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NMR Pulse Sequences for Structural Studies:
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John Ralph is a scientist in the Wood Chemistry group of
F.R.l.’s Wood Technology Division. He received a BSc Honors
(1976) in Chemistry from the University of Canterbury, New
Zealand, and while in the USA on a National Research Advi-
sory Council Scholarship, a PhD (1982) from the University of
Wisconsin-Madison. His major research is on pulping chemis-
try, with particular emhasis on mechanisms of anthraquinone-
catalysed delignification and on quinone methide reactions.
He has been responsible for the purchase of two supercon
NMR instruments, one at the U.S. Forest Products Lab and,
more recently, the F.R.l. instrument on which the following
work was done.

Abstract

Sally Ralph is a technician in the Chemistry Group of FR.1.’s
Forest Health and Improvement Division. She received a BSc
Tech (summa cum laude, 1980) from the University of
Wisconsin-Platteville. Prior to entering New Zealand she
worked as an organic chemist at the U.S. Forest Products
Laboratories on natural products. At F.R.l. her main interest
has been the identification and synthesis of Platypus apicalis

aggregating pheromones.

The NMR pulse sequences for homonuclear COSY, double
quantum filtering, DEPT, carbon-proton J-resolved 13C/1H
correlation, RELAY, and INADEQUATE experiments are illus-

trated using sulcatol.

Introduction

NMR has long been recognised as one of the most valuable
structural identification tools for organic chemists. lts power is
increasing rapidly as advances in hardware and software make
multipulse experiments easily accessible.

The purpose of the present paper is to acquaint chemists
with the type of experiments that are readily performed on
modern FT-NMR instruments to extract structural information
from compounds of interest. Only a handful of the hundreds of
pulse-sequences and variants in existence will be mentioned
— chemists are encouraged to explore other useful pulse
experiments. 1
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Asingle compound, sulcatol 1, was chosen to illustrate most’
of these techniques. This compound is of interest at the Forest
Research Institute because of its presence in the aggregating
pheromone complex of Platypus apicalis, a pin-hole barer.
Although use of a single compound makes it easier to under-
stand the way in which different experiments can contribute to
building up a total structural picture it has the drawback that a
chosen experiment may not be ideally illustrated using this
compound. Where appropriate, the wider applications and
limitations of a given experiment are discussed. For conven-
ience, a selection of references are included, but this should
not be considered a review. For an excellent review on modern
pulse methods in high resolution NMR, see reference 1.
Further detail on 2D experiments is available from reference
2.

Proton NMR Experiments

The standard proton NMR spectrum of sulcatol in CDClI,,
with assignments, is given in Figure 1A. It is clear that each
proton or group of protons is well resolved although the prot-

ons H3 and also H4 are not magnetically identical and produce
complex spectral patterns. The exchanging hydroxyl proton is
broad and in the H7/H8 region. The unambiguous assignment
of C7 and C8 methyl protons was made on the basis of experi-
ments that follow.

Figure 1: Proton NMR spectra of 1in CDCl3. A. Normal proton
spectrum. B. DQF spectrum with 7-Hz filter. Time: 1 min.
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Proton 1-D Double Quantum Filtering3 (DQF)

This simple experiment can be extremely useful even
though the very mention of the word ‘quantum’ tends to turn
away all but avid physical chemists. Basically a double quan-
tum filter discriminates between coupled and non-coupled
protons and allows coupled proton signals through while elim-
inating or suppressing signals from uncoupled protons. This
means that solvent peaks such as uncoupled H,0, HOD, diox-
ane, CHCIl,, DMSO or acetone singlets may be effectively
removed by DQF experiments. The discrimination against sin-
glets is especially valuable, for example, in the highly crowded
methyl region of a steroid or triterpenoid, where methyl sing-
lets and doublets overlap.

Although the utility is not well illustrated with sulcatol, the
general effects of the experiment are clear from Figure 1 B The
methyl singlets 7 and 8 are quite well suppressed while the
methy| doublet, H1, remains intense. Residual signals from 7
and 8 arise primarily because these ‘singlets’ are in fact long-
range coupled to H5.

In the DQF experiment, the coupling constants which can
optimally pass through the filter are selected? (J ~ 7 Hz for the
above methyl singlet/methyl doublet discrimination).

Proton-Proton 2-D Shift Correlation (COSY)

A 2-D COSY experiment gives, in asingle experiment, all the
information obtainable from a complete series of decoupling
experiments, i.e. all pairs of coupled protons (that is protons
which share a coupling J) are revealed. It is a remarkably
robust 2-D experiments and works reliably even if pulses are
not set exactly. The number of possible artifacts in the spec-
trum is very small provided the system is at equilibrium before
each sequence (hence the use of two or four dummy scans).

A simple COSY-45 spectrum of sulcatol is shown in Figure 2.
A mixing pulse of 45° rather than the 90° pulse of the standard
COSY experiment gives reduced diagonal peaks and is the
favoured variant. For the reader not familiar with these 2-D
spectra, start with H1 which is unambiguously assigned as the
only methyl doublet. It is clearly correlated with H2 as evi-
denced by the correlation peak labelled (a). Similarly H2 corre-
lates with H3 (b), H3 with H4 (c), H4 with H5 (e), and H5 with H7
and H8 (d) (due to longer-range allylic coupling). When the
proton spectrum is well resolved, as is the case with sulcatol, it
is sufficient to use even lower resolution — all the correlations
are perfectly clear when 512 points are used in the F2 domain®é
and 128 zero-filled to 256 in F1.

Although the number of variations of this experiment are
enormous, the most popular are:

1. Simple homonuclear shift-correlated 2-D NMR experiment:
COSY, as in Figure 2, results in a symmetric matrix with
shifts and couplings in both dimensions (F1 and F2)8; off-
diagonal peaks correlate spins which share a coupling J. If
sufficient resolution is used in the COSY-45 variant, relative
signs of coupling constants can be deduced by direct
observation of the COSY-45 spectra2

2. COSY with F1 decoupling: This results in a matrix in which
the F2 projection is the normal proton NMR spectrum while
F1isaproton-decoupled proton spectrum;i.e. each proton
or group of equivalent protons appears as a single peak,
without coupling. Since it is physically impossible to actu-
ally perform a 1-D experiment where you acquire the proton
spectrum while decoupling all the protons, these 2-D
methods which yield decoupled proton spectra as projec-
tions are often valuable. However, they work well only for
weakly coupled systems and, since extra pulses are
involved, the experiment is more prone to artifacts.

3. COSY with DQF: COSY with double (or multiple) quantum
filtering eliminates solvent peaks and/or discriminates
between coupled and non-coupled protons.

4. Long-Range COSY. In the long-range COSY experiment,
delay periods in the pulse sequence are chosen so that
long-range couplings (ones greater than the normal 2- and
3-bond coupling interactions) are emphasised; i.e. protons
coupled by long-range coupling also give rise to strong
off-diagonal correlation peaks. In this experiment with sul-
catol, the spectrum is similar to that of Figure 2, the only
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Figure 2: COSY-45 spectrurfr: of sulcatol. (1024 by 256 zero-filled
to 512). Time: 3.3 hr.

difference being the greater intensity of the correlation
peaks (labelled d, Figure 2) between H5 and H7/H8 (4-bond
coupling).

5. Others: Other sequences include simultaneous solvent

suppression using presaturation, and a series of sequences
which result in phase-sensitive spectra with? or without8
DQF. Such sequences are particularly useful in analysing
complex spectra since they provide good axial-peak sup-
pression (which allows identification of cross-peaks very
close to the diagonal) and improved spectral resolution.
They are however more demanding on disk space. Itis also
possible to combine the COSY experiment with the NOESY
experiment in a so-called CONOESY experiment and con-
currently obtain information on protons which are near
each other in space.

13C and 13C/'H NMR Experiments
Standard and Edited Spectra

The standard 3C spectrum of sulcatol 1 along with two
DEPT spectra are shown, with assignments in Figures 3A to

Figure 3: 13C spectrum, 32 scans, WALTZ-decoupled, 32K. A.
Standard 3C spectrum. Time: 2 min. B. DEPT-90 experiment —
CH’s only. C. DEPT-135 experiment — CH, CHgpositive, CH,
negative.
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3C. Each spectrum is a result of 32 scans, using WALTZ rather
than broadband proton-decoupling. Figure 5B is from the
DEPT experiment using the variable multiplicity section H
pulse of 90°. This gives rise to an edited spectrum in which
only carbons bearing a single proton (CH’s) have significant
intensity while other (C, CH, and CH,) carbons are sup-
pressed. It is.instantly apparent that sulcatol contains two
CH’s. Figure 3C is from the DEPT experiment with a 135°
editing pulse. This results in positive signals for CH’'s and
CH,’s, CH,’s with negative intensities, and, since this pulse
sequence transfers polarisation from the proton to the att-
ached carbon, suppression of quaternary signals (carbons
with no attached protons, e.g. C6). It is again instantly clear
that sulcatol contains two CH,’s. There are also five CH’s plus
CH,’s (neglecting TMS at 0 ppm), three of which must be CH,’s
(since Figure 3B shows two CH’s).

The DEPT pulse sequence® is probably the most widely
used for this type of spectral editing. Itis less sensitive than the
earlier INEPT sequence to differences in C-H coupling con-
stants and to incorrectly set pulse angles and is consequently a
very “forgiving” experiment.

There are many variations of DEPT spectral editing proce-
dures. Linear combinations of DEPT 45°,90° and 135° spectra
can give essentially pure CH, pure CH, and pure CH, spectra.
However, the information is adequately contained in three
spectra; normal carbon, DEPT-90, and DEPT-135, as shown in
Figure 3. The differentiation of CH,’'s from CH’s is often trivial
and in practice it is often sufficient to run only the DEPT-135
variant (Figure 3C) to identify the CH,’s. Recently Pegg and
Bendall'® have published a nice variation which actually
acquires CH, CH, or CH, spectra with little breakthrough from
the other components. This sequence was found to work very
well in our laboratories and is particularly valuable for mix-
tures.

Spectra containing only resonances from quaternary car-
bons can be obtained by a variety of techniques, the most
popular being the method of Bendall and Pegg.!!

Carbon-Proton J-Resolved

While the above DEPT sequences are excellent for determin-
ing carbon multiplicity (i.e. the number of protons attached to
each carbon) and have completely replaced older methods:
based on single-frequency off-resonance decoupling, the 13C-
1H coupling constants are not extractable from these spectra.
It is possible, in favourable instances to obtain coupling con-
stants from fully coupled spectra (i.e. spectra obtained without
proton decoupling) but spectral crowding, long-range cou-
pling, and second-order effects often make the determination
difficult. Directly bonded (i.e. one-bond) C-H coupling con-
stants are ideally measured by the 2-D carbon-proton J-
resolved experiment.

A 2-D heteronuclear J-resolved spectrum is given in Figure
4A. The multiplicities (or number of attached protons) are
quickly apparent (6isC,5is CH,2is CH, 3is CH,, 8is CH,, 4 is
CH,, 1is CH,, and 7 is CH,). Note that the F1 scale® represents
J/72, not the full coupling J. The coupling constants can be
measured directly off the 2-D contour plot but it is normal to
make projections parallel to F1 through each carbon from
which interpolation and measurement is easier.

13C/1H Correlation

One of the most useful of all 2-D experiments, 13C/1H corre-
lation is a brilliant experiment which allows 3C chemical shift
data along one axis (F2)8 to be correlated with 'H data along
the other (F1) viaan INEPT-like polarisation transfer from 'H to
13C. An example is shown in Figure 5A. The correlation peaks
(contours) in the figure show that C6 has no attached protons,
H5 is attached to C5, H2 to C2 etc. It is from this experiment
that the assignment of H8 and H7 can be made in the proton
NMR. Although these two methyl singlets have very similar
proton chemical shifts (and one would not confidently assign
them from their shifts) the 13C NMR chemical shifts are sub-
stantially different; C7, being transto a proton is predictably at
higher field than C8, trans to a carbon side chain'2 Once C7
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Figure 4A: 2-D Heteronuclear J-resolved spectrum of sulcatol
(2K by 64 zero-filled to 128). Time: 2 hr.

and C8 are assigned in the 13C NMR, the correlations allow-
unambiguous assignments of H7 and H8 protons in the proton
NMR.

The 13C/H correlation experiment has a number of valuable
features in addition to aiding assignment. Because 3C reson-
ances are sharp and dispersed over a large chemical-shift
range, peaks seldom overlap in 3C spectra of normal-sized
molecules. Proton resonances however often overlap. Hence,
the 13C/1H correlation experiment can be used to thoroughly
disect the proton spectrum. Projections through the carbon
peaks (i.e. parallel to F1) give proton spectra of only the prot-
on(s) attached to that carbon. For sulcatol, there are no over-
lapping resonances so the projections (Figure 5B) are no more
revealing than the proton spectrum itself (and are of course of
lower resolution). With more complicated molecules where the
proton NMR spectrum is far from fully resolved but the 13C
spectrum is well resolved (for example with steroids and ter-
penoids), the projections give a series of fully resolved proton
spectra. They effectively separate out all the overlapping
proton resonances, a feat which may not be achieved in a
normal proton spectrum even at 800 MHz or more! Only pro-
tons which are tightly coupled and have close chemical shifts
will not be fully interpretable.

As with the COSY experiment, there are numerous varia-
tions, some of which are exceedingly useful. Firstly, equivalent
DEPT-like versions exist, and there is therefore the possibility,

Figure 5A: 13C/1H 2-D correlation. (1K by 512 zero-filled to 1K).

Time: 5.3 hr.
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Figure 5B: Projections parallel to F1 through the indicated car-
bons in the 2-D 13C/'H correlation experiment.

by choosing the variable multiplicity selection pulse of a) 45°,
b) 80° or ¢) 135°, of obtaining 2-D spectra with a) CH, CH, and
CH,’s all positive (as for Figure 5A), b) CH’s only or ¢) CH and
CH_,’s positive and CH,’s negative as for the 1-D DEPT experi-
ments in Figure 3. A decoupled version gives a correlation map
with the carbon spectrum (as normal) in the F2 dimension and
a proton-decoupled proton projection in the F1 dimension
Note that only couplings between spins not attached to the
C3-H3 correlation peak. This procedure gives not only another
method for obtaining the proton-decoupled proton spectrum
but also enhanced sensitivity over the normal correlation
experiment due to the fact that correlation signals are no
longer smeared over proton multiplets. ‘
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Figure 5C: F1 projection from proton-decoupled 2-D 13C/'H
correlation experiment.

An exciting alternative to the above sequences for 13C/1H
correlation appeared in the literature'd as this manuscript was
being completed. Reynolds et al claim enormously greater
sensitivity and reduced accumulation times (as little as 10
minutes) to achieve similar results (with lower proton resolu-
tion) to the proton decoupled version of the 13C/H correlation
experiment. This new sequence should enable 13C/'H corre-
lations to be run as routinely as normal spectra and is likely to
become a welcome addition to the library of valuable pulse
sequences.

By appropriate choice of delay times it is also possible to
obtain correlations for long-range 13C-'H couplings. Such an
experiment additionally gives valuable correlations with qua-
ternary carbons (e.g. C6). Another experiment, RELAY gives H
to H to C connectivity information.

These correlations from more distant protons can be valua-
ble in determining carbon-carbon connectivities and often are
ideal alternatives to the insensitive INADEQUATE experi-
ments. The RELAY example shown in Figure 5D was far from
optimised but even at this level gives the C1 to C2 connectivity
as well as C4 to C5 and C3; C8 and C7 weakly to C5 (long
range), C3 to C4 etc. '
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Figure 5D: 13C/1H Relay experiment. (1K by 512 zero-filled to
1K). Time: 5.3 hr.

Carbon-Carbon Couplin

Itis generally possible, by use of the preceding experiments,
to obtain full connectivity information far more quickly than
can be accomplished using the insensitive 1-D and 2-D
INADEQUATE experiments. INADEQUATE experiments
detect 13C-13C coupling and, since 13C is only about 1% abund-
ant, the sensitivity for this experiment is quite low. INADE-
QUATE experiments require either a high sample concentra-
tion or long data-accumulation times and are best for small
molecules or those isotopically enriched with 13C. However,
they do yield unambiguous and straightforward connectivity
information. The 2-D INADEQUATE experiment takes a little

Figure 6: 2-D INADEQUATE spectrum of sulcatol (1K by 256 zero-
filled to 512). Note that the centers of each coupled pair all lie on a
diagonal straight line (dotted). Time: 14.17 hr.
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more time than the 1-D experiment but avoids the problems of References and Notes

overlapping lines and spectral congestion present in the 1-D
spectrum of even a relatively simple molecule.

Forthe INADEQUATE experiment a 90% solution of sulcatol
in benzene-d,, containing a few milligrams of chromium (l11)
acetylacetonate (relaxation reagent) to reduce the recycle
delay, was used. The INADEQUATE plot, Figure 6, shows
nearly complete connectivity.

c7
s

C5-C4-C3-C2-C1
08/

Because the delay time was chosen to compromise between
the optima for sp3-sp3 and sp3-sp2 13C-13C coupling constants
(40 Hz), the C5-C6 correlation peak is not present; sp2-sp?
couplings are typically about 70 Hz.

Experimental

Materials: Sulcatol 1 was obtained from Aldrich Chemical
Company and used without purification. For Carbon and 2-D
experiments, a 25% solution in CDCI, was used.

Spectra: All spectra were run on a Bruker AC-200 FT NMR
spectrometer equipped with a 5-mm 13C/1H dual probe using
standard Bruker pulse programmes and software. The 90°
pulse widths were: 'H observe, 7.8 us; 'H decouple, 13.8us; 13C
observe, 8.3 us. The INADEQUATE experiment was run on a
10-mm broad-band multinuclear probe. Some conditions are
indicated in the figures.

Times shown on the figures are actual acquisition times but
should not be considered minima or even representative — the
signal to noise ratio is often far greater than is necessary. All
Fourier transform times are less than 3 minutes with justan FT
processor. An instrument equipped with an array processor
would perform any of these 2-D transforms in well under a
minute.

Further details, other experiments, and listings of acquisi-
tion parameters are available from the authors.
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