is a cluster of two closely resonating signals at 872.0 (CH) and 
72.5 (CH). Similarly signal at 8--35.0 contain resonance at ~35.0 (CH2) 
and 35.5 (CH2). Assign the signals to the respective carbons. 
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(a) DEPT (0 = 135~ (b) DEPT (0 = 90~ and (c) broad-band decoupled 13C- 
NMR spectra of malabarolide-A~. 
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P R O B L E M  2 . 2 5  

13C-NMR Chemical Shift Assignments by GASPE 

The GASPE spectrum of podophyllotoxin is shown. The signals at 8 
56.0, 108.6, and 152.0 each represent  two carbons in identical magnetic 
environments,  while the signal at 6 147.6 also represents two carbons 
that accidentally appear  at the same chemical shift. Assign chemical 
shift values to various protonated and quaternary carbons in the 
structure. 
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GASPE spectrum of podophyllotoxin. 
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§ P R O B L E M  2 . 2 6  

13G-NMR Chemical Shift Assignments by GASPE 

The GASPE spect rum of vasicinone is shown. The  peak at -~8 126.5 is 
a cluster of  three peaks at 8 126.3 and 126.7 represent ing  me th ine  
carbons. Similarly, the signal at 8 ~160  on the positive phase of  the 
spect rum represents  two close singlets at 8 160.4 and 160.5. Predict  
the chemical  shift values of various p ro tona ted  and quaternary  carbons 
in the structure. 
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S O L U T I O N S  T O  P R O B L E M S  

~ 2 . 1  
The spin-echo is an elegant method  for the measurement  of transverse 
relaxation time T2. In practice, this is done by repeating the spin-echo 
exper iment  many times, with different delay intervals (2r, 4"r, 6"r . . . .  
etc.). The following sequence is used: 

90 ~ - -r - 180~ - "r(lst echo) - "r - 180~ - ~x(2nd echo) . . . .  

The intensities of the echoes (signal intensities) are than plotted as a 
function of delays. This yields a straight line whose gradient  is - 1 / T 2 .  
The decay in the intensities of echoes (i.e., of the succession of signals 
which follow the FID), is de te rmined  solely by T2. 

~ 2 . 2  
Nuclei resonating at different chemical shifts will also experience simi- 
lar refocusing effects. This is illustrated by the accompanying diagram 
of a two-vector system (acetone and water), the nuclei of which have 
different chemical shifts but are refocused together by the spin-echo 
pulse ( M a -  magnetization vector of acetone methyl protons, Mw = 
magnetization vector of water protons).  

Z Z 

e 
Z 

x' ~ Y '  x' Y' y' 
z' I Mw 

Mw] 18~x 
g 

Z MA 

Y' x' Y' 

e 

X 

2 . 3  

(i) The 180~ pulse will refocus the magnetization vectors, dephased 
due to field inhomogenei t ies  and other  instrumental  errors. Fol- 
lowing is the vector representat ion of this refocusing effect: 
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912x 

�9 s x y 
X" Y"  X" 

2~ 

X ~ y "  

1 18~x 

Z 

x' ~ y '  
(ii) Assuming that  we are observing the magnet iza t ion  vector of  nu- 

cleus A, which is coupled  with nucleus X in an AX h e t e r o n u c l e a r  
spin system, on applicat ion of  a 90 ~ pulse, the magnet iza t ion  vector 
of  A will come to lie on the y'-axis. Coupl ing  with the two spin 
states of  nucleus X will cause the A vector to split into two compo-  
nents. O n e  of  the A vectors (associated with the c~ state of  nucleus 
X) will rotate at a f requency 8 + (JAx/2), while the o the r  A vector 
(associated with the /3 state of  X) will rotate  at a f requency 
8 - ( Jax /2 ) .  Applying a 180 ~ selective pulse on  A at the end  of  
the first "r per iod  will rotate  these vectors on to  their  mi r ror  image 
positions. Dur ing  the second "r period,  they will con t inue  to rotate 
towards the -y ' -axis  so, at the end  of  this delay, they will realign 
toge ther  a long the -y'-axis.  This can be readily visualized by the 
following vector diagram: 

Z Z Z 

' x' Y" x' Y x" y' 
M2 
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~ 2 . 4  
No. Since the direction of precession of the vectors is reversed dur ing 
the second half of the sequence, they continue to diverge from each 
other. The effect of a spin-echo exper iment  on spin-spin coupling in 
a first-order homonuclear  spin system is shown in the following vector 
representation: 

The initial 90 ~ pulse will bring vector A of a homonuc lea r  AX 
system to lie along the +y'-axis. After a delay "r, vector A will be split 
into A~ and A s due to its coupling with nucleus X. Labels A~ and A s 
represent  the effects of c~ and/3  spin states of the coupled nucleus X. 
The two components  A~ and A s will move away from each other,  creat- 
ing a relative phase difference of 2zrJ-r by the end of the first delay. 
Applying a 180 ~ pulse to nuclei A and X at this point  will have two 
distinct effects: First it will rotate A~ and A s onto mirror image positions. 
Second, it will also flip the spin labels of the coupled nucleus, i.e., 
interchange A~ with A s. Since these are the labels that define the sense 
of rotation of the individual components ,  the two componen t  A~ and 
A s will now move in opposite directions to their previous directions of 
rotation, i.e., away from each other, building up a phase difference of 
4zrJ'r at the time of the echo. The inversion of both coupled spins is 
the key to echo modulat ion in several J-resolved experiments.  

z z 

2 . 5  

Z 

Ap 

Y 

1 18~x (X) (A) 

z 
Aa 

x'  Y 

(i) M ~  

Mp 

x [ 



134 2. Spin-Echo and Polarization Transfer 

(ii) 

) M~ 
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M~ 

(iii) z 
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x ] y 

~ 2 . 6  
After the 90 ~ pulse, the transverse magnetization vectors of ~3C nuclei 
of C, CH, CH2, and CH3 do not rotate synchronously with one another  
but rotate with characteristically different angular velocities during 
the same delay interval. This results in their appearing with differing 
(positive or negative) amplitudes. This forms the basis of the APT exper- 
iment. 

~ 2 . 7  
As explained in the text, the signals for CH~ and CH carbons will 
appear with one phase, whereas CH 2 and quaternary carbons will appear 
with opposite phase. In the GASPE spectrum shown, the negative 
phased signals represent the CH~ and CH carbons in the molecule, 
and CH2 and C carbons appear with positive amplitude. The signal at 
8 14.0 is therefore due to the methyl carbon, while the signal at 8 128.6 
is assigned to the CH carbon of the olefinic system. The signals with 
positive amplitude at 8 60.2 and 128.8 are assigned to the CH2 carbon 
of the ethyl substituent and the terminal CH2 carbon of the double 
bond, respectively. The signal at 8 167.5 with positive amplitude could 
be assigned to the ester carbonyl carbon. 

~ 2 . 8  
Single-quantum coherence is the type of magnetization that induces a 
voltage in a receiver coil (i.e., Rf signal) when oriented in the xy- 
plane. This signal is observable, since it can be amplified and Fourier- 
transformed into a frequency-domain signal. Zero- or multiple-quan- 
tum coherences do not obey the normal selection rules and do not 
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induce an), voltage in the receiver coil. These nonobservable  magne-  
tizations can only be detected indirectly after conversion to single- 
quan t um coherence.  

2 . 9  
No. The vector presentat ion is suitable for depict ing s ingle-quantum 
magnetizations but  is not  appropr ia te  when consider ing zero-, 
double-, and higher-order  q u a n t u m  coherences.  Q u a n t u m  mechani-  
cal t rea tment  can be employed when such magnetizat ions are con- 
sidered. 

2 . 1 0  
The signal intensity of the ~3C nucleus depends  on the popula t ion  
difference between its two energy states, a and ft. At thermal  equilib- 
rium, the 1H populat ion difference is about  four times h igher  than 
that of 13C nuclei, so there are four times as many protons  in Bol tzmann 
excess populat ion of the lower energy state as there are lsC nuclei 
(based on their respective gyromagnetic  ratios). Inversion of one  of 
the 1H spin states causes a cor responding  intensification of the popula- 
tion of the ~sC nuclei, since the 13C transitions share a c o m m o n  energy 
level with this pro ton  transition. The following diagram explains the 
p h e n o m e n o n  in a ra ther  simplified fashion. 

(i) Populations at thermal  equilibrium: 1H popula t ion  differ- 
ence = (1) - (3) or (2) - (4); lsC popula t ion difference = 
(3) - (4) or (1) - (2): 

(4) 

1H 8 (3) 

(2) 8 ~ 1 7 6 1 7 6  o o o  t 2,4 1,3 

t3 C 

3,4 1,2 

I I 
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(ii) Populations after inverting one of the 1H transitions: 
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2 . 1 1  
Nonselective polarization transfer, as implied by the term, represents a 
process that allows simultaneous polarization transfer from all protons 
to al lX nuclei. In se[ectivepolarization transfer, however, the population 
ofjust one nucleus is inverted at any one time. The selective polarization 
transfer sequence therefore cannot  be used to generate a proton- 
decoupled 13C-spectrum containing all sensitivity-enhanced l~C reso- 
nances. 

2 . 1 2  
The APT pulse sequence provides limited information about the num- 
ber of hydrogens bonded to the carbons in a molecule, since it does 
not readily allow us to distinguish between the CH~ and CH carbons 
or between CH2 and quaternary carbons. The INEPT spectrum not 
only can yield information about  the multiplicity of all the carbons, but 
also affords sensitivity-enhanced ~C signals due to polarization transfer. 

2 . 1 3  
The INEPT exper iment  has the following important  characteristics: 

(i) It enhances the sensitivity of an insensitive nucleus X, such as 
~C or ~SN, by a factor of YH/Yx due to population transfer from 
an attached sensitive nucleus such as IH, and by a factor of 
1 + YH/Yx due to NOE generated by broad-band decoupling. 

(ii) It reduces the dependence  of signal strength on y. 
(iii) The INEPT experiment ,  after incorporation of a variable delay 

A, also provides a means for determining the number  of pro- 
tons attached to the ~C nuclei in the molecule (i.e., establishing 
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the multiplicity of the carbon signals). It is thus possible to gen- 
erate separate subspectra for CH, CH2, and CH3 groups. 

2 . 1 4  
The nuclear Overhauser effect resulting from the broad-band decou- 
pling during the decoupled INEPT experiment also contributes to the 
signal enhancement  of the 13C lines. 

2 . 1 5  
The precession of CH, CH2, and CH~ vectors during A occurs at differ- 
ent angular velocities. In order to distinguish the three kinds of carbon 
resonances, it is essential to record three spectra with variable delays 
A. The delay should be adjusted to make 0 (where 0 = ~rJA) equal 7r/4, 
~r/2, and 3Ir/4. The 0 = 7r/4 spectrum will contain all the resonances, 
0 = ~r/2 will give only CH signals, and the spectrum obtained with 
0 = 37r/4 will exhibit all CH 2 signals inverted and CH and CH~ signals 
on positive phase. Careful examination of these three spectra allows 
generation of CH, CH2, and CH3 subspectra. 

2 . 1 6  
The basic INEPT spectrum cannot be recorded with broad-band proton 
decoupling, since the components of multiplets have antiphase disposi- 
tion. With an appropriate increase in delay time, the antiphase compo- 
nents of the multiplets appear in phase. In the refocussed INEPT 
experiment, a suitable refocusing delay is therefore introduced that 
allows the l~C spin multiplet components to get back into phase. The 
pulse sequences and the resulting spectra ofpodophyllotoxin (Problem 
2.21) from the two experiments are given below: 

(i) INEPT 
~H 90~ 180~ 
~C 180~176 
INEPT = 135 ~ 

PPM 
w ! , I ' i | ~, I 

100 80 60 40 
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I N E P T  = 45 ~ 
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2 . 1 7  
The broad-band decoupled 13C-NMR spectrum of ethyl acrylate shows 
five carbon resonances; the DEPT (0 = 135 ~ spectrum displays only 
four signals; i.e., only the protonated carbons appear, since the quater- 
nary carbonyl carbon signal does not  appear in the DEPT spectrum. 
The CH and CH3 carbons appear with positive amplitudes, and the 
CH2 carbons appear with negative amplitudes. The DEPT (0 = 90 ~ 
spectrum displays only the methine carbons. It is therefore possible to 
distinguish between CH3 carbons from CH carbons. Since the broad- 
band decoupled 13C spectrum contains all carbons (including quater- 
nary carbons), whereas the DEPT spectra do not show the quaternary 
carbons, it is possible to differentiate between quaternary carbons from 
CH, CH2, and CH3 carbons by examining the additional peaks in the 
broad-band spectrum versus DEPT spectra. The chemical shifts as- 
signed to the various carbons are presented around the structure. 

128.8 1 2 8 . 6 / H  
HzC - -  C ~ 167.5 60.2 14.0 

C - -  O m CH 2 __ CH 3 
II 

O 

2 . 1 8  
Both experiments are based on polarization transfer from sensitive 
nuclei to insensitive nuclei, and therefore the major portions of their 
pulse sequences are common. The INEPT experiment,  without refocus- 
ing and decoupling, however, yields spectra with "distorted" multiplets. 
For instance, the two lines of a doublet  appear in antiphase with respect 
one another.  Similarly, the central line of a triplet may be too small 
to be visible, while the outer two lines of the triplet will be antiphase 
to one another. Introducing a variable refocusing delay A and broad- 
band decoupling in the INEPT sequence can convert this exper iment  
into a more useful one. 

In the DEPT experiment, all the signals of the insensitive nuclei 
are in phase at the start of acquisition, so no refocusing period A 
(with accompanying loss in sensitivity) is required. Since the multiplets 
appear in-phase, it is called a distortionless experiment. Moreover, DEPT 
spectra depend on the angle 0 of the last polarization transfer pulse, 
and are less dependent  on the delay times 1/2Jbetween the pulses. An 
error of + 20% in the estimation of Jvalues still affords acceptable DEPT 
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spectra. This offers a distinct advantage over INEPT, which requires a 
more accurate setting of delays between the pulses. 

2 . 1 9  
In these experiments  the signals of insensitive nuclei appear  through 
polarization transfer from the more sensitive nuclei. Since quaternary 
carbons lack any attached hydrogen atoms, they cannot  benefit  from 
the polarization transfer and therefore do not  appear  in the spectra 
resulting from these experiments.  

2 . 2 0  
Reverse polarization transfer utilizes the fact that protons, due to their 
greater gyromagnetic ratio, have greater sensitivity while carbons or 
other  low-abundant nuclei, because of their greater  dispersion, have a 
higher selectivity. By transferring polarization from a less sensitive nu- 
cleus (such as 13C) to a more sensitive nucleus (e.g., ~H) and then 
recording the carbon nuclei through their effects on proton magnetiza- 
tions, we transfer the desired selectivity to the resulting spectrum, which 
has the character of a carbon spectrum. As compared  to direct ~C 
detection, the reverse polarization transfer signals are about 16 times 
stronger than with "no rma l "  detection. 

2 . 2 1  
An examination of the structure shows that the aromatic ring at the 
C-1 contains three pairs of identical carbons (the two - -OCH3 carbons 
at 8 56.0, the two carbons bearing the - -OCH~ groups at 8 152.0, and 
the two carbons ortho to the methoxy group at 8 108.6). This accounts 
for three out of the four "missing" signals. The fourth "missing" 
carbon could be the one at 8 147.6, due to the accidental overlap of 
the two oxygen-bearing carbons in ring A to which the methylenedioxy 
group is attached. Only 11 resonances are visible in the DEPT 
(0 = 135 ~ spectrum. This allows the quaternary carbon signals to be 
distinguished in the broad-band spectrum, which are at 8 131.1,133.4, 
135.5, 137.0, 147.6, 152.0, and 174.0. Quaternary signals between 8 135 
and 8 155 generally represent  oxygen-bearing aromatic carbons. For 
instance, the signal at 6 152.0 can be assigned to the methoxy-bearing 
magnetically equivalent C-11 and C-13, while the signal at 8 137.0 may 
be assigned to the C-12. The upfield chemical shift of C-12 is due to 
the electron-donating mesomeric effect of the methoxy groups at 
C-11 and C-13. The quaternary signal at 8 147.6 may be due to accidental 
overlap of the oxygen-bearing C-6 and C-7. The signal for the C-16 
carbonyl is readily distinguishable at 8 174.0, while the assignments for 
C-4a, C-8a, and C-9 at 8 133.4, 131.1, and 135.5 could be interchangeable 
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and need additional heteroCOSY experiments [such as Heteronuclear 
Multiple Bond Connectivity (HMBC), see later] to be distinguished 
from one another. Two signals appear with negative phase in the DEPT 
135 ~ spectrum at ~ 71.0 and 101.4, representing the two methylene 
carbons. The low-field methylene signal at iS 101.4 is characteristic 
for the methylenedioxy carbon containing two electron-withdrawing 
oxygen atoms, while the signal at 8 71.0 is assigned to C-15. The methyl 
carbons of the --OCH3 groups appear at 8 56.0 and 60.7. Differentia- 
tion between CH~ and CH carbons is possible from DEPT 90 ~ which 
shows only CH signals. The chemical shift assignments to the various 
carbons of podophyllotoxin are as follows: 

O~ 

101.4 ( 

O" 

H OH 

106.4 ] . . . H  P ~  H 
147.6J ~'i'3"3.4~'~z'ul t 15~71 0 
6 ~ " 

H 135.5"i 9 H O 

108.6 ~ 108.6 

560 1 5 ~ 1 2 ~ ' 0  560 
CH30" "~37.0 "OCH3 

OCH 3 
60.7 

2 . 2 2  
The broad-band 13C-NMR spectrum of vasicinone (spectrum c) shows 
eleven carbon resonances. The DEPT spectra (0 = 135 ~ 90 ~ display 
signals of protonated carbons only. By comparison with the broad-band 
decoupled spectrum, it is easy to identify the peaks of the quaternary 
carbons (8 120.9, 148.0, 160.5, and 160.4). The DEPT spectrum 
(0 = 90 ~ shows signals for methine carbons only (8 72.2, 126.3, 126.7, 
127.1,134.5). Signals with negative amplitudes in the DEPT 135 ~ spec- 
trum are those of methylene carbons (8 29.4 and 43.7); signals with 
positive amplitudes are for methine carbons. Two of the downfield 
quaternary signals, at 8 160.5 and 160.4, are charac t e r i s t i c  of the c~,~- 
unsaturated amide carbonyl carbon (C-7) and iminic carbon (C-2), 
although in this case the assignments are so close they could be inter- 
changeable. The remaining two quaternary signals, at 8 120.9 and 
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148.0, may be assigned to C-1 la  and C-7a, respectively, based on the 
chemical shift values. The signals for CH2 carbons at 8 29.4 and 43.7 
can be assigned to C-4 and C-5, respectively. The downfield chemical 
shift of the latter carbon is due to its close proximity to the electron- 
withdrawing N-6. The most upfield methine signal, at 8 72.2, is readily 
assigned to the hydroxy-bearing C-3. The remaining CH signals, at 
8 126.3, 126.7, 127.1, and 134.5, are due to the aromatic methine  
carbons. Of  these, the chemical shift for C-11 is readily distinguishable 
(8 134.5), due to the electron-withdrawing effect of the iminic N-l; the 
assignments for the remaining three methine carbons (C-8, C-9, and 
C-10) could be interchangeable and need additional heteroCOSY or 
HMBC experiments to be distinguished from one another.  The chemi- 
cal shift values are presented around the structure of vasicinone. The 
chemical shifts printed in italic are for quaternary carbons, and they 
do not appear in the DEPT spectra. 

O 
126.7' H 

. , ,~",,~1,~8.0/"~ 6 
,27.,'~.- s #I I 

11~ 1~. II / 29, 

134.5 

OH 

*,?: assigned values are interchangeable 

2 . 2 3  
The resonances for all 15 carbons of thermposine are visible in the 
broad-band decoupled 13C-NMR spectrum, whereas the DEPT 135 ~ 
spectrum (CH~ absent, CH upright, and CH2 inverted) exhibits only 
13 signals. Six CH carbon resonances appear  in the DEPT 90 ~ spectrum. 
An interpretation of these three spectra therefore indicates the pres- 
ence of seven CH2, six CH, and two quaternary carbons. Two quater- 
nary signals appeared at 8 153.6 and 167.7 in the broad-band de- 
coupled spectrum. The latter signal (8 167.7) is characteristic of an 
c~,fl-unsaturated amide carbonyl (C-2 in this case), the former signal 
(8 153.6) can be easily assigned to the remaining quaternary carbon, 
C-6, attached to the amidic nitrogen. 

The DEPT spectra (b and c) showed six methine signals, at 8 34.2, 
36.6, 67.4, 107.7, 116.7 and 141.2. The last three most downfield signals 



Solutions to Problems 143 

can be readily assigned to C-5, C-3, and C-4 of the pyridone nucleus. 
The downfield chemical shift of C-4 is due to its/3-disposition to the 
electron-withdrawing amidic carbonyl. The remaining three methine 
carbons, resonating at 8 34.2, 36.6 and 67.4, may be assigned to C-9, 
C-7, and C-11, respectively. Once again the downfield chemical shift 
of C-11 (8 67.4) can be justified, based on its attachment to N-16. The 
methylene signals resonating at 8 25.4, 26.4, 28.3, 30.9, 46.3, 57.4, and 
64.6 can be assigned to C-14, C-8, C-12, C-13, C-10, C-15, and C-17 
respectively, based on their chemical shifts. For instance, the three 
downfield methylene signals at 8 46.3, 57.4 and 64.6 can be assigned 
to the methylenes next to the nitrogen atoms. The amidic nitrogens 
have less electron-withdrawing effect, which is why C-10 resonates some- 
what upfield (8 46.3) as compared to C-17 (8 64.6) and C-15 (8 57.4). 
C-17 (8 64.6) is unusually downfield but appears at its characteristic 
value for such alkaloidal systems, emphasizing the importance of mak- 
ing assignments after comparison with other, closely related structures. 
Some other assignments cannot be made unambiguously without com- 
parison with other closely related compounds and heteronuclear shift- 
correlation studies. These assignments are presented around the struc- 
ture of thermopsine. 

H H H H 

- 107.7 I $ 36 6* [ / ' ~  ~ 1 4 /  

a H 
- 

*3 = assigned values are interchangeable. 

2 . 2 4  

The broad-band decoupled ~C-NMR spectrum of malabarolide-A~ 
shows signals for all 18 carbon atoms. The DEPT spectrum (0 - 135 ~ 
exhibits 14 signals for protonated carbons. It is therefore possible to 
identify four signals of quaternary carbons, i.e., ~ 39.2 (C-9), 74.7 
(C-8), 126.0 (C-1S), and 171.8 (C-18 carbonyl). The DEPT (0 = 90 ~ 
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spectrum displays signals for only the methine carbons. The peaks at 
108.9, 139.7, and 143.4 are accordingly assigned to the C-14, C-16, 

and C-15 carbons of the furan moiety, respectively. Four downfield 
methine carbons, resonating at 8 67.3, 71.1, 72.0 and 72.5, may be 
assigned to the C-4, C-12, C-2, and C-1 carbons, since they bear oxygen 
functionalities, the assignments to the latter three carbons being inter- 
changeable. The two remaining methine carbons, at 8 35.8 and 39.0, 
are due to the C-5 and C-10 carbons, respectively. The methyl signal 
(~ 17.0) having a positive phase in the DEPT 135 ~ spectrum is due to 
C-17. Four methylene carbons, C-3, C-6, C-7, and C-11, appear as nega- 
tive phased signals at ~ 35.5, 25.6, 29.4, and 35.0, respectively. The 
~3C-NMR assignments to the various carbons are presented around 
the structure. 

OH 

143.4 

108.9 ~ ~  

~ 139.7 
126.0 _- 

, B  

35.o 7 ~  H 

| 39.2 18 171.8 

39~ 
35.5 3 35.8 . 17.0 7 29.4 

67'31 ff'I 2"5.6 
OH 

2 . 2 5  
The GASPE spectrum of podophyllotoxin shows 17 peaks having posi- 
tive and negative amplitudes. Eight signals with positive phase (pointing 
upwards) are due to quaternary and CH~ carbons. This is fairly easy to 
determine, since the solvent signals (CD3OD having no H, behaves like 
a quaternary carbon) also appear with the same phase. The remaining 
nine resonances, having negative phase, are due to CH~ and CH 
carbons. 

Let us first consider overlapping signals. Since the signals at 8 56.0 
(CH~), 108.6 (CH), and 152.0 ( - - C - - )  each represent two carbons in 
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identical magnetic environments, they can be assigned to two OCH3 
(substituted on C-11 and C-13), C-10, and C-14 methine carbons and 
C-11 and C-13 methoxy-bearing quaternary carbons, respectively. The 
quaternary signal at 8 147.6 represents the overlapping resonances of 
C-6 and C-7, which accidentally appear at the same chemical shift. The 
signals with positive phase, representing C H  2 and quaternary carbons, 
will be considered next. The peaks at 8 101.4 and 71.0 may be readily 
assigned to the CH2 of the methylenedioxy group and C-15 (geminal 
to oxygen), respectively, based on their characteristic chemical shifts. 
The remaining six signals with this phase represent the nine quaternary 
carbons. Two of these (~ 152.0 and 147.6) represent two-carbon signals 
that have already been assigned to C-11/C-13 and C-6/C-7. The down- 
field quaternary carbon signal, at 8 174.0, is readily assigned to the 
lactone carbonyl carbon. The remaining four signals (~5 137.0, 135.5, 
133.4, and 131.1) could be assigned to C-12, C-9, C-4a, and C-8a, with 
interchangeable assignments. 

Signals with negative phase (pointing downwards) are due to CH~ 
and methine carbons. The peaks at ~ 56.0 and 60.7 may be assigned 
to the methoxy carbons, while the remaining signals are due to the 
methine carbons. As is apparent, most of the assignments are based 
on chemical shift values, and there is always an element of doubt in 
the differentiation of the quaternary carbons from the CH2 carbons 
and of the CH carbons from the CH~ carbons. Polarization transfer 
experiments (DEPT, etc.) are therefore superior to the GASPE or APT 
experiments, in both sensitivity and multiplicity assignments. 

H 

0.~147~ 

101.4 ~ L .  

8 

H 135.5" -=9 
1 4 ~ 1 0  

1~ I" I! 1o .6 
56.0 1 ~  ~ . 0  56.0 
CH30- l, 12~37.~1,-OCH3 

OCH 3 
60.7 

OH H 
- . H 

106.4 ~ n 

//~ 174.0 ~ ~  

�9 __._- H , 6 

*Assignments are interchangeable 
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2 . 2 6  
The GASPE (APT) spectrum of vasicinone displays signals for all 11 
carbons. The peaks having positive amplitude in the GASPE spectrum 
are due to the quaternary and CH2 carbons, while signals with negative 
amplitude represent CH carbons (the compound does not have any 
methyl groups). The peaks at 8 29.4 and 43.7 are accordingly assigned 
to the C-4 and C-5 methylene carbons of ring D. The downfield chemical 
shift of C-5 (8 43.7) is due to its proximity to the amidic nitrogen atom. 
Weak quaternary signals at/5 120.9, 148.0, 160.4, and 160.5 are due to 
C-11a, C-7a, C-2, and C-7 (carbonyl) quaternary carbons. Due to the 
very close chemical shifts of the signals at 8 160.4 and 160.5, their 
unambiguous assignment is not possible. The five CH signals with 
negative amplitudes, at 8 126.3, 126.7, 127.1, 134.5 and 72.2, can be 
readily ascribed to the four aromatic CH carbons and to the oxygen- 
bearing C-3. The chemical shift values are presented on the structure 
of vasicinone. 

O 
126.7' II 

. ~ 148.0 . , ~  6 5 

I,'o ,i]1 I  94,> 
126.3 "1" ~ " ~ , ~ 1 2 0 . ~ ' ~ N ~ 6 0 . 4 . - ~ 3  

134.5 

OH 

*,t = Assignments are interchangeable 
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C H A P T E R  3 

The 

Second 

Dimension 

In the one-dimensional NMR experiments  discussed earlier, the FID 
was recorded immediately after the pulse, and the only time domain in- 
volved (t2) was the one in which the FID was obtained. If, however, the 
signal is not recorded immediately after the pulse but a certain time interval 
(t~) is allowed to elapse before detection, then during this time interval 
(the evolution period) the nuclei can be made to interact with each other  
in various ways, depending on the pulse sequences applied. Introduct ion of 
this second dimension in NMR spectroscopy, triggered by Jeener ' s  original 
experiment,  has resulted in t remendous advances in NMR spectroscopy 
and in the development  of a multi tude of powerful NMR techniques for 
structure elucidation of complex organic molecules. 

Two-dimensional NMR spectroscopy may be defined as a spectral 
method in which the data are collected in two different time domains: 
acquisition of the FID (t2), and a successively incremented  delay (t~). The 
resulting FID (data matrix) is accordingly subjected to two successive sets 
of Fourier transformations to furnish a two-dimensional NMR spectrum in 
the two frequency axes. The time sequence of a typical 2D NMR exper iment  
is given in Fig. 3.1. The major difference between one- and two-dimensional 
NMR methods is therefore the insertion of an evolution time, t~, that is 
systematically incremented within a sequence of pulse cycles. Many experi- 
ments are generally performed with variable t~, which is incremented by a 
constant At1. The resulting signals (FIDs) from this exper iment  depend  

§ § § § § § § 149  
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Figure 3.1 The various time periodsin a two-dimensional NMR experiment. Nuclei 
are allowed to approach a state of thermal equilibrium during the preparation 
period before the first pulse is applied. This pulse disturbs the equilibrium polariza- 
tion state established during the preparation period, and during the subsequent 
evolution period t~ the nuclei may be subjected to the influence of other, neighbor- 
ing spins. If the amplitudes of the nuclei are modulated by the chemical shifts of 
the nuclei to which they are coupled, 2D-shift-correlated spectra are obtained. On 
the other hand, if their amplitudes are modulated by the coupling frequencies, 
then 2D J-resolved spectra result. The evolution period may be followed by a mixing 
period A, as in Nuclear Overhauser Enhancement Spectroscopy (NOESY) or 2D 
exchange spectra. The mixing period is followed by the second evolution (detection) 
period) t2. 

on the two time variables (t~, t2). Two sets of successive Fourier  transforma- 
tions are therefore required to convert the signals obtained into the two 
frequency axes, v2 and v~. 

A convenient  way to unders tand  the modern  2D NMR exper imen t  is 
in terms of magnetization vectors. Figure 3.2 presents a pulse sequence 
and the corresponding vector diagram of a 2D NMR exper iment  of a 
single-line ~~C spectrum (e.g., the deu te r ium decoupled  ~C-NMR spectrum 
of CDCI~). 

The preparat ion period allows the spin system to relax back to its 
equil ibrium state by T~ and T2 relaxation processes. The first 90 ~ pulse 
bends the magnetization of the sample (Mz) so it becomes aligned with 
the y'-axis in the x'y'-plane. During the subsequent  evolution per iod (/2), 
the magnetization vector will rotate in the x'y'-plane. By the end of a certain 
time interval, tz, the vector would have moved through an angle c~, which 
is propor t ional  to the evolution time t~ and the frequency v (angle 

= 2/rvtl radians). 
The vector may be considered to have two components ,  c o m p o n e n t  

A, aligned along the y'-axis with magni tude  M cos (2zrvt~), and c o m p o n e n t  
B, aligned along the x'-axis with magni tude  M sin (2zrvtl). The second 90 ~ 
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Figure 3.2 An example of a two-dimensional NMR pulse experiment. The time 
axis may be divided into a preparation period (during which the nuclei are allowed 
to reach an equilibrium state) and an evolution period t~, during which the nuclei 
interact with each other. In some experiments (e.g., NOESY), this may be followed 
by a mixing period. Finally, the magnetization is detected during the detection period 
tz. The experiment is repeated with incremented values of tl, and a second set of 
Fourier transformations (after transposition of data) gives the 2D plot. The second 
90 ~ pulse serves to remove the y' component  A of the main magnetization (having 
magnitude M cos a) by bending it away to the -z-axis, leaving component  B along 
the x'-axis (with magnitude M sin a). After the mixing period A, the magnetization 
along the z-axis is returned to the y'-axis by the 90_~ pulse for detection. The signal 
intensity therefore varies sinusoidally as a function of the angle by which the main 
vector has diverged from the y'-axis. 

pulse  at the  e n d  o f  the  evolut ion  p e r i o d  rota tes  c o m p o n e n t  A of  the  
magne t i za t ion ,  a l igned  with the y'-axis, o n t o  the  -z ' -axis ,  leaving b e h i n d  
c o m p o n e n t  B, loca ted  a long  the x'-axis, with m a g n i t u d e  M sin (27rvt~) in 
the  x 'y '-plane.  T h e  m a g n i t u d e  of  bo th  c o m p o n e n t s  A a n d  B will also be 
r e d u c e d  to a cer ta in  ex t en t  by the  i n h e r e n t  re laxa t ion  that  occurs  d u r i n g  
the  evolu t ion  pe r i od  t~. C o m p o n e n t  B, which r e ma ins  in the x 'y ' -plane 
after  the s econd  90 ~ pulse,  is de t ec t ed  as t ransverse magne t i za t i on  in the  
co r re l a t ed  spec t roscopy  (COSY) e x p e r i m e n t .  If the  FID is r e c o r d e d  immedi -  
ately after  the  s econd  90~ pulse, the  d e t e c t o r  will " c a t c h "  the  t ransverse 
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magnetization at its maximum amplitude. The transverse magnetization 
would, however, decrease with time as the magnetization vector moves away 
from the y'-axis in the x'y'-plane. It is therefore possible to perform the 
experiment with discrete changes in the evolution time t~ and to record 
many FIDs as a function of t~. Fourier transformation of each of these FIDs 
will yield the corresponding "normal"  1D NMR spectrum, with the peak 
appearing at frequency v~, except that the amplitude of the peak will oscil- 
late sinusoidally according to sin (2rrvt~) in the various spectra thus ob- 
tained. 

It is therefore apparent  that the first series of Fourier transformations 
of the data (FIDs) with respect to t2 yield the so called "one-dimensional"  
spectra, in which the amplitude of the peak oscillates (with frequency v2) 
as a function of tl (Fig. 3.3): 

S(tl t2) I~.T . . . . .  t~ S( tl v2) 

If the resul t ing" one-dimensional" spectra are arranged in rows one behind 
the other (a process known as data transposition), and the peak is viewed 
along a column (i.e., at 90 ~ to the rows), then the sinusoidally oscillating 
peak gives the appearance of a pseudo-FID (or interferogram, Fig. 3.4), with 
the sinusoidal variation of the peak intensity being evident with respect to 
the vertical axis (i.e., along tl). The second Fourier transformation of 
this interferogram with respect to tl then generates a two-dimensional 
NMR spectrum: 

S(t �91 V2) F.T ...... ,, S(Vl ' V2). 

In the case of a Nuclear Overhauser Enhancement  Spectroscopy 
(NOESY) experiment,  a third mixingpenod is inserted after the second 90 ~ 
pulse, and a third 905x pulse is applied at the end of the mixing period 
(Fig. 3.2). The final 905x pulse does not affect component  B lying along 
the x'-axis (proportional to M sin c~), so this component  is not converted 
into detectable magnetization. Componen t  A lying along the -z-axis is, 
however, returned to the y'-axis by the third 905~ pulse for detection. Compo- 
nent  B along the x'-axis is therefore successively removed at various values 
of t,, and component  A is returned to the y'-axis and detected. The change 
in signal strength (ignoring loss due to relaxation) depends on the magni- 
tude of component  B removed, which in turn depends on the sine of angle 
c~ [i.e., M sin (2rrvt,)]. As different experiments are performed at various 
values of t,, the NMR signal is accordingly seen to oscillate sinusoidally as 
a function of t,. Data transposition (i.e., ar rangement  in rows) followed by 
Fourier transformation of the resulting columns of oscillating peaks will give 
the 2D NOESY spectrum. 
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Figure 3.3 The mechanics of obtaining a two-dimensional NMR spectrum. As the 
tl value is varied, the magnetization vectors are "caught" during detection at their 
various positions on the x'y'-plane. The value of the detection time tz is kept constant. 
The first set of Fourier transformations across t2 is followed by transposition of the 
data, which aligns the peaks behind one another, and a second set of Fourier 
transformations across t~ then affords the 2D plot. 

The  first Four ie r  t r ans fo rmat ion  of  the FID yields a c o m p l e x  funct ion  
of  f requency  with real (cosine) and  imaginary  (sine) coefficients.  Each FID 
the re fo re  has a real  half  and  an imaginary  half, and  when  subjected to the 
first Four ie r  t r ans fo rma t ion  the  resul t ing  spec t rum will also have real and  
imaginary  data  points.  W h e n  these real and  imaginary  data  points  are 
a r r a n g e d  b e h i n d  one  ano the r ,  vertical co lumns  result.  This t ransposed  data  
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Figure 3.4 Schematic representation of the steps involved in obtaining a two- 
dimensional NMR spectrum. (A) Many FIDs are recorded with incremented values 
of the evolution time t~ and stored. (B) Each of the FIDs is subjected to Fourier 
transformation to give a corresponding number  of spectra. The data are transposed 
in such a manner  that the spectra are arranged behind one another so that each 
peak is seen to undergo a sinusoidal modulation with tl. A second series of Fourier 
transformations is carried out across these columns of peaks to produce the two- 
dimensional plot shown in (C). 

mat r ix  when  subject  to a second  Four i e r  t r ans fo rma t ion  will fu rn i sh  a 

2D NMR s p e c t r u m  with bo th  real (absorpt ive)  and  imaginary  (dispersive) 

c o m p o n e n t s .  T h e  resul t ing  s p e c t r u m  can be displayed in the absolute-value  
m o d e ,  which con ta ins  bo th  these  con t r ibu t ions ,  or  in the p u r e - a b s o r p t i o n  

m o d e ,  which conta ins  real con t r i bu t i ons  only. 

It is immate r i a l  which Four i e r  t r ans fo rma t ion  is car r ied  ou t  first and  

which second  (i.e., w h e t h e r  the func t ion  is first t r a n s f o r m e d  with r e spec t  to 

the t~ or  the  t2 variable) .  Usually, it is m o r e  economica l  to t r ans fo rm individual  

FIDs ( t r ans fo rma t ion  with respec t  to t2) and  then ,  after  da ta  t ranspos i t ion ,  



3. The Second Dimension 155 

to transform the resulting interferograms with respect to tl to produce the 
2D spectra (or, more precisely, into sections of the 2D NMR spectrum). 

There  are basically three main types of 2D NMR experiments: J- 
resolved, shift correlation through bonds (e.g., COSY), and shift correla- 
tions through space (e.g., NOESY). These spectra may be of homonuclear  
or heteronuclear  type involving interactions between similar nuclei (e.g., 
protons) or between different nuclear species (e.g., 1H with a~C). 

In 2D J-resolved experiments,  the precession due to chemical shift 
frequencies is suppressed by refocusing or reversal in the second half of 
the evolution period. Precession due to couplings is present  in at least one 
of the two halves of the evolution period. The modulat ion of the nucleus 
being observed by the J-coupling frequencies of the nuclei with which it is 
coupled leads to 2D J-resolved spectra, which contain chemical shifts of 
the observed nuclei along one axis (F2-axis) and their splittings by J-coupling 
along the other  axis (F~-axis). 

In shift-correlated spectra (e.g., COSY), the signals of the observed 
nuclei are modulated by the chemical shift frequencies of the par tner  
nuclei to which they are coupled, and often by J-coupling frequencies as 
well. The result is that after the second Fourier transformation, a 2D plot 
is obtained in which the unmodula ted  signals lie along the diagonal axis 
while cross-peaks lying on either side of the diagonal occur at the chemical 
shifts of the coupled nuclei, i.e., centered at the coordinates F2 = 8a and 
Fl = 8n, where A and B are the coupled nuclei. In NOESY spectra, the 
chemical shifts of nuclei lying close to one another  in space are correlated. 

§ P R O B L E M  3 . 1  

What was so exciting about Jeener ' s  original experiment? What is the 
major difference between 1D and 2D NMR experiments? 

§ 

P R O B L E M  3 . 2  

How is it possible to obtain information about the behavior of a spin 
system during the evolution time t~? 

§ 

§ P R O B L E M  3 . 3  

When there is only one time variable during a 2D experiment,  i.e., tl, 
why do we need to process the data through two Fourier transforma- 
tion operations? 

§ 
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P R O B L E M  3 . 4  

What are the major benefits of 2D NMR spectra? 
§ 

§ P R O B L E M  3 . 5  

A number  of 2D NMR experiments, such as NOESY, have a mixing 
period incorporated in their pulse sequence. In principle, precession 
of xy-magnetization also occurs during the mixing period. Why do 
we not need to have a third Fourier transformation to moni tor  the 
precession frequencies that occur during the mixing period? 

§ 

3.1 DATA ACQUISITION IN 2D NMR 

A number  of parameters have to be chosen when recording 2D NMR 
spectra: (a) the pulse sequence to be used, which depends on the experi- 
ment  required to be conducted, (b) the pulse lengths and the delays in 
the pulse sequence, (c) the spectral widths SW~ and SWz to be used for F~ 
and F,2, (d) the number  of data points or time increments that define t~ 
and t2, (e) the number  of transients for each value of t~, (f) the relaxation 
delay between each set of pulses that allows an equilibrium state to be 
reached, and (g) the number  of preparatory dummy transients (DS) per 
FID required for the establishment of the steady state for each FID. Table 
3.1 summarizes some important  acquisition parameters for 2D NMR experi- 
ments. 

3.1.1 Pulse Sequence 

The choice of the pulse sequence to use is of fundamental  importance. 
We must decide carefully what information is required, and choose the 
right experiment to provide it. Although hundreds  of 2D pulse sequences 
are now available for various experiments, only some have proven them- 
selves to be of general utility. Only such proven techniques should be 
chosen to solve structural problems. 

3.1.2 Setting Pulse Lengths and Delays 

Accurate calibration of pulse lengths is essential for the success of most 
2D NMR experiments. Wide variations (>20%) in the setting of pulse 
lengths may significantly reduce sensitivity and may lead to the appearance 
of artifact signals. In some experiments, such as inverse NMR experiments, 
accurately set pulse lengths are even more critical for successful outcomes. 
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Table 3.1 

Some I m p o r t a n t  2D Acquisit ion Parameters*  

F1 doma in  F2 d o m a i n  

157 

N~ = TD~ - n u m b e r  of  FIDs, t~ domain  
poin t  pairs 

SI~ = total n u m b e r  of  data point  (size) 
for F~ transform; normally,  
this = 2TDI 

+SW~ = f requency domain ,  in Hz 

Hz/PT1 = 2SWl/SI1 or 4SWl/SIl  
(phase sensitive) 

DW~ = 0.5/SW~ = t~ i n c r e m e n t  for a 
single evolut ion per iod  

DWI' = DW1/2 -- t~ i n c r e m e n t  for each 
half  of a split evolut ion (echo) or 
for the TPPI m e t h o d  in general  

tl = tl' + n(DW~); n = 0, 1, 2 . . . . .  
N l -  1 (evolution period)  

t'! = tl/2 

DI = relaxation delay (prepara t ion  
period)  

tm, td,& etc -- fixed mixing periods 

NS = n u m b e r  of transients per  FID 

DS = n u m b e r  of prepara tory  d u m m y  
transients per  FID 

N2 = TD2 = n u m b e r  of  total t2 doma in  
points (qua rd ra tu re  channe ls  A 
and B) 

SIz = total n u m b e r  of  data po in t  (size) 
for Fz t ransform; normally,  
this = TDz 

SWz = f requency domain ,  in Hz 
(quadra ture)  

Hz/PT2 = 28W2/812 

DWz = 0.5/SWz (sequential  sampling)  
or 1/SW2 (s imul taneous  sampling)  

~ - - i n c r e m e n t  (dwell t ime) for 
quadra tu re  

~2 -- ~)' + n(DWz); n = 0, 1, 2 . . . . .  
N ~ - I  (detect ion per iod)  

A Q  = t~ ax (acquisit ion time) 

* Based on the nomenclature and conventions of Bruker software. 

§ P R O B L E M  3 . 6  

W h y  is a c c u r a t e  c a l i b r a t i o n  o f  p u l s e  w i d t h s  a n d  de lays  e s s e n t i a l  fo r  t h e  

success  o f  a 2D N M R  e x p e r i m e n t ?  

§ 

3.1 .3  Spectral Widths (SW~ and  SW2) 

T h e  s p e c t r a l  w i d t h  SW~ r e l a t e s  to t h e  f r e q u e n c y  d o m a i n .  W i t h  t h e  

v a r i a t i o n  o f  t h e  e v o l u t i o n  p e r i o d  t~, t h e  i n t e n s i t y  a n d  p h a s e  o f  t h e  s igna ls  
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undergo  changes that are de te rmined  by the behavior of the nuclear  spins 
dur ing the evolution and mixing periods. During the detect ion per iod  tz, 
FIDs are accumulated,  each at a discrete value of tl, and Fourier  transforma- 
tion with respect to t2 produces  a set of spectra each with the frequency 
domain  F2. Arranging these spectra in rows, corresponding  to rows of the 
data (matrix), and Fourier  t ransformation at different points across columns 

of this data matrix creates the second frequency domain  F2. In quadra tu re  
detection, the F~ domain  covers the frequency range SW2/2. 

Bruker instruments  use quadra ture  detection, with channels  A and B 
being sampled alternately, so the dwell time is given by: 

1 
D W 2 -  and t2-- t o + n(DW2) 

sw2 

where n = 0, 1, 2 . . . . .  N2 - 1, t~ is the initial value of tz, and N2 is the 
total number  of A and B data points. 

In Varian instruments,  s imultaneous sampling occursmi.e . ,  points A 
and B are taken together  as pa i r smso  the dwell time is given by: 

1 
D W 2 -  and t2 = t,~ + n(DW2) 

sw~ 

where n = 0, 1, 2 . . . . .  ( N J 2 )  - 1. 
In quadrature  detection, the transmitter  offset frequency is posi t ioned 

at the center  of the E~ domain (i.e., at F2 = 0; in single-channel detect ion 
it is posit ioned at the left edge). Frequencies to the left (or downfield) of 
the transmitter offset frequency are positive; those to the right (or upfield) 
of it are negative. 

The spectral width SWI associated with the FI frequency domain  may 
be defined as F~ = SW~. The time increment  for the t~ domain,  which is 
the effective dwell time, DW~ for this period, is related to SW~ as follows: 
DW~ = (x/z) SW~. The time increments  dur ing tl are kept equal. In successive 
FIDs, the time h is incremented  systematically: t o = h + n(DW~), where n = 
0, 1, 2, 3 . . . . .  N1 - 1, N~ is the n u m b e r  of FIDs, t o is the value of h at 
the beginning of the experiment ,  and DWI is the time increment  for the 
tz domain.  

In homonuclear-shift-correlated experiments,  the F~ domain  corre- 
sponds to the nucleus under  observation; in heteronuclear-shift-correlated 
experiments,  F~ relates to the "unobse rved"  or decoupled  nucleus. It is 
therefore necessary to set the spectral width SW~ after considering the 1D 
spectrum of the nucleus cor responding  to the F~ domain.  In 2D J-resolved 
spectra, the value of SW~ depends  on the magni tude of the coupling con- 
stants and the type of experiment .  In both  homonuc lea r  and he te ronuclear  
experiments,  the size of the largest mult iplet  structure, in hertz, de termines  
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SWl, which in turn is related to the homonuclear  or heteronuclear  coupling 
constants. In homonuclear  2D spectra, the transmitter offset frequency is 
kept at the center of F1 (i.e., at/71 = 0) and F2 domains. In heteronuclear- 
shift-correlated spectra, the decoupler offset frequency is kept at the center 
(F1 = 0) of the F1 domain, with the F1 domain corresponding to the "invisi- 
ble" or decoupled nucleus. 

§ P R O B L E M  3 . 7  

Why are we much more likely to have signals outside the spectral 
width (SW) in an average 2D NMR experiment  than in a 1D NMR 
experiment? Why do spectral widths in a 2D NMR need to be defined 
very carefully, and what effects will this have on the spectrum? 

§ 

3.1.4 Number of Data Points in h and t2 

The effective resolution is determined by the number  of data points in 
each domain, which in turn determines the length of tl and t~. Thus, though 
digital resolution can be improved by zero-filling (Bartholdi and Ernst, 1973), 
the basic resolution, which determines the separation of close-lying multiplets 
and line widths of individual signals, will not be altered by zero-filling. 

The effective resolution R for N time-domain data points is given by 
the reciprocal of the acquisition time, AQ: R = 1 /AQ = 2SW/N. Since 
there must be at least two data points to define each signal, the digital 
resolution DR (in hertz per point, or, in other words, the spacing between 
adjoining data points) must be DR = R / 2  = 2SW/2N. The real part of the 
spectrum is therefore obtained by the transform of 2Ndata  points, of which 
N are time-domain points and another  N are zeros. This level of zero- 
filling allows the resolution contained in the time domain to be recorded. 
Additional zero-filling will lead only to the appearance of a smoother  spec- 
trum, but will not cause any genuine improvement  in resolution. 

The number  of data points to be chosen in the F1 and F2 domains is 
dictated not only by the desired resolution but by other, external considera- 
tions, such as the available storage space in the computer,  and the time that 
can be allocated for data acquisition, transformation, and other instrument 
operations. Clearly, to avoid any unnecessary waste of time, we should 
choose the minimum resolution that would yield the desired information. 
Thus, if the peaks are separated by at least 1 Hz, then the desired digital 
resolution should be R / 2  = x/2 Hz to allow for signal separation in the F2 
domain. The resolution considerations in the F2 and Fl domains may be 
different, depending on what information is required from each domain 
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in the experiment. Since the acquisition time AQ is small as compared to 
the total length of the pulse sequence with its various relaxation delays, it 
is preferable to choose N2 (the number  of data points in F2) based on 
the final digital resolution required without zero-filling. The sensitivity and 
resolution in the F2 domain will be improved as long as t2 is equal to or 
less than the effective relaxation time T2. 

In the case of the tl domain, since it is only the number  N of data 
points that determines the resolution, and not the time involved in the 
pulse sequence with various delays, it is advisable to acquire only half the 
theoretical number  of FIDs and to obtain the required digital resolution 
by zero-filling. Thus the resolution R1 in the F~ domain will be given by 
R~ = 2SW~/N~; that in the F2 domain is given by R2 = 1 /AQ = 2SWz/N2. 

P R O B L E M  3 . 8  

What factors dictate the choice of the number  of data points (SI~ and 
SI2) in 2D NMR spectroscopy? 

§ 

3.1.5 Number  of  Transients 

The number  of transients (NS) required varies depending on the exper- 
iment to be performed. For most experiments, four transients are required 
to provide quadrature detection and suppress the axial peaks at F~ = 0. 
Additional phase cycles may be necessary involving 16 or 32 transients if 
artifacts arising from imperfect 180 ~ pulses are to be suppressed or if 
quadrature images appear in the F,~ dimension. The number  of transients 
will therefore be the number  of cycles in the phase cycling routine multi- 
plied by the minimum number  Nl of FIDs to be acquired. The signal-to- 
noise ratio in the 2D plot will be defined by the number  of transients 
(Levitt et al., 1984), provided that the time domains are not significantly 
greater than the relaxation times 7"2 or T2*. Normally, only the minimal 
transients required should be used, unless the sample quantities are very 
small or the experiment is insensitive. Table 3.2 summarizes some of the 
data requirements for the common NMR experiments. 

§ P R O B L E M  3 . 9  

What factors govern the minimum number  of transients (NS)? 
§ 

3.1.6 Dummy Scans and Relaxation Delays between 
Successive Pulses 

To reach a steady state before data acquisition, a certain number  of 
"dummy"  scans are usually required. If the relaxation delay between the 
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FT2 
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1 
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R R R R R R  Rl~ I I I I I I I I 
Rxxxx Ixxxx 
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RR xxx RI xxx 
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NI= RR xxx RI xxx 
................................................ ~ . . . . . . . . . . . . . . . . . . . . . . . . .  

: o o o i 5 ~  . . . . . . . .  SIl12 O O O O x x x  : 
O x x x  
O x x x  i 
O x x x  ! 

SI 1/2 

i Complex FT 
(of column pairs: R,I 
or RR, RI) 

RR RR RR RR xxx RI IR IR IR xxx 
RRxxx RIxxx 
RRxxx RIxxx 
RR = ~  ...RI...~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

IR xxx 
IRxxx 
IR xxx 
IR xxx 

II xxx 
II xxx 
II xxx 
II xxx 

Figure 3.5 Schematic representation of data processing in a 2D experiment  (one 
zero-filling in F, and two zero-fillings in F2). (a) N, FIDs composed of N2 quadrature 
data points, which are acquired with alternate (sequential) sampling. (b) On a real 
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repetition time of the pulse sequence is sufficiently long (5 7'1 of the slowest- 
relaxing nuclei), then dummy scans may not be necessary. In practice it is 
usual to have the relaxation delay set at about 2T1 or 3 7'1 s and to use two 
dummy scans if the number  of transients (NS) is 4 or 8, or to use four 
dummy scans if NS is greater than 16. 

§ P R O B L E M  3 . 1 0  

What are "dummy"  scans, and why are a number  of these scans ac- 
quired before actual data acquisition? 

§ 

3.2 DATA P R O C E S S I N G  IN 2D N M R  

At the end of the 2D experiment,  we will have acquired a set of N~ 
FIDs composed of N2 quadrature data points, with N2/2 points from channel 
A and N2/2 points from channel B, acquired with sequential (alternate) 
sampling. How the data are processed is critical for a successful outcome. 
The data processing involves (a) dc (direct current) correction (performed 
automatically by the instrument software), (b) apodization (window multi- 
plication) of the t2 time-domain data, (c) Fz Fourier transformation and 
phase correction, (d) window multiplication of the t~ domain data and 
phase correction (unless it is a magnitude or a power-mode spectrum, in 
which case phase correction is not required),  (e) complex Fourier transfor- 
mation in F1, (f) coaddition of real and imaginary data (if phase-sensitive 
representation is required) to give a magnitude (M) or a power-mode (P) 
spectrum. Additional steps may be tilting, symmetrization, and calculation 
of projections. A schematic representation of the steps involved is presented 
in Fig. 3.5. 

The first set of Fourier transformations in 2D NMR experiments, such 
as COSY, produces signals in the Fz dimension. These signals have real (R) 
and imaginary (I) components.  The second set of Fourier transformations 
across t~ gives signals in the F~ domain, which also have real (R) and 
imaginary (I) components,  leading to four different quadrants arising from 

Fourier transformation in t2 (F~), N1 spectra are obtained with real (R) and imagi- 
nary (I) data points. For detection in the quadrature mode with simultaneous 
sampling, a complex Fourier transformation is performed, with a phase correction 
being applied in F2. (c) A normal phase-sensitive transform: R----) RR and I---~ R/. 
(d) Complex FF is applied to pairs of columns, which produces four quadrants, 
of which only the RR quadrant is plotted. 
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Real-Imaginary 

Real-Real 

Imaginary-Imaginary 

Imaginary-Real 

Figure 3.6 The first set of Fourier transformations across tz yields signals in v2, 
with absorption and dispersion components corresponding to real and imaginary 
parts. The second FI" across tl yields signals in v~, with absorption (i.e., real) and 
dispersion (i.e., imaginary) components; quadrants (a), (b), (c), and (d) represent 
four different combinations of real and imaginary components and four differ- 
ent line shapes. These line shapes normally are visible in phase-sensitive 2D 
plots. 

the four possible combinat ions  of the real and imaginary componen t s  (RR, 
R/, IR, a n d / / ) .  The  pure  absorpt ion-mode signals cor respond to the real- 
real (RR) quadran t  (Fig. 3.6). Each of these data processing procedures  
will be considered next, briefly. 

3.2 .1  D C  Correction 

Since there is some contr ibut ion of the receiver dc to the signal, this 
needs to be removed.  In 1D experiments ,  the FIDs decay substantially, and 
the last port ion of the FID gives a reasonably good estimate of the dc level. 
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The computer  works out the average dc level automatically, and subtracts 
it from each of the two quadrature data sets. 

In 2D NMR experiments, the FIDs are relatively short and with fewer 
data points, so dc correction is more difficult to carry out accurately. Phase 
cycling procedures are recommended  whenever required to remove dc 
offsets before dc correction, which is carried out before the first (F2) Fourier 
transform. Since the data points in the F1 transform arise from frequency- 
domain spectra, no dc correction is normally required (we expect to see 
unchanging dc components  at F1 = 0). 

§ P R O B L E M  3 . 1  1 

What is dc correction? 

§ P R O B L E M  3 . 1 2  

Why is it not necessary to perform dc correction before the second 
(Fl) Fourier transformation? 

§ 

3.2.2 Peak Shapes in 2D NMR Spectra 

The apodization functions ment ioned earlier have been applied exten- 
sively in 1D NMR spectra, and many of them have also proved useful in 
2D NMR spectra. Before discussing the apodization functions as employed 
in 2D NMR spectra we shall consider the kind of peak shapes we are 
dealing with. 

The free induction decay may be considered as a complex function of 
frequency, having real and imaginary coefficients. There are two coeffi- 
cients in each point of the frequency spectrum, and these real and imaginary 
coefficients may be described as the cosine and sine terms, respectively. 
Each set of coefficients occupies half the memory in the time-domain 
spectrum. Thus, if memory size is N, then there will be N/2 real and N/2  
imaginary data points in the spectrum. Through the process of phasing, 
we can display signals in the absorption mode. Such pure 2D absorption peaks 
are characterized by the following property: If we take sections across them 
parallel to the F~ or F,2 axes, they produce pure 1D absorption Lorentzian 
lines (Fig. 3.7a and b). However, they lack cylindrical or elliptical symmetry, 
and display protruding ridges running down the lines parallel to F~ and F2, 
so they give star-shaped cross-sections (Fig. 3.7c). This distortion can be 
suppressed by Lorentz-Gaussian transformation. 
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Figure 3.7 Different views of pure 2D absorption peak shapes: (a) a 3D view, 
(b) a vertical cross-section, i.e., a vertical 2D view, and (c) a horizontal 2D view. 

The pure negative 2D dispersion peak shapes are shown in Fig. 3.8. The 
peaks have negative and positive lines, with vanishing signal contributions 
as they pass through the base line; and they are broadened at the base, so 
they decay slowly, leading to a poor signal-to-noise ratio. Horizontal cross- 
sections of such peaks give the appearance of butterfly wings. To improve 
the signal-to-noise ratio as well as the appearance of 2D spectra, it is desirable 
to remove the dispersive components.  

The phase-twisted peak shapes (or mixed absorption-dispersion peak 
shape) is shown in Fig. 3.9. Such peak shapes arise by the overlapping of 
the absorptive and dispersive contributions in the peak. The center of the 
peak contains mainly the absorptive component ,  while as we move away 
from the center there is an increasing dispersive component .  Such mixed 
phases in peaks reduce the signal-to-noise ratio; complicated interference 
effects can arise when such lines lie close to one another.  Overlap between 
positive regions of two different peaks can mutually reinforce the lines 
(constructive interference),  while overlap between positive and negative 
lobes can mutually cancel the signals in the region of overlap (destructive 
interference).  
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m _ L 

Figure 3.8 Different views of pure negative 2D dispersion peak shapes: (a) a 3D 
view, (b) a vertical cross-section, and (c) a horizontal cross-section. 

Two-dimensional spectra are often recorded in the absolute-value 
mode. The absolute value A is the square root of the sum of the squares 
of the real (R) and imaginary (I) coefficients: 

a = ~ / / R  2 + F. (1) 

Although this eliminates negative contributions, since the imaginary part  
of the spectrum is also incorporated in the absolute-value mode,  it produces 
broad dispersive components.  This leads to the broadening of the base of 
the peaks ("tai l ing") ,  so lines recorded in the absolute-value mode  are 
usually broader  and show more tailing than those recorded in the pure 
absorption mode. 

§ P R O B L E M  3 . 1 3  

What are the common peak shapes, and why it is necessary to know 
the peak shapes before applying apodization? 

§ 

3.2.2.1 APODIZATION IN 2D N M R  SPECTRA 
Some of the apodization functions described in Section 1.3.11 can also 

be adopted for use in 2D spectra. The types of functions used will vary 
according to the exper iment  and the information wanted. 
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Figure 3.9 Different views of an absorption-dispersion peak: (a) a 3D view, (b) a 
2D vertical cross-section, and (c) a 2D horizontal cross-section. 

The majority of 2D experiments produce lines with phase-twisted line 
shapes that cannot be satisfactorily phased. An absolute-value display is then 
most convenient, since phasing is not required, the lines having positive 
components  only. However, the lines have long dispersive tails, so we need 
to apply strong weighting functions to suppress such tailing, which would 
otherwise cause undesirable interference effects between neighboring sig- 
nals. A price has to be paid for such cosmetic improvement  of spectra in 
terms of sensitivity, since multiplication by weighting functions leads to 
rejection of some of the signals present in the early part of the FID. 

The weighting functions used to improve line shapes for such absolute- 
value-mode spectra are sine-bell, sine bell squared, phase-shifted sine-bell, phase- 
shifted sine-beU squared, and a Lorentz-Gauss transformation function. The ef- 
fects of various window functions on COSY data (absolute-value mode) are 
presented in Fig. 3.10. One advantage of multiplying the time domain S(t~) 
or S(t2) by such functions is to enhance the intensities of the cross-peaks 
relative to the noncorrelat ion peaks lying on the diagonal. 

Another  resolut ion-enhancement  procedure  used is convolution differ- 
ence (Campbell et al., 1973). This suppresses the ridges from the cross-peaks 
and weakens the peaks on the diagonal. Alternatively, we can use a shaping 
function that involves production of pseudoechoes. This makes the envelope 
of the time-domain signal symmetrical about its midpoint,  so the dispersion- 
mode contributions in both halves are equal and opposite in sign (Bax et 
al., 1979,1981). Fourier transformation of the pseudoecho produces signals 
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Figure 3.10 Effect of different window functions (apodization functions) on the 
appearance of COSY plot (magnitude mode) .  (a) Sine-bell squared and (b) sine- 
bell. The spectrum is a portion of an unsymmetrized matrix of a 'H-COSY LR 
exper iment  (400 MHz in CDCI3 at 303 K) ofvasicinone. (c) Shifted sine-bell squared 
with 77/4. (d) Shifted sine-bell squared with Ir/8. (a) and (b) are virtually identical in 
the case of delayed COSY, whereas sine-bell squared multiplication gives noticeably 
better suppression of the stronger dispersion-mode components  observed when no 
delay is used. A difference in the effective resolution in the two axes is apparent ,  
with F2 having better resolution than F,. The spectrum in (c) has a significant 
amount  of dispersion-mode line shape. 
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in the pure-absorption mode. A Gaussian shaping function may be em- 
ployed with the pseudoecho to give it a symmetrical envelope. 

The sine-bell functions are attractive because, having only one adjust- 
able parameter,  they are simple to use. Moreover, they go to zero at the 
end of the time domain, which is important  when zero-filling to avoid 
artifacts. Generally, the sine-bell squared and the pseudoecho window func- 
tions are the most suitable for eliminating dispersive tails in COSY spectra. 

With COSY and 2D J-resolved spectra, it is normally necessary to apply 
weighting functions in both dimensions. Multiplication with a sine-bell 
squared function is recommended.  

Phase-sensitive spectra, such as phase-sensitive COSY, do not show phase- 
twisted line shapes that arise due to the mixing of the absorptive and 
dispersive components.  The peaks lying on or near the diagonal tend to 
differ in phase by 90 ~ from the correlation cross-peaks, which appear on 
either side of the diagonal. This means that if we adjust the phasing of the 
cross-peaks to the absorption mode, then the diagonal peaks will appear 
in the dispersive mode, and vice versa. Since it is the cross-peaks that are 
of interest, we normally adjust the phasing so they appear in the absorptive 
mode. Improvements in peak shape can be achieved by multiplying with 
a cosine-bell (sine-bell shifted by 90 ~ function. 

Heteronuclear-shift-correlation spectra, which are usually presented in 
the absolute-value mode, normally contain long dispersive tails that are 
suppressed by applying a Gaussian or sine-bell function in the FI domain. 
In the F,2 dimension, the choice of a weighting function is less critical. If 
a better signal-to-noise ratio is wanted, then an exponential broadening 
multiplication may be employed. If better resolution is needed, then a 
resolution-enhancing function can be used. 

§ P R O B L E M  3 . 1 4  

What are the effects of various window functions on the shapes of peaks 
in a COSY data set? 

3.2.2.2 F2 FOURIER TRANSFORMATION 
The next step after apodization of the t2 time-domain data is F 2 Fourier 

transformation and phase correction. As a result of the Fourier transforma- 
tions of the t2 time domain, a number  of different spectra are generated. 
Each spectrum corresponds to the behavior of the nuclear spins during 
the corresponding evolution period, with one spectrum resulting from 
each t~ value. A set of spectra is thus obtained, with the rows of the matrix 
now containing N real and N imaginary data points. These real and imagi- 
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nary parts are rearranged so the individual spectra are in rows one behind 
the other in a matrix constituted by the F2 and t~ domains. 

3.2.2.3 F~ FOURIER TRANSFORMATION AND WINDOW MULTIPLICATION 
The matrix obtained after the F 2 Fourier transformation and rearrange- 

ment  of the data set contains a number  of spectra. If we look down the 
columns of these spectra parallel to tl, we can see the variation of signal 
intensities with different evolution periods. Subdivision of the data matrix 
parallel to t~ gives columns of data containing both the real and the imagi- 
nary parts of each spectrum. An equal number  of zeros is now added and 
the data sets subjected to Fourier transformation along tl. This Fourier 
transformation may be either a Redfield transform, if the t2 data are ac- 
quired alternately (as on the Bruker instruments),  or a complex Fourier 
transform, if the t2 data are collected as simultaneous A and B quadrature  
pairs (as on the Varian instruments). Window multiplication for t~ may be 
with the same function as that employed for t2 (e.g., in COSY), or it may 
be with a different function (e.g., in 2D J-resolved or heteronuclear-shift- 
correlation experiments).  

P R O B L E M  3 . 1 5  

The two-dimensional data set S(t~, t2) requires two Fourier transforma- 
tion operations. Explain why the time variable t2 is almost always Fourier 
transformed before t~. 

§ 

3.2.2.4 MAGNITUDE-MODE SPECTRA 
If phase-sensitive spectra are not required, then magnitude-mode P(c0) 

(or "absolute-mode") spectra may be recorded by combining the real and 
imaginary data points. These produce only positive signals and do not 
require phase correction. Since this procedure gives the best signal-to-noise 
ratio, it has found wide use. In heteronuclear  experiments, in which the 
dynamic range tends to be low, the power-mode spectrum may be preferred, 
since the S /N ratio is squared and a better line shape is obtained so that 
wider window functions can be applied. 

§ P R O B L E M  3 . 1 6  

How are magnitude-mode spectra computed from the FID? 
§ 

3.2.2.5 Tilting, Symmetrization, and Projections 
Finally, certain other procedures- - such  as tilting, symmetrization, or 

plotting of project ions--may be required, depending on the type of spectra 
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being recorded. In homonuclear  2D J-resolved experiments, J-coupling 
information is present in both tl and t2 domains, so multiplets appear 
at an angle of 45 ~ A tilt-correction procedure (Baumann et al., 1981a) 
is therefore applied mathematically to produce or thogonal  J and 8 axes, 
making the multiplets more readable. However, this tilt correction leads 
to a 45 ~ tilt in the F1 line shape. This can be suppressed by using a 
window function for F1, such as multiplication by sine-bell squared, to 
reduce the tailing of signals in F1. Symmetrization procedures can also 
be employed for cosmetic improvement of the spectrum when the 
peaks occurring in a spectrum are symmetrically a r r angedmsuch  as the 
multiplets in a 2D J-resolved spectrum, or when the cross-peaks lie 
symmetrically on either sides of the diagonal in COSY and NOESY 
spectra. Symmetrization can be carried out by triangular multiplication, 
(Baumann et al., 1981b) in which each pair (a, b) of symmetry-related 
points is replaced by the geometric mean X/-~ab. A simpler symmetrization 
procedure is to replace each pair of symmetry related points by the 
smaller of the two values a and b. 

We can take slices at various points of the 2D spectrum, along either 
the F1 or the F2 axes or, alternatively, we can record projections. Such 
subspectra can provide useful information. There are two ways such projec- 
tions can be produced. The first method involves coaddition through a 
row or column to create a point in the projection spectrum. In this so- 
called "sum" mode, weak multiplets in the 2D spectrum (e.g., the 2D J- 
resolved spectrum) will appear much stronger than the noise in the projec- 
tion spectrum. One disadvantage is a broadening of signals due to the 
addition of "tails" from neighboring peaks. The other "maximum point"  
method relies on the selection of the maximum data point from each 
column or row. This improves line shapes but produces weak signals, and 
some multiplets may be too weak to be recognizable in the projection 
spectrum. In homonuclear experiments, it is therefore advisable to record E~ projec- 
tions rather than FI projections because of the resulting higher resolution and sensi- 
tivity. 

§ P R O B L E M  3 . 1  7 

What could be the possible reasons for noise in 2D NMR spectra, and 
how can symmetrization be used to improve the quality and readability 
of the plot? 
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§ P R O B L E M  3 . 1 8  

W h a t  a r e  p r o j e c t i o n  s p e c t r a ,  a n d  h o w  a r e  t h e y  d i f f e r e n t  f r o m  n o r m a l  

1 D  N M R  s p e c t r a ?  
§ 
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Figure 3.11 (a) C o n t o u r  p lo t .  (b) S t a c k e d  p lo t .  
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Figure 3.12 Two-dimensional NMR plots recorded at different contour  levels. 
(a) Two-dimensional spectra recorded at low contour  level usually have noise lines 
across the plot. (b) With a higher  contour  level, many of the noise peaks are 
eliminated and the peaks become clearer. 
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3.3 P L O T T I N G  O F  2D S P E C T R A  

Two-dimensional NMR spectra are normally presented as contour  plots 
(Fig. 3.11a), in which the peaks appear  as contours. Although the peaks 
can be readily visualized by such an "overhead"  view, the relative intensifies 
of the signals and the structures of the multiplets are less readily perceived. 
Such information can be easily obtained by plotting slices (cross-sections) 
across rows or columns at different points along the F1 or F2 axes. Stacked 
plots (Fig. 3.11b) are pleasing esthetically, since they provide a pseudo-3D 
representation of the spectrum. But except for providing information 
about noise and artifacts, they offer no advantage over contour  plots. Finally, 
the projection spectra ment ioned in the previous section may also be re- 
corded. 

The recording of contour  plots involves selecting the op t imum contour  
level. At too low a contour level, noise signals may make the genuine cross- 
peaks difficult to recognize; if the contour  level is too high, then some of 
the weaker signals may be eliminated along with the noise (Fig. 3.12). 

In the discussions that follow, the theory behind the common 2D 
NMR experiments  is presented briefly, the main emphasis being on how 
newcomers can solve practical problems utilizing each type of experiment .  

§ P R O B L E M  3 . 1 9  

How many types of plots are generally used in 2D NMR spectroscopy? 

S O L  U T I O N S  T O  P R O B L E M S  

3 . 1  
Jeener ' s  idea was to introduce an incremented  time tl into the basic 
1D NMR pulse sequence and to record a series of experiments  at 
different values of tl, thereby adding a second dimension to NMR 
spectroscopy. Jeener  described a novel exper iment  in which a coupled 
spin system is excited by a sequence of two pulses separated by a variable 
time interval tl. During these variable intervals, the spin system is al- 
lowed to evolve to different extents. This variable time tl is therefore 
termed the evolution time. The insertion of a variable time period be- 
tween two pulses represents the prime feature distinguishing 2D NMR 
experiments  from 1D NMR experiments.  
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3 . 2  
Information about the behavior of the spin system during the evolution 
time can be obtained indirectly by observing its influence on a set of 
FIDs. Since the FIDs obtained portray the positions and status of the 
magnetization vectors, we can map the behavior of the nuclei during 
the evolution time from the FIDs. 

3 . 3  
There are actually two independent  time periods involved, t~ and t2. 
The time period tm after the application of the first pulse is incremented 
systematically, and separate FIDs are obtained at each value of ta. The 
second time period, t2, represents the detection period and it is kept 
constant. The first set of Fourier transformations (of rows) yields 
frequency-domain spectra, as in the 1D experiment.  When these 
frequency-domain spectra are stacked together (data transposition), a 
new data matrix, or "pseudo-FID," is obtained, S(tl, F2), in which 
absorption-mode signals are modulated in amplitude as a function of 
tm. It is therefore necessary to carry out second Fourier transformation 
to convert this "pseudo FID" to frequency domain spectra. The second 
set of Fourier transformations (across columns) on S (tl, F.2) produces 
a two-dimensional spectrum S (hi, F,2). This represents a general proce- 
dure for obtaining 2D spectra. 

3 . 4  
Some important  benefits of 2D NMR spectroscopy are: 

(i) J-Modulated 2D NMR experiments (2D J-resolved) provide an 
excellent method to resolve highly overlapping resonances into 
readily interpretable and recognizable multiplets. 

(ii) Homonuclear-shift-correlation 2D NMR techniques (COSY, 
NOESY, etc.) offer a way of identifying spin couplings of nuclei. 
By interpretation of homonuclear  2D correlated spectra, we can 
obtain information about the spin networks. Similarly, hetero- 
nuclear-shift-correlation 2D NMR techniques help to identify one- 
bond or long-range heteronuclear connectivities. 

(iii) Some recently developed 2D NMR techniques, such as Homonu-  
clear Har tmann-Hahn Spectroscopy (HOHAHA) and Hetero- 
nuclear Multiple Bond Connectivity (HMBC), are excellent ways 
to identify nuclei separated by several bonds, thereby allowing 
chemists to build complex structures from substructural fragments. 

(iv) 2D INADEQUATE spectra can allow the direct deduction of the 
carbon framework of the molecules. 
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3 . 5  
Precession of xy-magnetization may also occur during the mixing pe- 
riod. This is normally a constant effect that does not vary from one 
FID to the next, since the mixing period is a constant time period and 
changes taking place during it contribute equally in every FID. 

3 . 6  
Although accurate calibration of pulse lengths and delays is desirable 
for every type of NMR experiment,  it becomes essential in 2D NMR 
experiments.  Errors in pulse length greater  than 10-20% usually sig- 
nificantly lower the S /N ratio and increase the amplitude of artifact 
peaks. When such errors approach _+40-50%, the spectra become 
severely distorted. This is easily understood,  since a 180 ~ pulse with 
50% error becomes a 90 ~ pulse and the pulse sequence is t ransformed 
into a totally different pulse sequence. Similarly, serious errors in mix- 
ing delays, expressed in terms of scalar couplings (i.e., 1/nJ)  are gener- 
ally catastrophic for the experiment,  and they may not only lower 
the S /N ratio, but may cause complete loss of certain signals. This is 
illustrated by the following example. 

(i) COSY 45 ~ spectrum with accurate pulse lengths 
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(ii) COSY 45 ~ with poor pulse lengths (45% error) affords cross- 
peaks with much weaker intensifies 
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3 . 7  
In a 2D NMR experiment it is essential to minimize the size of the data 
set by cutting down the spectral width so that valuable instrumentation 
time is not wasted in accumulating noise. However, if the spectral width 
chosen is too small, then the signals falling outside the spectral width 
give rise to erroneously positioned peaks, either on the diagonal line 
or on one of the axes of the 2D spectra. The spectral widths (SWI and 
SW2) in 2D NMR experiments therefore need to be defined carefully, 
since they depend not only on the type of the nuclei being detected 
but also on the kind of experiment. The spectral width SW2 (for the 
F,2 domain) is generally defined by the nature of the nucleus being 
observed during the detection period and the spectral regions to be 
acquired, while the spectral width SWI (for the FI domain) depends 
mostly on the type of experiment. For instance, SWI in homonuclear- 
shift-correlation experiments depends on the observed nucleus, 
whereas in heteronuclear-shift-correlation experiments it corresponds 
to the "unobserved" or decoupled nucleus. For J-resolved 2D NMR 
experiments, SWI corresponds to the coupling constants. The complex- 
ities in defining SW are the prime reason for peak folding problems 
encountered in 2D NMR spectroscopy. 
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3 . 8  
The following factors are considered when determining the number  
of data points, SI, in 2D NMR experiments: 

(i) Desired resolution. 
(ii) Time available for data acquisition. 

(iii) Time required for FT and spectral manipulation. 

3 . 9  

The requi rement  of the min imum number  of transients (NS) depends  
on the following factors: 

(i) 

(ii) 

(iii) 

(iv) 

The insensitivity of the 2D experiment;  e.g., 32 transients are 
required in case of the inherently insensitive 2D INADE- 
QUATE experiment,  in contrast to 16 transients for the more  
sensitive 2D J-resolved spectrum. 
To attain the required sensitivity, for example, in order  to 
detect very small couplings, it may become necessary to accu- 
mulate more transients. 
Sample quantifies: large quantities of sample require a mini- 
mum number  of transients. 
Appearance of artifacts and quadrature  images in the spec- 
trum force more transients to be recorded. 

"~ 3 . 1 0  

"Dummy"  scans are the preparatory scans with the complete time 
course of the exper iment  (pulses, evolution, delays, acquisition time). 
A certain number  of these " d u m m y "  scans are generally acquired 
before each FID in order  to attain a stable steady state. Though  
time-consuming, they are extremely useful for suppressing artifact 
peaks. 

"~ 3 . 1 1  

Dc correction is a process by which the contribution of the receiver 
dc is omitted from the FID. The dc level is generally determined by 
examining the last (one-fourth) portion of the FID (tail), which is 
more likely to have the maximum dc contribution of the receiver. The 
level is then subtracted automatically from each FID of the data set 
before F2 Fourier transformation. 

~" 3 . 1 2  

Since data points in F~ transformation are taken directly from the 
frequency-domain spectra (resulting from F2 transformations), there is 
no need for a second dc correction. 
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3 . 1 3  
There are generally three types of peaks: pure 2D absorption peaks, 
pure negative 2D dispersion peaks, and phase-twisted absorption-dis- 
persion peaks. Since the prime purpose of apodization is to enhance 
resolution and optimize sensitivity, it is necessary to know the peak 
shape on which apodization is planned. For example, absorption-mode 
lines, which display protruding ridges from top to bottom, can be 
dealt with by applying Lorentz-Gauss window functions, while phase- 
twisted absorption-dispersion peaks will need some special apodization 
operations, such as muliplication by sine-bell or phase-shifted sine- 
bell functions. 

3 . 1 4  
The sine-bell, sine-bell squared, phase-shifted sine-bell, and phase- 
shifted sine-bell squared window functions are generally used in 2D 
NMR spectroscopy. Each of these has a different effect on the appear- 
ance of the peak shape. For all these functions, a certain price may 
have to be paid in terms of the signal-to-noise ratio, since they remove 
the dispersive components of the magnitude spectrum. This is illus- 
trated in the following COSY spectra: 

(i) COSY 45 ~ spectrum with sine-bell multiplication 
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(ii) COSY 45 ~ spectrum with sine-bell squared multiplication 
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(iii) COSY45 ~ spectrum with phase-shifted sine-bell multiplication 
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(iv) COSY45 ~ spectrum with phase-shifted sine-bell squared multi- 
plication 
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3 . 1 5  
The second time variable, t~, is the so called "real-time" variable, repre- 
senting the time spent in data acquisition, while t~ is the evolution 
interval between the two pulses during the experiment. The effect of 
t~ can only be observed indirectly by noting its influence on t,~. It is 
therefore necessary to carry out F2 transformation first, in order  to 
generate a series of spectra (rows of the matrix), which is then used 
as a pseudo-FID for F~ transformation in the second step. 

3 . 1 6  
The frequency-domain spectrum is computed by Fourier transforma- 
tion of the FIDs. Real and imaginary components  v(c0) and i/z(c0) of 
the NMR spectrum are obtained as a result. Magnitude-mode or power- 
mode spectra P(0J) can be computed from the real and imaginary parts 
of the spectrum through application of the following equation: 

P(co) = X/'[v(o~) ]~ + [i~(r ]~. 
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3 . 1 7  
The noise in 2D experiments may arise from a variety of sources, such 
as unequal increments in evolution time, phase noise in the frequency 
generation system, quarks in the computer handling of successive FIDs, 
and quantization errors or digitizer noise. Symmetrization is a cleaning 
routine that can remove noise from the 2D plot. This process is gener- 
ally used in 2D spectra that have inherent symmetry, such as COSY, 
NOESY, and 2D J-resolved experiments. In these spectra the genuine 
signals are either symmetrically arranged about the diagonal (COSY) 
or symmetrically arranged about the central peak of a multiplet (2D 
J-resolved). The noise is random, and can be easily eliminated by this 
simple mathematical operation. Only peaks with a symmetry-related 
partner are retained. 

3 . 1 8  
One-dimensional spectra obtained by projecting 2D spectra along a 
suitable direction often contain information that cannot be obtained 
directly from a conventional 1D spectrum. They therefore provide 
chemical shift information of individual multiplets that may overlap 
with other multiplets in the corresponding 1D spectra. The main differ- 
ence between the projection spectrum and the 1D spectrum in shift- 
correlated spectra is that the projection spectrum contains only the 
signals that are coupled with each other, whereas the 1D ~H-NMR 
spectrum will display signals for all protons present in the molecule. 

3 . 1 9  
There are basically four types of plots: 

(a) Projection plots 
(b) Contour plots 
(c) Stacked plots for pseudo-3D presentation 
(d) Slice plots for 1D presentation. 

The following are some important presentations of a COSY 45 ~ 
spectrum: 
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C H A P T E R  4 

Nuclear 

Overhauser 

Effect 

The strength of an NMR signal depends on the difference in popula- 
tion between the ground (c~) state and the excited (/3) state of a given nu- 
cleus. There  is a slight excess (Boltzmann excess) of nuclei in the ground 
state, and it is this excess that is responsible for the NMR signal. Even at 
400 MHz, the difference in population between the two states is very small 
(about 1 in 660,000), and it gives rise to a macroscopic magnetic momen t  
M ~ parallel to the static magnetic field B~ having a magni tude corresponding 
to the population difference between the c~ and/3  states. This equilibrium 
difference magnetization M ~ represents the longitudinal magnetization, 
which is directed along the z-axis, i.e., parallel to the applied magnetic 
field, and it precesses about B0 at its characteristic Larmor frequency. Appli- 
cation of an Rf pulse bends the direction of the equil ibrium magnetization 
M ~ away from the z-axis and thus creates a transverse componen t  of magneti- 
zation M~y, which induces an alternating current  within the receiver coil 
of the NMR spectrometer  and is thereby detected as an NMR signal. Clearly, 
the intensity of this signal will depend on the gyromagnetic ratio of the 
nucleus under  observation, on the population difference between the c~ 
and 13 states of the nucleus that determine the intrinsic strength of the 
magnetizations, as well as on the angle by which the vector M ~ is bent  by 
the applied Rf pulse. Thus the population difference between the upper  
and lower states, represented by the longitudinal magnetization, is "sam- 
pled" by the Rf pulse, which converts it into a corresponding,  proportion- 
ately sized transverse magnetization before detection. 

§ § § § § § § 187  
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The Rf observe pulse generally has very high power, often 100 W or 
above. It therefore precesses with a very high frequency, typically about  
25 kHz, so the time taken to bend the equilibrium magnetization is short, 
often of the order  of 10 ms. Such a pulse would excite the entire proton 
spectral width uniformly. Broad-band decoupling, on the other hand, does 
not use such high power, since it has to be applied continuously (for 
instance, proton noise decoupling during ~3C acquisition typically uses 
1-10 W with fields of a few kilohertz). In contrast to such high-power Rf 
irradiation, selective irradiations use much lower powerma  milliwatt or 
less, corresponding to field frequencies of a few tens of hertz. Thus only 
resonances in a very narrow frequency range (0n resonance spins) are af- 
fected; resonances lying outside this narrow window (0ff-resonance spins) 
remain unaffected. Moreover, even the on-resonance spins now behave 
differently than when they were subjected to high Rf f ie lds - -under  low Rf 
fields they precess at much lower frequencies (---10 H z ) B s o  relaxation 
processes become very important  (and indeed result in nOe, as will be 
seen later). 

Moreover, precession under  selective irradiation occurs in the longitu- 
dinal plane of the rotating frame, instead of rotation in the transverse 
plane, which occurs during the evolution of the FID. The magnitude of 
the vector undergoing precession about the axis of irradiation decreases 
due to relaxation and field inhomogeneity effects. 

4.1 n O e  AND S E L E C T I V E  P O P U L A T I O N  T R A N S F E R  

In Chapter 2 (Section 2.2) we considered the phenomenon  of selective 
population transfer (SPT). Under  conditions of low-power irradiation, the 
lines of a multiplet may be unevenly saturated. This results in changes in 
the relative intensities of the multiplet components  of the couplingpartner(s) 
of the nucleus that has been irradiated. Thus, in an AX system, if nucleus 
A is irradiated and nucleus X is observed, then the intensity gained by one 
X line is balanced exactly by the intensity lost by another  X line, so the 
overall integral of the X doublet  remains unchanged (provided, of course, 
that there is no nOe enhancement  of X). Such SPT distortions must be 
borne in mind when interpreting nOe difference spectra. And many meth- 
ods can be used for reducing such distortions involving the use of composite 
pulses (Shaka et al., 1984), irradiating each line ofa  multiplet and coadding 
the results (Neuhaus, 1983), or cycling the decoupler  repeatedly around 
the lines of a target multiplet before each scan during the preirradiation 
period (K6ver, 1984; Williamson and Williams, 1985). 

We have previously considered 1D and 2D spectra involving the cou- 
pling of nuclei through bonds (scalar coupling, or J-coupling). Nuclei can 
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also interact with each other  directly through space (dipolar, or magnetic, 
coupling). This latter form of interaction is responsible for the nuclear Over- 
hauser effect (nOe),  which is the change of intensity of the resonance of 
one nucleus when the transitions of another  nucleus that lies close to the 
first nucleus are per turbed by irradiation. This change in intensity may 
correspond to an increase, as in small, rapidly tumbling molecules, or to 
a decrease, as in large, slower-tumbling molecules. It can provide valuable 
information regarding the relative stereochemistry of the nuclei in a given 
structure. The perturbat ion is usually carried out with a weak Rf field, and 
it eliminates the populatio n difference across the transitions of the saturated 
nucleus. This triggers a compensatory response from the system through 
a readjustment  of the populat ion difference across transitions of the close- 
lying nuclei; this response is measured on the NMR spectrometer  in the 
form of the nuclear Overhauser effect. Thus, if nucleus S is being saturated 
and nucleus I observed, and if the original and final (i.e., after irradiation 
of nucleus S) intensities of nucleus I are represented by I0 and I', then 
nOe may be defined as: 

n,{s}  = ( r -  I0) • 100, 
/0 ' ( 1 )  

where ~ql is the nOe at nucleus I when nucleus S is irradiated. 

4.2 R E L A X A T I O N  

When placed in a strong magnetic field, nuclei such as 1H or ~C, 
which have a spin quan tum number  of 1/z, adopt  one of two quantized 
orientations, a low-energy orientation aligned with the applied field B0 
and a high-energy orientation aligned against the applied field. And 
they exhibit a characteristic precessional motion at their respective 
Larmor frequencies. When exposed to electromagnetic irradiation from 
an Rf oscillator, the nuclei can undergo excitation when the oscillator 
frequency matches exactly the Larmor frequency of each nucleus. This 
excitation involves transfer of excess spin populat ion from the lower 
energy state to the higher energy state. Certain relaxation processes 
then come into play as the system responds to restore thermal equilibrium. 
The most important  of these is spin-lattice relaxation, TI, in which energy 
is transferred from the spins to the surrounding lattice as heat energy. 
For such relaxation to occur, the nuclei must be exposed to local 
oscillating magnetic fields some of whose frequencies can match exactly 
their respective precessional frequencies. There  can be many sources of 
such fluctuating magnetic fields; the major source is the magnetic 
moments  of other  protons present  in the same tumbling molecule. Since 



190 4. Nuclear Overhauser Effect 

the molecule is undergoing various translations, rotations, and internal  
motions, there is virtually a con t inuum of energy levels available, and 
energy exchange can occur readily between the nucleus and the lattice 
through such dipole-dipole interactions. 

In addition to d ipole-d ipole  interactions, nuclei may relax by other  
mechanisms. For example, the presence of paramagnetic  materials in solu- 
tion can cause very efficient relaxation, since magnetic moments  of elec- 
trons are a thousandfold greater than those of protons. Thus, a l though 
such interactions involve much larger internuclear  distances, being inter- 
molecular rather than intramolecular,  they can still make 7'1 so short that 
no nOe would be observed. It is for this reason that we need to remove 
dissolved paramagnetic  oxygen carefully from solutions of the substance 
before under taking nOe measurements .  

In nOe we are concerned mainly with longitudinal relaxation, i.e., the 
return of longitudinal magnetization to its original value M ~ which involves 
reestablishing the original equilibrium state between the populat ions of 
the ground and excited states. This will involve changes in populat ion in 
the excited and ground states via transitions between the two spin states, 
so that the original population difference is restored. To return to the 
original equilibrium state, the transverse magnetization generated must  also 
decay to zero, by loss and dephasing of the individual contributions to the 
transverse magnetization, M..  But this need not concern us here, since 
nOe is concerned primarily with longitudinal relaxation, which occurs 
independent  of transverse magnetization. 

The number  of transitions between upper  and lower states depends  
not only on the populations N~ and N~ of the two states, but also on the 
efficiency of relaxation, more often called the transition probatn'lity W, as 
well as on the temperature  of the surrounding lattice. Each NMR transition 
will be accompanied by a corresponding change in the lattice energy. 

§ P R O B L E M  4 . 1  

What are the two major uses of the nOe effect in NMR spectroscopy? 

4.3 M E C H A N I S M  O F  n O e  

The rate at which d ipole-d ipole  relaxation occurs depends  on several 
factors: (a) the nature of the nucleus, (b) the internuclear distance, r, and 
(c) the effective correlation time, "rc, of the vector joining the nuclei (which 
is inversely proportional  to the rate at which the relevant segment  of the 
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molecule  tumbles  in solution). The  magnitude of the d ipo le -d ipo le  interac- 
tion, however, will d e p e n d  only on the in te rnuclear  distance. 

Let us consider  two nuclei I and S that  are close in space (hence,  their  
d ipo le -d ipo le  interact ion is significant), but  that  are not  scalar-coupled to 
each o ther  (j),s = 0), with I being the one  observed and  S being the one  
irradiated. Let us also assume that  both spins form par t  of  a rigid molecule  
that  is tumbl ing isotropically (i.e., without  any pre fe r red  axis of  rotat ion).  
Thus  the only major  relaxation pathway available is that  via d ipo le -d ipo le  
relaxation. Figure 4.1 presents  the energy-level d iagram of  such a system. 
Since the two spins I and S are not  J-coupled,  each appears  as a single 
resonance  line, with the line for nucleus I arising due to transitions/1 and  
I2 and that for nucleus S arising due  to transitions $1 and  $2. Since each 
nucleus can exist in two different  energy states, a and /3 ,  there  are four 
possible combinat ions  of  these states: aa ,  ot~, ~a ,  and/3/3. The  aot state 
corresponds to both nuclei in the lowest energy state, the/3/3 state represents  
a combina t ion  in which both are in the uppe r  energy state, while in the 
a/3 a n d / 3 a  combinat ions  one  of  the two nuclei is in the lower energy state 
while the o ther  is in the uppe r  energy state. A Bol tzmann distribution 
prevails at thermal  equil ibrium, with the a a  state having the highest  popula- 
tion, a/3 and fla states having some in termedia te  populat ions,  and the/3/3 
state cor responding  to the lowest populat ion.  Since the nuclei I and S are 

a b 

O~--d) 

[(3)-(4)-d] St / ~... \ 12 [(2)-(4)-d] [(3)-(4)-0] St / ~ I2 [(2)-(4)-d] 

~- ~' -~.- (2) O) ~ ~ (2) 

[(1) - (3) - d] 1 1 ~  '. / $ 2  [(1) - (2) = d] [(1) - (3) - d] l l ~  / $ 2  [(I)-(2)=0] 

(1) ~ (N+d) ( 1 ) ~  [N+(d/'l)] 
0 0 0 0  0 0 0  

Figure 4.1 (a) Populations at Boltzmann equilibrium before application of a radio- 
frequency pulse on nucleus S. Nuclei I and S are not coupled. (b) Populations 
immediately after the application of a pulse on nucleus S. The populations con- 
nected by S transitions are readily equalized, while the difference of populations 
connected by the I transitions remains unaffected (i.e., (1)-(3) or (2)-(4) re- 
mains unchanged). 
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Figure 4.2 Energy levels and populations for an IS system in which nuclei  I and 
S are not directly coupled with each other. This forms the basis of  the nuclear 
Overhauser e n h a n c e m e n t  effect. Nucleus  S is subjected to irradiation, and nucleus 
I is observed. (a) Population at thermal equil ibrium (Boltzmann populat ion) .  
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not  J-coupled to one  another ,  the two single-quantum transitions I~ and I2 
have the same energy, as do the transitions $1 and $2. 

An interesting feature of the energy diagram is that  there are two 
transitions that involve the simultaneous flip of both spins. These are the 
transitions c~a ~ /3 /3  (a double-quantum process, W2) and oe/3 ~/3c~ (a zero- 
quantum process, W0). Indeed,  it is these two transitions that are responsible 
for the nOe effect observed, since it is th rough  them that the saturation of 
nucleus S affects the intensity of nucleus I. Both Wz and W0 are " fo rb idden"  
transitions, since they cannot  be excited directly by an Rf pulse or lead 
directly to detectable NMR signals; they are, however, allowed in the context  
of relaxation processes. This highlights an impor tan t  feature: The selection 
rules governing excitation processes (i.e., an interact ion of  spin with an 
external oscillating field) are different from the selection rules governing 
relaxation processes (in this case involving energy exchange of the spins 
with the lattice). 

To unders tand  how nOe occurs, we have to consider  the following 
situations: (a) the populat ions of the nucleus I prevailing at thermal  equilib- 
r ium before the application of the Rf pulse on nucleus S, (b) populat ions  
immediately after the pulse is applied to nucleus S, and (c) populat ions  
after the system has had some time to respond,  with ei ther  W0 or W2 being 
the p redominan t  relaxation pathway. 

For simplicity, let us assume that the ~/3 and /3~  states have the same 
populat ion,  designated N. The upper  energy state (/3/3) will then have a 
slightly lower popula t ion ( N -  d),  and the lower energy state (c~c~) will 
have a slightly higher  populat ion (N + d),  so the energy difference between 
the lowest and the highest energy states will be 2d. 

When the pulse is applied to nucleus S, the popula t ion levels connected  
by S transitions are rapidly equalized, but  there is no immediate change in 
the difference in populat ion levels connec ted  by the I transitions. Figure 4.2 
shows that on application of the pulse, levels 2 and 4 acquire the same 
populat ions as levels 1 and 3, respectively, but  the popula t ion difference 

(b) Population immediately after the radiofrequency pulse is applied. (c) Population 
after the system has had time to respond, with W0 (zero-quantum transition) being 
the predominant pathway, as in macromolecules. The population difference be- 
tween the two energy levels connected by the I transitions is now less (d - x) than 
this difference (d) at thermal equilibrium. This will lead to a negative nOe effect. 
(d) Same as (c), but with W2 (double-quantum transition) being the predominant 
relaxation pathway, as in smaller molecules. The population of the lower energy 
level (of energy states connected by I transitions) is increased and that of the upper 
level is decreased. This gives rise to a positive nOe effect. 
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between the levels connected  by the I transitions [i.e., ( 1 ) -  (3) or 
(2) - (4)] are unaffected (d in both  cases). 

Since the equil ibrium state has been disturbed, the system tries to 
restore equilibrium. For this it can use as the p r edominan t  relaxation 
pathways the double-quantum process Wz (in fast-tumbling, smaller mole- 
cules), leading to a positive nOe,  or the zero-quantum process W0 (in slower- 
tumbling macromolecules) ,  leading to a negative nOe. 

Let us first consider the situation in which W2 is the p r e d o m i n a n t  
relaxation pathway. The popula t ion states immediately after the pulse are 
represented in Fig. 4.2b. The system tries to reestablish the equi l ibr ium 
state by transferring some popula t ion x from the/3/3 state, which had a 
populat ion o f N -  (d/2)  to the ota state, which had a popula t ion  o fN  + ( d /  
2). This transfer of popula t ion (x), shown in Fig. 4.2d ( represented by a 
half circle), gives level 4 a somewhat  reduced  populat ion [N - (d/2)  - x] 
and level 1 a correspondingly increased popula t ion I N -  (d/2)  + x]. 

If we now examine the result of  this populat ion adjustment  on the I 
transitions we find that the upper  popula t ion of each I transition has 
decreased by x while the lower level of each I transition has increased by 
x; the populat ion difference between the upper  and lower states (levels 1 
and 3) connected  by the I! transition is 

[ N +  (d/2)  + x] - [ N -  (d /2)]  = d + x 

Similarly, the populat ion difference between the states connec ted  by the 
/.2 transition (levels 2 and 4) is 

[ N +  (d /2) ]  - [ N -  (d/2)  - x] = d + x 

Hence the populat ion difference between the lower and upper  energy 
states of the two I transitions becomes d + x, as compared  to the original 
difference of d at equilibrium. Thus an intensification of the lines for 
nucleus I will be observed by an amoun t  corresponding to this increased 
difference x. This is the positive nuclear Overhauser effect that is encountered in 
small, rapidly tumbling molecules, in which W2 is the predominant relaxation 
pathway. 

In large molecules that tumble slowly, the p r edominan t  relaxation 
pathway is via W0. This is shown schematically in Fig. 4.2c. A part  of the 
populat ion x is now transferred from the /3a state to the at/3 state. This 
causes an increase in the popula t ion of the upper  level of one  I transition 
(Ii, level 3) and a decrease in the lower populat ion level of the o ther  I 
transition (I2, level 2). As a result, the populat ion difference between the 
lower and upper  levels of each I transition is reduced to d -  x (i.e., level 
1 - level 3, or  level 2 - level 4, becomes d -  x). The reduct ion in popula- 
tion difference by x as compared  to the equil ibrium situation (Fig. 4.2a) 
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produces a corresponding decrease in the signal intensity of the I nucleus. 
Hence, i f  Wo is the main relaxation pathway, then saturation of nucleus S will 
reduce the intensity of the I nucleus; i.e., a negative nuclear Overhauser effect will 
be observed. In practice, the relaxation processes involve the single-quantum 
relaxation pathway W~ (which causes no change in signal intensity), as 
well as the double-quantum W2 and zero-quantum pathways W0, which 
respectively enhance or reduce the signal intensities, with Wz dominat ing 
in small, rapidly tumbling molecules and W0 dominat ing in large, slowly 
tumbling molecules. 

§ �9 P R O B L E M  4 . 2  

Is it possible to predict the p redominant  mode of relaxation (zero- 
quantum or double-quantum) by observing the sign of nOe (negative 
or positive) ? 

4.4 F A C T O R S  A F F E C T I N G  n O e  

In addition to the dipole-dipole  relaxation processes, which depend  
on the strength and frequency of the fluctuating magnetic fields around 
the nuclei, there are other factors that affect nOe: (a) the intrinsic nature 
of the nuclei I and S, (b) the internuclear distance (rts) between them, 
and (c) the rate of tumbling of the relevant segment of the molecule in 
which the nuclei I and S are present  (i.e., the effective molecular correlation 
time, "r ~) . 

P R O B L E M  4 . 3  

Why do we need to involve zero-quantum (W0) or double-quantum 
(Wz) processes to explain the origin of the nuclear Overhauser  en- 
hancement? 

The molecular correlation time "re represents the time taken for the 
relevant portion of the molecule containing the nuclei I and S to change 
from one orientation to another.  It is chosen so that it is nearly equal to 
the minimum waiting time between various orientations rather  than to the 
average waiting time between the orientations (thus waiting times shorter 
than "re do not occur frequently). The lower limit of the waiting time then 
corresponds to the upper  limit of the frequency range of the fluctuating 
magnetic fields. Small, rapidly tumbling molecules may have % on the order  
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of 10 -12 S; large molecules (or small molecules in viscous solutions) may 
have -r, that is a thousandfold longer (10-8-10 -9 s). 

In order for relaxation to occur through W~, the magnetic field fluctua- 
tions need to correspond to the Larmor  precession frequency of the nuclei, 
while relaxation via Wz requires field fluctuations at double the Larmor  
frequency. To produce such field fluctuations, the tumbling rate should 
be the reciprocal of the molecular correlation time, i.e., ~-c 1, so most efficient 
relaxation occurs only when v0"rc approaches 1. In very small, rapidly tum- 
bling molecules, such as methanol ,  the concentrat ion of the fluctuating 
magnetic fields (spectral density) at the Larmor frequency is very low, so the 
relaxation processes W~ and W2 do not occur efficiently and the nuclei of 
such molecules can accordingly relax very slowly. Such molecules have 
"re ~ 1, and they are said to be in the extreme narrowing limit. The line 
widths are then de termined by instrumental  factors rather  than by other  
fundamental  considerations. 

In larger, slowly tumbling molecules (or small molecules in viscous 
solutions), tumbling occurs very slowly, so fields corresponding to the 
Larmor precession frequency v0 (for relaxation via W~) or 2v0 (for relaxation 
via W2) cannot  be generated sufficiently. Relaxation through the zero- 
quan tum transition W0 then becomes important,  involving a mutual spin- 
flip, i.e., the shifting of energy from one spin to another  (a/3 4-->/3a). In 
compounds  with molecular weights of over 10,000, the nOe appears with 
a maximum intensity of - 1. W0 transitions occur between close-lying energy 
levels, and require only fields of low frequency, which are readily available 
from slowly tumbling molecules. 

While the rate of change of dipolar interaction depends on -r~, its magni- 
tude depends only on the internuclear distance and is independen t  of "r~. 
Thus the d ipole-d ipole  relaxation depends on the molecular correlation 
time ~c, the internuclear distance r, and the gyromagnetic ratios of the two 
nuclei, Y/and Y.s: 

R~ = KT~T~ (t) -6"r,. (2) 

The efficiency of the relaxation process is therefore governed by the 
?.-6 relationship, so doubling of the internuclear  distance decreases the 
relaxation by a factor of 64 (since 2 -6  = 1/64). Moreover, the strength of the 
d ipole-dipole  interaction depends on the square of the product  of 
the gyromagnetic ratios of the two nuclei, so p r o t o n - p r o t o n  interactions 
are the main relaxation processes because of the greater gyromagnetic 
ratio of ~H in comparison to ~3C. Deuterium, on the other  hand, has a 
gyromagnetic ratio 6.5 times smaller than that of a proton, so p r o t o n -  
deuter ium interaction should be ( 6 . 5 )  2 , i.e., about  42 times less than 
p ro ton -p ro ton  interactions, other conditions remaining the same. Carbon 
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atoms relax mainly through attached protons, so quaternary carbons relax 
much more slowly than protonated carbons, and methyl carbons bearing 
three hydrogen atoms will normally relax faster than methine carbons that 
bear only one hydrogen. 

4.4.1 Internuclear Distance and nOe 

If the intensity of nucleus I before irradiation of the neighboring 
nucleus S was I0, and its intensity after irradiation of nucleus S was/1, than 
the fractional increase in intensity ~I(S) is given by (Io - I~)/Io. Ifwe assume 
that relaxation of nucleus I occurs only through dipole-dipole  relaxation 
by interaction with nucleus S and that a steady equilibrium state has been 
reached, then the fractional increase in intensity 01~i of nucleus I is given 
by the equation 

( Sol lo) ( ~ - Wo) 
'l~l(S) -- 2W~l -~ W0 -~ W2. (3) 

If we assume that the extreme narrowing condition exists, then the following 
simpler expression applies: 

"111 (S)  -- ')/s (4/ 
2y~ 

In the case of p r o t o n - p r o t o n  interactions, both nuclei S and /wi l l  have 
the same gyromagnetic ratios, and an implication of the Equation (4) then 
is that there is an upper  limit of 50% on the nOe obtainable, whatever the 
distance between nuclei S and L This means that the observation of an nOe 
between two nuclei does not necessarily mean they are spatially close to 
one another,  and nOe results must therefore be interpreted with caution. 
Similarly, as will be seen later, the absence of nOe between two nuclei does 
not necessarily mean they are far apart. In the case of heteronuclear  nOe, 
since the gyromagnetic ratio of proton (%) is four times the gyromagnetic 
ratio of carbon (yl), YS/Yl can be four times greater than that obtainable 
in homonuclear  nOe. 

While the final magnitude of nOe depends, as indicated earlier, on 
the relaxation pathways W~, W2, and W0, the initial rate of buildup of nOe 
(tranfient nOe) depends only on the rate of cross-relaxation between the nuclei, and 
this can provide valuable information about the distance between the 
nuclei (r). This rate of buildup can be proport ional  to r -6, where r is 
the distance between the nuclei. Thus, if the proportionality constant is 
determined,  we can calculate an approximate distance between the two 
nuclei. The best results are obtained in rigid molecules when the nuclei 
are less than 3 /i, apart. If only direct nOe's  are involved in a two-spin 
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Figure 4.3 nOe buildup with respect to time, after irradiation of bound alanine 
methyl protons in ristocetin A-tripeptide complex for four different protons. (Re- 
printed from D. H. Williams et al., J. Am. Chem. Soc. 105, 1332, copyright (1983), 
with permission from The American Chemical Society, 1155 16th Street, N.W. 
Washington, D.C. 20036, U.S.A.) 

system and no third proton takes part  in the relaxation, then a plot of  the 
magni tudes  of  nOe  against time gives an exponent ia l  curve (Fig. 4.3). If 
the size of the nOe at time t is ht, and if the final steady-state value of nOe  
is ~ ,  then a plot of hoo - ht against t yields a straight line of  slope - k  (Fig. 
4.4). Since k ~ r -6, the in ternuclear  distance can be calculated. 

4.4 .2  Three-Spin System 

If there are more  than two nuclei exert ing relaxation effects on one 
another ,  then it is convenient  to consider them in pairs and to arrive at 
the overall effect by adding together  the effects of  various possible pairs. 
In the case of  a three-spin system, we can consider  two different  situations: 
(1) the nuclei HA, HB, and Hc are ar ranged in a straight line, and (2) they 
are in a nonl inear  a r rangement .  

§ P R O B L E M  4 . 4  

What is transient nOe, and why is it considered to provide a bet ter  
estimate of the in ternuclear  distance (r) than the normal  nOe  effect? 

§ 



4.4 Factors Affecting nOe 199 

3.4 

3.2  

T 3.0 

]n(h 'h t  ) 2.8 

2.6 

2.4  

-1 -2  -3 -4 
i 

Time (s)  
w 

Figure 4.4 Data in Fig. 4.3 when plotted as (h= - h~) versus time. The slope of the 
lines represents the internuclear distance r that corresponds to the rate of nOe 
buildup, which is directly proportional to r -6. (Reprinted from D. H. Williams et 
al.,J. Am. Chem. Soc. 105,1332, copyright (1983), with permission from The American 
Chemical Society, 1155 16th Street, N.W. Washington, D.C. 20036, U.S.A.). 

# P R O B L E M  4 . 5  

How can you m e a s u r e  the  transient nOe? 

Let us first cons ide r  the  nucle i  HA, HB, and  Hc as lying in a s t ra ight  
l ine and  equ id i s t an t  f rom o n e  a n o t h e r  (Fig. 4.5). T h e  cen t ra l  p r o t o n ,  HB, 
can relax by in te rac t ions  with two ne ighbors ,  HA and  Hc, while HA and /4 ( .  
can relax by in te rac t ion  with only o n e  ne ighbo r ,  sO~HB can re lax twice as 
quickly as HA or  Hc. If we assume that  re laxa t ion  can occu r  only  t h r o u g h  
d i p o l e - d i p o l e  re laxat ion ,  and  tha t  an equ i l i b r ium steady state has b e e n  

H A HB H c 

Q Q Q 

-~v-- - - - - - -  1 ~ -  

2 

Figure 4.5 Three protons arranged in a straight line, equidistant from each other. 
Here, HA is farther from /4(. than in upcoming Fig. 4.6. 
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reached, then the maximum nOe achieved for HB is 50%, which can occur 
through relaxation via HA and Hc. Assuming we are dealing with small 
molecules causing positive nOes, irradiation of nucleus HA produces a 
sizeable positive nOe at the neighboring HB and a small direct positive nOe 
at the more distant He. Thus HA and Hc can each potentially enhance HB 
by 25%. On the other hand, HB would be responsible for almost all the 
relaxation effect on HA or Hc, since HA and Hc are twice as far from one 
another  as they are from HB. Since we already know from the previous 
discussion that a 64-fold reduction in nOe occurs on doubling the intern- 
uclear distance (r - 6 =  2 -6 = 1/'64), then the propor t ion of relaxation effect 
of HA on Hc (or Hc on HA) will be 1/64 = 0.8%, while the remainder  (49.2%) 
will be due to HB. Thus while irradiation of HB can cause 49.2% nOe at HA 
or He, irradiation of HA or Hc can cause only 25% nOe at HB, illustrating 
that the nOe between two nuclei will generally differ in the two directions because 
of the differing relaxation pathways available to the two nuclei. If the nuclei HA, 
HB, and Hc are arranged linearly but are not equidistant then, obviously, 
the nucleus nearer  to HB will contribute more to its nOe than the nucleus 
that is farther from it. 

4.4.3 Three-Spin Effects 

So far we have considered only direct nOe. However, there is an indirect 
effect of HA on Hc (or of Hc on HA) that should be considered (the so- 
called three-spin effect). Assuming that we are dealing with small molecules 
causing positive nOe's, irradiation of nucleus HA causes a sizable positive 
nOe at the neighboring HB and a small positive direct nOe at the more 
distant He. However, since the irradiation-induced decreasein the population 
difference between the upper  and lower states of HA is causing an increase 
in the intensity (or population difference) of HB, it is logical to assume 
that this increase would produce an opposite effect at He, i.e., a decrease 
of its intensity. Hc will therefore experience two opposing effects upon 
irradiation of HA, a small positive direct nOe and a larger negative nOe, 
so an overall negative nOe will be observed at Hc upon irradiation of HA. This 
effect is most likely when the three nuclei are arranged linearly. Irradiation 
of HA will cause alternating +ve and - v e  nOe's  on other atoms (HD, H~, 
Hr, etc.) in a linear arrangement  beyond He, though the effect decreases 
sharply beyond two atoms, so it is not measurable. 

§ P R O B L E M  4 . 6  

Following is a linear three-spin system and the observed steady-state 
nOe's between three nuclei. The distance between nuclei A and B is 
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double that between nuclei A and C (')tAB = 2yAC). Explain the nOe 
results, in terms of both relaxation and internuclear  distances. 

-0.4% 

A IIB C 

-18.6% 

It is possible to distinguish between direct and indirect nOes from their 
kinetic behavior. The direct nOes grow immediately upon irradiation of 
the neighboring nucleus, with a first-order rate constant, and their kinetics 
depend initially only on the internuclear  distance r-6; indirect nOes are 
observable only after a certain time lag. We can thus suppress or enhance  
the indirect nOe 's  (e.g., at He) by short or long irradiations, respectively, 
of HA. A long irradiation time of HA allows the buildup of indirect negative 
nOe at/-/c, while a short irradiation time of HA allows only the direct positive 
nOe effects of HA on Hc to be recorded. 

§ P R O B L E M  4 . 7  

Explain what is meant  by three-spin effects, or indirect nOe effects. When 
do such indirect effects matter? 

4.4.4 Nonlinear Arrangement 

If HA, HB, and Hc do not lie on the same line (Fig. 4.6), then as HA 
comes closer to He, the direct +ve nOe between HA and Hc will increase, 
and a point  may come when it totally cancels the larger, indirect negative 
nOe effect exerted by HA on Hc through HB. Thus no nOe may be observed 
at Hc upon irradiation of HA, even though HA and Hc are spatially close/The 
absence of nOe between nuclei therefore does not necessarily mean they 
are far from one another.  

Molecules with a rigid central core (such as a ring system) and a freely 
moving side chain may exhibit significant differences in the mobility of 
the protons in the central ring system as compared to the side chain. These 
are reflected in their corresponding relaxation rates, with the protons lying 
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Figure 4.6 A three-proton angular system. HA, HB, and Hc are disposed at an angle 0. 

on the more mobile side chain relaxing faster than those in the less mobile 
ring system. These differences in relaxation rates can be used to advantage. 
For instance, if the protons lying in the two regions have similar chemical 
shifts so it is difficult to distinguish them from one another,  then measure- 
ment  of relaxation rates may help to identify them. 

So far we have been concerned with homonuclear  nOe effects, nOe 
between nuclei of different elements can also be a useful tool for structural 
investigations. Such heteronuclear  nOe effectsmfor instance, between pro- 
tons and ca rbonsmcan  be used with advantage to locate quaternary carbon 
atoms. Normally, heteronuclear  nOe effects are dominated  by interactions 
between protons and directly bonded carbon atoms, and they can be recorded 
as either 1D or 2D nOe spectra. 

As stated earlier, since ~I = ys/2y~, and since the gyromagnetic ratio 
of proton is about fourfold greater than that of carbon, then if ~~C is 
observed and 'H is irradiated (expressed as ~3C {ill}), at the extreme narrow- 
ing limit TI~ = 198.8%; i.e., the ~~C signal appears with a threefold enhance- 
ment  of intensity due to the nOe effect. This is a very useful feature. 
For instance, in noise-decoupled ~3C spectra in which C - H  couplings are 
removed, the ~3C signals appear  with enhanced intensities due to nOe ef- 
fects. 

Proton irradiation before acquisition of the ~~C spectrum results in nOe 
but no decoupling, whereas proton irradiation during ~sC data acquisition 
produces decoupling without nOe. It is therefore possible to separate the 
two effects by "gat ing"  the decoupler  on and off for appropriate time 
periods (Fig. 4.7). Moreover, since the power needed to induce nOe is much 
less than that required for decoupling, the power level of the decoupler  is 
reduced during the preirradiation time period and then increased during 
the acquisition period. This cuts down the heating effects when continuous 
irradiation with decoupler  powers of 2-3  W are employed. 

The low intensities of nonpro tona ted  carbons is usually due to their 
long relaxation times. The addition of a paramagnetic  substance such as 
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Figure 4.7 Pulse schemes representing separation of decoupling effects from the 
nOe during X nucleus acquisition. The decoupler is programmed to produce noise- 
modulated irradiation or composite pulse decoupling at two power levels. Suitable 
setting of the decoupler may produce either (a) nOe only, (b) proton decoupling 
only, or (c) both nOe and proton decoupling. 

Cr(acac)3 can produce a hundredfo ld  increase in the relaxation rate, with 
the rate varying linearly with the concentra t ions  of Cr(acac)3, so the nOe  
is also reduced  a hundredfold .  Pro tonated  carbons with faster relaxation 
rates are less affected (about  tenfold increase in relaxations rates), and the 
reduct ion of nOe is correspondingly less. 

An improved procedure  for recording he teronuclear  nOes is to irradi- 
ate individuals lines of the multiplet  with a low decoupl ing power instead 
of exciting the entire multiplet  with high power. This results in greater  
selectivity of the protons being irradiated and higher  sensitivity of the 
carbon signals (Bigler and Kamber, 1986). 

§ P R O B L E M  4 . 8  

What happens  in three-spin systems when the A-B-C angles 0 are 180 ~ 
and 78 ~ respectively, ra8 = rBc = 1, and spin A is irradiated? 

B 

4.4.5 nOe Difference Spectra 

The most widely used nOe exper iment  is nOe difference spectroscopy. 
Two different sets of experiments  are recorded,  one in which certain pro- 
tons are subjected to irradiation and enhancements  are obta ined of o ther  
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nearby protons, and the other without such irradiation so that normal  
unper turbed spectra are obtained. Subtraction of the perturbed FID from 
the unper turbed one, followed by Fourier transformation of the difference 
FID, gives the nOe difference spectrum, which ideally contains only the 
nOe effects. 

The nOe difference spectrum has the advantage that it allows measure- 
ments of small nOe effects, even 1% or below. The experiment  involves 
switching on the decoupler  to allow the buildup of nOe. It is then switched 
off, and a rf/2 pulse is applied before acquisition. The nOe is not affected 
much by the decoupler 's  being off during acquisition, since the nOes do 
not disappear instantaneously (the system takes several T~ seconds to return 
to its equilibrium state). 

P R O B L E M  4 . 9  

Explain the main advantage of nOe difference spectroscopy. Why does 
it involve a mathematical subtraction of the normal 1H-NMR spectrum 
from the nOe-enhanced IH-NMR spectrum? 

4.5 S O M E  P R A C T I C A L  H I N T S  

4.5.1 Solvent 

This is probably the most important  consideration when recording 
nOe difference spectra. Solvents with sharp intense lock signals, such as 
~-DMSO or d6-acetone, are preferable to a solvent such as CDCI:~, which 
has a weaker lock signal, or D20 which has a broad lock signal. This is 
because the lock on FT NMR spectrometers operates by sampling continu- 
ously the dispersion-mode deuterium signal of the deuterated solvent. Any 
field drift would create an error signal, which, because of the dispersion- 
mode (half positive, half negative) shape of the deuterium signal, would 
be positive if the drift is on one side and negative if the drift is on the 
other side. The spectrometer is built to correct this error automatically, 
but the correction is more precise in solvents with a sharp lock signal (such 
as ~-acetone) than in those with weak lock signals (e.g., CDCI~) or broad 
lock signals (e.g., DzO). D20 is also not very suitable, since its chemical 
shift is largely temperature dependent .  However, if it must be used, as in 
water-soluble compounds,  such as sugars, then addition of 2-3% of d6- 
acetone for use as the lock resonance is recommended.  

We normally avoid protonated solvents, because the very intense solvent 
peak will obscure nearby protons, and the dynamic range problem will also 
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reduce the quality of the spectrum. If the solvent has exchangeable protons 
(such as H20 or HOD),  then saturation transfer processes from solute to 
solvent or solvent to solute can complicate the spectra. 

P R O B L E M  4 . 1  0 

Why is degassing of sample solutions in NMR tubes essential before 
nOe experiments, and why are aqueous solutions (solutions in D20) 
not generally degassed in the NMR tubes? 

§ 

* P R O B L E M  4 . 1  1 

Explain the dependence of the hOe on molecular motion (tumbling).  
§ 

4.5.2 Temperature 

It is important  that constant temperature be maintained th roughout  
the hOe difference experiment. If the instrument is fitted with a constant- 
temperature device, then it is advisable to adjust it to a few degrees above 
room temperature so that it maintains a constant temperature accurately. 

4.5.3 Sample Purity 

Impurities that can lead to sharp decreases in spin-lattice relaxation 
times, such as paramagnetic metal ions or dissolved oxygen, need to be 
removed. Paramagnetic ions can be removed by complexation with ethyl- 
enediamine tetraacetate (EDTA) by filtering solutions through a chelating 
resin. Oxygen should be removed through repeatedly freezing the contents 
of a specially constructed NMR tube by dipping it in liquid nitrogen, evacuat- 
ing the tube, and then thawing. Such tubes are commercially available, 
Simply bubbling an inert gas through the tube is not enough for proper  
degassing of the sample. 

The nOe difference spectrum is highly demanding,  since even the 
slightest variation in the spectra recorded with and without preirradiations 
will show up as artifacts in the difference spectrum (Fig. 4.8). The errors 
can be random, due to phase instability caused by temperature effects on 
the Rf circuits, variations in spinner speed, etc. The problem of phase 
instability is reduced in the latest generation of instruments with digital 
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subtraction 
(a-b) 

Figure 4.8 A slight variation in the positions of peaks (a) and (b) will not lead to 
mutual or complete cancellation on subtraction, and a peak of characteristic line 
shape may result. 

frequency synthesizers. If the spinner speed variation is a serious problem, 
then the difference spectrum can be recorded with the spinner off. 

The long-term changes due to variations in temperature,  field drift, 
etc. can be minimized by acquiring alternately the preirradiation data and 
the control data, at the shortest time intervals possible, and coadding the 
data later. Typically, a cycle would consist of two to four dummy scans 
followed by eight or 16 data acquisitions at each preirradiation frequency. 
If there are only two frequencies in the cycle, then each cycle would take 
about a minute. In automatic multiple-scan experiments  with several irradia- 
tion frequencies, each cycle would take a correspondingly longer time, 
depending  on the number  of frequencies and the number  of data acquisi- 
tions at each frequency. The dummy scans are necessary to ensure that the 
effects of irradiation at the previous frequency in the cycle have disappeared 
before data acquisition. The need for multiples of four or eight scans arises 
as a requi rement  of the CYCLOPS phase cycle. 

Avoid having moving metal objects near the magnet  when carrying out 
nOe difference experiments,  to prevent random variations in frequency. 
A small l ine-broadening ('--2 Hz) can also be applied to the spectra before 
or after subtraction, to reduce subtraction artifacts. 
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§ P R O B L E M  4 . 1 2  

What precautions are normally taken during sample preparation for 
the nOe experiment? 

S O L U T I O N S  T O  P R O B L E M S  

~ 4 . 1  
The nOe exper iment  is one of the most powerful and widely exploited 
methods for structure determination,  nOe difference (NOED) or the 
two-dimensional experiment,  NOESY, is used extensively for stereo- 
chemical assignments. It provides an indirect way to extract information 
about internuclear  distances. The other  use of nOe is in signal intensi- 
fication in certain NMR experiments,  such as the broad-band decou- 
pied ~3C-NMR experiment.  

~ 4 . 2  
The positive nOe observed in small molecules in nonviscous solution 
is mainly due to double-quantum W2 relaxation, whereas the negative 
nOe observed for macromolecules in viscous solution is due to the 
predominance  of the zero-quantum W0 cross-relaxation pathway. 

4 . 3  
If only single-quantum transitions (I~, Iz, S~, and $2) were active as 
relaxation pathways, saturating S would not affect the intensity of I; in 
other words, there will be no nOe at I due to S. This is fairly easy to 
unders tand with reference to Fig. 4.2. After saturation of S, the popula- 
tion difference between levels 1 and 3 and that between levels 2 and 
4 will be the same as at thermal equilibrium. At this point W0 or W2 
relaxation processes act as the p redominan t  relaxation pathways to 
restore somewhat the equilibrium population difference between levels 
2 and 3 and between levels 1 and 4 leading to a negative or positive 
nOe respectively. 

~ 4 . 4  
Transient nOe represents the rate of nOe buildup. The nOe effect (so- 
called equilibrium value) itself depends  only on the competing balance 
between various complex relaxation pathways. But the initial rate at 
which the nOe grows (so-called transient nOe) depends only on the rate 
of cross-relaxation "r~ between the relevant dipolarly coupled nuclei, 
which in turn depends on their internuclear  distance (r). 
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4 . 5  
The rate of growth of nOe (transient nOe) can be measured easily by 
the following pulse sequence: 

( 180 ~ Sel-- 'r~--90~ 

The procedure involves applying a selective inversion pulse on a se- 
lected resonance as the initial perturbation. This is followed by a vari- 
able waiting period a'm before acquisition of a spectrum by application 
of a 90 ~ pulse. During these variable waiting periods, the nOe will build 
up on the dipolarly coupled nuclei. A plot of the intensities of the 
observed nucleus versus the waiting period gives a graph in which the 
slope represents the transient nOe. The following are transient nOe 
spectra obtained using the pulse sequence just shown with a variable 
delay, along with the normal ~H-NMR spectrum. 

D2 = 3 / / ~  

A 
D2 - 2 f 

/ 

)_ 
�9 , 1 , l I , ~ t - - w  - - - I  , I 
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4 . 6  
From the figure it is obvious that the central nucleus, B, relaxes 
almost twice as fast as A and C, because it has two nuclei providing 
the relaxation pathways. On the other  hand,  nucleus B contributes 
to virtually all the relaxation of both A and C. The saturation of B 
results in about  49.0% nOe of both A and C. Since the internuclear  
distance between A and B is greater than that between B and C, 
the nOe effects experienced at B by saturation of A and C are not 
equal. When C is saturated, the nOe enhancemen t  at B is almost 
50% (actually, 49.2%). In contrast, saturation of A gives only a very 
small nOe at B. This is because of the fact that A contributes very 
little to the relaxation of B relative to C. The negative enhancements  
shown in the figure are quite different from the general negative 
nOe's  that arise via a different mechanism. For example, saturation 
of spin A directly increases the net magnetization of spin B and 
also, to some extent, of spin C. In other  words, decreasing the 
population difference in A increases the population difference in 
B and, to a lesser extent, in C by the direct effect. The increased 
population difference in B, however, will lead to a more p ronounced  
decrease in the population difference in C, thereby canceling the 
direct positive nOe effect of nucleus A on C leading to an overall 
negative nOe at C. 

4 . 7  
Three-spin effects arise when the nonequi l ibr ium population of an 
enhanced spin itself acts to disturb the equilibrium of other  spins 
nearby. For example, in a three-spin system, saturation of spin A alters 
the population of spin B from its equilibrium value by cross-relaxation 
with A. This change in turn disturbs the whole balance of relaxation 
at B, including its cross-relaxation with C, so that its population distur- 
bance is ultimately transmitted also to C. This is the basic mechanism 
of indirect nOe, or the three-spin effect. 

The magnitude of the indirect nOe effect depends on the 
geometry of the three-spin system. It is maximum with a linear 
geometry of the spin system (0 = 180~ When 0 decreases, the 
distance rAc also decreases, and the direct enhancemen t  at C becomes 
more and more significant. At 0 = 78 ~ the direct and indirect nOe 
effects become equal. With smaller values of 0, the direct contribution 
rapidly starts to dominate  the nOe at C, and a strong positive 
enhancemen t  results. This means that indirect nOe effects are to be 
expected mainly when the spins are close to having a linear geom- 
etry. 
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~ 4 . 8  
In a system, when O = 180 ~ the distance between spins A and C (rac) 
will be a max imum and the nOe  between A and C a mimimum.  When  
O decreases from 180 ~ rac decreases and the direct nOe between A 
and C increases. As a result of  the consequently more  effective A-C 
relaxation, the B-C relaxation process becomes relatively less impor tant ,  
and the indirect  negative A-C contr ibut ion is correspondingly de- 
creased. When  O = 78 ~ rac = 1.26, so there will be no net  nOe  between 
A and C, even though the A and C spins are very close to each other.  
This is because the direct (positive) and indirect  (negative) nOe  effects 
are equal and opposite. 

~ 4 . 9  
In the nOe difference spectrum, only the nOe effects of interest remain,  
while the unaffected signals are removed by subtraction. It does not  
therefore mat ter  if the nOe responses are small or buried unde r  the 
unaffected signals, since they show up in the difference spectrum. The  
main benefit  of nOe difference spectroscopy is that it converts the 
changes in intensity into a form that is more  readily recognizable. 
The difference spectrum is obta ined by a process in which a control  
(normal) spectrum is subtracted from a spectrum acquired with irradia- 
tion of a particular signal. 

4 . 1 0  
Paramagnetic materials, such as dissolved oxygen and other  gases, con- 
tribute to the relaxation of nuclei after their initial per turbat ion.  It 
is therefore necessary to exclude paramagnet ic  materials, principally 
oxygen, from the solutions in NMR tubes in order  to derive a true 
picture of internuclear  cross-relaxations dur ing the nOe exper iment .  
This is generally achieved by degassing the solutions through freeze- 
drying. Aqueous solutions are difficult to freeze without the risk of  
cracking the NMR tubes. They are therefore degassed in a separate 
flask and then transferred to the NMR tubes. 

4 . 1 1  
When the zero-quantum W0 transition is greater  than double-quantum 
W2, the nOe enhancements  will be negative. Similarly, when W2 is 
greater than W0, the resultant nOe will have a positive sign. The predom-  
inance of W2 and W0 over one another  depends  on the molecular  
motion. It is known that the W0 transition is maximal when the molecule 
tumbles at a rate of about  1 KHz, while the W2 transition is fastest at 
a tumbling rate of about  800 MHz. On this basis, a rough idea of the sign 
of nOe can be obtained. For example,  small molecules in nonviscous 
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solvents tumble at a faster rate than larger molecules. It is therefore 
reasonable to expect that for small molecules, W~ will dominate over 
W0, and the sign of the enhancemen t  will therefore be positive. 

4 . 1 2  
Following are some important  precautions for sample preparation.  

(i) Removal of solid particles by filteration. 
(ii) Removal of paramagnetic impurities, such as paramagnetic  

metal ions and molecular oxygen. These metal ions can be 
removed easily be adding a small amount  of ethylenediamine 
tetraacetate (EDTA). Molecular oxygen can be removed by 
degassing the sample. Paramagnetic impurities lead to rapid 
spin-lattice relaxation and therefore reduce the intensities of 
enhancement .  

(iii) The concentrat ion of solute in the sample should not be very 
large, to avoid aggregation. 
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C H A P T E R  5 

Important 

2D NMR 

Experiments 

5.1 H O M O -  AND H E T E R O N U C L E A R  
J - R E S O L V E D  S P E C T R O S C O P Y  

5.1.1 Heteronuclear 2D J-Resolved Spectroscopy 

Heteronuclear  two-dimensional J-resolved spectra contain the chemical 
shift information of one nuclear species (e.g., ~3C) along one axis, and its 
coupling information with another  type of nucleus (say, ~H) along the 
other axis. 2D J-resolved spectra are therefore often referred to as J,8- 
spectra. The heteronuclear 2D J-resolved spectrum of stricticine, a new 
alkaloid isolated by one of the authors from Rhazya stricta, is shown in Fig. 
5.1. On the extreme left is the broadband ~H-decoupled ~3C-NMR spectrum, 
in the center is the 2D J-resolved spectrum recorded as a stacked plot, and 
on the right is the contour  plot, the most common way to present such spectra. 
The multiplicity of each carbon can be seen clearly in the contour  plot. 

The mechanics of obtaining a 2D spectrum have already been discussed 
in the previous chapter. A 1D ~H-coupled ~SC-NMR spectrum contains both 
the chemical shift and coupling information along the same axis. Let us 
consider what would happen if we could somehow swing each multiplet 
by 90 ~ about its chemical shift so that the multiplet came to lie at right 
angles to the plane containing the chemical shift information. Thus, if the 
1D spectrum was drawn in one planemsay,  that defined by the NMR chart 
p a p e r m t h e n  the multiplets would rotate about their respective chemical 
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Figure 5.1 (a) Broad-band decoupled 13C-NMR spectrum of the indole alkaloid 
stricticine; (b) stacked plot presentation of 2D heteronuclearJ-resolved spectrum 
of stricticine; (c) 2D heteronuclear J-resolved spectrum of stricticine in the form 
of a contour plot. 

shifts so that each multiplet came to lie above and below the plane of the 
paper, perpendicular  to it, crossing the paper at the chemical shift of the 
nucleus. The chemical shifts would then be defined by an axis lying in one 
plane (the plane of the paper), and the coupling information would be 
defined by an axis lying perpendicular  to that plane (Fig. 5.2). This is 
precisely what happens as a result of the 2D J-resolved experiment. Since 
the various multiplets now no longer overlap with one another  (because 
the individual nuclei usually have differing chemical shifts), the multiplicity 
and J-values can easily be read in two separate planes. 

To understand how the chemical shift and multiplicity information is 
separated, we need to reconsider the spin-echo sequence described earlier. 
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Figure 5.2 Presentation of 2D J-resolved spectra. In the 1D plot (i), both 8 and J 
appeared along the same axis, but in the 2D J-resolved spectrum (ii), the multiplets 
are rotated by 90 ~ at their respective chemical shifts to generate a 2D plot with the 
chemical shifts (8) and coupling constants (J) lying along two different axes. (iii) 
The 2D J-resolved spectrum as a contour plot. 

Let us consider the magnetization vectors of a ~3C nucleus of a CH group,  
for purposes of illustration. A 90 ~ ~3C pulse will bend  the magnetization by 
90 ~ to the y'-axis. During the subsequent  evolution period,  the magnetiza- 
tion vector will be split into two c o m p o n e n t  vectors unde r  the influence 
of the coupling with the attached protons,  and these vectors will oscillate 
in the x'y'-plane. 

If, for simplicity, we observe the behavior of these vectors in the rotat ing 
frame with respect to the chemical shift frequency of the CH carbon (i.e., 
if the frame itself is rotat ing at the frequency of the CH carbon),  then they 
will appear  to separate from one another  and rotate away in opposite 
directions in the x'y'-plane with an angular velocity of +-J/2 in the rotating 
frame. As the vectors precess away from the y'-axis, the magni tude  of their 
net  resultant along the y'-axis will decrease till it becomes zero (when they 
point  along the + x'- and -x ' -axes) .  As they precess away further  towards 
the -y'-axis,  this resultant will have a growing negative intensity that will 
reach a max imum when they coalesce along the -y'-axis.  The two vectors 
then move back toward the +y'-axis, with a cor responding  increase in 
positive signal intensity. This corresponds to the per turba t ion  of the inten- 
sity of the ~3C signal as a function of the scalar coupling constant, J (Fig. 5.3E, i). 
A series of spectra are acquired by Fourier  t ransformation of the FIDs at 
various values of tl (Fig. 5.3A). The data are then transposed by the com- 
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Figure 5.3 (A) Many FIDs are recorded at incremented evolution periods, tl, as 
the first step involved when recording 2D spectra. (B) The first series of Fourier  
transformations affords a corresponding series of 1D spectra in which the individual 
peaks exhibit periodic changes in signal amplitudes at various incremented t~ values. 
The second series of Fourier transformations yield the 2D plots as stacked plots 
(C) or as contour  plots (D). In the 2D J-resolved spectra thus obtained, one axis 
defines the chemical shift (8), while the other  axis defines the coupling constant  
(J). (E) Different positions of magnetization vectors of (i) CH, (ii) CHz, and (iii) 
CH~ carbons with changing evolution time tl. The periodic changes in the positions 
of the magnetization vectors results in corresponding periodic changes in signal 
amplitudes, as shown in (i), (ii) and (iii). 
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puter so that the spectra are arranged in rows, one behind the other. Fourier 
transformation is then again carried out along columns of modulated peaks 
to produce the 2D J-resolved spectrum in which chemical shift information 
lies along one axis and coupling information lies along the other axis. This 
is illustrated in Fig. 5.3C and D. 

In the case of a CH2 group, since there are now two protons coupled 
to the ~3C nucleus, it will be split into a triplet. If we again position the 
reference frequency at the center of the triplet, then the middle vector 
will appear stationary, the outer vectors will precess away in opposite direc- 
tions with angular velocities of + J  and -J ,  and the resultant along the y'- 
axis will again oscillate but with a different periodicity (depending on 8 
and J) along the y'-axis (Fig. 5.3E, ii). Similarly, in the case of a CH3 group, 
if the reference frequency is positioned at the center of the quartet, the 
two vectors corresponding to the outer peaks will possess angular velocities 
of +3/zJ and -3/zJ, while the middle vectors will have angular velocities of 
+J/2 and - J / 2  (Fig. 5.3E, iii). Clearly, the periodic perturbation of CH~, 
CHz, and CH carbons with varying t~ values will be characteristically differ- 
ent, depending on the number  of vectors and their respective angular veloc- 
ities. 

A simplifying assumption was made in the earlier discussion that the 
frame was rotating at the chemical shift frequency of the ~~C nucleus so 
that as the vectors diverged from one another,  the position of the net 
magnetization remained unchanged,  aligned with the y'-axis, and only its 
magnitude changed. If, however, we consider that the rotating frame is 
rotating at the chemical shift frequency of the TMS reference frequency, 
then both of the ~3C vectors of the CH group will rotate away in the same 
direction but with angular velocities determined by the chemical shift 
frequency of the CH group and that differ from each other by J Hz. This 
will be due to the difference in chemical shift frequency from the reference 
frequency of the rotating frame. The net magnetization will therefore 
actually not remain static along the y'-axis, but will precess in the x'y'-plane 
with a phase shift ofvo/J. This is illustrated in Fig. 5.4. The net magnetization 
is represented by the dotted line at angle c~ to the y'-axis. As the vectors 
rotate in the x'y'-plane, this angle c~ increases; when it reaches a value of 
180 ~ the net magnetization points towards the -y'-axis. Thus the resultant 
along the y'-axis oscillates periodically, having a maximum positive value 
along the +y-axis immediately after the 90 ~ pulse (when both vectors are 
aligned along the +y'-axis) and maximum negative amplitude when both 
vectors are aligned with the -y'-axis. This oscillation of the resultant is 
detected as corresponding oscillations of the NMR signal at different values 
of the evolution period, t~. 



218 

A 
8 

(i) 

z 

(ii) 

& 

x e �9 

Z ~176 (~ 

(iv) 

z 

Ot 
(v) 

5. Important 2D NMR Experiments 

B C 

x' (i) Y' 
Q 

x (ii) Y 
Q 

x '  ( i i i )  Y '  

(iv) Y' 

y~  

(i)  

(ii) 

(iii) 

(iv) 

(v) 

Figure 5.4 (A) The two ~3C vectors (representing the doublet of a CH group) move 
away from each other as well as away from the y'-axis (y'-axis is assumed to be 
rotating with angular velocity equal to TMS). The distance between the two vectors 
therefore grows with the delay till their angle of separation reaches 180 ~ before it 
starts decreasing. The vectors therefore progressively go out-of phase and come-in 
phase. (B) The corresponding positions of the net magnetization vectors along the 
y'-axis. (C) Signal amplitudes with respect to the position of magnetization in the 
x'y'-plane. 
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Figure 5.5 shows the heteronuclear 2D J-resolved spectrum of camphor. 
The broad-band decoupled 13C-NMR spectrum is plotted alongside it. This 
allows the multiplicity of each carbon to be read without difficulty, the F~ 
dimension containing only the coupling information and the F2 dimension 
only the chemical shift information. If, however, proton broad-band decou- 
pling is applied in the evolution period tl, then the 2D spectrum obtained 
again contains only the coupling information in the FI domain, but the Fz 
domain now contains both the chemical shift and the coupling information 
(Fig. 5.6). Projection of the peaks onto the F1 axis therefore gives the IH- 
decoupled 13C spectrum; projection onto the F2 axis produces the fully 
proton-coupled ]aC spectrum. 

The most common way to record heteronuclear 2D J-resolved spectra 
is the gated decoupler method, so called because the decoupler is "gated," 
i.e., switched on during the preparation period (for nOe) during the first 
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Figure 5.5 A heteronuclear 2D J-resolved spectrum of camphor, along with a broad- 
band decoupled spectrum. 
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Figure 5.6 If proton broad-band decoupling is applied in the evolution period, tl, 
then the resulting 2D spectrum contains only chemical shift information in the FI 
domain, while both chemical shift and coupling information is present in the F,2 
domain. Projection onto the Fraxis therefore gives the ~H-decoupled ISC spectrum, 
whereas projection along F,2 gives the fully coupled ~'sC spectrum. 

half of the evolution period,  and switched off dur ing the second half  of 
the evolution period (Fig. 5.7). Since broad-band decoupl ing  is carried 
out dur ing  the first half  of the evolution period,  the componen t s  of the 
lsC multiplets do not  diverge from one another ,  but  rotate in the x'y'-plane 
with the same angular  velocity, 1~/2Ir. In the second half  of the evolution 
period, the decoupler  is switched off so that  the ~C mult iplet  componen t s  
(doublet  in CH, triplet in CH2, quar te t  in CH~) diverge and precess away 
from one another .  The extent of the divergence depends on the magnitude of their 
coupling constants and the duration of the time t~/ 2 for which they are allowed to 
precess. At the end of the evolution period,  broad-band decoupl ing  is tu rned  
on, so the vectors collapse to a single resul tant  signal for each carbon that  
is detected.  These signals acquired at i nc remen ted  tl values are modu la ted  
as a function of the coupling constant  J so that data transposit ion and 
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Figure 5.7 (A) Pulse sequence for gated decoupled J-resolved spectroscopy. It 
involves decoupling only during the first half of the evolution period tl, which is 
why it is called "gated." (B) Positions of 13C magnetization vectors at the end of 
the pulse sequence in (d) depend on the evolution time t~ and the magnitude of 
the coupling constant, J. The signals are therefore said to be "J-modulated." 

Fourier  t ransformation gives 2D J-resolved spectra, with the chemical shifts 
appearing on the b:~ axis and the coupling constants along the Fl axis. 

Many variations of this exper iment  are known. Some of the pulse 
sequences used for recording he teronuclear  2D J-resolved spectra are shown 
in Fig. 5.8. In a modified gated decoupler sequence (Fig. 5.8b), the decoupler  
is off dur ing the first half of the evolution per iod t~ and is switched on 
during the second half. Any l~C resonances that are folded over in the F~ 
domain may be removed by employing the fold-over corrected gated decoupler 
sequence (FOCSY) (Fig. 5.8c) or the refocused fold-over corrected decoupler se- 
quence (RE-FOCSY) (Fig. 5.8d). 

In the spin-flip method, 180 ~ pulses are applied simultaneously to both 
~H and 13C nuclei at the midpoin t  of the evolution per iod so that the 13C 
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magnetization vectors do not  converge after these pulses but  continue to 
diverge from one another  (Fig. 5.9). One disadvantage of this me thod  is 
that if the 180 ~ 1H pulse is not applied accurately, then a componen t  of 
the 13C magnetization will be created that will not  be J-modulated,  giving 
rise to an artifact peak at F1 = 0 on the F~ axis. 

In the selective spin-flip method  (Fig. 5.10) developed by Bax and co- 
workers a selective 180 ~ 1H pulse is applied to one or more  selected 
protons. The  2D J-resolved spectrum then shows heteronuclear  coupling 
only with the irradiated proton(s) .  This is illustrated in the case of/3-methyl 
cellobioside, a 1-4 linked disaccharide (Gidley, 1985). Irradiation of H-1 
allowed the measurement  of long-range coupling constants of H-1 with 
other distant protons, with the large one-bond coupling constantJcH being 
suppressed by the 180 ~ pulse in the middle of the evolution period. Measure- 
ment  of the coupling constants across the glycosidic linkage (~J~,H-~,, 
~]o~',H~) allowed a deduction of the torsional angles 0 and ~ ,  since a Karplus 
relationship exists (Fig. 5.11). 

Another  related exper iment  involves a BIRD (bilinear rotation decou- 
piing) pulse sequence to flip distant protons selectively so the long-range 
JcH interactions can be observed (Fig. 5.12) (Rutar, 1984). Alternatively, by 
reversing the phase of the last proton pulse, we can achieve the opposite 
effect, i.e., elimination of the long-range couplings so the one-bond cou- 
pling effects can be measured (Fig. 5.13). 

1 H 

Preparation 
i 

n O e  

E v o l u t i o n  ~ ,  ~ D e t e c t i o n  ~- 

13 C 

tx 

9 0 ~  

~ -~---- tl~ 

180 ~ 

~-----tl/2 

t l  -- ta 

Figure 5.9 Pulse sequence for spin-flip heteronuclear J-resolved spectroscopy. 
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Figure 5.10 (A) Selective spin-flip pulse sequence for recording heteronuclear 2D 
J-resolved spectra. (B) Its effect on I~C magnetization vectors. The selective 180] 
pulse in the middle of the evolution period eliminates the large one-bond coupling 
constants, ~:.. 

In another  related procedure ,  the protons  that are bound  directly to 
I~C nuclei can be flipped selectively so that geminal couplings between 
nonequivalent  protons can be measured (Fig. 5.14). This is known as selective 
indirect J-spectroscopy (Rutar et al., 1984a). 

Polarization transfer techniques like INEPT and DEPT have been used 
to enhance  sensitivity in he teronuclear  2D J-resolved spectra. In combina- 
tion with the semiselective sequence just  described, INEPT has been used 
to suppress long-range 9~;. couplings and to measure the one-bond cou- 
plings (Fig. 5.15) (Rutar, 1984). Driven equil ibrium pulses for fast restora- 
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Figure 5.1I (A) Heteronuclear 2D J-resolved spectrum (selective spin-flip method) 
of c~-methylglucoside after selective irradiation of H-1. The slices for various signals 
are shown on the left. (B) The peak separations represent the coupling constants 
of H-1 (proton irradiated) with various carbons. (Reprinted fromJ. Chem. Soc. Chem. 
Comm. M.J. Gidley and S. M. Bociek, 220, copyright (1985), with permission from 
The Royal Society of Chemistry, Thomas Graham House, Science Park, Milton 
Road, Cambridge CB4 4WF, U.K.). 

tion of z-magnetization have also been employed for obtaining hetero- 
nuclear 2D J-resolved spectra (Becker et al., 1969; Wang et al., 1982; Wang 
and Wong, 1985). 

Pure 2D absorption line shapes are readily obtained in heteronu- 
clear 2D J-resolved spectra. The incorrect setting of 90 ~ and 180 ~ pulses 
can, however, cause "ghost"  peaks that can be removed by a phase cy- 
cling procedure,  appropriately named "Exorcycle" (Rutar, 1984b). A 
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a H 

90~ 180~ 90~ Decoupling 

I 
13 C 

90~ 180~ 

Figure 5.12 (a) The upper trace shows elimination of one-bond couplings, which 
allows a decrease in bandwidth so that a significant increase in resolution is attained 
with a smaller number  of data sets. (b) The cross-section in the Vl dimension of 
the central peak of the "triplet" (of the middle carbon of C1CH2CH2CH3) is obtained 
by the spin manipulation method. The increase in resolution allows the two-bond 
coupling interactions to be measured with greater accuracy. (c) Pulse sequence for 
manipulation of spin in 2D NMR spectroscopy. (Reprinted from J. Magn. Reson. 
56, V. Rutar, 87, copyright (1984), with permission from Academic Press, Inc.) 
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100 50 0 -50 -100 Hz 

Figure 5.13 The normal 1D spectrum of the "triplet," corresponding to the central 
carbon of C1CH2CHzCH3. The fine structure due to long-range couplings makes 
the one-bond coupling constant difficult to measure. The long-range couplings are 
eliminated by modifying the spin manipulation procedure (i.e., reversing the phase 
of the last pulse), which results in the disappearance of the fine structures. Only 
the one-bond couplings can now be measured, since the directly attached protons 
are flipped selectively. (Reprinted from J. Magn. Reson. 56, V. Rutar, 87, copyright 
(1984), with permission from Academic Press, Inc.) 

low-resolution heteronuclear 2D J-resolved spectrum, preferably obtained 
by the gated decoupler method,  can quickly reveal the multiplicity of CH 
and CH~ carbons, and it can therefore compete with INEPT and DEPT for 
the multiplicity determination of carbons. 

5.1.2 Homonuclear 2D J-Resolved Spectroscopy 

In the heteronuclear 2D J-resolved spectra described earlier, the chemi- 
cal shifts of the ~C nuclei were located along one axis and the ~H/]3C 
couplings along the other. If the coupled nuclei of the same type are 
required to be observed, then homonuclear  2D J-resolved spectra are ob- 
tained. For instance, if the nuclear species being observed is ~H, then the ~H 
chemical shifts will be spread along the F2 axis, and the coupling constants of 
the ~H nuclei with other neighboring 1H nuclei will be spread along the 
F~ axis. This offers a powerful procedure for unraveling complex overlap- 
ping multiplets. 
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Figure 5.14 Pulse sequence for selective indirect J-spectroscopy. The three proton 
pulses at the center of the evolution period flip attached protons selectively, resulting 
in decoupling between distant and attached protons. (Reprinted from J. Magn. 
Reson. 60, V. Rutar, et al., 333, copyright (1984), with permission from Academic 
Press, Inc.) 

Let us consider, for instance, an overlapping triplet and a quartet ,  so 
that seven peaks integrating for 2H appear  in a certain region of the NMR 
spectrum (Fig. 5.16). If the coupling constants of the two multiplets are 
not  significantly different, it may be difficult to recognize the overlapping 
signals readily. 

It is very unusual  to find that such overlapping multiplets have exactly 
the same chemical shifts. This difference in chemical shifts may be exploited 
if we could somehow rotate the triplet and the quartet  about  their respective 
chemical shifts by 90 ~ so that, instead of lying flat in a horizontal  plane, 
they come to lie above and below the plane, perpendicular  to it. Each 
multiplet  is then posit ioned vertically so it passes th rough  the plane of the 
paper  at its chemical shift. Clearly, if the two multiplets have different 
chemical shifts, the overlap present  before the 90 ~ rotat ion will disappear,  
with the chemical shifts lying along one axis and the coupling information 
appearing along a perpendicular  axis. This is illustrated in Fig. 5.17. 

The pulse sequence used in homonuc lea r  2D J-resolved spectroscopy 
is shown in Fig. 5.18. Let us consider a proton,  A, coupled to another  
proton,  X. The 90 ~ pulse bends the magnetization of pro ton  A to the y'- 
axis. During the first half of the evolution period, the two vectors HF (faster 
vector) and Hs (slower vector) of pro ton  A precess in the x'y'-plane with 
angular velocities of 1~/2 + (J /2)  and 1~/2 - (J /2) ,  respectively. The 180 ~ 
~H pulse results in (a) the vectors' adopt ing mirror  image positions across 
the x'-axis so that Hs comes to lie ahead of HF when viewed in a clockwise 
fashion. However, since the 180 ~ ~H pulse was not  selective, it also affects 
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Figure 5.15 (A) Pulse sequence designed for the combination of polarization 
transfer and selective flip of attached protons. The long-range couplings are sup- 
pressed, and only one-bond heteronuclear couplings are observed in this experi- 
ment. (B) (a) Quartet of nitromethane obtained by using the basic pulse sequence 
of the heteronuclear 2D J-resolved experiment. (b) The same quartet, but with 
misset delays, which results in spurious peaks. (c) Quartet obtained by the combina- 
tion of INEPT with spin manipulation. Peak intensification is due to the polarization 
transfer effect. (d) Effect of missetting of pulse widths in (c). (Reprinted from J. 
Magn. Reson. 58, V. Rutar, 132, copyright (1984), with permission from Academic 
Press, Inc.) 
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Figure 5.16 Overlapping triplet a and quartet b, respectively, va and vb are the 
chemical shifts of the two protons. 

ne ighbor ing  pro ton  X to which proton A was coupled.  Thus, if HF was 
coupled to the c~ state of pro ton  X before the 180 ~ pulse, it exchanges  its 
identity with Hs and becomes coupled to the /3 state of  proton X. This 
exchange of  identity (or " re labe l ing")  of  the vectors HF and Hs has HF 
again becoming  posit ioned ahead  of Hs (Fig. 5.18B, C), so in the second 
half  of the evolution period tl, the two vectors cont inue  to diverge from 

b 

[! 

I C 

230 

J 

Figure 5.17 (a) Overlapping triplet and quartet of protons A and B, with the 
chemical shifts and coupling constants along the same axis. (b) Triplet and quartet 
of the same protons, shown with the chemical shifts lying along the vertical axis 
and coupling constants along the horizontal axis separately. (c) Overhead view of 
the same peaks as in (b) but in the form of contours. 
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Figure 5.18 (A) Pulse sequence for h o m o n u c l e a r  2D J-resolved spectroscopy. 
(B) Effect of 90 ~ IH and 180 ~ IH pulses on an IH doublet .  (C) In the absence of  
coupling,  the vectors are refocused by the 180 ~ ~H pulse after tl. This serves to 
remove any field inhomogenei t ies  or chemical  shift differences. 



232 5. Important 2D NMR Experiments 

each other. The extent of this divergence depends both on the time tl for 
which they are allowed to diverge and on the coupling constant J. The 
first series of Fourier transformations give the 1D spectra in vl and F2. 
Transformation of the data so they are arranged in rows, one behind the 
other, and Fourier transformation of the individual columns of oscillating 
signals along the F2 (vertical) axis leads to the 2D plots in the F1 and F2 
frequency dimensions, with the chemical shifts being defined by the F2 axis 
and the coupling frequencies by the/'1 axis. The J-modulation of doublets 
and triplets with changing evolution time is shown in Fig. 5.19. 

In homonuclear  2D J-resolved spectra, couplings are present during 
/2; in heteronuclear 2D J-resolved spectra, they are removed by broad-band 
decoupling. This has the multiplets in homonuclear  2D J-resolved spectra 
appearing on the diagonal, and not parallel with F1. If the spectra are 
plotted with the same H z / c m  scale in both dimensions, then the multiplets 
will be tilted by 45 ~ (Fig. 5.20). So if the data are presented in the absolute- 
value mode and projected on the chemical shift (F2) axis, the normal, fully 
coupled 1D spectrum will be obtained. To make the spectra more readable, 
a tilt correction is carried out with the computer  (Fig. 5.21) so that FI 
contains only J information and F,~ contains only 8 information. Projection 
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~ --- 0.125 JCH 

0.25JcH 

0.375 JCH 

0.5 JCH 

Figure 5.19 Modulation effects of a doublet and triplet by a spin-echo pulse se- 
quence, 90~ - 180~-'r-echo. 
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Figure 5.20 (a) H o m o n u c l e a r  J-spectrum. Since the coupl ing  is both  in v~ and l )  2 

dimensions ,  a 45 ~ tilt is observed. (b) H e t e r o n u c l e a r J - s p e c t r u m  in which coup l ing  
appears  only in one  d imens ion .  
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Figure 5.21 (a) The  methy lene  pro tons  of  ethyl alcohol appear  as a quar te t  with 
a 45 ~ tilt in the h o m o n u c l e a r  2D J-resolved spectrum.  (b) The  same, but  after tilt 
correct ion.  The  stacked plot  is p resen ted  on the left; the co r r e spond ing  c o n t o u r  
plot  appears  on the right. 
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onto the F2 (chemical shift) axis would then produce a fully decoupled 
spectrum. 

Peaks in homonuclear 2D J-resolved spectra have a "phase-twisted" 
line shape with equal 2D absorptive and dispersive contributions. If a 45 ~ 
projection is performed on them, the overlap of positive and negative 
contributions will mutually cancel and the peaks will disappear. The spectra 
are therefore presented in the absolute-value mode. 

Homonuclear  2D J-resolved spectra often show artifact signals due to 
second-order effects appearing in strongly coupled systems (Fig. 5.22). 
Such artifact signals generally do not appear in weakly coupled spin systems 
(AS/J  > 4), which are largely first-order. They are usually readily recog- 
nized, for they appear at chemical shifts midway between strongly coupled 
protons, and they occur as wavy contours spread across the spectrum. Such 

= ' b l ~k  . . . .  

Artifact signals 
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Figure 5.22 Artifact signals appear due to strongly coupled nuclei, as shown by 
the vertical lines of contours at about 8 7.16 in the spectrum. 
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artifact signals may disappear if the spectra are recorded at higher  fields, 
due to the greater  first-order character of the spectra recorded on high- 
field instruments. A common artifact in J-resolved spectra, as with other  
2D spectra, is the presence of tl-noise ridges, particularly when sharp, 
intense signals are present, like those due to methyl groups. These noise 
ridges appear  parallel to F1 before the tilt correction is performed;  but  
after the tilt correction they appear  at 45 ~ , provided both dimensions are 
recorded with the same scale. Symmetrization can be carried out to remove 
the trnoise. 

§ P R O B L E M  5 . 1  

What are the essential ingredients of 2D J-resolved NMR spectroscopy? 

§ P R O B L E M  5 . 2  

What is the difference between homo- and heteronuclear  2D J- 
resolved spectroscopy? 

5.2 H O M O N U C L E A R  A N D  H E T E R O N U C L E A R  S H I F I ' -  

C O R R E L A T I O N  S P E C T R O S C O P Y  

5.2.1 Homonuclear Shift-Correlation Spectroscopy (COSY) 

Before the advent of 2D NMR spectroscopy, the classical procedure  
for determining p ro ton -p ro ton  connectivities was by homonuclear  proton 
spin decoupling experiments.  Such experiments  can still serve to de te rmine  
some ~H/~H connectivities in simple molecules. 

In the previous section we were concerned with 2D J-resolved spectros- 
copy; i.e., chemical shifts of the nuclei were presented along one axis and 
their couplings along the other axis. The data thus obtained provided 
information about multiplicity. 

A more useful type of 2D NMR spectroscopy is shift-correlated spectros- 
copy (COSY), in which both axes describe the chemical shifts of the coupled 
nuclei, and the cross-peaks obtained tell us which nuclei are coupled to 
which other  nuclei. The coupled nuclei may be of the same type~e .g . ,  
protons coupled to protons, as in homonuclear 2D shift-correlated experi- 
m e n t s ~ o r  of different types~e.g . ,  protons coupled to ~C nuclei, as in 
heteronuclear 2D shift-correlated spectroscopy. Thus, in contrast to J-resolved 
spectroscopy, in which the nuclei were being modulated (i.e., undergoing  
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a repetitive change in signal amplitude) by the coupling frequencies of the 
nuclei to which they were coupled, in shift-correlated spectroscopy the 
nuclei are modulated by the chemical shift frequencies of the nuclei to which 
they are coupled. So, if a proton HA (having a chemical shift of 2 ppm, 
i.e., 200 Hz from TMS on a 100-MHz instrument)  is coupled to a proton 
HB (having a chemical shift of 4 ppm, i.e., 400 Hz from TMS on the 
same instrument) with a coupling constant of 8 Hz, then in J-resolved 
spectroscopy the protons HA and HB will both be modula ted  as a function 
of 8 Hz, while in shift-correlated spectroscopy HA will be modula ted  as a 
function of 8Hz--i.e., 400 Hzmwhi le  HB will be modula ted  as a function of 

8Hami.e., 200 Hz. The variation of signal ampli tude with changing evolution 
time tl is shown in Fig. 5.23. If the signal ampli tude is modulated by more  
than one frequency, then a different pattern would result. Fig. 5.24 shows 
the ampli tude being modulated by two different chemical shift frequencies. 

When a Jeene r  pulse sequence (90~-tl/2-90~ is applied to 
coupled protons, the second 90~ pulse causes the magnetization arising 
from one proton transition during tl to be distributed among all o ther  
transitions associated with it. For instance, in an AX spin system, the 1D 
spectrum will show two lines for proton A, corresponding to the transitions 
A~ and A2, and two lines for proton X, corresponding to the transitions X1 
and X2. The energy-level diagram for such a spin system in which only 
single-quantum transitions are shown is given in Fig. 5.25. The second 90 ~ 
pulse causes the magnetization arising from each transition to be distributed 
among all the four transitions. Thus the magnetization arising from the A~ 
transition will be partly retained in the A~ transition and partly distributed 

(b) 
(a) ~/// 

5 e 7 91o111,.i ~ 

~(d) 
tl 

Figure 5.23 Variation in the amplitude of a proton HA with changing evolution 
time t~. 
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Figure 5.24 The amplitude of the lines is seen to be modulated by at least two 
different frequencies. 

among the A2, Xl, and X2 transitions. A similar redistribution of magneti-  
zations will occur for the A2, Xl, and X2 transitions. A line arising from the 
A~ transition will therefore have its ampli tude modulated by the frequency 
components  of all the other  transition lines of the AX spin system, giving 
rise to corresponding cross-peaks in the COSY spectrum. 

A1 

X1 

X2 

A2 

0t0t 

Figure 5.25 Energy levels for an AX spin system representing only single- 
quantum transitions. 
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Figure 5.26 (A) The two 90 ] pulses are applied with an intervening variable t~ 
period, which is systematically incremented.  The first 90~ pulse bends the magnetiza- 
tion from its equilibrium position along the z-axis in (a) to the y'-axis, as in (b). 
During the tt interval, the magnetization vector precesses in the x'y'-plane, and it 
may be considered to be composed of two component  vectors, M' and M", along 
the x'- and y'-axes, respectively. The magnitudes of the component  vectors M' and 
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As is evident f rom Fig. 5.26, we can have e i ther  a sinusoidal modu la t ion  
or a cosinusoidal modula t ion  of  the signals, depend ing  on whe the r  the 
two 90 ~ pulses have the same phase or different  phases. In Fig. 5.26A, both  
pulses have the same phase. This means  that  in the first tl period,  the 
magnet izat ion vector precesses in the x'y'-plane, so if it has precessed by 

C 90~ 90~ 

z 

y 
(a) 

w 

x Y 

(b) 

M' = M cos 0 
M" = M sin 0 
0 = 2~vtl 

z 0 . 

x 

(c) 

z 

~ M '  M'=Mc0s0 
= M cos  2 g v t  1 

X' Y 

(d) 

Figure 5.26 (Continued) M" are M' = M sin 0 and M" = M cos 0, where 0 is the 
angle of deviation of M from the y'-axis. The  second 90 ~ pulse bends  the c o m p o n e n t  
M" lying a long the y'-axis to the -z-axis so that  it is no longer  detectable,  leaving 
the sinusoidal modula t ions  of the M' vector a long the x'-axis to be recorded .  
Therefore ,  if both  the 90 ~ pulses have the same phase,  a sinusoidal modula t ion  of 
the signals is observed. (B) Effect of  two 90 ~ pulses that  are 90 ~ out-of-phase with 
each o ther  on the magnet izat ion vector, M0. (a) The  first 90~ pulse bends  M0 to 
the -x '-axis.  (b) In the subsequent  delay, t~, the magnet iza t ion M precesses in the 
x'y'-plane. After t ime t~ it will have precessed away from the -x ' -axis  by an angle 
0, and its two c o m p o n e n t s  along the x'- and y'-axes will have magni tudes  M' = M 
cos 0 and M" = M sin 0, respectively. (c) The  second 90 ~ pulse removes the vector  
c o m p o n e n t  a long the y'-axis and bends  it to the -z-axis. This leaves only one  vector  
c o m p o n e n t  a long the -x ' -axis  (M' = M cos 0) to be measured.  Consinusoidal  
modula t ion  of the magnet izat ion is therefore  observed dur ing  different  t~ incre- 
ments  when the two 90 ~ pulses appl ied are 90 ~ out-of-phase with one  another .  
(C) If the first pulse is a 90 ~ pulse and the second pulse a 90~ pulse, then a cosinusoidal 
modula t ion  of the signals is observed. Now the second 90~ pulse bends  the compo-  
nen t  M" (= M sin 0) to the z axis, leaving only the consinusoidally m o d u l a t e d  
c o m p o n e n t  M' (= M cos 0) in the transverse (x'y') p lane to be detected.  
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an angle 0 away from the y'-axis by the end  of the tl period,  it will have 
two components ,  M' and M" along the x'- and y'-axes, respectively, with 
magni tudes  M' = M sin 0 and M" = M cos 0. The  second 90 ~ pulse bends  
the c o m p o n e n t  M" lying along the y'-axis to the -z-axis so it will no longer  
be detected.  This will leave the c o m p o n e n t  vector along the x'-axis (with 
magni tude  M sin 0) to be detected.  In o ther  words, sinusoidal modula t ions  
of the magnet izat ion vector M' will be observed if both the first and the 
second 90 ~ pulses have the same phase. If, however, they have opposi te  
phases (Figs. 5.26B and 5.26C), then the second 90 ~ pulse will remove the 
sinusoidally modu la ted  c o m p o n e n t  to the z-axis, leaving the cosinusoidally 
modula ted  c o m p o n e n t  to be detected.  Hence ,  with appropr ia te  phase 
cycling, it is possible to obtain phase-sensitive COSY spectra in which the 
absorption- and dispersion-mode signals are nicely separated; i.e., the peaks 
appear ing on or near  the diagonal will differ in phase by 90 ~ from the 
cross-peaks. Normally we adjust the phasing so as to show up the cross- 
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Figure 5.27 Schematic diagram of a COSY spectrum illustrating how intrinsically 
different cross-peaks are from diagonal peaks. The circles represent the cross-peaks 
in an AB coupled system. The diagonal peaks have dispersion shape, and the cross- 
peaks have an absorption shape though they alternate in sense. The diagonal peaks 
are centered at (Sa, 8a) and (SB, 8B); the cross-peaks appear at (Sa, 8R) and (Sn, 8a). 
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peaks in the absorptive mode and the diagonal peaks in the dispersive 
mode, since it is the cross-peaks that are of real interest (Fig. 5.27). 

An advantage of phase-sensitive COSY spectra, as compared to absolute- 
mode spectra, is that when recorded at enough digital resolution they allow 
us to determine coupling constants. Let us consider an AMX spin system. 
A schematic drawing of a phase-sensitive COSY spectrum of an AMX spin 
system is shown in Fig. 5.28. The coupling between HA and HM gives rise 
to the cross-peak (1) marked A/M. This is designated as the active coupling 
and contains information about JAM. However, HA is also coupled to Hx. 
And the fine structure in the A/M cross-peak (1) will also contain informa- 
tion aboutJax (passive coupling). Similarly, cross-peak (2), arising from the 
coupling of A with X, will contain the active coupling information JAx as 
well as the fine structure for JaM. The fine splitting can be seen if the phase- 
sensitive spectrum is recorded at a high digital resolution (Fig. 5.29). The 
active coupling shows an antiphase disposition of cross-peaks, while passive 
couplings appear in-phase. This is illustrated in the schematic drawing of 
a cross-peak obtained at VA,VX in an AMX spin system (Fig. 5.30). If we 
read the multiplet horizontally, the distance between the center points of 
peaks 1 and 2 (or 3 and 4) corresponds to the active coupling Jax (note 
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Figure 5.28 A schematic drawing of an AMX spin system representing coupling 
interactions recorded at low digital resolution so that no fine splittings are visible. 
Note the symmetrical appearance of the cross-peaks on either side of the diagonal. 
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Figure 5.29 (a) The lH-NMR spectrum of ethyl acrylate showing signals for olefinic 
protons. (b) A phase-sensitive COSYspectrum recorded at higher digital resolution. 
(c) Expansion of the downfield cross-peak identified by a dashed circle in (b). 

antiphase disposition). Similarly, the distance between peaks 1 and 3 (or 
2 and 4) represents JaM. If we read the multiplet vertically, the distance 
between peaks 1 and 5 again corresponds to Jax, while the distance between 
peaks 1 and 9 provides JMx. If we read horizontally, Jax is active and JaM 
passive, if we read vertically, Ja• is active and JM• passive. If the antiphase 
character of the cross-peaks is not readily discernible due to peak overlap, 
then this may be read from the slices taken at different values of v, and 
v2, which allows the phase patterns to be seen with greater clarity. This is 
illustrated in Fig. 5.31. 
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Figure 5.30 Drawing of a spectrum with cross-peak at Va, Vx in an AMX system. The 
active couplings display an antiphase disposition of peaks. If we read horizontally,Jax 
is active and JaM passive; if we read vertically, Jax is active and JMx passive. 

5 . 2 . 1 . 1  C O S Y - 4 5  ~ SPECTRA 

If the width of the second pulse in the COSY pulse sequence is reduced  
from 90 ~ to 45 ~ , the mixing of populat ions between transitions that do not  
share the same energy level (unc0nnected transitions) is reduced.  Only directly 
connec ted  transitions then show cross-peaks, result ing in a simplification 
of the mult iplet  s tructure and, to some extent,  a decrease in the area 
occupied by the multiplet.  The intensity of the diagonal  peaks is also 
reduced.  In such spectra, the direction in which the cross-peak responses 
are tilted gives the relative signs of the coupl ing constant.  This can be 
useful in dist inguishing positive vicinal coupl ing constants from negative 
geminal  couplings (Fig. 5.32). 

In general ,  the ratio of intensities of cross-peaks arising from connec ted  
transitions to those arising from unconnec t ed  transitions is given by cot 2 
( a / 2 ) ,  where a is the flip angle of the last mixing pulse. With a mixing 
pulse of 45 ~ , the connec ted  transitions give five to eight  times s t ronger  
cross-peaks than unconnec t ed  transitions. A bet ter  signal-to-noise ratio will 
result if the mixing pulse has an angle of 60 ~ (a COSY-60 ~ exper iment ) ,  
with the cross-peaks from connec ted  transitions appear ing  threefold 
stronger than those from unconnec ted  transitions. 

Since many of the signals in COSY spectra are in antiphase,  they may 
not  show up as cross-peaks due to the intrinsic nature  of the polarization 
transfer exper iment .  The  intensifies of cross-peaks in COSY spectra may 
be represented  by an ant iphase triangle (Fig. 5.33B), in contrast  to mult iplet  
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Figure 5.31 (A) The circled cross-peaks in (B) are expanded in (a), (b), and (c) 
to show up the fine structures. (B) Phase-sensitive COSY spectrum of acrylonitrile. 
(C) 1D IH-NMR spectrum of the compound. (D) Cross section (slice) along the 
column marked B in the COSY spectrum. 

intensities in 1D spectra, in which the multiplicities are represented by 
a Pascal triangle (Fig. 5.33A). This is illustrated by a schematic drawing 
of the coupling of H4 and Ha with H5 in m-dibromobenzene (Fig. 5.34). 
The COSY cross-peaks are missing at the center  of the triplet since its 
intensity ratio in the polarization transfer exper iment  is represented by 
+1, 0 and - 1 .  

P R O B L E M  5 . 3  

How can we correlate protons that are coupled to each other  (proton 
coupling network) ? 

O 
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Figure 5.32 (a) COSY-90 ~ spectrum of 2,3-dibromopropionic acid. (b) COSY-45 ~ 
spectrum of the same compound. In cross-peak (B), only directly connected transi- 
tions appear. Each cross-peak consists of two overlapping square patterns. The sign 
of the slope of the line joining their centers gives the relative signs of the coupling 
constants,J. (Reprinted fromJ. Magn. Reson. 44, A. Bax, et al. 542, copyright (1981), 
with permission from Academic Press, Inc.) 

P R O B L E M  5 . 4  

How do the peaks appear ing  on the diagonal  differ" f rom the "off- 
diagonal"  cross-peaks in COSY spectra? How do they arise? 

§ 
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(A) (B) 
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3 3 1 1 1 -1 -1  
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10  10 5 1 1 3 2 -2  -3  -1  

Figure 5.33 (A) Pascal triangle. (B) Antiphase triangle. 

As in 1D spectra, the folding of signals may occur in 2D spectra if the 
spectral width chosen is too small, giving rise to artifacts. This can be readily 
corrected by recording the spectra with a wider spectral width. Such artifacts 
as fold-over peaks or t]-noise lines running across the spectrum can be cor- 
rected by the process of symmetrization (Fig. 5.35). Since genuine cross-peaks 
appear as symmetrically disposed signals on either side of the diagonal, the 
process of symmetrization will remove all random noise and other nonsymmet- 
rically disposed signals on the two sides of the diagonal. Of  course, the cosmetic 
improvement due to symrnetrization must be undertaken with caution, for 
any noise signals that appear symmetrically on either side of the diagonal will 
not be removed and they will show up as a "cross-peak." The application of 
shaping functions for the improvement  of 2D spectra has already been dis- 
cussed in Section 3.2.2 and will therefore not be repeated here. 

Br 

FI 4 

OQ 

H 5 

Figure 5.34 Schematic representation of the coupling interactions of the /-/4,/45, 
and H6 protons of m-dibromobenzene. The H4 and H6 protons are split into double 
doublets due to their couplings with H~ and Hz; H5 is split into a triplet by the two 
ortho protons. Note that the COSY cross-peaks are missing at the central peak of 
the triplet due to the intensity ratio of the triplet in the polarization transfer 
experiment being + 1, 0, -1 .  
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Figure 5.35 (a) Symmetrized version of a COSY spectrum in which noise lines are 
eliminated.  (b) Unsymmetr ized version of the same spectrum. 
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P R O B L E M  5 . 5  

Following are the 1D ~H-NMR and COSY-45 ~ spectra of ethyl acrylate. 
Interpret  the spectrum. 
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§ P R O B L E M  5 . 6  

Is it possible to obtain p ro ton -p ro ton  coupling information from a 
1D 1H-NMR experiment? 

§ 

P R O B L E M  5 . 7  

Give the advantages of the COSY-45 ~ experiment  over the COSY-90 ~ ex- 
periment. 

§ 

5.2.1.2 DF.COUPLV.I) COSY SPECTRA 
When there is serious overlapping of cross-peaks because the coupled 

protons lie close to one another, then we can narrow the area of the cross- 
peaks by decoupling in the v~ dimension. This is illustrated in Fig. 5.36. 
All the protons appear as fully decoupled signals at their respective chemical 
shifts along the ])1 axis, while the projection on the vz axis corresponds to 
the normal coupled spectrum. This provides a useful procedure for obtain- 
ing the fully decoupled NMR spectrum and for obtaining the chemical 
shifts as well as the number  of different protons in a molecule- - informat ion  
that may not be readily obtained from the 1D NMR spectrum because of 
the overlapping of multiplets. Since the cross-peaks are now fairly thin, the 
information about all the coupling partners of a given proton (cross-section 
along Vz) are also obtained much more readily. Many other modifications 
of the COSY experiment have been developed; some of the more important  
ones will be presented here. 

P R O B L E M  5 . 8  

How is decoupling in the v~ dimension achieved in decoupled COSY 
spectra, and what are the advantages of this technique? 

5.2.1.3 DOUBLE-QUANTUM FILTERED COSY 
One problem associated with COSY spectra is the dispersive character 

of the diagonal peaks, which can obliterate the cross-peaks lying near the 
diagonal. Moreover, if the multiplets are resolved incompletely in the cross- 
peaks, then because of their alternating phases an overlap can weaken their 
intensity or even cause them to disappear. In double-quantum filtered COSY 
spectra, both the diagonal and the cross-peaks possess antiphase character, 
so they can be phased simultaneously to produce pure 2D absorption line 



250 5. Important 2D NMR Experiments 

0%. 

Ha 

0 
F 

3 L 
- I I - - -  

" I '- i: 

F 

I - I  " \ 

- I - - I  - -  -'" e C 

I I 

I I 

l ,  I 
I - - I  - -  vx  

I 1 l 
2OO 0 000 5OO 

v2 

Figure 5.36 Effect of decoupling in V 1 dimension on the COSY spectrum of 9- 
hydroxytricyclodecan-2,5-dione. The 1D ]H-NMR spectrum on vz is fully coupled, 
while along v~ it is fully decoupled. The region between the dashed lines represents 
a band of signals associated with proton Hj and its connectivities with other protons 
by projection onto the v] axis. (Reprinted from J. Magn. Reson. 44, A. Bax, et al., 
542, copyright (1981), with permission from Academic Press, Inc.) 

shapes in both. In practice this is done by applying a third 90~ pulse 
immediately after the second (mixing) pulse. This third pulse converts the 
double-quantum coherence generated by the second pulse into detectable 
single-quantum coherence. Only signals due to double-quantum coherence 
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are inverted by the third 90 ~ pulse. And if the receiver phase is correspond- 
ingly inverted, then only signals due to double-quantum coherence will be 
detected. (In the case of triple-quantum coherence spectra, the signal 
inversion will be achieved by a 60 ~ phase shift.) Since all other coherences 
are filtered out, only the desired double-quantum coherences will be modu- 
lated as a function of t~ and yield cross-peaks in the 2D spectrum. This 
will significantly simplify the COSY spectrum. Thus, in a double-quantum 
filtered spectrum, couplings due to AB and AX spin systems will show up, 
but solvent signalsmwhich cannot generate double-quantum coherencem 
or signals due to triple-quantum coherence (as in a three-spin system) 
will not appear. Direct connectivities are represented in double-quantum 
spectra by pairs of signals situated symmetrically on the two sides of the 
diagonal; remotely connected or magnetically equivalent protons will ap- 
pear as lone multiplets. 

The sensitivity of multiple-quantum spectra is less than that of unfiltered 
COSYspectra. In the case of double-quantum filtered (DQF) COSYspectra, 
the sensitivity is reduced by a factor of 2, though this is usually not a serious 
drawback, since in homonuclear  COSY spectra we are normally concerned 
with the more-sensitive IH/1H coupling interactions. Figure 5.37 presents 
the phase-sensitive COSY and DQF-COSY spectra. The singlet lines due to 
the solvent signal are largely suppressed, and the peaks lying near the 
diagonal are no longer obliterated in the phase-sensitive DQF spectrum. 

5.2.1.4 DELAYED-COSY 
In normal COSY spectra, the stronger coupling interactions appear as 

prominent  cross-peaks and the weaker long-range couplings may not ap- 
pear. Introducing a fixed-delay A before acquisition results in the weakening 
(and often even the disappearance) of the stronger coupling interactions 
and an intensification of the smaller long-range couplings. The pulse se- 
quence used is shown in Fig. 5.38. The value of the fixed delay is optimized 
to between 0.3 and 0.5. To improve the sensitivity, the last mixing pulse is 
set at 500-60 ~ . 

§ P R O B L E M  5 . 9  

When is the delayed-COSY experiment advantageous over the standard 
COSY experiment? 

5.2.1.5 E. COSY 
The measurement of coupling constants is possible in multiple- 

quantum COSY spectra with phase-sensitive display. The recording of spec- 
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Figure 5.37 ( a )  Conventional phase-sensitive COSY spectrum of basic pancreatic 
trypsin inhibitor. (b) Double-quantum filtered (DQF) phase-sensitive COSY spec- 
trum of the same trypsin inhibitor, in which singlet resonances and solvent signal 
are largely suppressed. Notice how clean the spectrum is, especially in the region 
near the diagonal line. (Reprinted from Biochem. Biophys. Res. Comm. 117, M. Rance, 
et al., 479, copyright (1983) with permission from Academic Press, Inc.) 
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Figure 5.38 Pulse sequence for delayed COSYma modification of the COSYexpen- 
ment. The fixed delays at the end of the evolution period tl and before the acquisi- 
tion period t2 allow the detection of long-range couplings between protons. 

tra in the absolute-value mode is necessary to remove the phase-twist caused 
by the mixing of absorption and dispersion lines. Pseudoecho weighting 
functions can be employed, but with some loss of sensitivity. Many proce- 
dures have been developed (States et al., 1982) for measuring coupling 
constants in 2D spectra; only one will be ment ioned  here. This is a modifica- 
tion of the COSY exper iment  that incorporates a mixing pulse/3 of variable 
angle in the pulse sequence 90~ In practice it is more  convenient  
to use the variable parameter /3  as a phase shift in the equivalent sequence 
(90 ~ ~-t l -  (90 ~ 8(90 ~ _x-t~. In this exchange correlation spectroscopy (E. COSY), 
many experiments  with different values of/3 are combined,  so multiplet  
components  between unconnected  transitions are el iminated and only 
multiplet components  arising from connected transitions are detected. 
Thus, in contrast to conventional COSY spectra, in which spin systems 
comprising N mutually coupled spins give 2 2N-2 multiplet components ,  in 
E. COSYspectra only 2 u correlations will appear  from connected transitions, 
resulting in a simplification of the multiplet  components .  

§ P R O B L E M  5 . 1 0  

How are coupling constants measured from the E. COSY spectrum? 

5 . 2 . 1 . 6  S E C S Y  

Another  2D homonuclear  shift-correlation exper iment  that provides 
the coupling information in a different format is known as SECSY (spin- 
echo correlation spectroscopy). It is of particular use when the coupled 
nuclei lie in a narrow chemical shift range and nuclei with large chemical 
shift differences are not coupled to one another.  The exper iment  differs 
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from the conventional COSY experiment in that acquisition is not immedi- 
ately after the second mixing pulse but is delayed by time t~/2 after the 
mixing pulse (i.e., the mixing pulse is placed in the middle of the t~ period). 
Because the observation now begins at the top of the coherence transfer 
echo, the experiment is called "spin-echo correlation spectroscopy". 

The untransferred magnetization now appears along a horizontal line 
(instead of along a diagonal, as in COSY). The cross-peaks appear above 
and below the horizontal line at distances equal to half the chemical shift 
differences between the two coupled nuclei. The identification of cross- 
peaks is facilitated by the fact that they occur on slanted parallel lines that 
make the same angle with the horizontal line and by the fact that each 
pair of cross-peaks is equidistant above and below the horizontal line. To 
determine the connectivities, we drop lines vertically from the cross-peaks 
onto the horizontal line; the points at which they meet the horizontal line 
give the chemical shifts of the coupled protons. This is illustrated in the 
SECSY spectrum of majidine (Fig. 5.39). The coupling of the anomeric 
proton resonating at 8 5.56 is observed with the C-2" proton (8 4.62). The 
C-4" c~ and /3 methylenic protons in the sugar moiety show interactions 
between geminal protons resonating at 8 3.78 and 4.22, respectively. Simi- 
larly, the other c~ and/3 methylenic protons resonating at 8 3.17 and 3.57 
also display geminal coupling with each other. The C-2" proton resonating 
at 8 3.08 affords a cross-peak with the C-I'" proton (8 4.38). The downfield 
C-5 proton (~ 7.61) also shows through-bond interaction with the C-8 
proton resonating at 8 6.90. The various interactions based on the SECSY 
experiment are presented around the structure (Fig. 5.39). 

§ P R O B L E M  5 . 1  1 

What are the major differences between the COSY and SECSY experi- 
ments? 

5.2.2 Heteronuclear Shift-Correlation Spectroscopy 

In homonuclear shift-correlation experiments like COSY we were con- 
cerned with the correlation of chemical shifts between nuclei of the same 
nuclear species, e.g., 1H with IH. In heteronuclear shift-correlation experi- 
ments, however, the chemical shifts of nuclei belonging to different nuclear 
species are determined (e.g., ~H with ~3C). These may be one-bond chemical 
shift correlations, e.g., between directly bound IH and ~3C nuclei, or they 
may be long-range chemical shift correlations, in which the interactions 
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Figure 5.39 The structure and SECSY spectrum of majidine. Cross-peaks represent 
coupling interactions between various protons. These interactions are also pre- 
sented around the structure. 
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between protons  with carbon atoms that  are 2, 3, or 4 bonds  away are de- 
tected. 

The  basic pulse sequence employed in the he te ronuc lea r  2D shift- 
correlat ion (or HETCOR) expe r imen t  is shown in Fig. 5.40. The  first 90 ~ 
~H pulse bends the 1H magnet izat ion to the y'-axis. Dur ing the subsequent  
evolution per iod this magnet izat ion precesses in the x'y'-plane. It may be 
considered to be made  up of two vectors cor responding  to the lower (c~) 
and h igher  (/3) spin states of  carbon to which ~H is coupled.  These  two 
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Figure 5.40 
ment. (B) Effect of the pulse sequence in (A) on 

z 

(/) 

(A) Pulse sequence for the 2D heteronuclear shift-correlation experi- 
~H magnetization vectors of CH. 
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vectors diverge in the first half of the evolution period due to their differing 
angular velocities. The 180 ~ 1~C pulse applied at the center of the evolution 
period reverses their direction of rotation so that during the second half 
of the evolution period they converge and are refocused at the end of the 
tl period. The angle a by which the vector has diverged from the y'-axis 
corresponds to its chemical shift, with the downfield protons having a larger 
angle a than the upfield protons. A constant mixing delay period A1 occurs 
after the variable evolution period tl, and the length of the mixing delay 
is set to the average value of Jcn. After the first 1/2Jperiod, the vectors diverge 
and become aligned in opposite directions. The second 90 ~ mixing ~H 
pulse is then applied, which rotates the two vectors towards the + z - a n d  
-z-axes. One vector now points toward the +z-axis (equilibrium position), 
while the other points toward the -z-axis (nonequilibrium position). 

What we have succeeded in doing is to invert one of the proton lines 
of the CH doublet  (corresponding to the vector pointing toward the -z -  
axis), amount ing to a selective population inversion, as in the INEPT experi- 
ment  described earlier. This correspondingly intensifies the 1"~C signals due 
to the polarization transfer. A 90 ~ ~3C pulse is then applied that samples 
the evolved spin states. Clearly the extent of the polarization transfer will 
depend on the disposition of the proton multiplet components  when the 
second 90 ~ mixing pulse is applied (which in turn depends on the ~H 
chemical shifts) as well as on the duration of the evolution period tl. The 
amplitude of the ~~C signals detected during l 2 is therefore modulated as 
a function of t~ by the frequencies of ~H spins, giving rise to ~H/~~C shift 
correlation spectra. 

If broad-band decoupling is not applied during acquisition, then a 
coupled spectrum is obtained in both dimensions. This complicates the 
spectrum, and the splitting of the signals into multiplets also results in a 
general lowering of intensity. Since the multiplet components  are in anti- 
phase, an overlap of multiplets can also cause their mutual cancellation. 
It is therefore usual to eliminate the heteronuclear couplings in both 
dimensions. In the case of nonequivalent geminal protons of CH2 groups, 
two different cross-peaks will appear at the same carbon chemical shift but at 
two different proton chemical shifts, thereby facilitating their recognition. 

The HETCOR spectrum of a naturally occurring isoprenylcoumarin is 
shown in Fig. 5.41. The spectrum displays one-bond heteronuclear  correla- 
tions of all protonated carbons. These correlations can easily be determined 
by drawing vertical and horizontal lines starting from each peak. For exam- 
ple, peak A represents the correlation between a proton resonating at 
8 1.9 and the carbon at 8 18.0. Similarly, cross-peaks E and F show that the 
protons at 8 4.9 and 5.1 are coupled to the same carbon, which resonates 
at 8 114.4; i.e., these are the nonequivalent protons of an exomethylenic 
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Figure 5.41 Heteronuclear shift correlation (HETCOR) spectrum of an isoprenyl- 
coumarin. 

group. Cross-peak J represents the one-bond heteronuclear  correlation 
between the proton at 8 7.8 and the carbon at 8 146.0. The chemical 
shift assignments to various protonated carbons based on the HETCOR 
experiment are presented around the structure in Fig. 5.41. 
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If the delays A1 and A2 are adjusted so they correspond to Jcn of 130- 
150 Hz, then only the direct one-bond couplings between sp~- and sp% 
hybridized 13C-~H bonds will be observed. However, if we wish to observe 
long-range 1H couplings with 1~C nuclei, then we adjust the value of the 
delay to correspond toJcH of 5-10 Hz. The cross-peaks will then correspond 
to coupling interactions between 1H and ~C nuclei separated by two, three, 
or even four bonds. In such a long-range hereto COSY experiment, the one- 
bond magnetization transfer issuppressed and long-range heteronuclear 
couplings observed. 

Many improved modifications of the basic heteronuclear shift-correla- 
tion experiment have been developed (Garbow et al., 1982; Bax, 1983; 
Bauer et al., 1984; Kessler et al., 1984a,b,1985,1986; Schenker and Philipso 
born, 1985; Wimperis and Freeman, 1984, 1985; Welti, 1985; Zektzer et al., 
1986, 1987a,b; Quast et al., 1987; Wernly and Lauterwein, 1985). A discus- 
sion of these is beyond the scope of this text. For long-range shift correla- 
tions, COLOC (correlation spectroscopy via long-range coupling) has 
proved particularly useful (Kessler et al., 1984a,b,1985,1986). However, 
if facilities for carrying out inverse polarization transfer experiments are 
available, then the HMQC (heteronuclear multiple-quantum coherence) 
experiment should be the experiment of choice for determining one- 
bond C-H shift correlations, and the HMBC (heteronuclear multiple-bond 
connectivity) experiment should be employed for determining long-range 
C-H connectivities, particularly when the sample quantity is limited so that 
maximum sensitivity is required. These inverse experiments are discussed 
in a later section. 

§ P R O B L E M  5 . 1 2  

How can we determine the carbon-carbon connectivities in a molecule 
through a combination of homo- and heteronculear shift-correlation 
experiments? 

5.3 TWO-DIMENSIONAL NUCLEAR 
OVERHAUSER SPECTROSCOPY 

5.3 .1  N O E S Y  

A large number of 1D nOe experiments may have to be performed if 
the spatial relationships among many protons in a molecule are to be 
determined. In such cases, instead of employing multipulse 1D nOe experi- 
ments, we can opt for the nOe spectroscopy (NOESY) experiment. If many 
protons have close chemical shifts, then NOESYmay be particularly advanta- 
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geous, since it is difficult to carry out irradiation in 1D experiments selec- 
tively without affecting other  protons nearby. In the NOESY experiment,  
all interproton nOe effects appear simultaneously, and the spectral overlap 
is minimized due to the spread of the spectrum in two dimensions. 

The pulse sequence for the NOESY experiment  is shown in Fig. 5.42. 
Let us assume that there are two close-lying protons A and X that are 
not scalar-coupled together. The first 90 ~ pulse bends the longitudinal z- 
magnetization of nucleus A to the y-axis; in the subsequent t~ time period, 
this magnetization precesses in the x'y'-plane so that after time t~ it will 
have traveled by an angle l~at~, where ~'~a is the precession frequency of 
nucleus A. The second 90 ~ pulse will rotate this magnetization from the 
x'y'-plane to the x'z-plane. At this time the x ' -component  of magnetization 
M' will be proportional  to sin (~'~atl), and the -z -componen t  M" will be 
proportional to - c o s  (l~at~). The -z -componen t  is of primary interest since 
it is this component  that will be converted (after modulation during the 
mixing period) to detectable transverse magnetization by the third 90~ 
pulse. During the mixing period, magnetization transfer occurs between 
spins A and X so that the z-magnetizations of nuclei A and X are modulated 
by each other. Thus, spin A magnetization will be modulated by cos (l~xt~) 

Preparation 
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9o~ 
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period 

Mixing 
period 

9o~ 

~---  tl ~ ~ ~  A 

i Detection 
i period 

! 90 ~ x 

z z z 

x' Y' x' Y' x' Y' 

O=flt 1 

z z 

x Y 

M' c~ sin (l~At 1) 
M" s-cos (l lAtl)  

Figure 5.42 Pulse sequence and vector representation of a NOESY experiment. 
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and spin X magnetization will be modula ted  by cos (l~at]). These modula- 
tions will appear  as cross-peaks on either side of the diagonal, i.e., at the 
coordinates (1~], 1~2) - (l~a, ~x) and (l~x, ~A), thereby establishing the 
existence of nOe between them. The  unmodula ted  signals appear  on the 
diagonal, as in COSY spectra. A typical NOESY spectrum is shown in Fig. 
5.43. 

The diagonal and cross- (off-diagonal) peaks in the NOESY spectrum 
have either the same phase or exactly opposite phases, depending  on the 
magni tude of the molecular correlation time, "re, so NOESY spectra are 
normally recorded in the pure-absorption mode. Some "COSYpeaks"  (i.e., 
peaks due to coherent  magnetization transfer from scalar coupling) can 
appear as artifacts in NOESY spectra; therefore either we cycle the phases 
of the first two pulses, keeping the receiver phase constant, or we cycle the 
last pulse together with the receiver phase to remove COSY-type signals. 

5.3 .2  Phase-Sen~t ive  N O E S Y  

Phase-sensitive NOESY spectra are generally significantly superior in 
resolution to absolute-mode spectra. As in phase-sensitive COSY spectra, 
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Figure 5.43 A typical NOESY spectrum; the off-diagonal cross-peaks represent the 
nOe interactions between various nuclei. 
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discussed in Section 5.2.1, there are "four  phase quadrants"  arising from 
the various combinations of real (R) and imaginary (/) parts corresponding 
to quadrants RR (real F1, real F2), R/ ( rea l  F1, imaginary F2), IR (imaginary 
F1, real F2), a n d / / ( i m a g i n a r y  F1, imaginary F2). Phasing of the 2D NOESY 
spectrum is carried out to obtain the pure double-absorption phase in 
the RR quadrant; the other three quadrants are then discarded. Figure 
5.44 shows a phase-sensitive absorption-mode spectrum compared to an 
absolute-value-mode spectrum. 

5.3.3 CAMELSPIN, or ROESY  (Rotating-Frame Overhauser 
Enhancement Spectroscopy) 

When molecules have the molecular correlation time "re close to the 
reciprocal of the angular Larmor frequency (a'c = 1/vt),  then nOe signals 
may be completely absent or too weak to be detected. In such cases, it is 
advisable to record the CAMELSPIN (or ROESY) experiment  instead of 
the NOESY experiment,  since it always gives a positive value for the nOe 
effect, even when "r~ = 1/vL. Another  advantage of the ROESY experiment  
is that cross-peaks due to relayed nOe (i.e., magnetization of one spin 
relayed via an intermediate spin to another  spin) have the same phase as 
the diagonal peaks, so they can be readily distinguished from direct nOe 
signals which have the opposite phase relative to the diagonal signals. 

The pulse sequence used for the ROESY experiment  is shown in Fig. 
5.45. A 90 ~ pulse bends the magnetization by 90 ~ At the end of the evolution 
period t~, a strong Rf field is applied for the duration of the mixing time 
"rm, so the magnetization vectors precessing in the x'y'-plane become "spin- 
locked" with the applied Rf field and precess synchronously with it. As 
soon as the vectors of two different nuclei have acquired an identical 
precessional frequency, a transfer of transverse magnetization can occur 
between them, i.e., an exchange of magnetization in the x'y'-phase takes 
place. This is in contrast to the nOe experiment,  in which an exchange 
of longitudinal magnetization occurs (i.e., in nOe-difference or NOESY 
experiments, a change of z-magnetization of one nucleus changes the z- 
magnetization of another,  close-lying nucleus, which is observed). Hence, 
ROESY is a 2D transverse nOe experiment.  The ROESY spectrum of ther- 
mopsine, a lupine base isolated from Thermopsis turcica, is shown in Fig. 5.46. 

5.3.4 Heteronuclear nOe Spectroscopy (HOESY) 

Heteronuclear nOe  experiments are similar to homonuclear  experi- 
ments, discussed earlier. Normally, protons are irradiated and the enhance- 
ment  of the heteronucleus is recorded, since if the reverse were done, the 
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Figure 5.44 (a) Phase-sensitive absorption-mode NOESY spectrum of bovine phos- 
pholipase A~ in DzO. (b) The same spectrum in the absolute-value mode. The 
phase-sensitive spectra are generally superior in resolution to absolute-value-mode 
spectra. (Reprinted from David Neuhaus and Michael Williamson, The Nuclear 
Overhauser Effect in Structural and Confirmational Analysis, copyright (1989), 278, 
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Figure 5.45 Pulse sequence  used in the ROESY exper iment .  The  data ob ta ined  
from odd and even scans are stored separately. 
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enhancements  would usually be very small (the magnetogyric ratios of most 
nuclei are much smaller than those of ~H). An exception to this is ~~ so 
~H {~~ experiments have been reported. 

5.3.5 Relayed nOe Experiments 

Both homonuclear  and heteronuclear  versions of relayed nOe experi- 
ments are known. The homonuclear  relayed NOESY experiment  involves 
both an incoherent transfer of magnetization between two spins Hk and Ht that 
are not coupled but close in space, and a coherent transfer of magnetization 
between two spins Htand Hm that are J-coupled together. The magnetization 
pathway may be depicted as 

Hk ~0-~ ~ Ht-~J H~. 

In a heteronuclear  nOe experiment,  the first step may be identical to 
the homonuclear  nOe experiment (i.e., involving an incoherent  transfer of 
coherence from Hh to Ht), while the second step could involve a coherence 
transfer from ~H to ~~C nucleus by an INEPT sequence. These methods  
suffer from poor  sensitivity and have therefore not been used extensively. 

5.4 T W O - D I M E N S I O N A L  C H E M I C A L  
E X C H A N G E  S P E C T R O S C O P Y  

It is possible to transfer magnetization between nuclei that are undergo- 
ing slow exchange. When the exchange process is slow on the NMR time 
scale, then each form contributing to the exchange process will produce 
a separate signal, and irradiation of one nucleus will cause the magnetiza- 
tion to be transferred to other nuclei by an exchange processma phenome-  
non known as transfer of saturation (or saturation transfer). This is exemplified 
by the classical case of N,N-dimethylacetamide (Fig. 5.47). The methyl 
groups attached to the nitrogen are nonequivalent and slowly undergo  
exchange by rotation about the amide bond. They appear at differing 
chemical shifts, and a 2D exchange spectrum would show up in the ex- 
change process as cross-peaks between them. Again, as in the NOESYexperi- 
ment, it is the modulations during the mixing period that give rise to the 
cross-peaks. 

If we designate the two methyl groups as A and X, then that propor t ion 
of the X resonance that has been exchanged with the A resonance will 
suffer the modulation. The cross-peaks that appear at (vx, VA) therefore 
represent that portion of the total magnetization that has undergone  a 
change in precessional frequency during the mixing period; but the unmod-  
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Figure 5.47 Two-dimensional exchange spectrum of N,N-dimethylacetamide and 
its generation. (a) The first set of spectra results from the first series of Fourier 
transformations with respect to t~. The modulat ion of signals as a function of t~ is 
observed. (b) The second set of spectra is obtained by the second series of Fourier 
transformations. The unmodula ted  signals appear  on the diagonal at (Va, va), (vx, 
Vx), and (vM, VM), whereas the modulat ions due to exchange show up as cross- 
peaks on either side of the diagonal at (va, Vx) and (vx, Va). (c) A contour  plot 
representat ion of (b). (Reprinted from Science 232, A. Bax, et al., 960, copyright 
(1986), with permission from Science-AAAS, c / o  Direct Partners Int., P.O. Box 
599, 1200 AN Hilversum, The Netherlands) 
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ulated signals (i.e., those experiencing no change in precessional fre- 
quency) appear on the diagonal. 

5.5 H O M O N U C L E A R  H A R T M A N N - H A H N  
S P E C T R O S C O P Y  ( H O H A H A ) ,  O R  T O T A L  C O R R E L A T I O N  

S P E C T R O S C O P Y  ( T O C S Y )  

When protons are subjected to strong irradiation, then the chemical 
shift differences between them are effectively scaled to zero and isotropic 
mixing occurs. In other word, when the two scalar-coupled nuclei are sub- 

jected to identical field strengths through the application of a coherent  Rf 
field, the Zeeman contributions are removed and the Har tmann-Hahn 
matching condition is established, so an oscillatory exchange of "spin- 
locked" magnetization (with a periodicity of 1/J) occurs. Such nuclei expe- 
rience strong coupling effects, even if there are several intervening nuclei 
between them, as long as they are a part of the same spin network. The 
magnetization diffuses to the neighboring nuclei within the spin network 
at a rate dependent  on the magnitude of the scalar coupling (or dipolar 
coupling in solids). At short mixing times (<0.1J), normally only the vicinal 
and geminal protons are affected. And cross-peaks are found largely be- 
tween them, so a COSY-like spectrum is obtained. With longer mixing 
intervals the magnetization initially transferred to the immediately neigh- 
boring protons is relayed further down the chain within that spin network. 
Net magnetization transfer occurs, and a phase-sensitive 2D spectrum is ob- 
tained. 

In practice it is convenient to record HOHAHA spectra at, say, 20, 40, 
60, and 100 ms. Slices are then taken at specific chemical shifts at the 
various time intervals. This yields highly informative plots of the spread of 
magnetization from key points in the molecule to adjoining regions in the 
same spin system, thereby providing a powerful tool for structure elucida- 
tion. It is thus possible to divide an NMR spectrum into many subspectra, 
with each subspectrum corresponding to the NMR spectrum of a separate 
spin system. This simplifies the interpretation greatly, since the overlap 
between protons belonging to different spin systems is removed in such 
subspectra. Thus we can rather neatly divide a molecule into various frag- 
ments corresponding to discrete subspectra. The pulse sequence employed 
is shown in Fig. 5.48. 

Figure 5.49 shows the four HOHAHA spectra obtained at 20, 40, 60, 
and 100 ms of hyocyamine, an alkaloid isolated from Datura fastusa. The 
various short-range and long-range homonuclear  connectivities established 
on the basis of HOHAHA spectra of hyoscyamine provided a powerful tool 
for structure elucidation. The spectrum obtained with a mixing time of 
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Figure 5.48 The pulse sequence employed in 2D homonuclear Hartmann-Hahn 
spectroscopy. An extended MLEV-16 sequence is used. Trim pulses are applied 
before and after this pulse sequence in order to refocus the magnetization not 
parallel to the x-axis. 

20 ms closely resembled the COSY-45 ~ spectrum, showing mainly direct 
connectivities (geminal and vicinal). With longer mixing intervals, the 
magnetization is seen to spread to more distant protons within the individ- 
ual spin systems. This spread of magnetization with increase in the mixing 
delay can be seen in the projections of the HOHAHA spectra, in which 
slices have been taken at 8 1.30, 3.50, and 5.16 (Fig. 5.50). 

5.5.1 Heteronuclear Hartmann-Hahn Spectroscopy 

The cross-polarization in the rotating frame described earlier is not 
confined to nuclei of the same nuclear species. Indeed, the concept  was 
originally introduced to transfer polarization between different nuclear 
species in solids. In such cases, two strong Rf fields are applied simultane- 
ously to the two nuclear species, I and S, at their precessional frequencies, 
and the nuclei I and S then exchange their spin energies at a rate dependen t  
on the magnitude of the Rf fields. This is done in practice by applying a 
90y pulse to create transverse magnetization of the I spins, and then "spin- 
locking" it in the rotating frame by applying a long Rf pulse that is phase- 
shifted by 90 ~ Simultaneously, a long Rf pulse is applied on the S spins so 
that the Har tmann-Hahn matching condition is reached and an oscillatory 
exchange of spin energy takes place. The two spins I and S are now said 
to be "in contact ."  Once an equilibrium state has been established, they 
are said to possess the same "negative spin tempera ture ."  During this 
contact period, polarization transfer occurs from the I spin (the abundant  
spin, with a high gyromagnetic ratio) to the S spin (the dilute spin, with 
a low gyromagnetic ratio) in the IS two-spin system. If the contact period 
"r = 1/j)s, then complete transfer of polarization takes place, resulting in a 
sensitivity enhancemen t  that is de termined by the ratio of the gyromagnetic 
ratios of the two spins. This produces an enhancemen t  of about 4 if polariza- 
tion transfer is occurring from lH to 13C nuclei and an enhancemen t  of 
about 10 if polarization is being transferred from ~H to ~SN nuclei. 
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Figure 5.50 (A) 1D IH-NMR spectrum of hyoscyamine, an alkaloid isolated from 
Datura fastusa. (B) HOHAHA spectra of the same compound recorded at 20, 60, 
and lOOms. The projection spectra are taken at (a) 8 1.30, (b) 8 3.50, and (c) 8 5.16. 
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5.6  " I N V E R S E "  N M R  S P E C T R O S C O P Y  

5.6.1 1H-Detected Heteronuclear Multipledj~uantum Coherence 
(HMQC) Spectra 

A considerable enhancement of sensitivity is obtainable when nuclei 
with a low gyromagnetic ratio, like 1~C, are detected through their effects 
on the more sensitive nuclei, like ~H. Protons not coupled to the 1~C nuclei 
are suppressed by an initial bilinear (BIRD) pulse, so only protons directly 
bonded to the ~C nuclei produce cross-peaks in the 2D spectrum. The 
heteronuclear multiple-quantum coherence (HMQC) experiment (L. Mul- 
ler, 1979) has provided a highly sensitive procedure for determination of 
one-bond proton-carbon shift correlations. The pulse sequence for the 
HMQC spectrum is shown in Fig. 5.51. The BIRD pulse is followed by a 
delay "r whose magnitude is adjusted so the inverted magnetizations of 
protons not bound to the 13C nuclei pass through zero amplitude (as they 
change from the original to the final positive amplitude) when the first 
90 ~ pulse is applied. The relaxation time 7'1 of protons directly bonded to 
lsC nucleus is short, because of the presence of adjacent ~3C nuclei. So such 
nuclei relax efficiently, and the time between successive scans can be kept 
quite short (about 1.3T~ of the fastest-relaxing protons). 

The HMQC experiment is about 16 or 100 times more sensitive for ~C 
and ~SN detections, respectively, than the conventional heteronuclear shift- 
correlated experiment. The sensitivity advantage in this experiment (as well 
as in the HMBC experiment described later) is due to the fact that it relies 
on the equilibrium magnetizations derived from protons. Since this magnetiza- 
tion is proportional to the larger population difference in proton energy levels 
(rather than the smaller population difference of 13C energy levels), a stronger 
NMR signal is obtained. Moreover, since the strength of the NMR signal 

1 H 

9o~ ~ so~ 9o~ ,o,,o 

i 

xs C 
t~ 

B I R D  -~ 

90~ 9% 90~ Broadband decoulde 

11 
Figure 5.51 The pulse sequence employed for the HMQC experiment. 
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increases with the frequency of observation, a larger signal will be obtained 
at the higher proton observation frequencies than at the lower I~C observation 
frequencies. An HMQC spectrum of thermopsine is shown in Fig. 5.52. 

The HMQC spectrum of thermopsine contains one-bond heteronuclear 
shift correlations. The C-14, C-8, C-12, C-13, C-10, C-15, and C-17 carbons 
(8 25.4, 26.4, 28.3, 30.9, 46.3, 57.4, and 64.4, respectively) show one-bond 
interactions with the following methylenic protons: H-14a,/3 (45 1.30 and 1.8), 
H-8c~,/3 (45 1.4 and 1.6), H-12c~,/3 (45 1.85 and 2.05), H-13c~,/3 (45 1.6 and 1.8), 
H-10c~,/3 (45 4.25 and 3.65), H-15c~,/3 (45 1.95 and 2.65), and H-17c~,/3 (45 2.85 
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Figure 5.52 HMQC spectrum of thermopsine. 
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and 2.40), respectively. The C-5, C-3, and C4  carbons (8 107.7, 116.7, and 
141.2) show heteronuclear connectivities with their respective protons resonat- 
ing at 8 6.25, 6.40, and 7.40. The remaining methine protons at 8 2.15, 3.06, 
and 2.06 exhibit correlations with the C-9, C-7, and C-11 carbons (8 34.2, 
36.6, and 67.4), respectively. The one-bond heteronuclear shift interactions 
based on the HMQC spectrum are shown on the structure. 

5.6.2 Heteronuclear Multiple-Bond Connectivity (HMBC) Spectra 

In contrast to the HMQC experiment,  which provides connectivity 
information about directly bonded 1H-~C interactions (i.e., one-bond 
coupling), the HMBC (heteronuclear multiple-bond connectivity) exper- 
iment provides information about long-range 1H coupling interactions 
with ]~C nuclei. Like the HMQC experiment,  the HMBC experiment  is 
also an "inverse" experiment (i.e., the ~sC population differences are 
measured indirectly through their effects on ~H nuclei), and it is therefore 
significantly more sensitive than the conventional long-range heteronu- 
clear shift-correlated or 2D COLOC experiments. The pulse sequence used 
is shown in Fig. 5.53. The first 90 ~ ]~C pulse serves to remove the one-bond 
1j[:~ correlations so that cross-peaks due to direct connectivities do not 
appear, allowing long-range ]H-~~C connectivities to be recorded. The 
second 90 ~ ~sC pulse creates zero- and double-quantum coherences, which 
are interchanged by the 180 ~ ~H pulse. After the last 90 ~ ~sC pulse, the ~H 
signals resulting from ~H-~~C multiple-quantum coherence are modulated 
by ~:~C chemical shifts and homonuclear  proton couplings. 

It is easier to obtain a higher digital resolution in 2D experiments in 
the b~ domain than in the F~ domain, since doubling the acquisition time 
tz results in little overall increase in the experiment  time. This is so because 

x H 

~ ~-...- A 1 

13 C 

Figure 5.53 The pulse sequence for the HMBC experiment. 
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we can compensate for the increase by decreasing the relaxation delay 
between successive experiments.  However, if we double the max imum time 
reached during t~, we have to double the number  of t~ increments,  thereby 
not only increasing the total time taken for the exper iment  but also suffering 
a loss of signal due to relaxation during tl. This problem is avoided in the 
inverse experiment,  because C - H  correlation is detected via the pro ton  
spectrum, and the crowded proton region (requiring a higher  resolution) 
now lies in the F~ dimension, which has a high digital resolution, whereas 
the better-dispersed 13C spectrum (which requires a lower digital resolution) 
lies in the F~ dimension. 

The HMBC experiment,  like the 2D COLOC experiment,  is particularly 
useful for locating the quaternary carbons by identifying the various protons 
interacting with them through two-bond (~rcH), three-bond (~rcH), and occa- 
sionally four-bond (~rcH) interactions. An HMBC spectrum of griffithine, a 
new alkaloid isolated in our laboratory from Sophora griffithii (Atta-ur-Rah- 
man et al., 1992), is presented in Fig. 5.54. The spectrum was particularly 
helpful in joining individual structural fragments (established on the basis 
of COSY, HOHAHA, etc.) into a complete structure. It showed that the 
quaternary carbon at 8 148.05 was coupled to the protons at 8 6.04 (H-5), 
7.25 (H-4), 3.34 (H-13a), 3.12 (H-7a), and 2.05 (H-8). This quaternary 
carbon was therefore assigned to C-6, adjacent to C-5 and C-7. Such argu- 
ments led to the unraveling of the structure ofgriffithine. Other  examples of 
the HMBC exper iment  are presented as problems at the end of this chapter.  

5.7 INADEQUATE 

The NMR techniques discussed so far provide information about  pro- 
t on -p ro ton  interactions (e.g., COSY, NOESY, SECSY, 2D J-resolved), or 
they allow the correlation of protons with carbons or other  hetero atoms 
(e.g., hetero COSY, COLOC, heteroJ-resolved). The resulting information 
is very useful for structure elucidation, but it does not reveal the carbon 
framework of the organic molecule directly. One interesting 2D NMR 
experiment,  INADEQUATE (Incredible Natural Abundance Double Quan- 
tum Transfer Experiment) ,  allows the entire carbon skeleton to be deduced 
directly via the measurement  of 13C-13C couplings. 

Carbon is a mixture of two isotopes in its natural abundance.  The  major 
isotope, ~2C, occurs in a natural abundance  of 98.9%, but it is insensitive to 
the NMR experiment.  The minor isotope, lSC, occurs in a natural abun- 
dance of 1.1%; it is with this isotope that we are concerned in the INADE- 
QUATE and many other  NMR experiments.  Thus there will be only about  
one molecule in a hundred  with a particular carbon bearing the lSC isotope. 
To find two adjacent carbons bearing l~C isotope would be even less likely 
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(i.e., 1.1% • 1.1% ~ 1 in 10,000 molecules). The INADEQUATE experi- 
ment, which is based on the detection of ~sC-~3C interactions in such 
molecules, is therefore very insensitive, requiring about 500 mg of a com- 
pound of molecular weight 400-500, and scanning for 24-36 h before an 
experiment with an acceptable signal-to-noise ratio can be recorded. 

The INADEQUATE experiment is a homonuclear  NMR technique in 
which ~3C-~3C coupling satellites are detected after suppressing the stronger 
~3C-~H couplings. Historically, this technique evolved out of ideas con- 
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Figure 5.55 
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Single-spin energy-level diagram. 

cerned with determining the ~3C-13C coupling constants at natural abun- 
dance. But the concept has now emerged to be more general and useful. 
The theory behind the technique can be explained by exploiting two partic- 
ular properties of the coherence processes: (a) Multiple-quantum coher- 
ence, or MQC, can occur only in a coupled-spin system. (b) Multiple- 
quantum coherences have significantly different phase properties than 
single-quantum coherences. 

MQC can be understood by analogy with the more familiar single- 
quantum coherence. For instance, a spin -x/2 nucleus (such as IH or ~3C) 
has two energy levels, c~ and/3. The energy difference AE between these 
two levels can be related to the absorption of frequency, AE = hv (Fig. 
5.55). When the population is promoted from the lower to the upper  level 
after absorption of energy, the process is called a transition. In the NMR 
process we do not detect such transitions directly. Instead, we detect the 
evolution of magnetization in the xy-plane. This single-quantum coherence can 
be created by the application of a pulse on the equilibrium z-magnetization. 

In contrast, in a two-spin system the two nuclei coupled with each 
other by the coupling constant, J, will have four energy levels available for 
transitions (Fig. 5.56). Such a system not only has single-quantum coher- 

S ing,e qotu.//--7 
m I 

Double 

Single quantum 

Single quantum 
Single quantum 

Figure 5.56 Energy-level diagram representing two nuclei in a two-spin system 
coupled with each other. 
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ences (otot ---> Ba; ace --> orB; a B  ~ BB; B a  --~ BB) but also has a double- 
quantum transition (otot ---> BB) and a zero-quantum transition (a/3 -->/3a). 
These transitions cannot  be detected directly but can be detected by indirect 
procedures: forcing the magnetization to evolve at the double-quantum 
(or zero-quantum) frequency during a certain time period before it is 
converted by a mixing pulse into a single-quantum coherence for detec- 
tion. 

A two-dimensional INADEQUATE exper iment  therefore requires a 
pulse sequence capable of producing the following four changes in the 
spin and energy states: 

(a) It should create double-quantum coherence through an appropriate  
pulse sequence. 

(b) It should allow the double-quantum coherence to evolve during the 
incremented delays. 

(c) The evolution is then converted into observable magnetization by a 
"mixing"  or "detec t"  pulse. 

(d) The FID's are acquired and processed through double Fourier transfor- 
mation in the usual fashion. 

In the 2D INADEQUATE spectrum, the two adjacent t3C nuclei (say, 
A and X) appear  at the following coordinates: 

~A; ~a + 8x and 8x; ~a -~ ~X" 

Thus, if the vertical axis representing the double-quantum frequencies Vt~Q 

is defined by v~, and the horizontal axis representing the chemical shifts 
of the two carbons A and X is defined by v2, then both pairs of ~:~C satellites 
of nuclei A and X will lie on the same row (at va + vx), equidistant from 
the diagonal. This greatly facilitates identification. The advantage is that 
no overlap can occur, even when Jcc values are identical, since each pair 
of coupled ~3C nuclei appear on different horizontal rows. 

The basic INADEQUATE pulse sequence is: 

o o o 90,~-~- 180,2-'r-90,~- t~-0,2-Acq. 

The delay is generally kept at 1/49~:c. The coupling constant 9~:c for directly 
attached carbons is usually between 30 and 70 Hz. The first two pulses and 
delays (90~l-'r-180~2-'r) create a spin echo, which is subjected to a second 
90 ~ pulse (i.e., the second pulse in the pulse sequence),  which then creates 
a double-quantum coherence for all directly attached ~~C nuclei. Following 
this is an incremented evolution period tl, during which the double quan- 
tum-coherence evolves. The double-quantum coherence is then converted 
to detectable magnetization by a third pulse 0,2, and the resulting FID is 
collected. The  most efficient conversion of double-quantum coherence can 
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be achieved through a flip angle of 90 ~ but this makes the determination 
of the sign of the double-quantum coherence frequency difficult. Selection 
of the optimum double-quantum coherence transfer signal can also be 
made by cycling phase +2 of the pulse 0, but it requires a phase shift of 45 ~ 
which is difficult to implement. We can, however, detect the desired type 
of response selectively by designing the appropriate phase cycle. 

The 2D INADEQUATE spectrum of ce-picoline (Fig. 5.57) provides 
carbon-carbon connectivity information. The pairs of coupled carbons 
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Figure 5.57 Two-dimensional INADEQUATE spectrum of a-picoline. 
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appear on the same horizontal line, allowing them to be identified readily. 
A diagonal line is drawn between the satellite peaks, which occur at equal 
distances on either side of the diagonal. 

In order  to interpret  the spectrum, let us start with the most downfield 
carbon resonance and trace the subsequent ca rbon-carbon  connectivities. 
For instance, a horizontal line is drawn from satellite peak F, which corre- 
sponds to the most downfield carbon resonating at 8 158.6 (signal " f " ) ,  
to another  carbon resonance C at 8 123.0 (signal "c") ,  establishing the 
connectivities between the C-2 and C-3 carbons. A vertical line is then 
drawn upward from C to satellite peak C', which has another  satellite peak, 
D, at a mirror image position across the diagonal line on the horizontal 
axis. This establishes the connectivity of the C-3 carbon with C-4 (8 135.9). 
Similarly, satellite peak D', lying on the same vertical axis, shows connectivity 
with another  satellite peak, B, corresponding to the carbon resonating at 
8 120.6. By dropping a vertical line from B, we reach the point B', which 
has a mirror image partner, E, on the other side of the diagonal line, 
indicating connectivities of the C-5 and C-6 carbons (8 120.6 and 149.4, re- 
spectively). 

A line is then drawn vertically upward from F to satellite peak F'. The 
mirror image partner of F', appearing on the same horizontal axis, is A, 
which establishes the connectivity of the C-2 quaternary carbon with the 
attached methyl carbon (8 24.3). The carbon-carbon  connectivity assign- 
ments based on the 2D INADEQUATE experiment  are presented around 
the structure. 
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P R O B L E M  5 . 1 3  

1H/IH Homonuclear Shift Correlations by COSY-45 ~ Experiment 

The COSY-45 ~ spectrum of podophyllotoxin and its ~H-NMR data are 
shown. Assign and interpret  the ~H/~H cross-peaks in the COSY 
spectrum. 
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§ P R O B L E M  5 . 1 4  

1H/1H Homonuclear Shift Correlation by COSY-45 ~ Experiment 

T h e  COSY-45 ~ s p e c t r u m  o f  v a s i c i n o n e  a n d  ] H - N M R  d a t a  a re  s h o w n .  

Assign va r ious  p r o t o n s  o n  t h e  basis o f  c ross -peaks  in t h e  COSY-45 ~ 

s p e c t r u m .  
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P R O B L E M  5 . 1 5  

1H/1H Homonuclear Shift Correlations by DQF-COSY Experiment 

The DQF (double-quantum filtered)-COSY spectrum of an isoprenyl 
coumarin along with 1H-NMR data are shown. Determine the ]H/~H 
homonuclear interactions in the DQF-COSY spectrum. 
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P R O B L E M  5 . 1  6 

I H/1H Homonuclear Shift Correlations by Long-Range COSY-45 ~ Experiment 

The LR COSY-45 ~ spectrum and 1H-NMR chemical shifts of an isoprenyl 
coumarin are given below. Determine the long-range ~H/1H homonu-  
clear correlations based on the long-range COSY-45 ~ spectrum. Demon- 
strate with reference to problem -5.15 how they can be helpful in 
interconnect ing different spin systems? 
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P R O B L E M  5 . 1  7 

IH/IH Homonuclear Shift Correlations by SECSY Experiment 

The SECSYspectrum ofbuxapentalactone (a tri terpenoid isolated from 
Buxus papiUosa) along with the chemical shift assignments are given. 
The SECSY spectrum, a variant of COSY, allows the assignment of 
vicinal and geminal couplings between various protons. The display 
mode of SECSY spectra is different from that of normal COSY spectra. 
The spectrum comprises a horizontal line at ~ 0.0 (unmodula ted  sig- 
nals) and cross-peaks lying equidistant above or below it. When connect- 
ing such cross-peaks, the following considerations must be accounted 
for: (a) the cross-peaks to be connected should lie at equal distances 
above and below the horizontal line, and (b) all the connected cross- 
peaks should lie on parallel slanted lines. By dropping vertical lines from 
such connected cross-peaks to the horizontal line, we arrive at the chem- 
ical shifts of the coupled protons. By this method the coupled protons can 
easily be identified. Interpret the spectrum, and determine the homonu- 
clear correlations between various protons based on the SECSY spectrum. 
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IH/1H Homonuclear Shift Correlations by SECSY Experiment 

The SECSY spect rum of  an isoprenyl coumar in  along with the ~H- 
NMR chemical  shifts are shown. De te rmine  the h o m o n u c l e a r  shift 
correlations between various protons  based on the SECSY spectrum. 

. . _ .A__ /L__~  I t  

7.4 7.8 
H H 

6.2 
~" , I  H 

3.9 ~ / ~ , , ~  
cH3o" "y'," "~ 

5.4 I 
H--C--OH 

4.6 I ~ 
H--C--OH [12 

H 3 C - - C  4.9 
1.9 1 3 % ~  H 

14J 
H 5 . 1  

A L 

I 

,[0 7.0  

u' �9 

6 . 0  

Q 

. ~ |  . L .  
- p , v  

. . . . . . . . .  

it' ! I v - !  ! I 

5 . 0  4 . 0  3 . 0  2 . 0  

PPH 

.1.5, 

. 1 . 0  

-O.S 

. 0 . 0  PPH 

"0.5 

1.0 

1.5 

SECSY spectrum of a coumarin. 

P A R A M E T E R S  

F 2 - Acquisi~on Pammmms 

SOLVENT CDCIs 
FILl ldB 
DI 1.~)00000 sec 
PI 7.0 psoc 
DO 0.0000030 sec 

PO 7.0 psec 
SFOI 500 MI4z 
NS 32 
DS 2 

Ft - Aoquisiuon 

TD 256 

F 2 - Proc~in 8 Pmmmms 

SF 500 MHz 
WDW Q Sine 

SSB 0 

Ft - Pmcoming P m m e ~ s  

MC2 QF 
SF 50O MHz 
w s w  Q Sine 

SSB 0 



286 

§ P R O B L E M  5 . 1 9  

. - - . - - _ _ .  

5. Important 2D NMR Experiments 

u 

IH/IH Long-Range Total Homonuclear Shift Correlations by 
HOHAHA Experiment 

The HOHAHA spectrum (100 ms) of podophyllotoxin is presented. 
The HOHAHA, or TOCSY (total correlation spectroscopy), spectrum 
(100 ms) shows coupling interactions of all protons within a spin net- 
work, irrespective of whether they are directly coupled to one another 
or not. As in COSY spectra, peaks on the diagonal are ignored as 
they arise due to magnetization that is not modulated by coupling 
interactions. Podophyllotoxin has only one large spin system, extending 
from the C-1 proton to the C 4  and C-15 protons. Identify all homonu- 
clear correlations of protons within this spin system based on the cross- 
peaks in the spectrum. 
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H O H A H A  spectrum of podophyllotoxin. 
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I H / IH Long-Range Total Homonuclear Shift Correlations by 
HOHAHA Experiment 

The HOHAHA spectrum (100 ms) of vasicinone is shown. Interpret 
the spectrum, and determine the different spin systems from the cross- 
peaks in the spectrum. 

8.2.5 4.21 4.05 
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P R O B L E M  5 . 2 1  

;H/ 'C  One-Bond Shift Correlations by Hetero-COSY (HETCOR) Experiment 

The one-bond HETCOR spectrum and ~3C-NMR data of podophyllo- 
toxin are shown. The one-bond heteronuclear  shift correlations can 
readily be made from the HETCOR spectrum by locating the positions 
of the cross-peaks and the corresponding ~H and 8c chemical shift 
values. The IH-NMR chemical shifts are labeled on the structure. Assign 
the ~3C-NMR resonances to the various protonated carbons based on 
the heteronuclear  correlations in the HETCOR spectrum. 
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HETCOR spectrum of podophyllotoxin. 
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P R O B L E M  5 . 2 2  

IH/13C One-Bond Shift Correlation by Hetero-COSY Experiment 

The hetero-COSY spectrum of vasicinone along with the ~H-NMR as- 
signments and ~3C-NMR data are shown. Assign the ~aC-NMR chemical 
shifts to the various protonated carbons based on the one-bond hetero- 
nuclear shift correlations. 
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+ P R O B L E M  5 . 2 3  

1H/13 C One-Bond Shift Correlations by Hetero-COSY Experiment 

The hetero-COSY spectrum of 7-hydroxyfrullanolide, C]5H200~, a ses- 
qui terpene lactone, along with the 1H-NMR and I~C-NMR data are 
shown. Assign the 13C-NMR shifts to various protonated carbons based 
on the cross-peaks in the hetero-COSY spectrum. 
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P R O B L E M  5 . 2 4  

ZH/Z3C One-Bond Shift Correlations from the Hetero-COSY Experiment 

The HETCOR spectrum, I~C-NMR data, and ]H-NMR chemical shift 
assignments of buxoxybenzamine (C~sHsoN2Os) are presented below. 
Assign the ]3C-NMR chemical shifts to the various protonated carbons 
using the HETCOR plot. 
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§ P R O B L E M  5 . 2 5  

1H/13G-NMR Chemical Shift Correlations by HMQC Experiments 

The heteronuclear multiple-quantum coherence (HMQC) spectrum, 
1H-NMR chemical shift assignments, and 13C-NMR data of podophyllo- 
toxin are shown. Determine the chemical shifts of various carbons and 
connected protons. The HMQC spectra provide information about the one- 
bond correlations of protons and attached carbons. These spectra are fairly 
straightforward to interpret. The correlations are made by noting the 
position of each cross-peak and identifying the corresponding ~ and 
~c values. Based on this technique, interpret the following spectrum. 
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P R O B L E M  5 . 2 6  

1H/13C-NMR Chemical Shift Correlations by HMQC Experiments 

The HMQC spectrum, 1H-NMR chemical shift assignments, and 13C- 
NMR data ofvasicinone are shown. Consider the homonuclear  correla- 
tions obtained from the COSY spectrum in Problem 5.14, and then 
determine the carbon framework of the spin systems. 
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§ P R O B L E M  5 . 2 7  

IH/13C Long-Range Interactions from the HMBC Spectrum 

The HMBC spectrum of podophyllotoxin is shown. The cross-peaks 
in the HMBC spectrum represent long-range heteronuclear 1H/~C 
interactions within the same substructure or between different sub- 
structures. Interpretation should start with a readily assignable carbon 
(or proton), and then you identify the p ro ton /s  (or carbon/s)  with 
which it has coupling interactions. Then proceed from these protons, 
and look for the carbon two, three, or, occasionally, four bonds away. 
One-bond heteronuclear interactions may also appear in HMBC 
spectrum. 
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The 1H-NMR and ~C-NMR chemical shifts have been assigned and 
substructures have been deduced on the basis of COSY-45 ~ (Problem 
5.13) and other  spectroscopic observations. Interpret  the HMBC spec- 
t rum and identify the heteronuclear  long-range coupling interactions 
between the 1H and 1~C nuclei. 

§ 

§ P R O B L E M  5 . 2 8  

IH/'C Long-Range Interactions from the HMBC Spectrum 

The HMBC spectrum of vasicinone along with the 1H-NMR assignments are 
shown. Determine the ~H/lSC long-range heteronuclear shift correlations 
based on the HMBC experiment, and explain how HMBC correlations 
are useful in chemical shift assignments ofnonprotonated quaternary carbons. 
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§ P R O B L E M  5 . 2 9  

IH/13C Long-Range Shift Correlation by COLOC Experiment 

Like the HMBC, the COLOC experiment provides long-range hetero- 
nuclear chemical shift correlations. The COLOC spectrum, 1H-NMR, 
and I~C-NMR data of 7-hydroxyfrullanolide are presented here. Use 
the data to assign the quaternar 
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COLOC spectrum of 7-hydroxyfrullanolide. 

§ P R O B L E M  5 . 3 0  

Stereochemical Correlations by nOe Experiment 

The nOe difference and 1D ]H-NMR spectra (in C5D5N) of podophyllo- 
toxin are shown. Justify the stereochemical assignments of the C-2, 
C-3, and C-4 asymmetric centers based on the hOe data, assuming that 
the C-4 proton is B-oriented..  
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§ P R O B L E M  5 . 3 1  

nOe Difference Spectrum and Its Use in Structure Elucidation 

Two possible structures, A and B, were initially considered for a natu- 
rally occurring coumarin isolated from Murraya paniculata. Its nOe 
difference and ]H-NMR spectra are presented. The relevant ]H chemi- 
cal shift values are given around structure A. On the basis of the nOe 
data, identify the correct structure of the coumarin.  
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~H-NMR and nOe spectra of coumarin. 
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§ P R O B L E M  5 . 3 2  

Structural Information from NOESY Experiment 

The NOESY spectrum appears in a similar format as that of COSY 
spectra; i.e., unmodula ted  signals lie along the diagonal, whereas the 
chemical shift frequencies of a proton modulated by the chemical shift 
of another  proton that lies spatially close to it (dipolar coupling) gives 
rise to an off-diagonal NOESY cross-peak. This cross-peak appears at 
the junct ion of the chemical shift frequencies of the two protons. 
Three possible structures, A, B and C, were considered for buxatenone,  
C22H3002, a triterpene isolated from Buxus papillosa. The relevant lH- 
NMR chemical shifts have been assigned to the various protons. Assign 
the correct structure based on the NOESY interactions. 
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NOESY spectrum of buxatenone. 
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P R O B L E M  5 . 3 3  

Structural Information by NOESY Experiment 

The NOESY spectrum and 1H-NMR chemical shift assignments of 7- 
hydroxyfrullanolide are shown. Interpret the NOESY spectrum. What 
conclusions can you draw about the stereochemistry at C-6 and C-10? 
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NOESY spectrum of 7-hydroxyfrullanolide. 
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§ 

§ P R O B L E M  5 . 3 4  

Stereochemical Correlations by ROESY Experiment 

The ROESY spectrum affords homonuclear transverse nOe interactions 
as cross-peaks between the various dipolarly coupled hydrogens. This 
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may be compared  with NOESY spectra, which arise due to a decrease  
in the longitudinal magnetization (z-magnetization) of one nucleus (the 
irradiated nucleus) that causes an increase in the z-magnetization of  
ano ther  nucleus that  lies spatially close to the irradiated nucleus.  
ROESY spectra, on the o ther  hand,  involve an exchange  of transverse 
magnetization, i.e., magnet izat ion in the x'y'-plane. The  ROESY spec- 
t rum and 1H-NMR data of podophyl lo toxin  are shown. Deduce  the 
s tereochemistry and 1H-1H couplings in this compound .  
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§ 

5. Important 2D NMR Experiments 

P R O B L E M  5 . 3 5  

Homonuclear 2D ~Resolved Assignments 

Homonuclear 2D J-resolved spectra are generally used to determine 
the coupling constants and multiplicity of complex proton signals. In 
these spectra the chemical shifts of all the protons are displayed along 
one axis and the coupling constants along the other axis, thereby 
eliminating the overlap between close-lying multiplets. The homonu- 
clear 2D J-resolved spectrum of ethyl acrylate is shown. The ~H-NMR 
chemical shifts are assigned on the structure. Determine the approxi- 
mate coupling constants and multiplicities for each signal. 
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Homonuclear 2D J-resolved spectrum of ethyl acrylate. 
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§ P R O B L E M  5 . 3 6  

Carbon-Carbon Connectivity Assignment by 2D INADEQUATE Experiment 

The 2D INADEQUATE spectrum contains satellite-peaks representing 
direct coupling interactions between adjacent ~3C nuclei. The 2D INAD- 
EQUATE spectrum and ~3C-NMR data of methyl tetrahydrofuran are 
shown. Assign the carbon-carbon connectivities using the 2D INADE- 
QUATE plot. 
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2D INADEQUATE spectrum of methyl tetrahydrofuran. 

§ P R O B L E M  5 . 3  7 

Carbon-Carbon Connectivity Assignment by 2D INADEQUATE Experiment 

The 2D INADEQUATE spectrum and ~C-NMR data of 7-hydroxyfrulla- 
nolide are given. Determine the carbon-carbon connectivities, and 
subsequently build the entire carbon skeleton based on the 2D INADE- 
QUATE experiment. 



304 5. Important 2D NMR Experiments 

15 

C H 3  

"0 

muLrL~,~ 

18.75 CH3 
25.57 CH3 
17.65 CH2 
30.77 C H2  
32.55 cHz 
34.31 CH2 
38.16  C H2  
120.49 CH2 
80.95 C H  
32.07 C 
75.17 C 
126.39 C 
139.55 C 
144.42 C 
169.45 C 

o 

�9 , ,  , 

t * R "  

�9 Q 

| 

- , r - --r - �9 . . . . .  1 - , - , . . . . . . . . . . .  ,, 

, ~  1~ x~o 12o 1~o " ~ '  d ,m 2; 

" - 1 0 0 0 0  

10000 

HERTZ 

2D INADEQUATE spectrum of 7-hydroxyfrullanolide. 

PAR AMI~ " I~ .R s  

S O L V E N T  

SF 

DI 

PI 

iP9 

N$ 

NE 

W S W I  

WDW2 

$SBI 

$SB2 

IOO 

5SEC 

5MS 

1 o i ~  

5.3 

1o.6 

7.11 

32 

2 

256 

$ 

Q 

2 

2 



Solutions to Problems 305 

S O L U T I O N S  T O  P R O B L E M S  

~ 5 . 1  
2D J-Resolved NMR experiments are based on the elimination of chemi- 
cal shift modulations during tl, allowing the observation of J-coupling 
only in the F~ domain. Dephasing in the x 'y ' -p lane  after the initial 90 ~ 
pulse occurs due to both chemical shift effects and J-couplings in the 
system. The 180 ~ refocusing pulse at the end of tl reverses only the 
dephasing of chemical shifts, whereas the effect of J-coupling continues 
to modulate the observed nucleus during t2. This is then recorded as 
the second dimension in the 2D plot. 

~ 5 . 2  
In both experiments, chemical shifts and coupling constants are sepa- 
rated along the two axes. In homonuclear  2D J-resolved spectra, the 
chemical shifts are along one axis and the couplings with the same 
type of nucleus lie along the other axis (e.g., ~H chemical shifts along 
one axis and ~H/~H couplings along the other).  In heteronuclear 2D 
J-resolved spectra, however, one axis would contain the chemical shifts 
of one type of nucleus, e.g., 13C, while the other  axis would contain 
the coupling of the ~3C nuclei with another  type of nucleus, e.g., IH, 
i.e., 8c: along one axis and 9~:~ along the other. Both experiments are 
based on the same principle of J-modulation during the evolution 
period t~, but the pulse sequences are substantially different. This can 
be understood by considering the behavior of the magnetization vectors 
in a spin-echo experiment. Let us first consider vector dephasing due 
to spin-spin coupling and chemical shifts in a homonuclear  AX system. 
Application of the single 180 ~ pulse at this stage will not only affect 
the nucleus (A) which is being observed, but will also affect the coupling 
partner nucleus (X). The vector components  will therefore continue 
to diverge from each other at a rate governed by J, so the amplitudes 
of the signals detected during tz will be modulated according to their 
respective Jvalues ("J-modulation").  In the case of heteronuclear AX 
spin coupling, application of simultaneous 180 ~ pulses in the frequency 
range of both nuclei generates similar Jax modulation effects. The 
chemical shifts will be refocused at the end of t~ by the 180 ~ pulse, 
while heteronuclearJ-modulat ion effects are retained. 

5 . 3  
Homonuclear  shift-correlation spectroscopy (COSY) is a standard 
method for establishing proton coupling networks. Diagonal and off- 
diagonal peaks appear with respect to the two frequency dimensions, 
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F1 and F2. The off-diagonal peaks (cross-peaks) represent the direct 
coupling interactions between protons. Working through cross-peaks, 
one can easily correlate protons that are coupled to each other. Several 
versions of the COSY experiment have been designed to get opt imum 
performance in a variety of situations (such as DQF COSY, COSY-45 ~ 
and COSY-60~ 

5 . 4  
The 2D shift-correlation technique is based onJeener 's  original experi- 
ment and has now become the standard method for establishing 
pro ton-pro ton  coupling networks and proton-carbon connectivity. 
When we excite protons with a 90 ~ pulse and allow them to precess in the 
x'y'-plane, they acquire phases that differ according to the differences in 
their respective chemical shifts and J-coupling interactions. The second 
90 ~ pulse causes the mixing of spin states within a spin system. The 
x'y'-magnetization of one proton can thus be transferred to another  
coupled proton by a pulse applied along an axis in the x'y'-plane. The 
effect of this second 90 ~ pulse on the magnetization vector will vary, 
depending on its position in the x'y'-plane. Fourier transformation of 
these data will then yield a spectrum with two frequency axes, F~ and 
Fz. The "off-diagonal" peaks in the spectrum represent the spin-spin 
couplings between the protons. The peaks on the diagonal, however, 
represent unperturbed magnetization. 

5 . 5  
In the COSY-45 ~ spectrum, diagonal peaks are not important. The off- 
diagonal cross-peaks are the ones that arise due to vicinal and geminal 
coupling interactions between coupled protons of a spin system. In 
the COSY spectrum of ethyl acrylate, four cross-peaks are clearly visible. 
Cross-peak A represents the coupling interactions between the signals 
at 8 1.2 and 4.1, assigned to the C-2' methyl and C-I' methylene protons 
of the ethyl substituent. Cross-peak B is due to the COSY interaction 
of the proton at 8 5.7 (C-3Hb) with that at 8 6.0 (C-2Hx). The same 
proton (C-3Hb) is further coupled to 8 6.3 (C-3Ha), as is evident from 
cross-peak C. Cross-peak D represents the interaction between C-2Hx 
and C-3Ha. 
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~ 5 . 6  
One-dimensional double-resonance or homonuclear  spin-spin decou- 
piing experiments  can be used to furnish information about the spin 
network. However, we have to irradiate each proton signal sequentially 
and to record a larger number  of 1D IH-NMR spectra if we wish to 
determine all the coupling interactions. Selective irradiation (satura- 
tion) of an individual proton signal is often difficult if there are protons 
with close chemical shifts. Such information, however, is readily obtain- 
able through a single COSY experiment.  

~ 5 . 7  
The COSY-45 ~ exper iment  has the following major advantages over the 
basic COSY-90 ~ experiment.  

(i) The COSY-45 ~ spectrum has reduced intensity of the componen t  
signals near the diagonal. This simplifies this region, thereby mak- 
ing it possible to identify correlations that would otherwise be 
hidden in the cluster of peaks close to the diagonal. 
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(ii) The cross-peaks visible in the COSY-45 ~ spectrum represent  essen- 
tially the couplings between directly connected transitions. This 
allows us to determine the relative signs of the coupling constants. 

~ 5 . 8  
Decoupling in the vl dimension is carried out by fixing the interval 
between the two pulses to a value of te s and then applying a 180 ~ 
refocusing pulse after a variable tm delay following the 90 ~ pulse. Since 
the amplitude of the transferred magnetization depends on Jte, no J- 
modulation of the signal will occur during tl. The signal will therefore 
be modulated by the chemical shift frequency. It will be at a maximum 
at t l  - -  0, zero at t~ = ta/2, and maximum again at t l  - -  td. This results 
in the narrowing of cross-peaks along v~, and can facilitate the identifi- 
cation and assignments of the coupled protons, especially in cases 
where the protons lie close to one another.  Decoupled-COSY is the 
method of choice in molecules in which the cross-peaks are not  distin- 
guishable due to overlap in normal coupled COSY spectra, since in 
decoupled COSY spectra all the protons produce narrow cross-peaks 
at their chemical shifts on the v, axis. 

,0. 5 . 9  
The pulse sequence of the delayed-COSY experiment has a fixed delay 
at the end of the evolution period t~ and before the acquisition period 
tz. This results in the weakening and often the disappearance of stronger 
direct-coupling interactions (cross-peaks) and intensification of the 
weaker long-range interactions. This allows long-range couplings to be 
seen with greater clarity. 

5 . 1 0  
Exchange correlation spectroscopy (E. COSY), a modified form of 
COSY, is useful for measuring coupling constants. The pulse sequence 
of the E. COSY experiment has a mixing pulse/3 of variable angle. A 
number  of experiments with different values of/3 are recorded that 
eliminate the multiplet components  of unconnected transitions and 
leave only the multiplet components  for connected transitions. This 
simplified 2D plot can then be used to measure coupling constants. 

5 . 1 1  
SECSY (spin-echo correlated spectroscopy) is a modified form of the 
COSY experiment. The difference in the pulse sequence of the SECSY 
experiment is that the acquisition is delayed by time t~/2 after the 
mixing pulse, while the mixing pulse in the SECSY sequence is placed 
in the middle of the t~ period. The information content of the resulting 
SECSY spectrum is essentially the same as that in COSY, but the mode 
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of presentation is different. If the individual nuclei in the SECSY spec- 
trum are coupled to others with similar chemical shifts, then the F~ 
spectral width may be less and the resolution consequently higher in 
SECSY spectra than in COSY spectra. However, for routine purposes 
the SECSY experiment does not offer any significant advantages over 
the COSY experiment. 

5 . 1 2  
COSY and HETCOR experiments are extremely useful in the structure 
elucidation of complex organic molecules. The geminal and vicinal 
protons and their one-bond C - H  connectivities are first identified from 
the HETCOR spectrum, and then the geminal couplings are eliminated 
from the COSYspectrum, leaving vicinal connectivities. By careful inter- 
pretation of the COSY and the one-bond HETCOR spectra, it is then 
possible to obtain information about the carbon-carbon connectivities 
of the protonated carbons ("pseudo-INADEQUATE" information). In 
this way the carbon-carbon connectivity information of protonated 
carbons is obtainable through a combination of COSY and 
HETCOR experiments. 

Long-range carbon-proton coupling interactions provide import- 
ant information regarding coupling of protons with carbons across 
two, three, or four bonds (~j~:~, ~:~, 4~:H). Interaction of protons with 
quaternary carbons across two, three, or four bonds is particularly 
important in joining the various fragments together. 

5 . 1 3  
The COSY-45 ~ spectrum of podophyllotoxin shows several cross-peaks 
(A-G). The obvious starting point in interpretation is the most down- 
field member  of the spin network, i.e., the C-4/3 proton geminal to 
the hydroxy function, resonating at 8 4.70. This shows the coupling 
interaction with the C-3 proton (8 2.70) represented by cross-peak E 
in the spectrum. Cross-peaks A, B, and C are due to the correlation of 
the C-3 proton (8 2.70) with the C-2, C-15/3, and C-15c~ protons resonat- 
ing at 8 2.95, 8 4.10, and ~ 4.52, respectively. Cross-peak F establishes 
that the protons at 8 4.10 and 4.52 are coupled with each other. Cross- 
peak D corresponds to the coupling of C-2/3H (8 2.95) with the C-1 
proton (8 4.55). The chemical shift assignments based on COSY cross- 
peaks are presented around the structure. 
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5 . 1 4  
The COSY-45 ~ spectrum ofvasicinone displays two distinct spin systems, 
as indicated by square brackets. Cross-peaks A -H  represent coupling 
between five relatively upfield protons; cross-peaks I -K  are due to 
couplings between the aromatic protons. We start from the most down- 
field proton of the upfield spin system, resonating at 8 5.10, and trace 
all the other coupling interactions. For instance, the peak at 8 5.10 
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for the hydroxyl-bearing C-3 methine proton shows interactions with 
protons resonating at 8 2.20 and 2.70 (cross-peaks D and G). These 
two protons are also coupled with each other through cross-peak A, and 
they can therefore be assigned to the geminally coupled C-4 methylene 
protons. The C4  methylene protons also show couplings with a set of 
protons resonating at 8 4.05 and 4.21 (through cross-peaks B, C, E, F). 
The latter two protons are also found to be geminally coupled with 
each other through cross-peak H, and this can therefore be easily 
assigned to the C-5 methylene protons. 
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Signals falling in the second spin system represent aromatic meth- 
ine protons. Starting from the most downfield signal, at 8 8.25, repre- 
senting the C-8 methine proton (which appears downfield due to the 
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deshielding effect of the electron-withdrawing C-7 ortho carbonyl 
group), we can trace back the coupling interactions between various 
members of the spin network. For example, cross-peaks KandJ  (8 8.25/ 
7.85 and 8 8.25/7.52) represent the coupling of the C-8 methine proton 
with the C-10 (metacoupling) and C-9 (orth0coupling) methine protons. 
Cross-peak I (8 7.52/7.85) indicates the coupling between the C-9 and 
C-10 methine protons. The coupling between the C-10 (8 7.85) and 
C-11 (8 7.72) protons cannot be identified easily due to closeness of 
their chemical shifts. These COSY-45 ~ interactions are not only useful 
for determining the spin network but also help to confirm chemical 
shift assignments to the various protons. 

5 . 1 5  
The DQF-COSY spectrum of isoprenyl coumarin displays clean and 
well-formed cross-peaks, in contrast to the COSY-45 ~ spectrum. Two 
distinct spin systems are clearly visible in the spectrum. The upfield 
spin system comprises cross-peaks A and B; the downfield spin system 
contains cross-peaks C and D. The upfield spin system represents the 
oxygen-bearing methine protons and the vinylic protons. Cross-peak 
A represents the geminal interaction between the vinylic methylene 
protons resonating at 8 5.1 and 8 4.9. Cross-peak B is due to the 
coupling between C-12H (8 4.6) and C-11H (8 5.4). The downfield spin 
system falls in the aromatic region. Cross-peak D represents coupling 
between the aromatic C-5 (8 7.6) and C-6 (8 7.1) protons, respectively; 
the coupling between the C-3 and C-4 vinylic protons is inferred by 
cross-peak C in the DQF-COSY spectrum. 
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5 . 1 6  
The LR COSY-45 ~ spectrum of the coumarin exhibits several long-range 
correlations that are easily distinguishable in comparison to the DQF- 
COSY spectrum shown in Problem 5.15. Both spin systems have some 
additional peaks when compared with the DQF-COSY spectrum (Prob- 
lem 5.15). Cross-peaks A, B, C, and H represent the long-range interac- 
tions; cross-peaks D, E, F, and G are due to direct interactions. This is 
a common phenomenon in the long-range COSY spectra; i.e., not only 
do the long-range coupling interactions appear, but the stronger vicinal 
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(or geminal) couplings also often appear, though with suppressed 
intensities in comparison to the standard COSY-45 ~ spectrum. Cross- 
peaks A and B are due to the allylic interaction of the C-14 vinylic 
methylene protons (~5 5.1 and 4.9) with the methyl protons resonating 
at 8 1.9. Cross-peak C also represents the allylic interaction of the C- 
14 vinylic proton (8 5.1) with the C-12 methine proton (8 4.6). Cross- 
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peak D represents vicinal coupling between the C-11 and C-12 oxygen- 
bearing methine protons, while cross-peak E is due to geminal coupling 
between the C-14 vinylic protons. Cross-peak H represents the long- 
range interaction between the C-4 vinylic proton (8 7.8) and the C-5 
aromatic proton (8 7.6) in the molecule. The long-range interactions 
are presented as broken arrows; the direct couplings are displayed as 
solid arrows around the structure. As can be seen, the long-range 
interactions represented by broken lines can be used to connect differ- 
ent spin systems. 

5 . 1 7  

The SECSY spectrum of buxapentalactone displays a number  of off- 
diagonal peaks. Pairs of interconnected cross-peaks can be identified 
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by connecting cross-peaks that lie at equal distances above and below 
the horizontal line at iS 0.0 on parallel slanted lines. For example, cross- 
peak A connects to cross-peak A' by the diagonal line, establishing the 
connectivity of the proton at iS 3.02 (C-2/3H) with the protons at iS 2.65 
(C-1H). Another  cross-peak, B, of the same C-2/3H shows connectivity 
via a line parallel to the first diagonal line to cross-peak B' for C-2e~H 
at iS 1.75. Similarly, cross-peaks D and D' represent  vicinal connectivity 
between the C-1 protons (iS 2.65) and the C-2c~ proton. Cross-peaks C 
and C' are due to the geminal correlations of the C-16/3 proton (iS 
2.39) with the C-16c~ (iS 2.19) proton. The C-16/3 proton (iS 2.39) also 
shows vicinal interaction with the C-15/3 proton, as is apparent  from 
the cross-peaks E and E', respectively, in the spectrum. On the other 
hand, the C-15c~ proton (iS 1.62) shows cross-peaks F' and H' ,  represent- 
ing coupling with the C-16~ and C-15/3 protons resonating at iS 2.19 
and 1.74, respectively. These SECSYinteractions establish the respective 
positions of the various protons and are presented around the structure. 

5 . 1 8  
The SECSY spectrum of the coumarin presents cross-peaks for various 
coupled nuclei. These cross-peaks appear on diagonal lines that are 
parallel to one another.  By reading the chemical shifts at such connected 
cross-peaks we arrive at the chemical shifts of the coupled nuclei. For 
instance, cross-peaks A and A' exhibit connectivity between the vinylic 
C-4 and C-3 protons resonating at ~ 7.8 and 6.2, respectively. The C-4 
methine appears downfield due to its ~-disposition to the lactone car- 
bonyl. Similarly, cross-peaks B and B' show vicinal coupling between 
the C-5 and C-6 methine protons (8 7.6 and 7.1, respectively) of the 
aromatic moiety. The signals C and C' represent  the correlation be- 
tween the oxygen-bearing C-11 (8 5.4) and C-12 (8 4.6) methine protons 
in the side chain. These interactions are presented around the 
structure. 
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5 . 1 9  
The HOHAHA spectrum of podophyllotoxin shows interactions be- 
tween all protons of the spin systems in rings B and C of the molecule. 
Cross-peaks A, B, and C represent long-range interactions of the C-2 
proton (8 2.80) with the C-15 ~ and/3 protons (8 4.50 and 4.10), as 
well as with the C-4/3 proton (8 4.70). Cross-peak D represents geminal 
coupling between the C-15 (x and/3 protons (8 4.50 and 4.10). Cross- 
peaks E and F are due to the interactions of the C-4 proton (8 4.70) 
with the C-15/3 (8 4.10) and C-15~ (8 4.50) protons, respectively. Other 
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uncoupled protons only appear as diagonal peaks. The HOHAHA 
interactions between various protons of a spin-system are shown as 
broken lines on the structure. 
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5 . 2 0  
The presence of two very distinct spin systems can easily be inferred 
from the HOHAHA spectrum of vasicinone. The 10 cross-peaks A-J 
represent an upfield spin system in which five protons of ring C are 
participating. Cross-peak A represents geminal interaction between 
C4c~ and/3 protons (8 2.20 and 2.70), while cross-peak J represents 
geminal coupling between C-5c~ and/3 protons (8 4.05 and 4.21). Cross- 
peaks B, C, D, and E are due to vicinal coupling interactions of the 
C-4c~ and /3 protons with the C-5 methylene protons. Cross-peaks G 
and F indicate couplings between the oxygen-bearing C-3 methine 
proton (8 5.10) and C-4c~ and B methylene protons. Cross-peaks H and 
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I, however, represent  the only long-range interactions between C-5~ 
and/3 protons, and C-3 proton in the spin system (ring C). The down- 
field second spin system is represented by cross-peaks K-M due to the 
aromatic protons. Even the most downfield C-8 proton (~5 8.25) is seen 
to show a strong cross-peak L with the C-11 proton (8 7.72), a feature 
characteristic of HOHAHA spectra. The HOHAHA interactions are 
presented on the structure. 

5 . 2 1  
Twelve cross-peaks (A-L) are visible in the HETCOR spectrum of 
podophyllotoxin, representing 13 protonated carbons in the molecule. 
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The most upfield cross-peak, A, is due to the interaction of the C-3 
proton (8 2.70) with the most upfield carbon at 8 40.0. Cross-peaks B 
and C display heteronuclear interactions of the C-2 proton (8 2.80) 
with the carbon at 8 45.0 and the C-1 proton (8 4.50) with the carbon 
at 8 44.0, respectively. Cross-peaks F and G are due to the one-bond 
interactions of the C-15 methylene protons (8 4.10 and 4.50) with the 
same carbon resonating at 8 71.0, respectively. Cross-peak D represents 
heteronuclear interactions between protons of two magnetically equiva- 
lent methoxy groups (8 3.70) with their respective carbons (8 56.0), 
while cross-peak E displays heteronuclear coupling between the protons 
of the C-12 methoxy protons (8 3.77) and its carbon, which resonates 
at 8 60.7. Coupling between the protons and carbon of the methylenedi- 
oxy group is represented by cross-peak I (linking 81H 5.90 with 813(: 
101.4). Cross-peak K is due to the coupling interactions between mag- 
netically equivalent C-10 and C-14 methine protons and carbons; cross- 
peaks L andJ  represent heteronuclear couplings between H-5/C-5 and 
H-8/C-8, respectively. The ~~C-NMR chemical shift assignments based 
on heteronuclear one-bond correlations visible in the HETCOR experi- 
ment are displayed on the structure. 

5 . 2 2  
The HETCOR spectrum of vasicinone exhibits cross-peaks for all seven 
protonated carbons. Cross-peaks A-E represent heteronuclear cou- 
plings of ring C atoms, while cross-peaks F -H are due to heteronuclear 
couplings between the aromatic protons and carbons. The protons at 
8 4.05 and 4.21 show one-bond heteronuclear interactions (cross-peaks 
A and B) with the carbon resonating at 8 4:3.7. This confirms that the 
carbon at 8 43.7 is a methylene carbon, since two different protons 
show one-bond coupling interactions with it. The presence of another  
methylene is indicated by heteronuclear interactions (cross-peaks C 
and D) of the protons at 8 2.20 and 2.70 with the carbon at 8 29.4. 
The downfield proton signal at 8 5.10 displays one-bond interactions 
with the carbon at 8 72.2 (cross-peak E), which is assigned to the 
oxygen-bearing C-3. The cross-peaks F-I  are representative of ~C/IH 
couplings of the four protonated carbons of the aromatic ring. Cross- 
peak H represents coupling between the most downfield C-8 aromatic 
methine proton (8 8.25) and C-8 (8 126.7). The ~3C-NMR assignments 
based on the heteronuclear correlations are summarized around the 
structure. 
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5 . 2 3  
The one-bond hetero-COSYspectrum of 7-hydroxyfrullanolide exhibits 
interactions for all nine protonated carbons. The most downfield cross- 
peaks, K and L, represent one-bond heteronuclear correlations of the 
two vinylic exomethylenic protons resonating at 8 5.71 and 6.06 with 
the C-13 carbon (8 120.5). The C-6c~ proton, which resonates downfield 
at 8 4.97 due to the directly bonded oxygen atom, displays correlation 
with the carbon resonating at 8 80.9 (cross-peak D). Cross-peaks G and 
M represent ~Jcu interactions of the C-1 methylene protons (8 1.33 and 
1.31, respectively) with C-1 (8 38.1). Similarly, cross-peaks E and F 
display heteronuclear interactions of the C-8 methylenic protons (8 
1.48 and 1.72) with C-8 (8 30.7), while cross-peak C couplings of C-3 
methylene protons at 8 1.97 and 1.99 with C-3 (8 32.5). Couplings 
between the C-1 methylene protons and C-1 (8 38.1) can be inferred 
from cross-peak A, though in this case both the C-1 c~ and/3 protons 
resonate very close to each other (i.e., 8 1.31 and 1.33). Cross-peak C 
is due to C-9 methylene, while cross-peak I represents the C-15 methyl. 
The heteronuclear interactions between the most upfield C-2 methy- 
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lenic protons and C-2 are visible as cross-peak J and B. Cross-peak 
H represents one-bond heteronuclear  coupling between vinylic C-14 
methyl protons and C-14 carbon. Various other  one-bond hetero- 
nuclear interactions are delineated around the structure. 
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4, 5 . 2 4  
The most downfield cross-peaks, V-Y, are due to heteronuclear  cou- 
plings of the aromatic or vinylic protons and carbons. For instance, 
cross-peak Y represents heteronuclear  interaction between the C-1 
vinylic proton (8 5.56) and a carbon resonating at 8 134.0 (C-l). The 
downfield cross-peaks, V and W, are due to the heteronuclear correla- 
tions of the ortho and meta protons (8 7.34 and 7.71) in the aromatic 
moiety with the carbons resonating at 8 128.3 and 126.9, respectively. 
The remaining cross-peak X is due to the one-bond correlation of the 
C-4' aromatic proton (8 7.42) with the C-4' carbon appearing at 8 
131.4. The cross-peak U displays direct ~H/~SC connectivity between 
the carbon at 8 77.9 (C-6) and C-6 methine proton (8 4.70). The cross- 
peak T is due to the one-bond heteronuclear  correlation of carbon 
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resonating at 8 67.5 (C-2) with the C-2 methine proton (8 3.93). The 
downfield chemical shift values of C-2 and C-6 reflected the presence of 
geminal hydroxy and acetoxy functionalities at C-2 and C-6, respectively. 
The cross-peak R represents one-bond heteronuclear interaction of 
carbon resonating at 8 63.4 (C-11) with the C-11 proton (8 2.96). 
Another downfield cross-peak S was due to the heteronuclear interac- 
tions of C-3 proton (8 3.82) with a carbon resonating at 6 61.1. The 
cross-peak Q was due to the correlation of C-20 proton (8 2.44) with 
the C-20 carbon resonating at 6 61.5. The cross-peak P indicates the 
interaction of C-5 proton (8 2.50) with a carbon appearing at 6 53.4 
(C-5). Cross-peaks N and O represent correlation of C-19 protons (8 
2.70 and 1.65) with C-19 methylene carbon (8 44.4). Cross-peak K 
represents interaction between the Nb(CH~)2 protons (8 2.13) with the 
attached carbons appearing at 6 39.9. Cross-peak M is due to the 
interaction of carbon appearing at 6 41.0 (C-8) with C-8 proton (8 2.00). 
Cross-peaks I and J represent correlation of C-7 methylene protons (8 
1.95 and 1.54) with carbon resonating at 6 35.5. Cross-peaks H represent 
correlation of C-16 methylene protons (8 1.38 and 1.35) with a carbon 
appearing at 6 32.4. Cross-peaks E and F are due to the correlations 
between C-15 methylene protons (8 1.80 and 1.44) and C-15 (8 26.8). 
The cross-peak C indicates lH/~3C correlation between acetyl methyl pro- 
tons (8 1.98) and acetyl methyl carbon (8 21.6). Similarly chemical shifts 
of other protonated carbon was deduced from HETCOR plot. The chem- 
ical shift ofnonprotonated (quaternary) carbons are marked with asterisks. 

5 . 2 5  

The HMQC spectrum of podophyllotoxin shows heteronuclear cross- 
peaks for all 13 protonated carbons. Each cross-peak represents a 
one-bond correlation between the ~3C nucleus and the attached 
proton. It also allows us to identify the pairs of geminally coupled 
protons, since both protons display cross-peaks with the same carbon. 
For instance, peaks A and B represent the one-bond correlations 
between protons at 8 4.10 and 4.50 with the carbon at 8 71.0 and 
thus represent a methylene group (C-15). Cross-peak D is due to 
the heteronuclear correlation between the C4  proton at 8 4.70 and 
the carbon at 8 72.0, assignable to the oxygen-bearing benzylic 
C-4. Heteronuclear shift correlations between the aromatic protons 
and carbons are easily distinguishable as cross-peaks J -L ,  while I 
represents C / H  interactions between the methylenedioxy protons (8 
5.90) and the carbon at 8 101.5. The ~C-NMR and ~H-NMR chemical 
shift assignments based on the HMQC cross-peaks are summarized 
on the structure. 
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5 . 2 6  
The HMQC spectrum of vasicinone shows nine cross-peaks represent- 
ing seven protonated carbons, since two of them (i.e., A and B, and C 
and D) represent two methylene groups. The C-4e~ and/3 methylene 
protons (8 2.70 and 2.20) show one-bond heteronuclear correlations 
with the carbon resonating at 8 29.4 (cross-peaks A and B), while the 
C-5c~ and/3 methylene protons (8 4.21 and 4.05) exhibit cross-peaks 
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with the carbon signal at 8 43.7 (cross-peaks C and D). The oxygen- 
bearing C-3 proton at 8 5.10 displays interaction with the carbon at 8 
72.2 (cross-peak E). The four protonated carbons of the benzene ring 
appear at 8 134.5, 126.7, 126.3, and 127.1 and display one-bond interac- 
tions with the protons at 8 7.85, 8.25, 7.72, and 7.52 (cross-peaks G, 
H, I, and F, respectively). After establishing the coupling relationships 
between the carbons and the attached protons, careful examination of 
the COSY-45 ~ spectrum (Problem 5.14) provides indirect information 
about the carbon framework of the entire spin network based on 
~H-~H couplings. 

For instance, the COSY interactions between the proton geminal 
to the oxygen at 8 5.10 (attached to the methine carbon at 8 72.2) 
with the protons at 8 2.20 and 2.70 (methylenic protons at the C-4 
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carbon appearing at 8 29.4) indicate that the oxygen-bearing C-3 meth- 
ine (8 72.2) is directly bonded to C-4 (8 29.4). COSY interactions 
between the C-4 methylene and the C-5 methylene protons establish 
that the C-4 carbon (8 29.4) is attached directly to a methylenic carbon 
at 8 43.7 (C-5). A similar strategy can be followed to build the carbon 
framework of the aromatic spin system. For instance, the C-8 proton 
(8 8.25) showed COSY interaction with C-9 proton (8 7.52), which was 
vicinally coupled with the C-10 proton (~ 7.85). The C-10 proton also 
showed COSY coupling with the C-11 proton (Problem 5.14). Based 
on coupling interactions between the various aromatic protons visible 
in the COSY-45 ~ spectrum and 1H-~3C interactions obtained from the 
HMQC spectrum, we can very simply connect the carbons resonating 
at ~ 126.7, 127.1,134.5, and 126.3 in a framework. The l~C-NMR assign- 
ments to various carbons based on HMQC cross-peaks are presented 
around the structure. 

5 . 2 7  
The HMBC spectrum of podophyllotoxin exhibits a number of cross- 
peaks representing long-range heteronuclear interactions between the 
various carbons and protons. For instance, the downfield oxygen- 
bearing aromatic carbon(s) (8 147.6) can be recognized as the 
oxygen-bearing aromatic carbon(s), i.e., C-6 and C-7, and they exhibit 
HMBC interactions with the protons resonating at 8 7.07 and 6.46 
(cross-peaks A and D respectively). This establishes that the aromatic 
methine carbons C-5 and C-8 are bound to the oxygen-bearing 
quaternary carbons C-6 and C-7, respectively. Cross-peak B is due 
to the heteronuclear coupling interaction between the C-5 proton 
at 8 7.07 and the quaternary C-8a (8 131.1). Similarly, long-range 
heteronuclear relationships between the C-8 proton (8 6.46) and C- 
8a (cross-peak E) and between the C-1 proton (8 4.50) and C-8a 
(cross-peak N') are also visible in the HMBC spectrum. The C-4 
proton geminal to the oxygen atom, which is also the terminus 
of the largest substructure (i.e., spin system), exhibits long-range 
heteronuclear coupling interaction with C-3 (8 40.0; cross-peak K), 
establishing connectivity in the spin system. Cross-peaks N, O, O', 
P, and Q represent multiple-bond correlations of the C-1 proton (8 
4.50) with the C-9, C-8, C-10, C-2, and C-3 carbons, respectively. 
Cross-peak L represents a one-bond interaction between the oxygen- 
bearing C-4 proton (8 4.70) and C-4 (8 72.0), while cross-peak K 
is due to the long-range interaction of the C-4 proton with the 
quaternary C-4c~. The C-2 carbon showed a one-bond interaction 
with the C-2 proton (cross-peak T) and long-range heteronuclear 



Solutions to Problems 329 

interactions with the C-15c~ and C-4 protons, respectively, as displayed 
by cross-peaks Q and M. The heteronuclear multiple-bond correlations 
in the HMBC plot are presented around the structure. 
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5 . 2 8  
The HMBC spectrum of vasicinone displays long-range heteronuclear 
shift correlations between the various ~H/~3C nuclei. These correlations 
are very helpful to determine the ~3C-NMR chemical shifts of quaternary 
carbons and allow the interlinking of the different substructures obtained. 

Cross-peaks A and B represent interactions of the C-4 proton (H~) 
resonating at 8 2.20 with the C-3 and C-5 carbons (8 72.2 and 43.7, 
respectively). Cross-peak C corresponds to the coupling between the 
G-4 proton (8 2.70) (H~) with the C-2 iminic carbon (8 160.4). Cross- 
peaks D, E, and F represent long-range correlations between the C-5c~ 
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proton (8 4.05) and the iminic C-2 (8 160.39), the oxygen-bearing C-3 
(8 72.2), and the C-4 methylene (8 29.4) carbons, respectively. Cross- 
peaks G, H, and I are due to the coupling of C-5H/3 (8 4.21) with the 
same set of carbons (i.e., C-2, C-3, and C-4), thereby further confirming 
the l~C-NMR chemical shift assignment of the C-2 quaternary iminic car- 
bon. A one-bond correlation of the C-3 proton (8 5.10) with the carbon 
resonating at 8 72.2 is alsorepresented by cross-peakJ in the spectrum. 
Correlations between the aromatic methine protons and carbons appear 
as cross-peaks K-M in the HMBC plot. For instance, cross-peaks M, N, 
and O represent long-range shift correlations between the C-8 proton (8 
8.25) and the C-7 carbonyl carbon (8 160.0), quaternary C-7a (8 148.0), 
and C-10 methine carbon (8 134.5). These correlations not only help in 
the chemical shift assignments of nonprotonated C-7a and C-7, but also 
indicate that the aromatic spin system is linked to the aliphatic spin sys- 
tem through the amidic carbonyl at one end and the iminic nitrogen at 
the other. Various long-range heteronuclear shift correlations based on 
the HMBC experiment are shown on the structure. 

5 . 2 9  

The COLOC spectrum of 7-hydroxyfrullanolide shows long-range (~, 
~], and ~]) heteronuclear interactions of various carbons with protons 
that are two, three, or four bonds away and thus provides a tool to 
identify the signals of nonprotonated (quaternary) carbons. The 1H- 
NMR and ~3C-NMR data along with the multiplicities of the signals 
(determined by DEPT and broad-band experiments) are essential for 
the interpretation of the COLOC plot. Cross-peaks A-C represent ~/" 
interactions of the C-1 methylene protons (8 1.33 and 1.31) with the 
carbons at 8 34.3 (CH2), 25.6 (CH~), and 30.7 (CH2) assigned to C-9, 
C-15, and C-8, respectively. The C-2 protons (8 1.56 and 1.45) exhibit 
cross-peaks D and E with the carbon resonances at 8 32.5 (CH2) and 
32.0 ( - -C  m).  These carbon resonances are therefore assigned to the 
C-3 methylene carbon and the C-10 quaternary carbon, respectively. 
Cross-peak F is due to the heteronuclear interaction of the C-6 proton 
(8 4.97) with a downfield quaternary carbon at 8 126.3, assigned to 
the olefinic C-5. The exomethylenic protons at 8 5.71 and 6.06 exhibit 
three sets of cross-peaks, G, H, and I, displaying their respective hetero- 
nuclear interactions with the quaternary carbons at 8 75.1,144.4, and 
169.4. These downfield quaternary signals are assigned to the oxygen- 
bearing C-7, olefinic C-11, and ester carbonyl C-12, respectively, based 
on their chemical shifts. The C-6 proton (8 4.97) also shows a ~interac- 
tion (cross-peak J) with a quaternary carbon at 8 139.5, which may be 
ascribed to the C-4 olefinic carbon. The chemical shift assignments to 
various quaternary carbons based on long-range heteronuclear COLOC 
interactions are presented around the structure. 
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5 . 3 0  

Assuming a/3-orientation of the C-1 methine proton (8 4.8), the stereo- 
chemistry at other centers can be assigned. For instance,/3-orientation 
of the C-2 methine proton (8 3.2) is confirmed by nOe interaction 
between C-2 and C-1 protons. Selective irradiation of C-1 proton (8 
4.8) result an nOe on C-2 proton (8 3.2) and C-15/3 proton (8 4.2) 
(spectrum a). When overlapping signal of C-3 and C-2 protons (8 3.2) 
was irradiated (spectrum b), nOe effects on C-4aH (8 5.1), C-laH (8 
4.8) and C-15aH (8 4.7) were observed. The nOe between the C-4 
proton (8 5.1) and to C-2H (8 3.2) indicates that they both are /3- 
oriented (spectrum c). 
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5 . 3 1  
The nOe difference measurements not  only help in stereochemical 
assignments but also provide connectivity information. A large nOe at 
8 6.91 (C-8H), resulting from the irradiation of the methyl singlet of 
the methoxy group (8 3.94), confirms their proximity in space. This 
nOe result is consistent with structure A for the coumarin. 
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5 . 3 2  
The NOESY spectrum of buxatenone shows four cross-peaks, A-D. 
Cross-peak B represents the dipolar coupling between the most upfield 
C-19 cyclopropyl proton (8 0.68) with the most downfield olefinic 
proton (8 6.72). This could be possible only when the double bond is 
located either between C-1 and C-2 or between C-11 and C-12. The 
possibility of placing a double bond between C-11 and C-12 can be 
excluded on the basis of chemical shift considerations, since conjuga- 
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tion with the carbonyl group leads to a significant downfield shift of 
the olefenic protons/3- to the carbonyl group. Cross-peaks A, C, and 
D are due to couplings between C-1H/C-2H, C-16c~H/C-16/3H, and C- 
19c~H/C-19/3H, respectively. 
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5 . 3 3  
The NOESY spectrum of 7-hydroxyfrullanolide reveals the spatial prox- 
imities between the various protons. Cross-peak D arises from the gemi- 
nal coupling between the exomethylenic geminal protons (8 5.71 and 
6.06). Dipolar interaction between the C-6 proton (8 4.97) and the 
allylic methyl protons (8 1.64) is inferred from cross-peak C. This 
interaction is possible only when the C-6 proton is c~-oriented. The C- 
1/~ and C-2/~ protons (8 1.31 and 1.45, respectively) exhibit cross-peaks 
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A and B with the angular methyl protons resonating at 8 0.94. This 
establishes that the C-10 methyl is/3-oriented. Important  NOESY inter- 
actions are presented around the structure. 
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5 . 3 4  
The ROESY spectrum of podophyllotoxin exhibits a number  of cross- 
peaks (A-D) representing interactions between dipolarly coupled 
(space coupling) hydrogens, which can be helpful to determine the 
stereochemistry at different asymmetric centers. For example, based 
on the assumption that the C-1 proton (8 4.53) is/3-oriented, we can 
trace out the stereochemistry of other asymmetric centers. Cross-peak 
"B" represents dipolar coupling between the C-1 proton (8 4.53) and 
the C-2 proton (8 2.8), thereby confirming that the C-2 proton is also 
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/3-oriented. The C-4 proton resonating at 8 4.7 also exhibits cross- 
peak "C"  with the C-2 proton (8 2.8), thereby indicating its/3-stereo- 
chemistry in space. The/3-position of the C-1 proton establishes the 
a-stereochemistry of the attached substituted aromatic ring D. The C- 
15a proton resonating at 8 4.5 shows a cross-peak with the C-15/3 proton 
(cross-peak D) as well as vicinal interactions with the C-3a proton (8 
2.7) (cross-peak A). These interactions could only be possible if the 
hydroxyl group at the C,4 position possesses a-orientation. The homo- 
nuclear transient nOe interactions based on the ROESY spectrum are 
shown on the structure. 

u 4.7 OH 2.7 4.50 

�9 b "~, ? ...--- ~.I 

H 6 . 4 6  " 2 .8  

C t t 3 0 ~ O ~ - t 3  

OCtt3 

t -t  ~ . , 

Q~ 

�9 . # f  
, /  : l  

D 

..Q" 

/ 
r 

A 

C 

7.0 6.0 5.0 

- v  . . . .  

4.0 
PPH 

3.0 2.0 

2.0 

3.0 

4 . 0  

5.0 

6.0 

7.0 

P ~  



Solutions to Problems 339  

5 . 3 5  
The homonuclear  2D J-resolved spectrum of ethyl acrylate shows signals 
for all five magnetically distinct protons. The most downfield signal, 
A, represents the C-3Ha vinylic proton, which is coupled to both C-3Hb 
and C-2Hx; and it therefore resonates as a double doublet at 86.3 with 
the coupling constantsJ = 1.5 Hz and 17.0 Hz. The coupling constants 
are determined by measuring the distance between the centers of 
different components of multiplets. This is more accurately done after 
plotting the corresponding projections so that the centers of the peaks 
can be determined. The vertical axis has a J scale in hertz. The C-3Hb 
and C-2Hx protons represented by the signals B and C, respectively, in 
the spectrum also resonate as double doublets at their respective posi- 
tions (85.7 and 6.0, respectively). Signals D and E appear as a quartet 
and triplet for the methylene (84.1) and methyl (81.2) protons, with 
approximate coupling constant o f J  = 7.4 Hz. 
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5 . 3 6  
In order to establish the ca rbon-carbon  connectivities, a horizontal 
line is drawn between satellite peaks that lie at equal distances on either 
side of the diagonal. For example, a horizontal line is drawn from 
satellite peak A, which corresponds to the carbon resonating at ~ 17.9 
(signal "a")  to another  cross-peak, B, at 8 34.0 (signal "b" ) ,  indicating 
that the two carbons are connected with each other  by a C-C bond. 
A vertical line is next drawn from B downward to the satellite B~ B~ 
has another  pair of satellites, C, on the same horizontal axis, thereby 
establishing the connectivity between the carbons at 8 34.0 and 8 34.7 
(signal "c") .  Similarly, satellite peak B2 is connected to another  satellite, 
E, thereby establishing the connectivity between the carbons resonating 
at 8 34.0 and 74.7 (signal "e") .  By dropping a vertical line from satellite 
peak C, we reach C~. Its "mirror  image" partner satellite on the other 
side of the diagonal line is D, thereby establishing the connectivity 
between the carbon at 8 34.7 with the carbon at 8 67.6 (signal "d" ) .  
These ~C-~3C connectivities are presented around the structure of 
methyl tetrahydrofuran. 
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5 . 3 7  

The 2D INADEQUATE spectrum provides ca rbon-carbon  connectivity 
information and allows the entire carbon framework to be built up. 
The best strategy for the interpretation of a complex INADEQUATE 
spectrum is to start with the most downfield satellite carbon resonance 
and to trace the subsequent 1~C-13C connectivities. Using this strategy, 
the signal at 8 169.4 for the carbonyl carbon, which appeared as satellite 
peak A in the spectrum, was chosen as the starting point. A horizontal 
line from satellite peak A to another  peak, B (8 144.4), connects the 
C-12 and C-11 carbons. A vertical line is next drawn upward to the 
satellite peaks B' and B", which have other pairs of satellites peaks, C 
and D, at mirror image positions across the diagonal on the horizontal 
axis, thereby establishing the connectivity of the C-11 olefinic quater- 
nary carbon (8 144.4) with C-13 and C-7 (8 120.5 and 75.1), respectively. 
Similarly, satellite peaks D' and D" on the same vertical axis show 
connectivities with other satellites, E and K, respectively, which corre- 
spond to the C-6 and C-8 carbons (8 80.9 and 30.7), respectively. By 
drawing a line vertically upward from peak K to K' and then a horizontal 
line across the diagonal connecting the cross-peaks K' and L, the inter- 
action between the C-8 and C-9 carbons (8 30.7 and 34.3, respectively) 
can be traced out. The C-9 methine carbon does not show any coupling 
interaction with the C-10 carbon (8 32.0) in the spectrum. This serves 
to illustrate the point that while the presence of a double-quantum 
peak in the 2D INADEQUATE spectrum provides concrete evidence 
of a bond, the absence of such a peak does not necessarily prove that 
a bond is absent. By considering these interactions, fragment 1 could 
be obtained. 

A horizontal line between satellite peaks E' and F establishes the 
connectivity between the C-6 and C-5 carbons (8 80.9 and 126.4), 
respectively. The mirror image partners of satellites F' and F" appearing 
on the same horizontal axis are M and G, thereby establishing the 
connectivity of the C-5 carbon with the C-10 and C-4 carbons resonating 
at 8 32.0 and 139.5, respectively. Signals G' and G", which correspond 
to the C-4 carbon, can be similarly connected to satellites H and I, so 
connectivities of the C-4 carbon with the C-3 and C-14 carbons resonat- 
ing at 8 32.5 and 18.7, respectively, can be deduced. The two pairs of 
satellites (J-W) and (J ' -N) establish connectivities of the C-2 carbon 
(8 17.6) with the C-3 and C-1 carbons (8 32.5 and 38.1, respectively). 
On the other hand, satellites M' and M", lying vertically, indicate con- 
nectivities of the C-10 carbon (8 32.0) with the C-1 ( M ' - N ' )  and C-15 
(M"-Q) carbons (8 38.1 and 25.5, respectively). These connectivities 
lead to a fragment 2. 



By joining fragments 1 and 2 together, the following structure for 
7-hydroxyfrullanolide was deduced. 
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C H A P T E R  6 

The 

Thzrd 

Dimension 

6.1 B A S I C  P H I L O S O P H Y  

The basic philosophy of three-dimensional NMR spectroscopy was in- 
herent in triple-resonance experiments, in which a system under  pertur- 
bation by two different frequencies is subjected to further perturbation 
by a third frequency (Cohen et al., 1963). With the development of two- 
dimensional NMR spectroscopy (Aue et al., 1976; Chandrakumar and Subra- 
manian, 1987), it was only a matter of time before 3D NMR experiments 
were introduced, particularly for resolving heavily overlapping regions of 
complex molecules. The earlier 3D experiments included 3D J-resolved 
COSY (Plant et al., 1986), 3D correlation experiments (Griesinger et al., 
1987b,c), and 3D combinations of shift-correlation and cross-relaxation 
experiments (Griesinger, et al., 1987c; Oschkinat et al., 1988). These illus- 
trated the potential and power of three-dimensional methods. Three- 
dimensional NMR experiments can be directed at two main objectives: (a) 
unraveling complex signals that overlap in 1D and 2D spectra, and (b) 
establishing connectivity of nuclei via J-couplings or their spatial proximity 
via dipolar couplings or cross-relaxation effects. 

Two-dimensional spectroscopy has two broad classes of experiments: 
(a) 2D J-resolved spectra (M/~ller et al., 1975; Aue et al., 1976), in which 
no coherence transfer or mixing process normally occurs, and chemical 
shift and coupling constant frequencies are spread along two different axes, 

§ § § § § § § 3 4 5  
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1 RATION LUTION MIXING DETECTION 

2D EXP. 
2 

3D EXP. 

PREPA- t ] RATION EVOLUTION MIXING DETECTION 

] RATION OLUTION 1 MIXING I EVOLUTION 2 

tl  - - ' - - ~  tz = 

DETECTION ] 

t3----.----~ 

Figure 6.1 Pulse sequence for 3D experiments obtained by merging two different 
2D sequences. (Reprinted from J. Mag. Reson. 84, C. Griesinger, et al., 14, copyright 
(1989), with permission from Academic Press, Inc.) 

(0~ and (02, and (b) 2D shift-correlation spectra, involving either coherent  
transfer of magnetization [e.g., COSY (Aue et al., 1976), hetero-COSY 
(Maudsley and Ernst, 1977), relayed COSY (Eich et al., 1982), TOCSY 
(Braunschweiler and Ernst, 1983), 2D mult iple-quantum spectra (Braun- 
schweiler et al., 1983), etc.] or incoherent  transfer of magnetization (Kumar 
et al., 1980; Machura and Ernst, 1980; Bothner-By et al., 1984) [e.g., 2D cross- 
relaxation experiments,  such as NOESY, ROESY, 2D chemical-exchange 
spectroscopy (EXSY) (Jeener et al., 1979; Meier and Ernst, 1979), and 2D 
spin-diffusion spectroscopy (Caravatti et al., 1985) ]. 

In three-dimensional experiments,  two different 2D experiments  are 
combined, so three frequency coordinates are involved. In general, the 3D 
exper iment  may be made up of the preparation,  evolution (tl), and mixing 
periods of the first 2D experiment,  combined with the evolution (t2), mix- 
ing, and detection (~) periods of the second 2D experiment.  The 3D signals 
are therefore recorded as a function of two variable evolution times, tl and 
t2, and the detection time t~. This is illustrated in Fig. 6.1. 

Three-dimensional  NMR spectra, like 2D NMR spectra, may be broadly 
classified into three major types: (a) 3D J-resolved spectra (in which the 

Figure 6.2 Pulse sequences for some common 3D time-domain NMR techniques. 
Nonselective pulses are indicated by filled bars. Nonselective pulses of variable flip 
angle are shown by the flip angle /3. Frequency-selective pulses are drawn with 
diagonal lines in the bars. (Reprinted from J. Mag. Reson. 84, C. Griesinger, et al., 
14, copyright (1989), with permission from Academic Press, Inc.) 
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chemical shift frequencies and homonuc lea r  or he te ronuclear  coupl ing 
frequencies are resolved in three different dimensions,  no coherence  trans- 
fer or mixing process being normally involved); (b) 3 D  shi f t -correlated spectra, 

in which three resonance frequencies are correlated by two coheren t  or 
incoherent  transfer processes. The two transfer processes may be h o m o n u -  
clear or he te ronuclear  and may involve transfer of  antiphase coherence  
(e.g., COSY) or in-phase coherence  (e.g., TOCSY), leading to such 3D 
exper iments  as COSY-COSY, COSY-TOCSY, and hetero-COSY-TOCSY. It is 
possible to have combinat ions of J-resolved and shift-correlated spectra, 
e.g., 3D J-resolved COSY in which the 2D COSY spectrum is spread into a 
third dimension through scalar coupling (Plant et al., 1986; Vuister and 
Boelens, 1987); (c) 3 D  exchange  spectra, in which two successive exchanges 
are recorded.  The exchange processes may involve either chemical ex- 
change (EXSY) or cross-relaxation in the laboratory frame (NOESY) or in 
the rotating frame (ROESY) e.g., NOESY-ROESY or EXSY-EXSY spectra. 

In some of the most useful 3D experiments ,  the coheren t  transfer of 
magnetization (e.g., COSY) may be combined  with incoherent  magnetiza- 
tion transfer (e.g., NOESY) to give such 3D exper iments  as NOESY-COSY 
or NOESY-TOCSY (Griesinger et al., 1987c; Oschkinat  et al., 1988; Vuister 
et al., 1988). Such 3D experiments  are finding increasing use in the study 
of biological molecules. 

Since there are two time variables, t~ and t2, to be incremented  in a 
3D exper iment  (in comparison to one time variable to increment  in the 
2D exper iment) ,  such exper iments  require a considerable data storage 
space in the compute r  and also consume much time. It is therefore practical 
to limit such exper iments  to certain limited frequency domains  of interest. 
Some common  pulse sequences used in 3D t ime-domain NMR spectroscopy 
are shown in Fig. 6.2. 

6.2 TYPES A N D  P O S I T I O N S  O F  PEAKS IN  3D SPECTRA 

Five different types of peaks can occur in 3D spectra. These are illus- 
trated in an ABC spin system, in which the Larmor  frequencies of the three 
nuclei are VA, Vn, and vc, and the coherence  transfers are associated with 
two different mixing processes, M~ and Me: 

MI M~ 
Cross-peaks va ~ vR vc 
Cross-diagonal peaks (0J~ = c0~) v a - - - - - - - ~  va------"~vB 
Cross-diagonal peaks (c0~ = c0~) va ' vB .v~ 
Back-transfer peaks va ' vB ' VA 
Diagonal peaks va ~ va ~ va 
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The  cross-peaks arise when  two dif ferent  mixing processes lead to t ransfer  
of  magnet izat ion.  Cross-peaks correlate  th ree  La rmor  f requenc ies  and  
hence  provide in format ion  on  connectivity or  spatial proximity of  sets 
of  three  nuclei.  In a COSY-COSY spect rum,  for instance, they provide  
in format ion  on  three  nuclei  coup led  with one  another .  In the case of  cross- 
diagonal peaks, only one  mixing process is involved in the magne t i za t ion  
transfer, while diagonal peaks involve no magnet iza t ion  transfer  at all. Back- 
transferpeaks arise by the re t ransfer  of  magnet iza t ion  to the original  nucleus,  

a 

Pair No. 1 

( 

Pair No. 2 

NOE 

NOE 

+ 

b 2D-NOESY spectrum 

HA 

,//.o 
~ /  Overlapping 

cross-peak 
1H 

Hs 

HD 

C 3D-HMQC-NOESY 

H A IH 

Hc 

Figure 6.3 Schematic representation of the resolution advantages of 3D NMR 
spectroscopy. (a) Both pairs of protons have the same resonance frequency. 
(b) Due to the same resonance frequency, both pairs exhibit overlapping cross- 
peaks in the 2D NOESY spectrum. (c) When the frequency of the carbon atoms is 
plotted as the third dimension, the problem of overlapping is solved, since their 
resonance frequencies are different. The NOESY cross-peaks are thus distributed 
in different planes. 
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ra ther  than its being passed on to the third nucleus; hence,  two magnetiza- 
tion transfer processes are again involved. Back-transfer peaks provide inter- 
esting information in spectra in which unequal  mixing processes are in- 
volved. For instance, in a NOESY-TOCSY spectrum they would allow us to 
identify protons  that are spatially close and part  of the same spin system 
(Oschkinat  et al., 1989). 

Increasing the number  of dimensions from two to three may result in a 
reduction in the signal/noise (S/N) ratio. This may be due either to the distribu- 
tion of the intensity of the multiplet lines over three dimensions or to some of 
the coherence transfer steps being inefficient, resulting in weak 3D cross-peaks. 

VA VB vc p 

VB 

~'" "Ik v^ -- -~ - V (col =r CROSS-DIAGONAL PEAKS 

-r . . . .  Q i  �9 BACK-TRANSFER PEAKS 

"- db ( ~  =~)  CROSS-DIAGONAL PEAKS 
/ "" / vB" 

d b . . . . .  I~  I I �9 DIAGONAL PEAKS 
/ / ! 

# �9 I 

VA 

(r =r ( ~  =r 

CROSSDIAGONAL BACKTRANSFER PLANE CROSSDIAGONAL PLANE 

b c d 

I 

: Z 

Figure 6.4 Three-dimensional spectrum of a three-spin system showing peak types 
appearing in a three-dimensional space. Three diagonal peaks, six (tol = to2) and 
six (toe = to3) cross-signal peaks, six back-transfer peaks, and six cross-peaks are 
present in the cube. (a) The cubes (b-d) represent three planes in which cross- 
diagonal peaks and the back-transfer peaks appear on their respective (to] = to~), 
( to2 --- t o3 ) ,  and (c01 = to.~) planes. (Reprinted from J. Mag. Reson. 84, C. Griesinger, 
et al., 14, copyright (1989), with permission from Academic Press, Inc.) 
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The major  advantage of 3D spectra is that  they can enhance  resolut ion 
of overlapping cross-peaks in 2D spectra. This is presented in schematic 
form in Fig. 6.3. Let us consider two pairs of protons  at tached to four  
different carbons, and assume that each pair has the same resonance  fre- 
quency. Let us also assume that p ro ton  A is spatially close to p ro ton  B 
and gives rise to a cor responding  cross-peak in the 2D NOESY spectrum. 
Similarly, p ro ton  C is spatially close to p ro ton  D and also gives rise to a 
second cross-peak in the 2D NOESY spectrum. However, since pro tons  A 
and C have the same resonance frequencies, as do protons  B and D, the 
two cross-peaks would overlap and only a single cross-peak would actually 
be observed. If we could somehow int roduce a third dimension,  say, the 
13C chemical shift, then the two overlapping cross-peaks would be separated,  
since the carbon atoms to which protons  B and D are at tached have differing 
chemical shifts. Thus the 3D H M Q C - N O E S Y  spectrum would contain two 
well-separated cross-peaks that had over lapped in the NOESY spectrum. 

O~ 

LINEAR THREE-SPIN SYSTEM, MI - Ms o ~ A m  s 

a / ~  b 

VC 

vB 

LINEAR THREE.SPIN SYSTEM, MI z Ms 

VC l i e  I ~ 1  i !  I / I  
~ ,  t , I / I  

. l  | I i / i  i 
, ' ,  , �9 , I I  I 
, ' f " ] t " 7 " "  r r 7  va ' ,:, . -  , , . l i V e  
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VA v A 

VA v B vC 

�9 CROSS PEAKS 

qp (wl ,~o2) CROSS-DIAGONAL PEAKS 

�9 BACK-TRANSFER PEAKS 

(~ ,.a~) CROSS-DIAGONAL PEAKS 

�9 DIAGONAL PEAKS 

Figure 6.5 (a) Schematic representation of a 3D spectrum of a linear spin sys- 
tem ABC with identical mixing processes M~ and Mz. In a "linear" spin system, 
the transfer of magnetization between A and C is forbidden for both M~ and Mz. 
(b) Schematic representation of a 3D spectrum of a linear spin system ABC, where 
transfer via M~ is possible only between A and B and transfer via M 2 o c c u r s  only 
between B and C. (Reprinted from J. Mag. Reson. 84, C. Griesinger, et al., 14, 
copyright (1989), with permission from Academic Press, Inc.) 
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Figure 6.4 shows the general  features of a 3D-spectrum, which can be 
visualized as peaks appear ing in a three-dimensional  space, such as a cube. 
The  cube can be subdivided by two different  cross-diagonal planes (o~ = co 2 

and CO 2 - - O 9 3 )  and one back-transfer plane. A diagonal line connec t ing  
two opposite corners  of the cube is the "space  diagonal" ;  diagonal  peaks 
(va ~ va ~ va) would appear  on this line. The  cross-diagonal peaks and  
the back-transfer peaks appear  on their  respective planes. 

A 3D spect rum of a three-spin subsystem in which all the nuclei are 
coupled to one another ,  such as C(Ha) (HB)-C(Hc) ,  will lead to 27 peaks, 
compris ing six cross-peaks, 12 cross-diagonal peaks (six at oJ~ = c02 and the 
o ther  six at oJ2 = ~03), six back-transfer peaks, and three diagonal  peaks. 
However, in the case of a linear three-spin network (e.g., CHa-CHa--CHc) ,  
the n u m b e r  of peaks will depend  on whether  two equal (e.g., COSY-COSY 
or NOESY-NOESY) or unequal  (e.g., COSY-NOESY) mixing processes are 

A, .~  A A 

d t  ~ 

0 ~ ~ - - .  

f s J s 

*0nB % " " - -  *A 
a~ 3 
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/ f 
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- . . . . .  �9 
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f~C 

t~ 
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Figure 6.7 The 3D EXSY-EXSY spectrum of heptamethylbenzenonium sulfate in 
H2SO4 representing to~ = to.s reflection symmetry. Cross-peaks lying on identical 
planes (to~, tos) are connected by lines. (Reprinted from J. Mag. Reson. 84, C. 
Griesinger, et al., 14, copyright (1989), with permission from Academic Press, Inc.) 
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involved. If the mixing processes are equal, then the forward and reverse 
transfers, such as: 

"II A ~ "lIB ( > 11 C 

Vc z--> VB ~-> VC 

produce  17 peaks distributed as two cross-peaks, eight cross-diagonal peaks 
(four at Vl = v2 and four at v2 = va), four back-transfer peaks, and  three 
diagonal peaks (Fig. 6.5a). 

In the case of a COSY-NOESY spectrum hat ing  an unequal  mixing, let 
us consider two nuclei (say, A and B) that are spatially close but belong to 
different coupling networks, and nuclei B and C, which have scalar coupl ing 
with each o ther  but  are spatially distant. The only transfers allowed in this 
situation are: 

M1 M2 
v a  < > VB <----> PC 

So a simplified 3D spectrum is obtained having eight peaks, i.e., one  cross- 
peak, four cross-diagonal peaks (two at Vl = v2 and two at v2 = va), three 
diagonal peaks, and no back-transfer peaks (Fig. 6.5b). 

Three-dimensional  spectra can be conveniently represented by 2D 
cross-sections taken at appropria te  points and perpendicular  to one  

~0 
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Figure 6.8 Volume chosen for a selective 3D NOESY-TOCSY spectrum of a peptide 
with NH region in oJ~, Ha in co2, and all protons in to3. (Reprinted from J. Mag. 
Reson. 84, C. Griesinger et al., 14, copyright (1989), with permission from Academic 
Press, Inc.) 
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Table 6.1 

A Selection of 3D and 4D NMR Techniques Used in Protein 
Structure Determination* 

Experiment Information/linkage obtained 

(a) Unlabeled proteinsuhomonuclear experiments 
3D-TOCSY-TOCSY 
3D-TOCSY-NOESY 

3D-NOESY-NOESY 

(b) ISN Labeled proteins 
3D-TOCSY-lH-15N-HMQC/HSQC 
3D-NOESY-1 H -  15N-HMQC/HSQC 

3D-HNHB 

(c) 13C-15N labeled proteins 
3 D-TOCS~ H- '  3C-H M QC / HSQC 
3D-NOESYo~H- ~C-HMQC/HSQC 

3D-HCCH-COSY 
3D-HCCH-TOCSY 
3D-HC (C) NH-TOCSY 

3D-H(CCO)NH 

H(CA)NH 
3D-HCACO 
3D-HNCA 
3D-HNCACB 

3D-HN(CA)NNH 
3D-HA(CA) NNH 
3D-HN(NCA) NNH 
3D-HCA(CO)N 
3D-HNCO 
3D-HN (CA) HA 
3D-HN (CO)CA 
3D-HN (COC.~_) HA 
3D-H(N)CACO 

~H spin system/amino acids 
Sequential assignment of the spin 

systems, identification of nOes 
Identification of nOes 

~H spin systems, ~SN shifts 
Sequential assignment of the spin 

system, identification of nOes with 
amide protons 

HN(i)-N (i)-Ha(i), stereospecific 
assignment of methyl protons 

~H spin systems, ~C shifts 
Sequential assignment of the spin 

systems, in particular, identification 
of nOes between side chains 

'H spin systems, I~C shifts 
~H spin systems, I~C shifts 
Connection of HN and side-chain ~H 

and 13C 
Correlation of all side-chain ~H and ~'~C 

of amino acid i with HN(i + 1) 
Ha(i)-N(i)-HN(i) 
Ha (i) --Ca (i) -CO (i) 
H y ( i ) - N ( i ) - C a ( i ) / C a ( i -  1) 
HN(i)-N (/)-Ca (i)/Ca( i - 1 )/Co(i) / 

C a ( i -  1) 
HN(i ) -N( i  + 1)-HN(i + 1) 
Ha( i) /H, , (  i - 1)-N(i)HN (i) 
Hy(i)-N(i  + 1)-HN(i + 1) 
H a ( i ) - C a ( i ) - N ( i  + 1) 
H N ( i ) - N ( i ) - C O ( i  - 1) 
HN(i)-N (/)-Ha (i)/Ha(i - 1 ) 
HN(i)-N (/)-Ca (i - 1 ) 
Hy(i)-N (i)-Ha(i - 1 ) 
HN-Ca(i)/Ca(i - 1 ) -CO( i ) /CO( i  - 1 ) 

continued 
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Table 6.1 Continued 

Information/linkage obtained 

3D H(C) (CO)NH TOCSY 

4D HCANNH 
4D HCA(CO) NNH 
4D H N ~  
4D HCCH TOCSY 
4D IH-l~C HMQC-NOESY IH-13C 

HMQC 
4D lH-15N HMQC-NOESY IH-I~C 

HMQC 
~:OHa--E-COSY 
3D HNCA 
3D HMQC JHH TOCSY 
3D H,C COSY ct-C,C COSY-/3- 

INEPT 
Soft HCCH COSY 
Soft HCCH E. COSY 

Correlation of side-chain ~H and ~C 
with HN(i,i-- 1) and N ( i , i -  1) 

Ha(i)-Ca(i)-N(i)-HN(i) 
Ha(i)-C~,(i)-N(i  + 1)-HN(i + 1) 
HN( i)-N( 0-Ca(  0-Ha(i) 
~H spin systems, ~C shifts 
Identification of nOes between side 

chain 
Identification of nOes with amide 

protons 
~r(CO, Ha) 
~r(HN, H,,), + angle 
~r(HN, H~) + angle 
Vicinal ~H-IH couplings 

~J(Ht~, CO) 
3J(Ha, Ht~) 

* Reproduced with permission from T. Mfiller et al. (1994) Angew. Chem. Int. Ed. Engl. 33, 277. 

of the three axes. In such cross-sections, the cross-diagonal planes and 
back-transfer planes appear as lines running across the 2D spectrum. Two- 
dimensional cross-sections may be taken so they cut across the cross-peak 
due to the magnetization transfer Va ~ vn --~ ve in  a three-spin system. Three  
such cross-sections are illustrated in Fig. 6.6, taken perpendicular  to the 
three different axes Vl, vz, and v3. The cross-section (v2, v3), taken perpendic- 
ular to Vl at the chemical shift frequency of nucleus A (Vl = va), shows 
those cross-peaks that arise from the transfer of magnetization from nucleus 
A to the other  spins during the two transfers. The 2D cross-section (Vl, v2), 
taken perpendicular  to vz at vz = vn, represents the magnetization reaching 
and leaving nucleus B. This cross-section may contain not only the cross- 
peak (VA, VR, Vc) but also its symmetry equivalent peak (vc, vB, VA) (hollow 
circle) if such a pathway is allowed. The third cross-section (Vl, v2), taken 
perpendicular  to v3 at v~ = re, provides information about all the magnetiza- 
tion arriving at vc. 

The peak shapes in 3D spectra can be obtained from the phases 
of the corresponding signals in the two 2D experiments from which the 
3D spectrum is derived. This, if the two 2D spectra have pure phases, 
e.g., absorption signals, then the 3D cross-peaks will also be in the pure- 
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absorption mode; and if the two 2D spectra from which the 3D spectrum 
is constituted have dispersive-mode signals, then the 3D spectrum will also 
have dispersive peak shapes. Mixed peak shapes in 2D spectra lead to mixed 
peak shapes in the corresponding 3D spectrum. 

Symmetric 2D spectra result from a mixing sequence that is time- 
and phase-reversal (TPR) symmetric (Griesinger et al., 1987a). Three- 
dimensional correlation spectra constituted from two identical symmetric 
mixing sequences, such as COSY-COSY or ROESY-ROESY, are themselves 
symmetric with respect to the plane tOl = toa. If unequal mixing processes 
are involved in the creation of 3D spectra, e.g., COSY-NOESY or NOESY- 
TOCSY, then such spectra lack global symmetry. The 3D EXSY-EXSY spec- 
trum of heptamethyl benzenonium sulfate in sulfuric acid shown in Fig. 
6.7 serves as an example of a 3D spectrum having col = to3 reflection symme- 
try. Peaks lying in the same plane (t01 = to~) are shown connected by dotted 
lines and have t0~ = to3 reflection symmetry (i.e., symmetry about the diago- 
nal line connecting the two opposite crosses, or in other words, drawn with 
t01 = t0~). The exchange process giving rise to the EXSY-EXSY spectrum 
are due to the 1,2-shifts of the methyl groups (A +-~ B, B ~ C, C ~ D). 

To record a 3D spectrum that covers the entire spectral range in all 
three dimensions with a resolution comparable to that obtained in 2D 
spectra, an enormous amount  of data must be processed, which not only 
may be beyond the storage capabilities of most computer  systems, but may 

Table 6.2 

NMR Experiments and the Types of I,abeling Suited for Protein 
Structure Determination* 

Normal (without With 15N With 15N and ~3C 
isotopic labeling) labeling labeling 

Assignment of TOCSY-TOCSY TOCSY-HMQC 3D/4D HCCH-TOCSY 
spin system TOCSY-TOCSY HCCH-COSY 

HC(C)NH-TOCSY 

Sequential TOCSY-NOESY NOESY-HMQC HCACO 
assignments TOCSY-NOESY HNCA 

HNCO 
HCA(CO)N 

Identification NOESY-NOESY NOESY-HMQC 3D NOESY-HMQC 
of nOes TOCSY-NOESY NOESY-NOESY 4D HMQC-NOESY 

TOCSY-NOESY HMQC 

Reproduced with permission from MOiler et al. (1994) Angew. Chem. Int. Ed. Engl. 33, 277. 
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also take weeks to accumulate. It is therefore usual to record partial 3D 
spectra in only a certain region of interest. For instance, in Fig. 6.8 the 
volume chosen for the 3D NOESY-TOCSY spectrum of a pept ide covers 
the NH region in oJl, H~ in oJz, and all protons  in oJ3. 

Three-dimensional  NMR exper iments  are proving to be of part icular  
use in assignments to amino acids in polypeptides. Some of the 3D and 
4D NMR techniques used for the structure de terminat ion  of proteins  are 
presented in Table 6.1. The NMR exper iments  and the types of  labeling 
suited for protein  structure de terminat ion  are given in Table 6.2. The 
development  of 3D NMR techniques (Griesinger et al., 1987; Vuister et al., 
1988; Fesik and Zuiderweg, 1988; Oschkinat  et al., 1988; Kay et al., 1989; 
Zuiderweg and Fesik, 1989) and 4D NMR techniques (Kay et al., 1990) has 
allowed protein structures of molecular  weights of up to 35 kilodaltons to 

.% 

I 
i 

s 

~a~, ~ ,  ~ 'd' 

Figure 6.9 NOESY-TOCSY spectrum and its sequence analysis, coe, co~ planes inter- 
sect co~, 0J~ planes. Cross-peak (Ht2), HN Iz), H~)), when reflected across the oJe, 0J3 
diagonal, yields cross-peak H~/, HI~ ), NH I~l. Along the line coq ~), cross-peak NH 13), 
H~ ), NH le) is found. By rellection at line c0~ = c0z in the col, ~0~ section, the latter 
peak is converted into point H~/, NH I:~), NH I~), from which cross-peak H~ ), NH 13), 
H~ ) is found by a search paralleled to oJ:~. (Reprinted from J. Mag. Reson. 84, C. 
Griesinger et al., 14, copyright (1989), with permission from Academic Press, Inc.) 
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be investigated. Three-dimensional experiments that combine incoherent 
and coherent transfers of magnetization (NOESY-COSY, NOESY-TOCSY, 
hetero-COSY-NOESY, and ROESY-TOCSY) would give cross-peaks in which 
each cross-peak correlates three different nuclei. Two of these nuclei would 
belong to the same amino acid and will be correlated through a coherent  
magnetization transfer step (e.g., through COSY or TOCSY); the third 
nucleus would belong to an adjacent amino acid, thereby establishing the 
sequential connectivity of the two amino acids. Once a cross-peak has been 
assigned, we proceed to the next cross-peak by keeping two of the frequency 
coordinates fixed and searching for the next cross-peak along the third 
frequency domain of the three-dimensional space. 

Different assignment strategies can be employed, depending on 
whether selective or nonselective pulses have been used in recording 3D 
spectra. A homonuclear  3D NOESY-TOCSY spectrum in which the N H /  
Ha region has been recorded is presented in schematic form in Fig. 6.9. 

180 ~ 

' i i 

i u t2 t3 

DEC X 

~Pl 180 ~ 

H, J i i ,  i 
tl -- m 

t3 

DEC X 

Figure 6.10 Pulse sequences for (a) the HMQC-COSY experiments and (b) the 
HMQC-NOESY experiments. (Reprinted from J. Mag. Reson. 78, S. W. Fesik and 
E. R. P. Zuiderweg, 588, copyright (1988), with permission from Academic Press, Inc.) 
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The  superscripts in brackets indicate the n u m b e r  of the amino  acid in 
a given sequence.  For example,  the cross-peak due to (H<~), NH <z), Hr )) 
represents  the TOCSY interaction between the a protons of the first amino  
acid (Ha) and the NH proton of  the second amino acid (NH) and  the 
NOESY interactions between this NH Cz) proton and the a pro ton  of  the 
second amino acid, HI~ ). Having located the first cross-peak due,  say, to 
HI~ ), NH I~), HI~ ), we reflect this cross-peak across the diagonal  line (the 

H 0-~ H OH [ ~  
I Is I S 0 15N [[ 1 I~ N 1 _ 

1 2 8 

8 

120 

119 

w3(P~) 
7 6 5 4 

Q 

v I 

I 

I 

L 

90 

Figure 6.11 A 3D heteronuclear HMQC-COSY spectrum of a tripeptide. The 0J~- 
axis represents ~'N chemical shifts, whereas the 0J~- and c0:~-axes exhibit proton 
chemical shifts. The assignment pathways are indicated in the top spectrum for 
reference purposes, not as part of the 3D experiment. (Reprinted from J. Mag. 
Reson. 78, S. W. Fesik and E. R. P. Zuiderweg, 588, copyright (1988), with permission 
from Academic Press, Inc.) 
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o~z = oJ~ d iagonal )  within the (oJ2, oJ~) sect ion con ta in ing  this cross-peak 
(line " a "  in Fig. 6.9). This takes us to a posi t ion in the (oJz, ~03) sect ion 
that  is d e t e r m i n e d  by r = 8~t~ and  oJ2 = H(~ ). T h e  peak  at this posi t ion 
may be very weak or  even absen t  due  to the weak n O e  expec t ed  be tween  
HI~ ) and H(~ ). Next  we pass a line " b "  t h r o u g h  this peak  and  paral lel  to 

H o " - ~  H OH 
.I  II I .I  / s 

o / H o / 

1 2 3 

1 1 9  

118  

.,.=,, 

a=.o 

3 

90 

~J3 (ppm) 
8 6 4 2 

. . . .  ~ ~ . r  . _, .A . , ~  - . . . c  

. . . .  .,.. -_U' 

j. A 

., .. -f"~ 
.--- :.,,_ 

�9 ..-" 

s # . t "-'~ . �9 

.___._._._..~,_...~. " " f >  

Figure 6.12 A 3D heteronuclear HMQC-NOESY spectrum ()fa tripeptide. The (0~- 
axis represents J~N chemical shifts, whereas cox- and (0:~-axes exhibit proton chemical 
shifts. The assignment pathways are indicated in the top spectrum for reference 
purposes, not as part of the 3D experiment. (Reprinted from J. Mag. Reson. 78, 
S. W. Fesik and E. R. P. Zuiderweg, 588, copyright (1988), with permission from 
Academic Press, Inc.) 
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the ~01-axis. This takes us to the (NH ~3), HI~ ), NH ~2)) cross-peak. Reflection 
of this cross-peak across the c01 = ~2 diagonal takes us along line "c"  to 
position (H ~2), NH ~3), NH~2)). This cross-peak will not appear, since there 
is no J-coupling between NH ~2) and NH ~3). However, by following line "d"  
from this point parallel to the c0s-axis, we arrive at the ( H  (2), NH (s), H(] ) ) cross- 
peak. By repeating this process we can assign the amino acids sequentially. 

The pulse sequences for HMQC-COSY and HMQC-NOESY experi- 
ments are presented in Fig. 6.10. The 3D HMQC-COSY spectrum of a N 15 
labeled tripeptide is shown in Fig. 6.11. Since the coherence transfer in- 
volved in this experiment is 15N(t~) ~ 15NH(t2) ~ ~SNH(t3) + C~H(t3), it is 
expected that the 15N resonance will appear in c0~, that the ~SNH resonance 
will appear in coz, and that ~SNH and C~H resonance will appear in c03. The 
HMQC-NOESY spectrum shown in Fig. 6.12 has been edited with respect 
to ~SN frequencies in c01. The spectrum shows that the amide protons of 
residues 1 and 3 have close chemical shifts but that the ~5N nuclei to which 
they are coupled have well-separated chemical shifts (90 and 
119 ppm).  Similarly, the near overlap in the ~SN dimension ( L e u - 2  at 
120 ppm and l e u - 3  at 119 ppm) is well resolved in the spectrum. Readers 
are directed to two excellent articles for a more detailed discussion on the 
theory and applications of various types of 3D NMR experiments (Grie- 
singer et al., 1989; Oschkinat et al., 1989, 1994). 
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N M R  Spectroscopy 

7.1 S E L E C T I V E  P U L S E S  IN M O D E R N  
N M R  S P E C T R O S C O P Y  

While the majority of NMR pulse sequences involve nonselective pulses, 
the use of selective pulses has become popular  in recent years, not only in 
1D but also in 2D and 3D NMR experiments (Kessler et al., 1986,1989a; 
Cavanagh et al., 1987a,b; Griesinger et al., 1987a,b,1989). This is because 
nonselective pulses affect the whole spectral region, whereas selective pulses 
affect only a limited region of the spectrum in a well-defined manner .  The 
use of selective pulses therefore makes it possible to confine the investiga- 
tion to an interesting region of the spectrum. In multidimensional NMR 
experiments this improves digital resolution, reduces data storage require- 
ments, and saves data-processing time. 

There  are three main requirements  of good-quality selective pulses: 
(a) they should elicit uniform excitation within a limited spectral range; 
(b) they should exhibit a uniform phase behavior; and (c) the pulse should 
be as short as possible. Nonselective Rf pulses, called hard pulses, are charac- 
terized by generally rectangular shape, high power, and short duration. 
Soft pulses generally are selective pulses, and they usually have a Gaussian 
shape and are of low power and long duration so they produce excitation 
within a narrow spectral region. "Soft" multiple-dimensional NMR experi- 
ments are those in which only a limited spectral region is excited in one 

§ § § § § § § 365  
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or more dimensions. Some important  pulse shapes and their Fourier trans- 
forms are shown in Table 7.1. 

7.2 ONE-DIMENSIONAL EXPERIMENTS USING 
SOFT PULSES 

A 1D NMR exper iment  is converted into a 2D NMR exper iment  by 
incrementing the delay tl. When only limited information within a narrow 
spectral region is required, it is advantageous to use a soft excitation pulse 
and a constant delay instead of incrementing tl. Such a spectrum corre- 
sponds to a cross-section through the 2D spectrum at the frequency of the 
selectively excited resonance (Fig. 7.1). The difference between such soft 
1D experiments and the classical frequency-selective 1D NMR experiments  
[e.g., TO1 (Wagner and Wt~thrich, 1979), SPI (Pachler and Wessels, 1973) ] 
is that the selective 1D experiments  only cause disturbance of populations, 
while the new frequency-selective 1D NMR experiments,  like 2D NMR 
experiments,  utilize the transverse magnetization generated by the soft 
excitation pulse. 

Table 7.1 

A Fourier Transform Relationship between Time-Domain and Frequency- 
Domain Excitation Functions. 

Rectangular 

Time Domain 
(pulse shape) 

Frequency Domain 
(Fourier transform) 

�9 function lnc 

Gaussian i 
Sine function 

Gaussian 

Rectangular 

Reproduced with permission, from H. Kessler, S. Mronga and G. Gemmecker, (1991). Multi- 
Dimensional NMR Experments Using Selective Pulses, Mag. Reson. Chem. 29, 527 
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One-Dimensional NMR Experiment 
(e4~. ID COSY) 

F2 

Two-Dimensional NMR Experiment 
(e.g. COSY) 

F2 

1 F1 

Figure 7.1 Selective excitation of only one multiplet by a selective pulse transforms 
a 2D experiment into a 1D technique. A selective pulse generates the transverse 
magnetization. The result is a "trace" of the corresponding 2D spectrum. (Re- 
printed from Mag. Reson. Chem. 29, H. Kessler et al., 527, copyright (1991), with 
permission from John Wiley and Sons Limited, Baffins Lane, Chichester, Sussex 
PO 19 IUD, England.) 

7.2.1 1D COSY 

A 90 ~ Gaussian pulse is employed as an excitation pulse. In the case 
of a simple AX spin system, the delay "r between the first, soft 90 ~ excitation 
pulse and the final, hard 90 ~ detect ion pulse is adjusted to cor respond to 
the coupling constantJax (Fig. 7.2). If the excitation frequency corresponds  
to the chemical shift frequency of nucleus A, then the double t  of nucleus 
A will disappear and the total transfer of magnetization to nucleus X will 
p roduce  an antiphase doublet  (Fig. 7.3). The antiphase structure of the 
multiplets can be removed by employing a refocused 1D COSY exper imen t  
(Hore,  1983). 

90 ~ 

F ' 1D COSY 

b 90 ~ 180 ~ 90 ~ 

1D Relayed-COSY 

Figure Z2 Pulse sequences for 1D COSY and 1D relayed COSY. A soft 90 ~ Gaussian 
pulse serves as an excitation pulse for these experiments. (Reprinted from Mag. 
Reson. Chem. 29, H. Kessler et al., 527, copyright (1991), with permission from John 
Wiley and Sons Limited, Baffins Lane, Chichester, Sussex PO19 IUD, England.) 
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I a 

8  ̂ 8x 

X 

8A 

Figure 7.3 One-dimensional COSY spectrum for an AX system. (a) A common 1D 
spectrum. (b) Selective excitation of spin A leads to a 1D COSY spectrum with 
antiphase X lines and maximum transfer of magnetization from A to X. (Reprinted 
from Mag. Reson. Chem. 29, H. Kessler et al., 527, copyright (1991), with permission 
from John Wiley and Sons Limited, Baffins Lane, Chichester, Sussex PO 19 IUD, En- 
gland.) 

7. 2.2 1D Relayed COSY 

In molecules in which a signal in the NMR spectrum is clearly separated 
from other  signals (e.g., anomeric  protons  of sugars or NH signals of 
peptides),  relayed NMR exper iments  can be employed with success, espe- 
cially when the coupling par tner  of the nucleus is h idden  under  a crowded 
region. The pulse sequence of 1D relayed COSY is shown in Fig. 7.2b. The 
initial excitation of the selected nucleus (the one clearly separated from 
other  signals) is affected by a 90 ~ Gaussian pulse. Magnetization is then 
transferred in a step-wise manne r  to o ther  nuclei in the spin network. In 
a peptide, for example,  the NH signal will be affected by the first 90 ~ 
Gaussian pulse. The next  90 ~ (hard) pulse will transfer the magnetization 
to the neighbor ing H~. This magnetization is then transferred to H e. As a 
result H~ affords in-phase dispersive signals while H e gives antiphase absorp- 
tion signals. The delay A/2  is adjusted according to the magni tude  of the 
NH/H~  coupling constant  so that max imum magnetizat ion transfer occurs. 

An interesting feature of the relayed 1D COSY exper iment  not  found 
in the cor responding  2D version is that directed magnetization transfer 
can be achieved with more  than one relay nucleus, e.g., A ~ (BI,B2) ----) C. 
When the coupling constants of A with B~ and B,2 are different, then the 
delay A can be adjusted to the larger coupling constant  so that magnetiza- 
tion transfer occurs to the corresponding nucleus and it is then fur ther  
transferred to nucleus C. In such a case, nucleus C would show pure phases 
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(antiphases) to only one nucleus B. A 2D relay experiment,  however, would 
have always produced mixed phases at nucleus C because of transfer from 
both B nuclei. 

Z 2.3 S E H N Q U A  TE 

SELINQUATE (Berger, 1988) is the selective 1D counterpar t  of the 
2D INADEQUATE exper iment  (Bax et al., 1980). The pulse sequence is 
shown in Fig. 7.4. Double-quantum coherences (DQC) are first excited in 
the usual manner ,  and then a selective pulse is applied to only one nucleus. 
This converts the DQC related to this nucleus into antiphase magnetization, 
which is refocused during the detection period. The exper iment  has not  
been used widely because of its low sensitivity, but it can be employed to 
solve a specific problem from the ~C-~3C connectivity information. 

7.2.4 1D N O E S Y  

In the 1D NOESY exper iment  (Kessler et al., 1986), which is a 1D 
version of 2D NOESY, a combination of a selective 90 ~ half-Gaussian pulse 
is followed by a 90 ~ hard pulse (Fig. 7.5). Phase cycling is used to eliminate 
all nOe effects before the hard pulse so that the mixing time ' l 'mi  x can be 
determined exactly. Selective inversion of a single spin causes a change in 
the longitudinal magnetization of another  close-lying spin, and the rate of 
initial buildup of the longitudinal magnetization gives the cross-relaxation 
rate, or, between the two spins. 

Z2 .5  ID  Relayed NOESY  

Two-dimensional relayed NOESY experiments  (Wagner, 1984; Kessler 
et al., 1988) give cross-peaks that could be a superposition of nOe 's  result- 
ing from different relay nuclei. This complicates the extracting of cross- 
relaxation rates. The 1D NOESYexperiment  (Kessler et al., 1989a), however, 
allows the path of the magnetization transfer to be clarified. 

9 0  ~ 1 8 0  ~ 9 0  ~ 

Figure 7.4 Pulse sequence for the SEI~INQUATE experiment, which is a selective 
INADEQUATE experiment. (Reprinted from Mag. Reson. Chem. 29, H. Kessler et 
al., 527, copyright (1991), with permission from John Wiley and Sons Limited, 
Baffins Lane, Chichester, Sussex PO19 IUD, England.) 
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9 0  ~ 9 0  ~ 

90 ~ m | t  

9 0  ~ 9 0  ~ 

1D NOESY with G a u s s i a n  

1D NOESY with half  G a u s s i a n  

9 0  ~ 1 8 0  ~ 9 0  ~ 9 0  ~ 

9 0  ~ 

1D Relayed-NOESY 

Figure 7.5 Pulses sequences for 1D NOESY and 1D relayed NOESY experiments. 
(a) A 1D NOESY sequence with full Gaussian pulses is inferior to the 1D NOESY 
sequence (b) with half-Gaussian excitation. (c) A 90 ~ Gaussian pulse in the pulse 
sequence of 1D relayed NOESYis appropriate for excitation, since antiphase magne- 
tization is required for the first mixing step. (Reprinted from Mag. Reson. Chem. 
29, H. Kessler et al., 527, copyright (1991), with permission from John Wiley and 
Sons Limited, Baffins Lane, Chichester, Sussex PO19 IUD, England.) 

7.2.6 I D  T O C S Y  

The  pulse sequence  for the 1D TOCSY e x p e r i m e n t  is shown in Fig. 
7.6. The  original expe r imen t  used a Gaussian pulse, but  a half-Gaussian 

9O ~ 

MLEV 17 
1D TOCSY 
with Gaussian 

b 

TR MLEV 17 TR 1D TOCSY 

with half  Gaussian 

Figure 7.6 (a) A 1D TOCSY experiment with Gaussian excitation. (b) A 1D TOCSY 
experiment with half-Gaussian excitation and TR (trim) pulses. (Reprinted from 
Mag. Reson. Chem. 29, H. Kessler et al., 527, copyright (1991), with permission from 
John Wiley and Sons Limited, Baffins Lane, Chichester, Sussex PO 19 IUD, England.) 
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pulse has been found to give better results. The 1D TOCSY experiment  
has no significant advantage over the 2D version, which also has good 
sensitivity and can be recorded with good resolution. 

7.2. 7 I D R OESY 

The pulse sequence for the 1D ROESY experiment using purged half- 
Gaussian pulses is shown in Fig. 7.7. The purging is required to remove 
the dispersive components, since these are not completely eliminated by 
the weak spin-lock field employed in the 1D ROESY experiment. 

7.3 H E T E R O N U C L ~  SELECTIVE 1D 
NMR E X P E R I M E N T S  

7.3.1 SELINCOR 

The SELINCOR experiment is a selective 1D inverse heteronuclear 
shift-correlation experiment (i.e., 1D H,C-COSY inverse experiment) (Ber- 
ger, 1989). The last 13C pulse of the HMQC experiment is in this case 
substituted by a selective 90 ~ Gaussian pulse. Thus the soft pulse is used 
for coherence transfer and not for excitation at the beginning of the 
sequence, as is usual for other pulse sequences. The BIRD pulse and the 
A2 delay are optimized to suppress protons bound to ~C nuclei; A3 is 
adjusted to correspond to the direct H,C couplings. The soft pulse at the 
end of the pulse sequence (Fig. 7.8) serves to transfer the heteronuclear 
double-quantum coherence into the antiphase magnetization of the pro- 
tons attached to the selectively excited ~~C nuclei. 

7.3.2 I D  HMQC-TOCSY  

A 1D analog of the HMQC experiment with TOCSY magnetization 
transfer has been reported (Crouch et al., 1990). The pulse sequence is 

9o .y 

1 
spin-locky 

1D ROESY 

Figure 7.7 A 1D ROESY pulse sequence with purged half-Gaussian excitation. 
(Reprinted from Mag. Reson. Chem. 29, H. Kessler et al., 527, copyright (1991), with 
permission from John Wiley and Sons Limited, Baffins Lane, Chichester, Sussex 
PO 19 IUD, England.) 
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90 ~ 180  ~ 90  ~ 90  ~ 180  ~ 

Is c 
1 8 0  ~ 9 0  ~ 

Figure 7.8 SELINCOR (Selective Inverse Correlation) pulse sequence with BIRD 
presaturation. (Reprinted from Mag. Reson. Chem. 29, H. Kessler et al., 527, copyright 
(1991), with permission from John Wiley and Sons Limited, Baffins Lane, Chiches- 
ter, Sussex PO19 IUD, England.) 

similar to that employed in SELINCOR, with an additional delay to refocus 
~cH splitting, a TOCSY magnetization transfer, and ~~C decoupling during 
detection (Fig. 7.9). 

7.3.3 Selective Heteronuclear J-Resolved Experiment  

The selective heteronuclearJ-resolved experiment  (Bax, 1984) is used 
to determine heteronuclear long-range coupling constants via a selective 
rt pulse that causes splitting of all carbon signals coupled to that proton. 

90 ~ 180 ~ 90 ~ 90 ~ 180 ~ 

M L E V  

180 ~ 90 ~ 

GARP 

Figure Z9 A 1D HMQC-TOCSY pulse sequence. The sequence involves a TOCSY 
transfer and BIRD presaturation. (Reprinted from Mag. Reson. Chem. 29, H. Kessler 
et al., 527, copyright (1991), with permission from John Wiley and Sons Limited, 
Baffins Lane, Chichester, Sussex PO19 IUD, England.) 
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This exper iment  requires a well-separated proton resonance for excitation; 
rectangular pulses are used for the soft excitation. 

7.3.4 Selective I N E I ~  

The selective INEPT exper iment  also requires a separated proton reso- 
nance for excitation and also uses rectangular  soft pulses (Bax and Freeman,  
1982). Magnetization is selectively transferred by the soft proton pulses to 
the corresponding carbons to which the protons are coupled. 

7.4 TWO-DIMENSIONAL EXPERIMENTS USING 
SOFT PULSES 

When a desired resonance cannot  be excited selectively in a soft 1D 
experiment ,  then it is advantageous to use a "semisoft" 2D version, which 
involves soft excitation in one dimension. This gives higher resolution in 
the F] domain  in reasonable time, since only a small spectral region in F] 
is recorded. This semisoft 2D exper iment  is derived from the corresponding 
conventional 2D exper iment  by substituting the nonselective excitation 
pulse by a soft pulse so that the excitation is limited to a narrow region of 
the 2D spectrum (Fig. 7.10). 

F2 

Two-Dimensional Semisoft Experiment Two-Dimensional Experiment 

F1 

. . . .  i 

Figure 7.10 A 2D experiment can be transformed into a 2D semisoft experiment 
by using selective pulses to excite a limited number of multiplets before t~. The 
evolution of the magnetization of the multiplets takes place during t~. The hard pulse 
immediately after t~ leads to the recording of a "strip" out of the corresponding 2D 
spectrum that has reduced spectral range in F~ and full spectral range in F2. (Re- 
printed from Mag. Reson. Chem. 29, H. Kessler et al., 527, copyright (1991), with 
permission from John Wiley and Sons Limited, Baffins Lane, Chichester, Sussex 
PO 19 IUD, England.) 
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T h e  pulse sequences  employed  in semisoft  e x p e r i m e n t s  are shown in 
Fig. 7.11. T h e  last two sequences  are p re fe r r ed ,  since the  basel ine  d is tor t ions  
and  dis tor t ions  due  to large coupl ings  in mul t ip le ts  are  suppressed.  

Z 4.1 Semisof t  C O S Y  

T h e  semisoft  COSY e x p e r i m e n t  (Cavanagh et al., 1987a; BrOschweiler 
et al., 1988) results in increased  reso lu t ion  in F~ so that  be t t e r  cross-peak 

90~ 

M 
: t  tleff 

mixing 

o 180x,-x 

mixing 

90~ 90~,'x 

1 mixing 

270 ~ 

mixing K2_ 
Figure 7.11 Pulse sequences representing different types of semisoft experiments 
with different excitations. (a) Chemical shift evolution and J-coupling starts in the 
middle of the Gaussian pulse, while the second half of the Gaussian pulse is a part 
of t~eff and cannot be adjusted to zero for the first experiment. (b) Chemical shift 
evolution is refocused at the start of t,. J-coupling evolves during A~n and therefore 
cannot be refocused. (c) The effect of purged half-Gaussian pulses on the evolution 
of the chemical shift and J-coupling during the preparation period. (d) In case of 
a 270 ~ Gaussian pulse, the t, starts at the end of the pulse duration, since the J- 
coupling and chemical shifts that evolve during the soft pulse are refocused. (Re- 
printed from Mag. Reson. Chem. 29, H. Kessler et al., 527, copyright (1991), with 
permission from John Wiley and Sons Limited, Baffins Lane, Chichester, Sussex 
PO 19 IUD, England.) 



7. 4 Two-Dimensional Experiments Using Soft Pulses 375 

fine structure is obtained. The pulse sequences used for semisoft COSY 
and its variations are shown in Fig. 7.12. Additional F1 decoupl ing  may be 
employed to reduce the size of the cross-peaks and thereby remove overlap 
between them. 

A 
a 

180 ~ 9 0  ~ 9 0  ~ 

I'.1 Semiset~ DQF-COSY 

9 0  ~ 

4 
9o~ 

Semisot~ COSY 

180 ~ 

H--a 

Small flip angle  
semisoft; COSY 

180 ~ 

n/ 
H--a 

180 ~ (N-H) [3 

tl 

With additional 
F1 decoupl ing 

Figure 7.12 (A) Pulse sequences for semisoft COSY experiments. (B) Pulse se- 
quences for small flip-angle semisoft/3-COSY. (a) Normal; (b) same but with addi- 
tional F~ decoupling. (Reprinted from Mag. Reson. Chem. 29, H. Kessler et al., 527, 
copyright ( 1991 ), with permission from John Wiley and Sons Limited, Baffins Lane, 
Chichester, Sussex PO19 IUD, England.) 
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7.4.2 Semisoft  N O E S Y  

The semisoft NOESY experiment (Fig. 7.13) (Cavanagh et al., 1987a; 
Brt)schweiler et al., 1988) has been employed successfully for observing 
nOe effects between NH and Ha in proteins dissolved in water. The Ha are 
excited by semiselective excitation so that the large tl ridge due to the 
residual water signal, which is problematic in the classical nOe experiment,  
is suppressed. Fl decoupling can be employed with advantage in the semisoft 
nOe experiment. The 180 ~ Gaussian pulse in the middle of the evolution 
period inverts the Ha spins in proteins, which are thus excited semiselec- 
tively. The subsequent 180 ~ hard pulse brings back the Ha spins to their 
starting points, while other spins are inverted (with the two pulses together 
acting as a 360 ~ pulse for the Ha spins but behaving as a 180 ~ pulse for 
the other spins). Zero-quantum coherences have also been suppressed in 
another modification of this experiment (Otting et al., 1990). 

7.4.3 Heteronuclear Mult iple-Bond Correlation, 
Selective (HMBCS)  

This is a variation of the proton-detected shift-correlation experiment  
via long-range couplings proposed by Bax and Summers (Bax and Summers, 
1986), with the difference that the first 13C pulse is substituted by a frequency 
selective pulse (Fig. 7.14) (Bermel et al., 1989; Kessler et al., 1989b,1990). 
This significantly increases resolution in the F~ dimension. For example, 
this can be used to remove the overlap between the cross-peaks of the 
carbonyl resonances of peptide bonds in proteins that all occur within a 

a 1 8 o  ~ 

H--a 

H-a 

9O0 
= ~~.--- Zm _- oR NOESY 

b 1 8 0  ~ 180  ~ I18 I[ 
H--a 4 tl : 

9[o 9j  smi No , 
2 With additional FI  

= ~m ~ [ ~ ' / / / ~  dc~oupling 

Figure 7.13 Pulse sequences of semisoft NOESY. (a) Normal; (b) same but with 
additional F~ decoupling. (Reprinted from Mag. Reson. Chem. 29, H. Kessler et al., 
527, copyright (1991), with permission from John Wiley and Sons Limited, Baffins 
Lane, Chichester, Sussex PO19 IUD, England.) 
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t2 ~ t., SemisoR inverse H,C- COSY 
~~~_~ long range coupling. 

m C 
90 ~ 

C=O 

Figure 7.14 Pulse sequence for the HMBCS (heteronuclear multiple-bond correla- 
tion, selective) experiment, which uses advantageously a 270 ~ Gaussian pulse for 
exciting the carbonyl resonances. It is also called the semisoft inverse COLOC. (Re- 
printed from Mag. Reson. Chem. 29, H. Kessler et al., 527, copyright (1991), with 
permission from John Wiley and Sons Limited, Baffins Lane, Chichester, Sussex 
PO 19 IUD, England.) 

6-ppm range. A 270 ~ Gaussian pulse has been used in this exper iment  to 
improve resolution, andJ~.H coupling constants can be de termined (Kessler 
et al., 1990). Decoupling during detection improves sensitivity (Shaka et 
al., 1985). 

7.4.4 Semiso f t  T O C S Y  

The pulse sequence involving excitation by a half-Gaussian pulse is 
shown in Fig. 7.15 (Kessler et al., 1989a). Its use was demonst ra ted  by 
semiselective excitation of the NH spectral region of a hexapeptide.  

7.5 S O F T  E X C I T A T I O N  IN T W O  D I M E N S I O N S  

The semiselective pulses in the previously described experiments  were 
employed for either excitation or decoupling, but they were not used for 

90~ 9o~~ 
MLEV 

I TR ] ~ SemisoR TCOSY 

Figure Z15 Pulse sequence for the semisoft TOCSY experiment. Purged half- 
Gaussian pulse excitation sequence and trim pulses (TR) are used. (Reprinted from 
Mag. Reson. Chem. 29, H. Kessler et al., 527, copyright (1991), with permission from 
John Wiley and Sons Limited, Baffins Lane, Chichester, Sussex PO 19 IUD, England.) 
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Two-Dimensional Experiment Soft; Two-Dimensional Experiment 

F2 F2 

t I 
i , 

As 

I Fx 

At'ix 

Figure Z16 When soft pulses are used for excitation and mixing in a 2D experiment, 
it becomes a 2D "soft" experiment. The spectrum of the 2D soft experiment has 
reduced frequency ranges in Fl and F2. The excitation ranges of the selective pulse 
depend on the type of experiment. For example, in a soft COSY-COSY experiment, 
one multiplet is excited, while in the soft NOESY experiment the whole resonance 
region of a group of signals is excited. (Reprinted from Mag. Reson. Chem. 29, H. 
Kessler et al., 527, copyright (1991), with permission from John Wiley and Sons 
Limited, Baffins Lane, Chichester, Sussex PO19 IUD, England.) 

mixing, e.g., for transfer of coherence.  If semiselective pulses are used for 
both excitation and mixing, we obtain a 2D spect rum in which the f requency 
ranges are restricted in both dimensions (Fig. 7.16). This allows the particu- 
lar segment  of the 2D spectrum to be recorded  with high resolution. 

Z 5.1 Soft H , H - C O S Y  

The soft H,H-COSY pulse sequence (BrOschweiler et al., 1987) involves 
three semiselective pulses, one for excitation on the first nucleus, and the 
other  two for mixing on both nuclei (Fig. 7.17). The  two selective mixing 

90 ~ 

90 ~ 

Soft H,H-COSY 

Figure 7.17 Pulse sequence for soft H,H-COSY with two selective pulses exciting 
the I1 multiplet and the second mixing pulse exciting the I2 multiplet of a three- 
spin system (I~, Ie, Is)). (Reprinted from Mag. Reson. Chem. 29, H. Kessler et al., 527, 
copyright (1991 ), with permission from John Wiley and Sons Limited, Baffins Lane, 
Chichester, Sussex PO19 IUD, England.) 
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pulses limit the coherence  transfer within a specific spectral range. An E. 
COSY-like mult iplet  pat tern is obtained,  with the correlations appear ing  
only between connected  transitions, so passive spins remain unaffected. In 
contrast to E. COSY, the cross-peak componen t s  are not  el iminated by 
subtraction, so soft COSY is more  sensitive than E. COSY. In a three-spin 
system, a fourfold sensitivity e n h a n c e m e n t  results, so there is a 16-fold 
saving in the recording time. 

Z 5 . 2  Sof t  N O E S Y  

One problem in recording nOe spectra of proteins in aqueous solutions 
is the presence of a water signal. Soft NOESY produces  minimal excitation 
of the solvent signal. The pulse sequence used is shown in Fig. 7.18 (Oschki- 
nat et al., 1988; Oschkinat  and Bermel, 1989). 

7.5.3 Sop H, C-COSY 

The soft H,C-COSYexperiment  (Kessler et al., 1988a) allows the hetero- 
nuclear long-range couplings in F,~ to be de termined.  There  is good sensitiv- 

90 ~ 90 ~ 9 ~  

Sot~ NOESY 

A A A 

Diagonal peak 

A A 

Cross peak 

Figure Z18 The soft NOESY pulse sequence consists of three pulses. (a) The first 
two pulses have the same excitation frequency (NH resonance in this case). The 
third and last pulse in the region of NH (FL)/H - c~(F,~) results in a soft NOESY 
experiment. (b) and (c) sequences of the soft NOESY, with all pulses being multiplet 
selective. (Reprinted from Mag. Reson. Chem. 29, H. Kessler et al., 527, copyright 
(1991), with permission from John Wiley and Sons Limited, Baffins l,ane, Chiches- 
ter, Sussex PO19 IUD, England.) 
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9 0  ~ 9 0  ~ 

x3 C 9 0  ~ Sof~ H , C - C O S Y  

Figure 7.19 Soft H,C-COSY pulse sequence with two soft pulses having the same 
excitation frequency. (Reprinted from Mag. Reson. Chem. 29, H. Kessler et al., 527, 
copyright ( 1991 ), with permission from John Wiley and Sons Limited, Baffins Lane, 
Chichester, Sussex PO19 IUD, England.) 

ity, since only directly connected transitions are excited. The pulse sequence 
used is shown in Fig. 7.19. 

7.6 T H R E E - D I M E N S I O N A L  E X P E R I M E N T S  U S I N G  
S O F r  P U L S E S  

Three-dimensional NMR experiments are constructed from a combina- 
tion of two 2D NMR experiments, with the detection period of the first 
and the preparation period of the second being omitted. Triple Fourier 
transformation results in a 3D NMR spectrum in which each individual 
cross-peak is defined by three chemical shifts in Fl, F~, and F~. The large 
amount  of data required poses severe problems in data storage capacity 
and processing time. The digital resolution also cannot be improved (i.e., 
by having a higher number  of increments) in view of the time constraints. 
However, the use of selective pulses allows the spectral range in t~ or t,~ to 
be reduced so that a subvolume of the total 3D spectrum can be recorded 
with higher digital resolution (Fig. 7.20). 

The frequency selection in the 3D spectrum can be carried out in one, 
two, or all three dimensions. For instance, the soft COSY-COSY exper iment  
(Griesinger et al., 1987b) employs only soft pulses, so the frequency range 
is restricted in all three dimensions. The majority of soft 3D spectra are 
recorded with restricted spectral widths in F~ and Fz and full spectral width 
in F~, so they are soft in two dimensions and have a high resolution in F~. 
The soft pulses are normally applied before the t~ and t2 periods, while 
hard pulses are applied before the detection period. Examples of such 
experiments are 3D soft COSY-COSY (Griesinger et al., 1987b), 3D soft 
NOESY-COSY (Griesinger et al., 1987a), 3D soft NOESY-TOCSY (Oschki- 



Z 7 Field Gradients 381 

F3 
b /~. . . . .  /]Fs ~ FZ 

i l i i l  l I l l I l  

Figure 7.20 Transformation of a 3D experiment into a soft 3D experiment by 
selective pulses. (a) A typical 3D spectrum. (b) A 3D spectrum with reduced fre- 
quency range in b] only. (c) A 3D spectrum with reduced frequency range in F~ 
and I~, or (d) in Fj, b:~, and 1~. Spectra (b), (c), and (d) require selective soft pulses 
preceding t~, t~, and tz, and tj, t~, and t~, respectively. (Reprinted from Mag. Reson. 
(;hem. 29, H. Kessler et al., 527, copyright (1991), with permission from John Wiley 
and Sons I.imited, Baffins I.ane, Chichester, Sussex PO19 IUD, England.) 

nat et al., 1988b; Oschkinat  et al., 1989a), and 3D soft TOCSY-NOESY (Oschki- 
nat et al., 1989a,b; Montel ione and Wagner,  1990). A soft inverse hetero- 
COSY-COSY exper imen t  (Griesinger et al., 1989) has also been reported.  A 
detailed discussion of these methods  is beyond the scope of this book, but  
readers are referred to an excellent review in the area (Kessler et al., 1991). 

7.7 FIELD GRADIENTS 

Field gradients have been known to NMR spectroscopists for a long 
time, largely as a nuisance value: They can cause b roaden ing  of the spectral 
lines due to the inhomogenet ies  in the static magnet ic  field,/~1. In recent  
years, however, several impor tan t  features of field gradients  have been used 
widely by spectroscopists, leading to impor tan t  developments  that ex tend 
the role of NMR spectroscopy as a versatile analytical tool and making it 
a rout ine technique in medicine.  Thus  magnet ic  resonance imaging (MRI), 
which is now widely used in clinical diagnosis, relies on the propert ies  of 
field gradients. Magnetic field gradients  have also been employed in NMR 
techniques for studying diffusion and the microscopic structure of heteroge-  
neous systems. Another  impor tan t  deve lopment  in the last few years has 
been the modification of some multipulse exper iments  by using field gradi- 
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ents instead of phase cycling, thereby allowing cleaner spectra to be ob- 
tained in shorter measurement  times. 

At equilibrium, the net magnetization vector of a sample will be parallel 
to the applied field, B0, which, by convention, points toward the z-axis. To 
detect this magnetization in the form of an NMR signal, it must be bent  
to the x'y'-plane, i.e., the original longitudinal magnetization must  be con- 
verted into transverse magnetization. This is achieved by applying a coher- 
ent Rf pulse of a p rede te rmined  power, length, and phase. A 90 ~ pulse, 
for instance, would bend the magnetization about  the x'-axis by 90 ~ i.e., 
bend it from the z-axis to the y'-axis. In a homogeneous  magnetic  field, 
each type of magnetically active nucleus (e.g., a particular proton in a 
molecule) will precess at a single frequency that will decay only due to 
transverse relaxation.* However, in an inhomogeneous  magnetic field, the 
magnetization will become subdivided into a number  of smaller vectors, 
each of which will precess at a slightly differing frequency. These smaller 
vectors spread out (dephase) during the evolution period, reducing the 
net transverse magnetization of the sample. This leads to a broadening  of 
the NMR signals and to a more rapid disappearance of the FID. 

Magnetic field variations can arise due to field inhomogenei t ies  or due 
to variations in magnetic susceptibility across the sample. In homogeneous  
liquids, these variations are particularly large at the solut ion-air  and solu- 
t ion-glass-air  interfaces. The axial symmetry of the NMR tubes produces 
largely symmetrical variations in the magnetic field. These are neutralized 
by applying compensat ing fields across the sample using the ins t rument ' s  
shim coils. However, if the sample size is large (as in in vivo imaging or 
NMR spectroscopy of living systems) or when heterogeneous samples are 
encountered,  the compensation measures employed using the spectrome- 
ter's shim coils may not succeed. In such cases, echo-based exper iments  
may be used to refocus the spread in magnetization, or we can opt for 
experiments employing zero-quantum coherence that are unaffected by 
field gradients. 

Z7.1 Magnetic Resonance Imaging (MRI) 

One of the most important  applications of NMR spectroscopy has been 
its use in medicine for creating images of sections of the human  body to 
detect tumors or other growths. The technique has gained popularity be- 
cause it provides high-quality images and does not have the damaging 
effects of X rays used in conventional scanning techniques. Hence it is a 
noninvasive tool for clinical investigation. 

* This is because the precessional frequency of a nucleus depends on the magnetic field, 
and as the magnetic field varies, so will the precessional frequency. 
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The basic principle under lying the deve lopment  of images is simple 
(Lauterber ,  1973). Consider  a body cavity conta in ing two pools of water 
in different quantities. In a uni form magnet ic  field, the NMR spect rum 
will consist of a single peak, since all the water molecules  will precess at 
the same frequency, irrespective of their  spatial location. If, however, a 
l inear field gradient  is applied in the x'-direction, the Larmor  f requency 
of the water will increase linearly across the sample as a funct ion of the x'- 
coordinate ,  thereby creating a one-dimensional  profile, or spectrum, of 
the sample (Fig. 7.21). 

To create a two-dimensional image, two gradients  are applied along 
the x- and y-directions, and a series of one-dimensional  images recorded  
in different directions in the xy-plane. A technique  known as back-projection 

Sample 

Water 
Water 

1D Spectrum IA 
Magnetic field 

Gradient 

Static 
magnetic 
field 

Figure 7.21 One-dimensional NMR imaging. When a magnetic field gradient is 
applied across a sample, it gives a spectrum that is a profile of the sample in the 
direction of the gradient. 
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reconstruction can then be used to combine  the various one-dimensional  
images and create the two-dimensional image of the object (Fig. 7.22). 
The  majority of imaging exper iments  used presently employ mul t id imen-  
sional Fourier  t ransformation ra ther  than back projection to create the 
two-dimensional images. The  techniques  can be ex tended  to three- 
dimensions.  NMR images of a section of a head and of a spinal cord are given 
in Fig. 7.23. By taking different cross-sections at different  depths,  it is easy to 
de te rmine  the location, shape, and size of, say, a tumor  in the brain or in the 
spinal cord. The  main observed species is water, with the image intensity 
being d e p e n d e n t  on the concent ra t ion  of water in the sample and also trans- 
verse and longitudinal  relaxation times, or its diffusion coefficient. 

7. 7.2 Gradient-Accelerated Spectroscopy (GAS)---An Alternative to 
Phase Cycling 

The pulses in a pulse sequence rotate the magnet izat ion about  a specific 
axis by a specific angle. However, this ideal behavior is, in practice, not  
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Figure 7.22 The principle of creating a two-dimensional NMR image. A number 
of profiles of the sample are obtained in different orientations in the presence of 
magnetic field gradients pointing in different directions (designated by arrows). 
The x'-gradient yields an x'-profile, and a y'-gradient generates a y'-profile. A combi- 
nation of these profiles produces a two-dimensional image. 



Figure 7.23 A 2D MRI of (a) a cross-section of the h u m a n  head, (b) a cross-section 
of the human  spinal cord. Different cross-sections can provide valuable information 
about  the sizes and locations of tumors,  etc. (Courtesy of Dr. I. H. Bhatti, Director, 
J innah  Postgraduate Medical (;enter,  Karachi.) 
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observed, due to Rf inhomogeneit ies across the sample, missetting of pulse 
angles, and resonance offset effects. This can bend the magnetization by 
a different angle than desired, and it can then follow a number  of different 
coherence transfer pathways. That  portion of the net magnetization that 
follows an unwanted transfer pathway may cause artifact peaks in multi- 
dimensional experiments. The traditional way of removing these artifact 
signals is by phase cycling. This involves repeating an experiment  using 
different phases of some or all of the pulses (i.e., by applying the pulses 
along different axes). The resulting FIDs are combined so as to eliminate 
the signals that arise from undesired coherence transfer pathways. 

Phase cycling procedures suffer from a number  of drawbacks. The 
repetition of the experiment  lengthens the total experimental time. Intense 
artifact signals are often not completely eliminated, due to imperfect phase 
cycling caused by instrumental instability, missetting of pulses, insufficient 
relaxation period between successive pulses (so that the magnetization does 
not return completely to its equilibrium value), sample spinning, etc. In 
2D NMR experiments, each artifact peak may appear as ridges of "t~-noise" 
that may run vertically down the spectrum, thereby concealing underlying 
cross-peaks. 

Magnetic field gradients offer an excellent way of suppressing such 
artifact peaks. We have already ment ioned that field gradients can cause 
the net magnetization to split into a number  of different vectors, leading 
to the reduction in intensity of the signal and its eventual disappearance. 
The process can be reversed by applying a refocusing pulse. Both these 
features of field gradients can be used to advantage for eliminating artifact 
peaks. For instance, if we apply a 180 ~ pulse at equilibrium, it should ideally 
cause the z-magnetization to invert and point toward the -z-axis with no 
residual transverse magnetization (i.e., magnetization in the x'y'-plane). 
However, if the 180 ~ pulse is not accurate, then not all of it will be bent 
to the -z-axis, and there may be same residual transverse magnetization. 
This can be removed by applying a single field gradient pulse (instead of 
phase cycling) during the evolution period, which will cause any unwanted 
transverse magnetization to dephase and disappear. In an inversion recov- 
ery experiment, for instance, it would allow the experiment  time to be 
halved, since only a single transient would be acquired at each "r value. 

Field gradients can be employed to select a particular coherence path- 
way from a number  of coherence transfer processes. This was traditionally 
done by incorporating suitable phase cycling procedures. However, it is 
possible to exploit the differing sensitivities of different orders of coherence 
to magnetic field gradients to select a specific coherence transfer process. 
We can also utilize the fact that a pulse that results in a coherence transfer 
process also acts as a refocusing pulse, and gives rise to a transfer echo (Ernst 
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et al., 1987). Coherence  transfer-echos differ f rom convent ional  spin-echos 
in that the coherence  that is rephased  in the coherence  transfer echo is 
different  f rom what was dephased  before it. 

A useful feature of coherence  transfer echos is that echos arising from 
different coherence  transfer processes occur  at different  times. This is 
because different  mul t ip le-quantum coherences  dephase  at different  rates, 
in contrast  to s ingle-quantum coherences,  all of  which dephase  at the same 
rate, irrespective of how they have been genera ted .  This allows a simple 
trick to be used utilizing magnet ic  field gredients  in o rder  to select the 
desired coherence  transfer process: The  gradient  is switched off at when 
the particular coherence  transfer echo is generated.  T h e n  the only magneti-  
zation detected is the one which has followed the coherence  transfer process 
cor responding  to the coherence  transfer echo. 

Let us illustrate this with a practical example.  Suppose we wish to 
record a spect rum containing cross-peaks arising only from zero-quantum 
coherence.  A single gradient  pulse will then be applied dur ing  t~, which 

T'ime 

Figure Z24 (a) (;ohcrence transfer echos formed after a dephasing period of 
200 ms and a 90 ~ coherence transfer pulse in the presence of a magnetic field 
gradient. The echos occurring at 0, 200, 400, and 600 ms in FID are due to the 
transfer otzero-, single-, double-, and triple-quantum coherences to single-quantum 
coherence. (b) ('onventional free induction decay recorded under the same condi- 
tion, for comparison. (Reprinted from Chemical Reviews 23, T. J. Norwood, 59, 
copyright (1994), with permission from The Royal Society of Chemistry, Thomas 
(;raham House, Science Park, Milton Road, Cambridge ('B4 4WF, U.K.) 
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will result in the dephasing (and hence disappearance) of all magnetization 
except that generated from the zero-quantum coherence process. The 
spectrum will then contain only signals arising from the zero-to-single quan- 
tum coherence transfer process. If, however, we wish to record the double- 
to-single quantum coherence transfer process, we would have to apply the 
magnetic field gradient pulse during the detection period, which is twice 
as long as that applied during the evolution period (Ernst et al., 1987). 
Figure 7.24 shows coherence transfer echos formed in the presence of a 
magnetic field gradient at dephasing time intervals of 200 ms. The echos 
occurring at 0, 200, 400, and 600 ms are due to transfer of zero-, single-, 
double-, and triple-quantum coherence to single-quantum coherence,  re- 
spectively. 

Figure 7.25 illustrates the power of magnetic field gradient pulses to 
eliminate unwanted coherences. The double-quantum filtered COSY spec- 
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Figure Z25 Homonuclear double-quantum filtered ('OSYspectrum (400 MHz) of 
8-mMangiotensin II in H~O recorded without phase cycling. Magnetic field gradient 
pulses have been used to select coherence transfer pathways. (Reprinted from J. 
Mag. Reson. 87, R. Hurd, 422, copyright (1990), with permission from Academic 
Press, Inc.) 
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Figure 7.26 G r a d i e n t - e n h a n c e d  TOCSY spec t rum of  10 m M  sucrose in D~O re- 

co rded  at 400 MHz by using mod i f i ed  MI.EV-16 pulse sequence .  

trum ofangiotension II in water contains only cross-peaks arising from spins 
that can generate double-quantum coherence (i.e., those nuclei coupled 
through bonds to one or more nuclei). The large water signal present in 
the 1D spectrum would normally have resulted in a prominent  ridge of t, 
noise ifa phase cycling procedure had been adopted, which is totally absent, 
illustrating the striking advantage of magnetic field gradients. Gradient- 
accelerated NMR spectroscopy (Hurd and Freeman, 1989; Hurd,  1990a,b) 
thus provides an improved signal-to-noise ratio and cleaner spectra in a 
number  of NMR experiments. 

Gradient-enhanced 2D TOCSY spectrum of 10 mM of sucrose in DzO 
is shown in figure 7.26. The clean spectrum obtainable without any t~ noise 
and without the necessity of any phase cycling illustrates the power of this 
new technique in modern NMR spectroscopy. 
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C H A P T E R  8 

Logical 

Protocols for 

Solving Complex 

Structural Problems 

The following is a procedure  r e c o m m e n d e d  for elucidating the struc- 
ture of complex organic molecules. It uses a combinat ion of different NMR 
and other  spectroscopic techniques. It assumes that the molecular  formula 
has been deduced  from elemental  analysis or high-resolution mass spec- 
trometry. Computer-based au tomated  or interactive versions of similar ap- 
proaches have also been devised for structural elucidation of complex 
natural products,  such as SESAMI (systematic elucidation of structures by 
using artificial machine intelligence), but  there is no substitute for the 
hard work, experience,  and intuition of the chemist. 

(a) The first step in elucidating structure is to find a secure molecular  
formula by high-resolution mass spectrometry and to calculate the degree 
of unsaturat ion or double-bond equivalents (DBEs). An acyclic saturated 
hydrocarbon has the formula C,H,  + 2. Each double  bond  or ring represents 
a degree of unsaturat ion,  while triple bonds represent  two degrees of 
unsaturation.  The presence of oxygen or o ther  divalent e lements  bound  
by a single bond  does not  affect the value of DBEs. One pro ton  is subtracted 
for each trivalent atom (such as ni t rogen) ,  while a monovalent  atom, such 
as chlorine, can be treated as a pro ton  for purposes of calculation. A simple 
formula to deduce the double-bond equivalents is (C + 1) - H / 2  + W/2 ,  
where W is nitrogen. 

§ § § § § § § 391 
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(b) Inspect the infrared and ultraviolet spectra to get preliminary.clues 
about the functional groups and conjugation that might be present in 
the molecule. 

(c) A cursory examination of the ~H- and ~C-NMR spectra gives an 
idea about the ratio of the aromatic to the aliphatic carbons. The ~H-NMR 
spectrum can also be used to gain additional evidence to confirm the 
molecular formula (indirectly by counting the protons),  and the ~H- and 
~sC-NMR spectra contain valuable information about the type of unsatura- 
tion (e.g., the number  of vinylic carbons and protons).  

(d) A good 1D ~H-NMR spectrum is always an important  starting point 
for structure elucidation. First, assign each proton appearing in the spec- 
trum a letter, starting from the left side of the spectrum, each proton being 
labeled individually as A, B, C, etc. If a peak or a group of overlapping 
peaks represents more than one proton, then assign combinations of letters. 
Thus, four overlapping protons can be labeled as a group, such as DEFG. 
The total number  of protons labeled on the spectrum should correspond 
to the number  of protons determined from the high-resolution mass mea- 
surement of the molecular ion. In case of symmetrical molecules with 
identical protons, say, in symmetrical halves of the same molecule, a fraction 
of the actual number  of protons present may be observed. 

(e) Once it has been established through preliminary NMR and mass 
spectroscopic studies that the substance is new and requires further work, 
record the 1~C-NMR (BB and DEPT or GASPE), COSY-45 ~ HMBC (or 
COLOC, if inverse facilities are not available), HMQC (or HETCOR, if 
inverse facilities are not available), HOHAHA (20, 40, 80, and 120 ms) (or 
delayed COSY/relayed COSY, if HOHAHA cannot  be performed),  and 
NOE difference spectra. 

(f) Label each contour  on the diagonal line of the COSY-45 ~ spectrum 
with the same letters as used in the 1D 1H-NMR spectrum, and deduce the 
~H-~H connectivities from the corresponding cross-peaks. 

(g)Next, label the HMQC spectrum with the same letters at the ~H 
chemical shifts as those already assigned in the ~H-NMR spectrum. This 
establishes the one-bond ~H/~3C connectivities. This should be done on 
the one-bond hetero-COSY (HETCOR) spectrum if the HMQC experiment 
cannot be performed due to instrumental constraints. Note that if there 
are two cross-peaks at any particular carbon chemical shift in the HMQC 
spectrum, then these two protons must be the two geminal protons attached 
to that particular carbon. Prepare a table of chemical shifts of the ~sC nuclei 
and their corresponding attached ~H nuclei. By deleting the geminal coupling 
interactions from the COSY spectrum, we arrive at the vicinal ~H/~H connec- 
tivities (caution: Some weaker long-range couplings, such as "W"  coupling 
interactions, may also appear in the COSY spectrum). Since we already 
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know the direct (one-bond) carbon-hydrogen connectivities of adjacent 
protonated carbons, the carbon-carbon connectivities of protonated carbons can 
be deduced. This is the "pseudo-INADEQUATE" information that has 
been derived. 

(h) Now select one unambiguously identifiable proton (preferably in 
an unclustered region of the spectrum) that shows coupling in the COSY 
spectrum with other protons, and work out the 1H/1H connectivities from 
this "end of the spin network chain." Repeat this process, starting from 
some other proton in another coupled spin network in the molecule, in 
order to arrive at other "spin networks" of protons and their vicinal ~H/ 
1H connectivities (cross-peaks due to geminal couplings have already been 
identified and deleted from consideration in step g). 

(i) Spin networks can also be readily determined from the HOHAHA 
(120-ms) spectrum, in which all the protons in a coupled network (irrespec- 
tive of whether they are directly coupled to each other or not) appear on the same 
horizontal lines. HOHAHA spectra therefore differ from long-range COSY 
spectra. Since in long-range COSY spectra contain cross-peaks only if the 
protons are coupled to one another, whereas in HOHAHA spectra their 
presence in the same spin network is all that is required for cross-peaks to 
appear. The relative intensities of cross-peaks within a spin network may 
provide some information about the relative distances of the coupled pro- 
tons within that spin network. This can be done by comparing the HO- 
HAHA spectra recorded with different mixing delays (say, 20, 40, 80, 120 
ms). Delayed COSY or relayed COSY spectra may be recorded if instrumen- 
tal constraints do not allow measurement of HOHAHA spectra, and some 
information regarding long-range ~H/~H couplings gained from them. 

(j) Delete the direct connectivities (as determined by the COSY spec- 
trum) from the connectivities found in the HOHAHA spectrum to arrive 
at the distant connectivities (this procedure is better than the conclusions 
reached on the basis of the "delayed COSY" spectrum, since it gives you 
all the protons in each coupled network). Thus, by combining the COSY 
and HOHAHA data, we can obtain several groups of coupled protons. 
Hence, by taking into consideration the IH/13C one-bond connectivities 
obtained from the HMQC spectrum, we can arrive at protonated carbon 
connectivities. These fragments must be joined at their ends either to 
quaternary carbons or to heteroatoms (e.g., N, O, S). 

(k) In order to connect these fragments to complete the structure, we 
can join them together on the basis of long-range IH/l~C connectivities 
obtained in the HMBC spectrum (or COLOC spectrum). These fragments 
should be joined together in a way that explains the observed zf:H, ~rcH, and 
4j~;H interactions. 
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Alternatively, the fragments (comprising protonated carbons) thus ob- 
tained can be joined together on the basis o f n O e  difference measurements.  
NOE difference measurements  of protons in different protonated carbon 
fragments can help us to determine the spatial proximities of protons if the 
fragments lie close to each other, and hence help in joining the fragments 
together. If large sample amounts are available and when other methods 
have failed, the 2D INADEQUATE exper iment  may be used to obtain the 
C-C  connectivity information directly. 

The following is a summary of the protocol just described. 

(i) Obtain a secure molecular formula, and calculate the degree ofunsatu- 
ration. 

(ii) Record a 1D 1H-NMR spectrum, and assign each proton a letter. 
(iii) Record the HMQC spectrum (or a one-bond HETCOR spectrum), 

and label each at the respective chemical shifts with the corresponding 
letters from the 1D spectrum. 

(iv) Label the protons along the diagonal line of the COSY-45 ~ spectrum 
with the same letters as in the ~H-NMR spectrum. Deduce vicinal 1H/ 
1H connectivities from the cross-peaks in the COSY-45 ~ spectrum by 
deleting all the coupling interactions from geminal protons (geminal 
protons are readily identified from the HMQC or HETCOR spectrum). 

(v) Identify the various spin networks obtained from the HOHAHA spec- 
tra (20, 40, 60, 120 ms). Alternatively, deduce them from the COSY 
and long-range HETCOR spectra. 

(vi) Using HMBC (or long-range HETCOR) and NOE difference spectra, 
connect  the fragments that this procedure has created. 

The following are examples of structure elucidation of natural products 
carried out in our lab by using this procedure.  

8.1 3o~-HYDROXYLUPANINE (1) 

Our  first example is 3a-hydroxylupanine (1), a new lupine alkaloid 
isolated by us from Leontice leontopetalum (Taleb et al., 1991). Each proton 
(or sets of close-lying protons) of 3a-hydroxylupanine (1) were first assigned 
letters (or sets of letters, if more than one proton overlapped in an area), 
on the ~H-NMR spectrum (Fig. 8.1). Thus, the farthest downfield proton 
is assigned letter A, and protons upfield to proton A are designated B, C, 
D, etc. In the case of overlapping multiplets, e.g., at 6 1.86 (integration 
4H), a group of letters (KLMN) was assigned. When all the protons in 
the ~H-NMR spectrum had been labeled, we examined the hetero-COSY 
spectrum (Fig. 8.2), in order  to determine which protons were attached 
directly to which carbon atoms by observing the one-bond C / H  interactions. 
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Figure 8.2 Hetero-COSY spectrum of 3a-hydroxylupanine. 

The hetero-COSY results were then tabulated by writing the letters and 13C- 
NMR values together, with the data for CH, CH2, and CH~ groups being 
placed in separate columns (Table 8.1). 

Table 8.1 therefore provides us the direct connectivities between the 
protons and the carbons to which they are attached in one glance. For 
instance the carbon which resonates at 8 47.23 (C-10) is attached to the 
protons A (8 4.52) and F (8 2.53), whereas the carbon resonating at 8 33.66 
(C-9) is coupled to proton J (8 1.96). Similarly, the carbon at 8 51.31 (C- 
17) shows cross-peaks with protons D (8 2.89) and G (8 2.26), whereas the 
carbon at 8 34.27 (C-9) is coupled to proton R (8 1.58). 

Once all the direct C /H  connectivity relationships had been deter- 
mined, we examined the COSY-45 ~ spectrum (Fig. 8.3). Since all of the 
protons of methylene groups in 3a-hydroxylupanine (1) were already identi- 
fied earlier from the hetero-COSY spectrum, the corresponding geminal 
coupling interactions could readily be determined. By deleting such gemi- 
nal coupling interactions, the COSY-45 ~ spectrum can be simplified greatly, 



8.1 3~-Hydroxylupanine (I) 

Table 8.1 

Correlations of Methylene and Methine Protons with 
Attached Carbons 

CH Protons (8c of CH) CH2 Protons (8c of CHz) 

B (67.5) A, F (47.2) 

C (59.2) D, G (51.3) 
Q, P (51.3) 

j (33.6) STU--2H (23.8) 

R (34.3) E, H (54.8) 
STU--1H,W (24.5) 

KLMN--1H (63.2) K, V (26.9) 
KLMN--2H (36.7) 
KLMN--1H,O (22.4) 
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Figure 8.3 COSY-45 ~ spectrum of 3a-hydroxylupanine. 
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and it allows the vicinal coupling interactions to be seen with greater 
clarity, since what is of interest at this stage is to deduce C-C connectivity 
information of protonated carbon atoms from the vicinal proton coupling 
interactions. Since we had already established the 1H/~3C one-bond connec- 
tivities from the HETCOR spectrum (Table 8.1), a combination of these 
two sets of data told us which protonated carbons are bound to one another.  

The COSY-45 ~ spectrum (Fig. 8.3) of 3a-hydroxylupanine (1) showed 
that one of the protons ofa  C H  2 group (with ~3C chemical shift of 8 47.22) m 
i.e., proton Amwas coupled to proton R (8 1.58). The latter was attached 
to the methine carbon having a chemical shift of 8 34.27, indicating that 
the CH2 carbon (with 8c = 47.22) was adjacent to a CH carbon (with 
8c = 34.27). Similarly, proton R showed cross-peaks with protons W (8 1.28) 
and I (8 2.12) as well as with one of the protons present in the 4H multiplet 
(KLMN) at 8 1.88, leading to fragment I. Other  important  cross-peaks were 
shown by proton J (8 1.96) with protons D (8 2.89), G (8 2.26), I (8 2.12), 
and W (8 1.28), confirming the substructure of fragment I (Fig. 8.1). 

Similarly, proton B (8 4.02) was coupled to one of the protons in the 
4H multiplet labeled KLMN (8 1.85), whereas proton C (8 3.31) was coupled 
to proton O (8 1.72) as well as to one of the protons present in the 
4H multiplet KLMN (8 1.85). The various coupling interactions of 3a- 
hydroxylupanine (1) obtained by considering both hetero-COSYand COSY- 
45 ~ data led to deducing the two fragments II and III (Fig. 8.1). 

The spin systems in 3a-hydroxylupanine were investigated further by 
applying the HOHAHA experiment (Fig. 8.4) recorded, with a mixing time 
of 100 ms. The various coupling connectivities present in the HOHAHA 
spectra not only confirmed their assignments but also helped to join frag- 
ments I and II together (fragment III). The spectrum obtained, with a 
mixing time of 20 ms, resembled closely the COSY-45 ~ spectrum, showing 
mainly direct connectivities, while with longer mixing intervals the magne- 
tization was seen to spread to more distant protons within individual 
spin systems. This spreading of the magnetization with the increase of the 
mixing delay can be seen in the projections of the HOHAHA spectra at 
8 4.52 and 3.39 (Fig. 8.5). These considerations led to structure I for 
3a-hydroxylupanine. 

8.2 ( + ) - B U X A L O N G I F O L A M I D I N E  (2) 

A steroidal alkaloid, (+)-buxalongifolamidine (2) was isolated from 
the leaves of Buxus longifolia Boiss of Turkish origin (Atta-ur-Rahman et 
al., 1993). The HREIMS of 2 showed the molecular ion at m/z  578.3533 
corresponding to the molecular formula C35H50N205 representing twelve 
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degrees of unsaturation in the molecule. The compound showed a peak 
at m/z  563, resulting from the loss of a methyl group from the M + ion. 
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The ~H-NMR spectrum (Figure 8.6) of 2 revealed the presence of three 
tertiary methyl groups at 8 0.74, 0.93, and 1.16, and the secondary methyl 



400 8. Logical Protocols for Solving Complex Structural Problems 

4.5 4.0 3,5 3.0 2.5 2.0 1.5 PPH 

6 4.52 (20 ms) 

- _ ,  . . . . . . . .  _ ,  . . . .  , . . . .  , . . . .  / .  - , . ~  

4.5 4.0 3.5 3.0 2.5 2.0 1.5 PPH 

4.5 4.0 3.5 3.0 2.5 2.0 1.5 P ~  

4.5 4.0 3.5 3.0 2.5 2.0 1.5 PPH 

64.52(1~m1 

4.5 4.0 3.5 3.0 2.5 2.0 1.5 P ~  

b 

- ,  . . . .  ' ,  . . . .  , . . . .  i - - - ,  . . . .  , . . . .  , . . . .  

4.5 4.0 3.5 3.0 2.5 2.0 1.5 PPH 

i 6 3.39 (2o ms) 

A 
4.5 4.0 3.5 3.0 2.5 2.0 1.5 P ~  

6 3.39 (40 us) 

4.5 4.0 3.5 3.0 2.5 2.0 1.5 PPM 

6 3.39 (6o ms) 

4 : g  4 2 0  g.S 3;o .... i .g  2 . b  ilgpP. 
6 3.39 (100 ms) 

4.5 4.0 3.5 3.0 2.5 2.0 1.5 PPM 

Figure 8.5 The slice plots taken at (a) 8 4.52 and (b) 8 3.39 of HOHAHA spectra 
of 3a-hydroxylupanine. 

g r o u p  r e s o n a t e d  as a d o u b l e t  at 8 1.25 (J20,2] = 6.6 Hz).  These  observa t ions  
favor a cycloar tenol- type t r i t e rpeno ida l  skele ton,  as p r e se n t  in all Buxus 
alkaloids. An AB d o u b l e t  r e sona t ing  at 8 3.65 a nd  3.70 (J~]~,31, = 8.7 Hz) 
was assigned to the  C-31 hydroxymethy len ic  p ro tons .  A d o u b l e t  at 8 5.85 
(J],2 = 10.3 Hz) d u e  to the  C-1 vinylic p r o t o n  showed  coup l ing  with the  
C-2 vinylic p r o t o n  r e sona t ing  at 8 5.87 as a d o u b l e t  o f  a d o u b l e t  (J],2 = 
10.3 Hz, 9~,~ = 3.3 Hz).  T h e  C-2 vinylic p ro ton ,  on  the  o t h e r  hand ,  showed  
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COSY cross-peaks with the C-3 methine  proton. The C-3 proton resonated 
as a doublet of double doublets at 8 4.80 (~,NH = 10.0 Hz, J~,2 = 3.3 Hz, J3,5 = 
1.7 Hz), showing cross-peaks with the C-2 vinylic, benzamidic NH, and W 
coupling with the C-5 methine proton in the COSY-45 ~ spectrum (Fig. 8.7). 
These observations suggested the presence of f ragment  I, including ring 
A of the skeleton. 

The C-19 methylene protons appeared as a broad singlet at 8 2.72 and 
showed weak allylic interactions with the vinylic C-11 proton that appeared 
at 8 5.45 as a multiplet  and itself showed vicinal coupling with the C-12 
methylene protons. This trisubstituted olefinic bond when tailored into 
ring C of the skeleton gives rise to f ragment  II. 

A multiplet centered at 8 4.90 was assigned to the C-16 proton, which 
exhibited COSY interactions with the C-15 methylene and C-17 methine  
protons. Since an acetoxy group was inferred from IR absorptions and the 
presence of a singlet at 8 1.90 in the 1D ~H-NMR spectrum, C-16 seemed to 
be a plausible site of its substitution in ring D of the skeleton (fragment III). 

" 14 O 

I I  I I I  

Other  major peaks in the ~H-NMR spectrum were a six-proton singlet 
at 8 2.03 assigned to the N(CH3)2 protons and groups of three- and two- 
proton multiplets centered at 8 7.50 and 7.85 due to the aromatic protons 
of the benzamidic moiety substituted on C-3 of ring A. 

The 13C-NMR spectra (CDCI~) (broad-band and DEPT) of compound  
2 showed resonances for all 35 carbons. A notable feature of the ~~C-NMR 



402 8. Logical Protocols for Solving Complex Structural Problems 

j 

/ 

�9 / /  

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 PPM 

Figure &6 ~H-NMR spectrum of buxalongifolamidine. 

broad-band decoupled spectrum was the appearance of downfield signal 
for a quaternary carbon at 8 79.5, which was assigned to C-10, bearing a 
hydroxy group. The chemical shifts for various carbons are listed in Table 
8.2. One-bond correlations between 1H- and ~SC-nuclei were established by 
inverse ~H-detected HMQC experiment (Fig. 8.8); the results are presented 
in Table 8.2. 

The ~H/13C long-range coupling information obtained from the 
inverse HMBC experiment (Fig. 8.9) allowed the various fragments to 
be connected together. The proton at 8 3.65 (C-31c~H) showed 2JcH 
interaction with C-4 (~ 45.1) and ~]CH interactions with C-3 (8 56.1) and 
C-5 (8 53.6). The C-31/3 proton (8 3.70) showed ~]CH interaction with 
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Table 8.2 

1H/lSC-NMR Connectivities (from HMQC) for 2 

Chemical Multiplicity 
shift (8) (DEPT) 

1H/lSC Connectivity 8 
( J =  Hz) 

132.5 CH 
131.7 CH 

3 56.1 CH 

4 45.1 C 
5 53.6 CH 
6 29.7 CH2 
7 34.3 CH2 
8 41.9 CH 
9 133.6 C 

10 79.5 C 
11 124.0 CH 
12 37.3 CH2 
13 46.2 C 
14 47.7 C 
15 43.8 CHz 
16 75.1 CH 
17 56.5 CH 
18 16.8 CH3 
19 44.3 CH2 
20 65.4 CH 
21 11.7 CHs 
30 19.9 CH~ 
31 78.6 CHz 

32 
Nb-CH3 
Nb-CH3 
1' 
2' 
3' 
4' 
5' 
6' 
Ph-CO-N 
CO-CHs 
CO-CHa 

17.3 CH3 
35.8 CH3 
44.1 CH3 

135.3 C 
127.4 CH 
128.5 CH 
130.3 CH 
128.5 CH 
127.4 CH 
167.5 C 

21.2 CHs 
171.2 C 

5.85 (d, J = 10.3) 
5.87 (dd, J = 10.3, 

4.80 (ddd, J = 10.0, 
3.3,1.7) 

2.68 (m) 
1.25 (m) 
1.81 (m) 
2.00 (m) 

m 

5.45 (m) 
1.85 (m) 

E 

1.50 
4.90 
2.05 
0.93 
2.72 
3.40 
1.25 
1.16 
3.65 
3.70 
0.74 
2.03 
2.03 

(m) 
(m) 
(m) 
(s) 
(s) 
(m) 
(d, J = 6.6) 
(s) 
(d, J =  8.7) 
(d, J = 8.7) 
(s) 
(s) 
(s) 

7.85 (m) 
7.48 (m) 
7.50 (m) 
7.48 (m) 
7.85 (m) 

1.90 (s) 
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'H (8) 

Table 8.3 

Long Range ~H/~3C Connectivities (from HMBC) for 
Buxalongifolamidine (2)in CDC13 

%H (8) %H (8) ~JCH (8) 

7.85 (H-2',6') 128.5 (C-3') 
5.87 (H-2) 

5.85 (H-l) 79.5 (C-10) 

4.90 (H-16) 171.2 (C-CH3) 
56.5 (C-17) 

4.80 (H-3) 131.7 (C-2) 
3.70 (H-31/3H) 45.1 (C-4) 56.1 (C-3) 

19.9 (C-30) 
3.65 (H-31c~H) 45.1 (C-4) 56.1 (C-3) 

53.6 (C-5) 
2.72 (H-19) 133.6 (Co9) 41.9 (C-8) 

79.5 (C-10) 53.6 (C-5) 
1.81 (H-7) 41.9 (C-8) 17.3 (C-32) 

133.6 (C-0) 
1.50 (H-15) 75.1 (C-16) 56.6 (C-17) 

47.7 (C-14) 41.9 (C-8) 
1.25 (H-21) 65.4 (C-20) 56.6 (C-17) 
1.16 (H-30) 78.6 (C-31) 56.1 (C-3) 

45.1 (C-4) 53.6 (C-5) 

167.5 (amide C-~O) 
79.5 (C-10) 
45.1 (C-4) 
53.6 (C-5) 
44.3 (C-19) 
46.2 (C-13) 

79.5 (C-10) 
79.5 (C-10) 

C-4, ~ : .  interactions with C-3 (8 56.1) and C-30 (8 19.9), and 4Jc. 
interaction with C-10 (3 79.5). The protons at 8 2.72 (C-19) showed 
2J}: H coupling with C-9 (8 133.6) and C-10 (8 79.5) and ~:~ connectivities 
between C-5 (8 53.6) and C-19 protons were also observed. The 
C-2 protons (8 5.87) showed ffcn couplings with C-10 (8 79.5) and C-4 
(8 45.1). The proton at 8 1.16 (C-30) showed ~ : .  connectivities with 
C-3 (8 56.1). Other  connectivities are shown in Table 8.3. HOHAHA 
Spectrum (100 ms) (Fig. 8.10) of buxalongifolamidine further confirmed 
the ~H-IH connectivities within each spin-system. 

On the basis of these studies, structure 2 was assigned to ( +)-buxalongi- 
folamidine. 
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Glossary 

Absolute-value-mode spectrmn: The spectrum is produced by recording 
the square root of the sum of the squares of the real (R) and imaginary 
(I) parts of the spectrum ( /~  + F). 
Absorption-mode spectrmn: The spectrum in which the peaks appear with 
Lorentzian line shapes. NMR spectra are normally displayed in absolute- 
value mode. 
Acquisition time: The time taken to digitize the free induction decay. 
In 2D NMR experiments this takes place during time t2 when the FID 
is "acquired". 
Aliasing: False peaks produced that originate outside the spectral window, 
when the digitization rate is less than twice the Nyquist frequency. 
Analog-to-digital converter: The computer hardware that converts the volt- 
age from the detector into a binary number, usually 12 or 16 bits long. 
Antiphase: The phases opposite to that of an individual line in a multiplet. 
Apodization: Applying weighting functions for enhancing sensitivity or reso- 
lution. 
Artifacts: False peaks, noise, or other unwanted signals in the NMR 
spectrum. 
Band-pass filter: A filter used for selecting the desired coherence order, p. 
Carrier frequency: The transmitter frequency that consists of high- 
frequency pulses. 

§ § § § �9 § § 411 
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Chemical shift: The difference between the nuclear precession frequency 
and the carrier frequency. 

Coherence: A condition in which nuclei precess with a given phase relation- 
ship and can exchange spin states via transitions between two eigenstates. 
Coherence may be zero-quantum, single-quantum, double-quantum, etc., 
depending on the AMz of the transition corresponding to the coherence.  
Only single-quantum coherence can be detected directly. 

Coherence order,  p: The difference in the magnetic quan tum number ,  Mz 
of the two energy levels connected by the same coherence.  

Coherence pathway selection: Choosing a corresponding phase cycle so that 
undesired resonances are suppressed and only the desired magnetization is 
observed. 

Coherence transfer: The transfer of coherence between two different types 
of nuclei. 

Composite pulse: A composite "sandwich" of pulses that replaces a single 
pulse; employed to compensate  for B~ field inhomogeneit ies,  phase errors, 
or offset effects. 

Constant-time experiment:  An NMR exper iment  in which the total durat ion 
of tl is kept constant. 

Continuous wave: A method  of recording an NMR spectrum in which the 
field B~ is applied continuously and either the magni tude of B0 or the 
radiofrequency is varied so that the nuclei are brought  successively into reso- 
nance. 

Contour plot: The most widely applied method for recording 2D spectra. 
The peaks appear  as concentric circular lines (contours), with the two axes 
of the 2D spectrum representing chemical shifts or coupling constants. 

Convolution: The random noise in a spectrum can be smoothed out by 
the application of convolution functions. The NMR spectrum is sampled 
at regular frequency intervals, and each ordinate in the resulting new 
spectrum is multiplied by the corresponding ordinate on the convoluting 
function. The sum of the products is normalized and plotted. 

Convolution difference: To emphasize the narrow peaks in the spectrum 
of a macromolecule  and to suppress the broad resonances, we can apply 
a severe broadening function that is calculated to affect the narrow lines 
much more than the broad lines. This causes the narrow peaks to broaden,  
and the resulting spectrum is subtracted from the original spectrum to give 
the convolution difference spectrum, in which each narrow line appears 
on shallow depressions. 

Correlation time (%): A parameter  related to the mean time during which 
a molecule maintains its spatial geometry between successive rotations. For 
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internuclear vectors, "re is approximately equal to the average time for it to 
rotate through an angle of 1 radian. 

COSY (H-H correlation spectroscopy): An important 2D experiment that 
allows us to identify the protons coupled to one another. 

Cross-peaks: The off-diagonal peaks in a 2D experiment that appear at the 
coordinates of the correlated nuclei. 

Cross-relaxation: The mutual intermolecular or intramolecular relaxation 
of magnetically equivalent nuclei, e.g., through dipolar relaxation. This 
forms the basis of hOe experiments. 

CYCLOPS: A four-step phase cycle that corrects dc imbalance in the two 
channels of a quadrature detector system. 

Dead time: A very short delay introduced before the start of acquisition 
that allows the transmitter gate to close and the receiver gate to open. 

Density matrix: A description of the state of nuclei in quantum mechani- 
cal terms. 

DEPT (distortionless enhancement by polarization transfer): A one- 
dimensional 13C-NMR experiment commonly used for spectral editing that 
allows us to distinguish between CH3, CH2, CH, and quaternary carbons. 

Detectable magnetization: The magnetization precessing in the x'y'-plane 
induces a signal in the receiver coil that is detected. Only single-quantum 
coherence is directly detectable. 

Detection period: The FID is acquired in the last segment of the pulse 
sequence. This is the detection period, and, in 2D experiments, this is the 
t2 domain. 
Diagonal peaks: Cross-sections of peaks that appear on or near a diagonal 
line in a 2D spectrum. The projection produces the 1D spectrum. They 
give no shift-correlation information. 

Diamagnetism: Substances that have no unpaired electrons are diamag- 
netic. When placed in an applied magnetic field, their induced magnetic 
fields oppose the applied magnetic field. 

Digital resolution: The distance, in hertz, between successive data points; 
determines the extent of peak definition by the data points. 

Digitization: The process of converting voltage by an analog-to-digital con- 
verter (ADC) to a corresponding binary number for digital processing; 
used to represent free induction decay in digital form. 

Digitization rate: The rate that represents the number of analog-to-digital 
conversions per second during data acquisition; must be twice the highest 
signal frequency. 

Dipolar coupling: The direct through-space coupling interaction between 
two nuclei. It is responsible for hOe and relaxation, and represents the 
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main mechanism for spin-lattice relaxation of spin t/2 nuclei in diamag- 
netic liquids. 

Dispersion mode: A Lorentzian line shape that arises from a phase-sensitive 
detector (which is 90 ~ out of phase with one that gives a pure-absorption- 
mode line). Dispersion-mode signals are dipolar in shape and produce 
long tails. They are not readily integrable, and we need to avoid them in 
a 2D spectrum. 

Double~luantum coherence: Coherence between states that are separated 
by magnetic quantum numbers of -+2. This coherence cannot be detected 
directly, but must be converted to single-quantum coherence before de- 
tection. 

Dynamic range: Range determined by the number  of bits in the output of 
the analog-to-digital converter; represents the ratio between the largest and 
smallest signals observable in the digitized spectrum. 

Editing: Obtaining a given set of subspectra to supply some desired informa- 
tion, e.g., the multiplicity of signals. 

Equilibration delay: A time period introduced between successive scans to 
allow the nuclei to relax to their respective equilibrium states (i.e., to 
become realigned along the z-axis). 

Ernst angle: The angle by which the nuclear magnetization vector must be 
tipped in order to give the best signal-to-noise ratio for a given combination 
of spin-lattice relaxation time and the time between successive pulses. 

Evolution period: The delay time in the second segment of a pulse sequence, 
during which the nuclei precess under  the influence of chemical shift and /  
or spin coupling; incremented successively in 2D experiments, thereby 
producing the t~ domain. 

F~ axis: The axis of a 2D spectrum resulting from the Fourier transformation 
of the t~ domain signal. 

F2 axis: The axis of a 2D spectrum resulting from the Fourier transformation 
of the transposed digitized FIDs (t,~ domain). 

Fast Fourier transform (FFT): A procedure for carrying out Fourier trans- 
formation at high speed, with a minimum of storage space being used. 

Field frequency lock: The magnitude of the field B0 is stabilized by locking 
onto the fixed frequency of a resonance in the solution, usually 2H of 
the solvent. 

Field gradients: In an inhomogenous magnetic field, the magnetization 
will become subdivided into a number  of smaller vectors, each of which 
will precess at a slightly differing frequency. These smaller vectors spread 
out (dephase) during the evolution period, thereby reducing the net trans- 
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verse magnetization of the sample. Such field gradients broaden the NMR 
signals and lead to a more rapid disappearance of the FID. 

First order  multiplet: First order  multiplets are those in which the difference 
in chemical shifts of the coupled protons, in hertz (Hz), divided by the 
coupling constant between them is about  8 or more (Av/y > 8). These 
multiplets have a symmetrical disposition of the lines about  their midpoints. 
The distance between the two outermost  peaks of a first order  multiplet  is 
the sum of each of the coupling constants. 
Flip angle: The angle by which a vector is rotated by a pulse. 
Fourier  transformation: A mathematical  operation by which the FIDs are 
converted from time-domain data to the equivalent frequency-domain 
spectrum. 
Free induction decay: A decay time-domain beat pat tern obtained when 
the nuclear spin system is subjected to a radiofrequency pulse and then 
allowed to precess in the absence of Rf fields. 
Frequency spectrum: A plot of signal ampli tude versus frequency, produced  
by the Fourier transformation of a t ime-domain signal. 
Gated decoupling: The decoupler  is "ga ted"  during certain pulse NMR 
experiments,  so spin decoupling occurs only when the decoupler  is switched 
on and not when it is switched off; used to eliminate either ~H-~C spin- 
coupling or nuclear Overhauser effect in a 1D ~3C spectrum, and employed 
as a standard technique in many other  ~H-NMR experiments,  such as APT 
and J-resolved. 
Heteronuclear  correlation spectroscopy (HETCOR):  Shift-correlation spec- 
troscopy in which the chemical shifts of different types of nuclei (e.g., ~H 
and ~3C) are correlated through their mutual spin-coupling effects. These 
correlations may be over one bond or over several bonds. 
High-pass filter: A filter used to select a coherence order  - p. 
INADEQUATE: Correlation spectroscopy in which the directly bonded  ~C 
nuclei are identified. 
Increment:  A short, fixed time interval by which time interval tl is repeatedly 
increased in a 2D NMR experiment.  
INEPT (insensitive nuclei enhanced by polarization transfer): Polarization 
transfer pulse sequence used to record the NMR spectra of insensitive 
nuclei, e.g., 13C, with sensitivity enhancement ;  may be used for spectral ed- 
iting. 
In-phase: A term applied to a multiplet structure when the individual lines 
of the multiplet have the same phase. 
Inverse experiments: Heteronuclear  shift-correlation experiments  in which 
magnetization of the less sensitive heteronucleus (e.g., I~C) is detected 
through the more sensitive magnetization (e.g., ~H). 
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Inversion recovery: A pulse sequence used to determine spin-lattice relax- 
ation times. 

J-scaling: A method for preserving a constant scaling factor for all ~3C multi- 
plets. 

J-spectroscopy: A 2D exper iment  in which the chemical shifts are plotted 
along one axis (F2 axis) while the coupling constants are plotted along the 
other axis (F~ axis). This is an excellent procedure  for uncoding overlap- 
ping multiplets. 

Laboratory frame: The Cartesian coordinates (x, y, and z) are stationary 
with respect to the observer, in contrast to the rotating frame, in which 
they rotate at the spectrometer  frequency. 

[ a r m o r  frequency: The nuclear precession frequency about the direction 
of B0. Its magnitude is given by yBo/2rr. 

Longitudinal magnetization: This is the magnetization directed along the 
z-axis parallel to the B0 field. 

Longitudinal operators: Orthogonal  operators, designated as/~. 

Lorentzian line shape: The normal line shape of an NMR peak that can 
be displayed either in absorption or dispersion mode. 

Low-pass filter: A filter used for selecting coherence orders >p. 

Magnetic field gradients: See Field gradients. 

Magnetic quantum number (m~): The number  that defines the energy of 
a nucleus in an applied field B0. It is quantized, i.e., has values of - I ,  
- I  + 1 . . . . .  + L In the case of ~H or ~3C nuclei, the spin quantum number  
is _+V2, corresponding to the al ignment of the z-component of the nuclear 
magnetic moment  with or against the applied magnetic field, B0. 

Magnetic resonance imaging (MRI): A technique, based on magnetic field 
gradients, that is widely used as an aid to clinical diagnosis. MRI has proved 
to be a promising tool for tumor detection. 

Magnetization vector (M): The resultant of individual magnetic moment  
vectors for an ensemble of nuclei in a magnetic field. 

M a g n e t o g ~ c  ratio (~/): The intrinsic property of a nucleus that determines 
the energy of the nucleus for specific values of the applied field, B0. It can 
be either positive (e.g., IH, 1~C) or negative (e.g., 15N, 29Si). 

Matched filter: The multiplication of the free induction decay with a sensitiv- 
ity enhancement  function that matches exactly the decay of the raw signal. 
This results in enhancement  of resolution, but broadens the Lorentzian 
line by a factor of 2 and a Gaussian line by a factor of 2.5. 

Mixing period: The third time period in 2D experiments,  such as NOESY, 
during which mixing of coherences can occur between correlated nuclei. 
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Modulation: The variation in amplitude and /o r  phase of an oscillatory 
signal by another function, e.g., modulation of the nuclear precession 
frequency of one nucleus by the nuclear precession frequency of a corre- 
lated nucleus in COSY spectra. 

Multiple-quantum coherence: When two or more pulses are applied, they 
can act in cascade and excite multiple-quantum coherence, i.e., coherence 
between states whose total magnetic quantum numbers differ by other than 
• (e.g., 0, --+2, _+3). Such coherence is not directly detectable but must 
be converted to single-quantum coherence to be detected. 

Multiple-quantum filtration: A pulse sequence applied for preferentially 
selecting transitions involving multiple-quantum coherences; may be used 
to simplify 2D spectra by eliminating signals due to single-quantum coher- 
ence or to attenuate diagonal peaks in a COSY spectrum. 

Multiple-pulse experiment: An experiment in which more than one pulse 
is applied to the nuclei. 

Nonselective pulse: A pulse with wide frequency bandwidth that excites all 
nuclei of a particular type indiscriminately. 

Nuclear magnetic moment (Ix): The consequence when a nucleus has both 
a charge and an angular momentum. The magnitude of the observed 
magnetic moment  is given by ml = hy/2rt (where m~ = magnetic quantum 
number and y = magnetogyric ratio). 

Nuclear Overhauser effect (nOe): The change in intensity in the signal of 
one nucleus when another nucleus lying spatially close to it is irradiated, 
with the two nuclei relaxing each other via the dipolar mechanism. 

Nuclear Overhauser effect correlation spectroscopy (NOESY): A 2D 
method for studying nuclear Overhauser effects. 

Nyquist frequency: The highest frequency that can be characterized by 
sampling at a given rate; equal to one-half the rate of  digitization. 

Off-resonance decoupling: Applying an unmodulated radiofrequency field 
B2 of moderate intensity in the proton spectrum just outside the spectral 
window of the carbon spectrum shrinks the multiplet structure of the 
carbon signals. Some multiplet structure is, however, still left behind, allow- 
ing the CH3 (quartets), CH2 (triplets), CH (methines), and C (quaternary 
carbons) to be distinguished. 

Paramagnetism: Magnetic behavior of nuclei that contain unpaired elec- 
trons. When such substances are placed in a magnetic field, the induced 
magnetic field is parallel to the applied magnetic field. 

Phasing: A process of phase correction that is carried out by a linear 
combination of the real and imaginary sections of a 1D spectrum to produce 
signals with pure absorption-mode peak shapes. 
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Phase cycling: As employed in modern NMR experiments, repeating the 
pulse sequence with all the other parameters being kept constant and only 
the phases of the pulse(s) and the phase-sensitive detector reference being 
changed. The FIDs are acquired and coadded. The procedure is used to 
eliminate undesired coherences or artifact signals, or to produce certain 
desired effects (e.g., multiple-quantum filtration). 

Phase-sensitive data acquisition: NMR data are acquired in this manner  so 
that peaks are recorded with pure absorption-mode or pure dispersion- 
mode line shapes. 

Phase-sensitive detector: A detector whose output is the product of the 
input signal and a periodic reference signal, so that it depends on the 
amplitude of the input signal and its phase relative to the reference. 

Polarization: The results of an excess of nuclear magnetic moment  vectors 
(/z~) aligned with or opposed to the applied magnetic field, B0. The magni- 
tude of the polarization effect is determined by the magnetogyric ratio, 
the applied field B0, and the temperature. 

Polarization transfer: Application of certain pulse sequences causes the 
transfer of the greater-equilibrium polarization from protons to a coupled 
nucleus, e.g., ~C, which has a smaller magnetogyric ratio. 

Precession: A characteristic rotation of the nuclear magnetic moments 
about the axis of the applied magnetic field B0 at the Larmor frequencies. 

Preparation period: The first segment of the pulse sequence, consisting of 
an equilibration delay. It is followed by one or more pulses applied at the 
beginning of the subsequent evolution period. 

Presaturation: Selective irradiation of a nucleus prior to application of a 
nonselective pulse causes it to be saturated, so its resonance is suppressed. 
This technique may be employed for suppressing solvent signals. 

Product operator: A set of orthogonal operators that can be connected 
together by a product. The product operator approach can be used to 
analyze pulse sequences by applying simple mathematical rules to weakly 
coupled spin systems. 

Projection: The one-dimensional spectrum produced when one of the two 
axes of a 2D spectrum is collapsed and the resulting "projection spec- 
trum" recorded. 

Pulse sequence: A series of Rf pulses, with intervening delays, followed by 
detection of the resulting transverse magnetization. 

Pulse width: The time duration for which a pulse is applied; determines 
the extent to which the magnetization vector is bent. 

Quadrature detection: A method for detecting NMR signals that employs 
two phase-sensitive detectors. One detector measures the x-component of 
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the magnetization; the other measures the y-component. The reference 
phases are offset by 90 ~ . 

Quadrature  images: Any imbalances between the two channels of a quadra- 
ture detection system cause ghost peaks, which appear  as symmetrically 
located artifact peaks on opposite sides of the spectrometer  frequency. 
They can be eliminated by an appropriate  phase-cycling procedure,  e.g., CY- 
CLOPS. 
Real and imaginary parts: Two equal blocks of frequency that result from 
Fourier transformation of the FIDs. 

Rotating frame: The frame is considered to be rotating at the carrier 
frequency, v0. This allows a simplified picture of the precessing nuclei to 
be obtained. 
Saturation: If the Rf field is applied continuously, or if the pulse repeti t ion 
rate is too high, then a partial or complete equalization of the populations 
of the energy levels of an ensemble of nuclei can occur and a state of 
saturation is reached. 
Scalar coupling: Coupling interaction between nuclei transmitted through 
chemical bonds (vicinal and geminal couplings). 

Selective polarization transfer: A polarization transfer exper iment  in which 
only one signal is enhanced selectively. 

Signal averaging: A procedure for improving the signal-to-noise ratio involv- 
ing repeating an exper iment  n times so that the signal-to-noise ratio in- 
creases by n 1/2. 

Signal-to-noise ratio: Ratio of signal intensity to the root-mean-square 
noise level. 
Sine-bell: An apodization function employed for enhancing resolution in 
2D spectra displayed in the absolute-value mode. It has the shape of the 
first half-cycle of a sine function. 

Single-quantum coherence: Coherence between states whose total quan tum 
numbers  differ by _+ 1. The only type of coherence that can be observed di- 
rectly. 
Spin-echo: The refocusing of vectors in the xy-plane caused by a (~-180~ 
pulse sequence produces a spin-echo signal. It is used to remove field 
inhomogeneity effects or chemical shift precession effects. 

Spin-lattice relaxation time: Time constant for reestablishing equilibrium, 
involving return of the magnetization vector to its equilibrium position 
along the z-axis. 

Spin-locking: If a continuous B1 field is applied along the y'-axis immediately 
after a 90 ~ pulse, then all the magnetization vectors become spin-locked 
along the y'-axis, and negligible free precession occurs. 
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Stacked plot: The 2D NMR spectrum is presented as a series of 1D spectra 
parallel to the FI axis stacked together at a number  of F2 values (or vice 
versa), one below the other. 

Symmetrization: A procedure for removing artifact signals that appear 
nonsymmetrically disposed on either side of the diagonal. 

tl noise: Noise peaks parallel to the F1 axis that arise due to instrumental 
factors, such as random variations of pulse angles, phases, B0 inhomogene- 
ity, or temperature. It is not removed by signal averaging. 

Tip angle (0t): The angle by which the magnetization vector is rotated by 
the applied pulse. 

Transient: Time-domain signal (FID) acquired in an FT experiment. 

Transmitter: Coil of wire and accompanying electronics from which Rf 
energy is applied to the NMR sample. 

Transverse magnetization: Magnetization existing in the x'y'-plane. 
Transverse operators: Designated as Ix or/y in the product operator descrip- 
tion of NMR spectroscopy. 

Zero-filling: A procedure used to improve the digital resolution of the 
transformed spectrum (e.g., in the h domain of a 2D spectrum) by adding 
zeros to the FID so that the size of the data set is adjusted to a power of 2. 

Zero-quantum coherence: The coherence between states with the same 
quantum number. It is not observable directly. 
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Apodization 
effect on spectra, 55, 83-84 
two-dimensional spectroscopy, 165, 

167-168, 170, 180-183 
window functions, 55-56, 405 

A P T ,  see Attached proton test 
Attached proton test 

carbon resonance assignment 
podophyllotoxin, 128, 144-145 
vasicinone, 129, 145-146 

data collection, 98, 100 
delay time effect on signal intensity, 

100-101 
distinguishing of carbons, 102, 

133-134 
error sources, 101-102 
principle, 97 
pulse sequence, 97-98 
spectrum interpretation, 101 

Bandwidth, relationship to pulse 
duration, 24-25, 33, 80 

Boltzmann equation, 6-7, 75 
( + )-Buxalongifolamidine 

COSY-45 ~ spectroscopy, 401 
heteronuclear multiple-bond 

correlation, 403-404 
heteronuclear multiple-quantum 

coherence, 402-403 

mass spectrometry, 400 
proton-carbon connectivity, 

402-403 
proton nuclear magnetic resonance, 

400-401 
Buxapentalactone, spin-echo 

correlation spectroscopy, 284, 
315-316 

Buxatenone, structure determination 
by nuclear Overhauser 
enhancement spectroscopy, 299, 
335-336 

Buxoxybenzamine, heteronuclear shift- 
correlation spectroscopy, 291, 
323-325 

CAMELSPIN, see Rotating frame 
Overhauser enhancement 
spectroscopy 

Carbon, isotopic abundance, 274 
Chemical exchange spectroscopy, see 

Two-dimensional chemical 
exchange spectroscopy 

Coherence transfer echo, origin, 
386-387 

Coherence transfer pathway 
AX spin system, 70-71 
definition, 70 
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phase cycling, 73-74 
two-dimensional experiments, 71, 73 

Composite pulse 
advantages over unified pulse, 67, 87 
notation, 66 
principle, 65, 406 
pulse sequences, 66-67 

Continuous wave spectrometer 
magnetic field variation, 9-10 
principle, 406 
sensitivity, 59, 85 
time constraints, 9 

Correlated spectroscopy, see a l s o  Spin- 
echo correlation spectroscopy 

carbon-carbon connectivity 
determination, 259, 309 

COSY-45 ~ spectroscopy 
advantages, 249, 307-308 
artifacts, 245-246 
( + )-buxalongifolamidine, 401 
cross-peak intensity, 243-244 
ethyl acrylate, 248, 306-307 
3c~-hydroxylupanine, 397-398 
isoprenylcoumarin, 283, 313-315 
long-range experiment, 283, 

313-315 
podophyllotoxin, 280, 309 
principle, 243 
structure elucidation, 392-393 
vasicinone, 281, 310-312 

data requirements, 159-160 
decoupled spectra, 249, 308 
delayed-COSY, 251,308, 393 
double-quantum filtered COSY 

artifact suppression, 388-389 
isoprenylcoumarin, 282, 312-313 
principle, 249-251 
pulse sequence, 250-251 

exchange correlation spectroscopy 
coupling constant measurement, 

253, 308 
principle, 251,253 
pulse sequence, 253 

heteronuclear spectroscopy, see 

Heteronuclear shift-correlation 
spectroscopy 

homonuclear spectroscopy 
coupled proton correlation, 244, 

305-306 
phase-sensitive spectra, 240-242 
principle, 235-236 
pulse sequence, 236-237, 

239-240, 378-379 
one-dimensional experiment and 

pulse sequence, 367-369 
principle, 155, 407 
relayed COSY, 368-369 
semisoft pulse sequence, 374-375 
transverse magnetization detection, 

151-152 
Correlation time, see Molecular 

correlation time 
COSY, see Correlated spectroscopy 
Cross-polarization 

energy levels for carbon/proton 
system, 106, 108 

polarization transfer, 104, 108, 
134-136 

population transfer experiments, 108 
pulse sequence for heteronuclear 

AX spin system, 104-106 
sensitivity enhancement, 103 

CYCLOPS, see Phase cycling 

DC correction, two-dimensional 
spectroscopy, 164-165, 179 

DEPT, see Distortionless enhancement 
by polarization transfer 

Deuterium lock 
effect on spectra, 20, 79 
principle, 18-20 
purpose, 18 

Digital resolution 
acquisition time relationship, 

41-42, 51 
calculation, 42 
definition, 407 
effects of sampling rate, 41-42 
optimization, 43, 82 
two-dimensional spectroscopy, 

159-160, 179 
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Digitizer resolution, dynamic range, 
45, 47 

Distortionless enhancement by 
polarization transfer 

carbon resonance assignment 
ethyl acrylate, 119-120, 138-139 
malabarolide-A~, 127, 143-144 
podophyllotoxin, 123-124, 

140-141 
thermopsine, 126, 142-143 
vasicinone, 125, 141-142 

definition, 407 
INEPT experiment comparison, 116, 

120, 139 
inverse polarization transfer 

experiments, 121-122, 139-140 
modifications, 119 
nonselective population transfer 

experiments, 108 
polarization pulse angle, 117, 119 
pulse sequence, 117-118, 122 
quaternary carbon invisibility, 120, 

139 
subspectral editing, 122 

Double-bond equivalents, structure 
elucidation, 391 

DQF-COSY, see  Correlated 
spectroscopy 

Dwell time, two-dimensional 
spectroscopy, 158 

E.COSY, see Correlation spectroscopy 
Electromagnetic spectrum, 

wavelengths and energy, 2 
Error Self Compensation Research by 

Tao Scrambling, attached proton 
test spectral editing, 101-102 

ESCORT, see Error Self Compensation 
Research by Tao Scrambling 

Ethyl acrylate 
carbon resonance assignment, 

119-120, 138-139, 248, 
306-307 

homonuclear J-resolved 
spectroscopy, 302, 339 

FID, see  Free induction decay 
Field gradient 

applications in nuclear magnetic 
resonance, 381-382 

artifact suppression, 386-389 
definition, 409 
magnetic resonance imaging, 381 

Flip angle 
calculation, 25 
selection, 60 

Four-dimensional spectroscopy, 
protein structure determination 
techniques, 355-356, 358-362 

Fourier transformation 
computer processing, 35 
fast Fourier transform, 408 
formula, 33 
free induction decay curves, 5-6, 

32-33, 35 
pulse shapes, 366 
two-dimensional spectroscopy, 

149-150, 152-155, 163-164, 
170-171, 176, 183 

Free induction decay 
amplitude decay mechanism, 32, 81 
apodization, 55, 83-84 
bandwidth relationship to pulse 

duration, 24-25, 33, 80 
data storage, 35-36, 41, 47, 82 
digitization, 35-36, 43, 45-48 
Fourier transformation, 5-6, 

32-33, 35 
information in tail of data, 32, 37, 

55, 81 
resolution enhancement, 57, 59 
sampling, 36-38, 40-41, 46 
shimming and line shape, 17 
signal origin, 30-32 

GAS, see Gradient-accelerated 
spectroscopy 

GASPE, see Gated spin-echo 
Gated spin-echo, see  Attached proton 

test 
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Gaussian multiplication, resolution 
enhancement, 57, 59 

Gradient-accelerated spectroscopy, 
artifact suppression, 386-389 

Griffithine, heteronuclear multiple- 
bond connectivity, 274-275 

Gyromagnetic ratio 
definition, 411 
effect on NMR sensitivity, 8, 75-76, 

103, 187 
values for nuclei, 6-7, 75 

Hard pulse 
characteristics, 365 
energy, 24, 28, 80-81 

Hartmann-Hahn spectroscopy, see a lso  

Homonuclear Hartmann-Hahn 
spectroscopy 

heteronulear spectroscopy, 268 
principle, 267-268 

HETCOR, see Heteronuclear shift- 
correlation spectroscopy 

Heteronuclear multiple-bond 
correlation 

(+)-buxalongifolamidine, 403-404 
griffithine, 274-275 
podophyllotoxin, 294-295, 327-329 
pulse sequence, 273 
selective experiment, 376-377 
sensitivity, 273 
structure elucidation, 393-394 
vasicinone, 295, 329-330 

Heteronuclear multiple-quantum 
coherence 

( + )-buxalongifolamidine, 402-403 
one-dimensional experiment with 

TOCSY magnetization transfer, 
371-372 

podophyllotoxin, 292, 325-326 
pulse sequence, 271 
sensitivity, 271 
structure elucidation, 392-393 
thermopsine, 272-273 
vasicinone, 293, 326-327 

Heteronuclear nuclear Overhauser 
enhancement spectroscopy, 
principle, 262, 265 

Heteronuclear shift-correlation 
spectroscopy 

broad-band decoupling, 257 
buxoxybenzamine, 291,323-325 
carbon-carbon connectivity 

determination, 259, 309 
7-hydroxyfrullanolide, 290, 322-323 
isoprenylcoumarin, 257-258 
long-range experiments, 259 
podophyllotoxin, 288, 320-321 
principle, 254, 256, 409 
pulse sequence, 256-257, 379-380 
vasicinone, 289, 321-322 

HMBC, see Heteronuclear multiple- 
bond correlation 

HMQC, see Heteronuclear multiple- 
quantum coherence 

HOESY, see Heteronuclear nuclear 
Overhauser enhancement 
spectroscopy 

HOHAHA, see Homonuclear 
Hartmann-Hahn spectroscopy 

Homonuclear Hartmann-Hahn 
spectroscopy 

data collection, 267 
littorine, 267-270 
one-dimensional experiment and 

pulse sequence, 370-371 
podophyllotoxin, 286, 317-318 
principle, 267 
pulse sequence, 267 
semisoft pulse sequence, 377 
spin network determination, 

393-394, 398-400 
vasicinone, 287, 319-320 

Homonuclear shift-correlation 
spectroscopy, see Correlated 
spectroscopy 

7-Hydroxyfrullanolide 
carbon resonance assignment in 

COLOC experiment, 296, 
331-332 
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heteronuclear shift-correlation 
spectroscopy, 290, 322-323 

incredible natural abundance 
double quantum transfer 
experiment, 303-304, 341-342 

structure determination by nuclear 
Overhauser enhancement 
spectroscopy, 300, 336-337 

3c~-Hydroxylupanine 
carbon-proton connectivity, 394, 

396-397 
COSY-45 ~ spectroscopy, 397-398 
proton nuclear magnetic resonance, 

394 
spin system determination, 398-400 

selective experiment, 373 
sensitivity enhancement, 109, 

111-112, 136 
spectral editing, 111-115, 136 
spectrum of 1,2-dibromobutane, 

114-115 
Isoprenylcoumarin 

double-quantum filtered COSY, 282, 
312-313 

heteronuclear shift-correlation 
spectroscopy, 257-258 

long-range COSY-45 ~ spectroscopy, 
283, 313-315 

spin-echo correlation spectroscopy, 
285, 316-317 

INADEQUATE, see Incredible natural 
abundance double quantum 
transfer experiment 

Incredible natural abundance double 
quantum transfer experiment 

carbon-carbon connectivity 
assignment, 303-304, 340-342, 
394 

7-hydroxyfrullanolide, 303-304, 
341-342 

methyl tetrahydrofuran, 303, 340 
one-dimensional SELINQUATE 

experiment, 369 
c~-picoline, 278-279 
principle, 275-277, 409 
pulse sequence, 277-278 
sensitivity, 274-275 

INEPT, see Insensitive nuclei enhanced 
by population transfer 

Insensitive nuclei enhanced by 
population transfer 

data collection, 114 
experiment characteristics, 111, 136 
inverse polarization transfer 

experiments, 121-122, 139-140 
pulse sequence, 109-110, 115, 

137-138 
refocussed experiment, 115-116, 

137-138 

J-resolved spectroscopy 
data requirements, 159-160 
heteronuclear spectroscopy 

bilinear rotation decoupling pulse 
sequence, 223 

camphor, 219 
data presentation, 213-215 
Exorcycle phase cycling, 225, 227 
fold-over corrected gated 

decoupler sequence, 221 
gated decoupler method, 219-220 
magnetization vectors, 215, 217 
modified gated decoupler 

sequence, 221 
polarization transfer, 224-225 
proton broad-band decoupling, 

219-220 
refocused fold-over corrected 

gated decoupler sequence, 
221 

selective indirect spectroscopy, 
224 

selective pulse, 372-373 
spin-echo sequence, 214-215 
spin-flip method, 221,223 
stricticine, 213 

homonuclear spectroscopy 
artifacts, 234-235 
broad-band decoupling, 232, 234 
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ethyl acrylate, 302, 339 
overlapping multiplets, 228 
peak shape, 234 
principle, 227, 235, 305 
pulse sequence, 228, 230-232 

presentation of spectra, 214-215 
principle, 155, 235, 305, 410 

Larmor frequency 
definition, 8, 75-76, 410 
values for nuclei, 7, 75 

Larmor precession, mechanism, 21 
Line broadening multiplication 

effect on spectra, 57-58 
sensitivity enhancement, 55, 57 

Littorine, homonuclear 
Hartmann-Hahn spectroscopy, 
267-270 

Lorentzian broadening, resolution 
enhancement, 59 

Magnet, spectrometer 
cooling, 11 
field strength and sensitivity, 11, 76 
oscillator frequencies, 11 

Magnetic moment 
formula, 3 
nuclei orientation and energy level, 

3-4 
Magnetic resonance imaging 

back-projection reconstruction, 
383-384 

field gradient, 381 
principle, 383, 410 

Magnetization vector 
definition, 410 
direction of bending, 25-29, 80, 188 
positional relationships 

signal amplitude, 31-32 
signal phase, 31-32 

pulse effects, 31 
rotating frame of reference, 29-30 

Magnetogyric ratio, see Gyromagnetic 
ratio 

Malabarolide-A1, carbon resonance 
assignment, 127, 143-144 

Methyl tetrahydrofuran, incredible 
natural abundance double 
quantum transfer experiment, 
303, 340 

Molecular correlation time 
definition, 407 
effect on nuclear Overhauser 

enhancement, 195-196, 205, 
211 

MQC, see Multiple quantum coherence 
M R I ,  see Magnetic resonance imaging 
Multiple quantum coherence, theory, 

276, 411 

NMR, see Nuclear magnetic resonance 
nOe, see Nuclear Overhauser effect 
NOESY, see Nuclear Overhauser 

enhancement spectroscopy 
Nuclear magnetic resonance 

principle, 2-3 
proton resonance and structure 

elucidation, 392 
sensitivity, 7-8 
signal origin, 20-22, 30-32, 187 

Nuclear Overhauser effect, see a l so  

Nuclear Overhauser enhancement 
spectroscopy 

applications in spectroscopy, 188, 
207 

buildup with respect to time, 
197-198, 207 

calculation, 189 
difference spectroscopy 

advantages, 204, 211 
dummy scanning, 206 
phase instability, 205-206 
principle, 203-204 
sample degassing, 205, 211-212 
sample purity, 205, 207, 211-212 
solvent selection, 204-205 
structure elucidation, 298, 335, 

393-394 
temperature control, 205 
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effect of molecular correlation time, 
195-196, 205, 211 

heteronuclear enhancement, 
202-203 

internuclear distance and 
enhancement, 197-198 

paramagnetic enhancers, 202-203 
relaxation 

efficiency, 190, 196-197 
energy-level diagram, 191-193 
mechanisms, 189-191, 193-195 
prediction of mode, 195, 207 
quantum transitions, 193-195, 

207 
rate, 190, 197 

selective population transfer, 
188-189 

three-spin systems 
equilibrium steady state, 199-200 
linear arrangement, 198-199 
nonlinear arrangement, 198, 

201-203, 210-211 
three-spin effects, 200-201, 

209- 210 
transient measurement, 199, 208 
upper limits, 197 

Nuclear Overhauser enhancement 
spectroscopy, see also Rotating 
frame Overhauser enhancement 
spectroscopy 

artifacts, 261 
data requirements, 159-160 
heteronuclear spectroscopy, see 

Heteronuclear nuclear 
Overhauser enhancement 
spectroscopy 

one-dimensional experiment and 
pulse sequence, 369 

peak phase, 261 
phase-sensitive spectra, 261-262 
pulse sequence, 152, 260-261 
relayed experiments, 265 
semisoft pulse sequence, 376 
soft experiment, 379 
stereochemical connectivity in 

podophyllotoxin, 296-297, 333 

structure determination 
buxatenone, 299, 335-336 
7-hydroxyfrullanolide, 300, 

336-337 

Peak folding 
detection, 43, 45, 82 
prevention, 43 

Phase cycling 
artifact suppression, 67-68, 87, 384, 

386, 412 
coherence transfer pathway, 73-74 
computer processing, 67-68 
CYCLOPS phase cycling, 68, 70, 407 
drawbacks, 3'86 
effect on spectra, 70, 88 
quadrature detection, 67, 74, 87 

c~-Picoline, incredible natural 
abundance double quantum 
transfer experiment, 278-279 

Podophyllotoxin 
carbon resonance assignment, 

123-124, 128, 140-141, 
1 4 4 - 1 4 5  

heteronuclear multiple-bond 
connectivity, 294-295, 327-329 

heteronuclear multiple-quantum 
coherence interpretation, 292, 
325-326 

heteronuclear shift-correlation 
spectroscopy, 288, 320-321 

homonuclear Hartmann-Hahn 
spectroscopy, 286, 317-318 

proton cross-peak assignment, 280, 
309 

stereochemical correlation 
nuclear Overhauser enhancement 

spectroscopy, 296-297, 333 
rotating frame Overhauser 

enhancement spectroscopy, 
300-301,337-338 

Polarization transfer, see Cross- 
polarization; Distortionless 
enhancement by polarization 



4 2 8  I n d e x  

transfer; Insensitive nuclei 
enhanced by population transfer 

Probe, spectrometer 
components, 11-12 
diameter, 12 
ideal probe properties, 13, 77 
materials, 12-13 
schematic, 14 
selection, 13, 77 
tuning, 13-15, 65, 77-78 

Projection plotting, two-dimensional 
spectroscopy, 171-173, 184, 412 

Pulse, see Composite pulse; Hard 
pulse; Selective pulse; Soft pulse 

Pulse Fourier transform spectrometer 
data collection, 9-10 
flow chart of experiment, 74, 89 
pulse duration, 22-24 
resolution enhancement, 57, 59 
sensitivity enhancement, 55, 57 
sensitivity, 59, 85 
signal maximization, 54-55, 82 

Pulse width 
calibration 

one-dimensional spectroscopy, 60, 
62-65 

two-dimensional spectroscopy, 
157, 177-178 

definition, 413 
misalignment effect on spectra, 66, 

86-87 

Quadrature detection 
image peak detection, 53, 82 
methods, 49 
phase cycling, 67, 87 
principle, 49-51, 413 
two-dimensional spectroscopy, 158 

Radiofrequency radiation 
energy, 2 
pulse duration, 22-24 
saturation, 8, 74-75 

Resolution 
enhancement 

effect on line shape, 59, 84-85 
methods, 57, 59 

measurement, 59, 84 
ROESY, see Rotating frame Overhauser 

enhancement spectroscopy 
Rotating frame Overhauser 

enhancement spectroscopy 
advantages, 262 
one-dimensional experiment and 

pulse sequence, 371 
pulse sequence, 262 
stereochernical correlation in 

podophyllotoxin, 300-301, 
337-338 

thermopsine, 262, 264 

SECSY, see Spin-echo correlation 
spectroscopy 

SEFT, see Spin-echo Fourier transform 
Selective inverse heteronuclear shift- 

correlation, pulse sequence, 371 
Selective pulse 

one-dimensional experiments, 
366-371 

requirements, 365 
shape and Fourier transform, 366 
two-dimensional experiments, 

373-377 
SELINCOR, see Selective inverse 

heteronuclear shift-correlation 
SELINQUATE, see Incredible natural 

abundance double quantum 
transfer experiment 

Sensitivity, see Signal-to-noise ratio 
SESAMI, see Systemic elucidation of 

structures with artificial machine 
intelligence 

Shimming 
coil axes, 15-16 
effect on line shape, 17, 20, 78 
monitoring, 16 
shimming interactions, 17-18 
stepwise procedure, 16-17 
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Signal-to-noise ratio 
acquisition time relationship, 52-53 
definition, 413 
effect of saturation, 59, 85 
improvement 

continuous wave experiments, 53 
optimization methods, 59, 85-86 
pulsed experiments, 53-55, 82 

measurement, 59, 84 
Single-quantum coherence 

differentiation from other 
transitions, 103, 134 

origin, 102, 413 
S/N, see Signal-to-noise ratio 
Soft pulse 

characteristics, 365 
energy, 23-24, 28, 80-81 
excitation in two dimensions, 

377-380 
one-dimensional experiments, 

366-371 
three-dimensional experiments, 

380- 381 
two-dimensional experiments, 

373-377 
Spectral width, two-dimensional 

spectroscopy, 157-159, 178 
Spin-echo, see also Attached proton test 

artifact suppression, 91, 95 
effect on chemical shift, 96, 130 
effect on spectra, 96, 130-132 
effect on vector positions, 97, 133 
nonobservable magnetization and 

mixing spin states, 102-103 
.production in a heteronuclear AX 

spin system, 95-96 
pulse sequence for production, 

91-93, 95 
transverse magnetization detection, 

95, 130 
Spin-echo correlation spectroscopy 

buxapentalactone, 284, 315-316 
cross-peak identification, 254, 284, 

315-316 
isoprenyl coumarin, 285, 316-317 

4 2 9  

majidine, 254 
principle, 253-254, 308-309 

Spin-echo Fourier transform, see 

Attached proton test 
Spin-lattice relaxation 

definition, 413 
determination for pulse width 

calibration, 60, 62-63 
effect of sample concentration, 76 
efficiency, 190 
mechanism, 5, 189-190 
pulse delay determination, 54 
reagents for relaxation, 60 

Spin-spin relaxation 
determination by spin-echo, 95, 130 
mechanism, 5 

Stricticine, heteronuclear 
spectroscopy, 213-214 

Symmetrization, two-dimensional 
spectroscopy, 171-172, 184, 414 

Systemic elucidation of structures with 
artificial machine intelligence, 391 

7], see Spin-lattice relaxation 
7~, see Spin-spin relaxation 
Thermopsine 

carbon resonance assignment, 126, 
142-143 

heteronuclear multiple-quantum 
coherence, 272-273 

rotating frame Overhauser 
enhancement spectroscopy, 262, 
264 

Three-dimensional spectroscopy 
applications, 345 
data storage,. 348, 357-358 
peakshapes, 356-357types, 348-350 
plotting, 354, 356 
protein structure determination 

techniques, 355-356, 358-362 
proton resonance assignment in 

proteins, 359-362 
pulse sequences, 346-347, 362, 

380-381 
resolution, 351 
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sensitivity, 350 
spectral features, 353-354, 356 
symmetry of spectra, 357 
types of experiments, 346, 348 

Tilt correction, two-dimensional 
spectroscopy, 171-172 

TOCSY, see Total correlation 
spectroscopy 

Total correlation spectroscopy, see 

Homonuclear Hartmann-Hahn 
spectroscopy 

Two-dimensional chemical exchange 
spectroscopy 

N,N-dimethylacetamide, 265 
principle, 265, 267 

Two-dimensional spectroscopy, see also 

Correlated spectroscopy; 9~resolved 
spectroscopy; Nuclear Overhauser 
enhancement spectroscopy 

acquisition parameters, 156-159 
benefits, 156, 176 
data processing 

apodization, 165, 167-168, 170, 
180-183 

DC correction, 164-165, 179 
Fourier transformation, 149-150, 

152-155, 163-164, 170-171, 
176, 183 

magnitude-mode spectra, 171", 183 
projection plotting, 171-173, 184 
steps, 162-164 
symmetrization, 171-172, 184 
tilt correction, 171-172 

dummy scans, 160, 163, 179 
Jeener's experiment, 149, 155, 173 
magnetization vectors, 150-151 
mixing period and precession, 156, 

177 
noise sources, 172, 184 

number of data points, 159-160, 
179 

number of transients, 160, 179 
peak shapes 

effect of apodization, 165, 
167-168, 170, 180-183 

phase-twisted peaks, 166-167, 180 
pure absorption peaks, 165, 180 
pure negative dispersion peaks, 

166, 180 
plotting of spectra, 173-175, 

184-185 
pulse length, 156-157 
pulse sequence, 150-151, 156 
spectral widths, 157-159, 178 
spin system behavior during 

evolution time, 155, 176 
time sequence, 149-150 
transverse magnetization detection, 

151-152 

Vasicinone 
carbon resonance assignment, 125, 

129, 141-142, 145-146 
heteronuclear multiple-bond 

connectivity, 295, 329-330 
heteronuclear multiple-quantum 

coherence interpretation, 293, 
326-327 

heteronuclear shift-correlation 
spectroscopy, 289, 321-322 

homonuclear Hartmann-Hahn 
spectroscopy, 287, 319-320 

proton cross-peak assignment, 281, 
310-312 

Zeeman effect, discovery, 1 




