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Spin system selective 1D 'H, 2D DQF-COSY and 2D HSQC NMR spectra were recorded in order to fully
assign the 'H and '3C 1D NMR spectra of an asymmetrical g-cyclodextrin derivative. Instead of individ-
ually accessing the seven sugar anomeric protons by means of long multiplet selective pulses, only short
region selective pulses were used. The simultaneously selected anomeric protons were differentiated by
allowing their magnetization to evolve under the sole effect of the chemical shift interaction. In each
experiment, the seven recorded spectra were linear combinations of the seven desired ones. The combi-
nation coefficients were measured and used to obtain almost perfectly separated sugar unit sub-spectra.
This multiplexed acquisition scheme resulted in a time gain factor of about 2.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

A 2D NMR spectrum can be considered as series of 1D spectra in
which the amplitude or the phase of peaks is modulated as a func-
tion of evolution time t;. The Fourier transformation in the indirect
dimension unscrambles these modulations, so that each 1D spec-
trum participates in the signal-to-noise ratio of the final result
[1]. An alternative to the introduction of an additional dimension
is the use of selective radiofrequency pulses [2]. A full 2D NOESY
spectrum can be replaced by a small number of 1D NOESY spectra
that concentrate on the resonances of interest by means of their
selective excitation. However, the sequential recording of 1D
spectra is not the most efficient approach with respect to the sig-
nal-to-noise ratio that can be obtained within a given spectrometer
occupancy time. The selective pulse approach can benefit from the
same advantage as 2D NMR if n independent 1D acquisitions are
replaced by n multiplexed acquisitions in which each desired
spectrum is present but in variable proportions. Like FT, the
unscrambling operation is equivalent to the computation of n
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linear combinations of the n acquired spectra. The procedure
may result in an overall signal-to-noise improvement if the combi-
nation coefficients are adequately chosen. The most popular imple-
mentation of such a strategy is known as Hadamard spectroscopy
[3].

The success of a Hadamard NMR spectroscopy experiment de-
pends on the ability to simultaneously and selectively act on
individual resonances or on groups of resonances so that some of
them appear with positive amplitudes and others with negative
ones [4-7]. In other words, the scrambling process is described
by an n x n matrix that contains only 1 and —1 elements [8].

The following sections describe an alternative to Hadamard
encoding that also provides amplitude modulated mixtures of indi-
vidual spectra. The method is well adapted to the analysis of oligo-
saccharides and was used to assign the resonances of a chemically
modified p-cyclodextrin. In this detailed example, the low disper-
sion of the chemical shifts of the anomeric protons would have re-
quired very long soft pulses to correctly set up the Hadamard
encoding scheme.

2. Principle

Molecules such as oligosaccharides contain many 'H spin sys-
tems whose signals overlap, thus making spectral interpretation
difficult [9]. When an-om-er-ic proton signals are sufficiently
separated, their individual selective excitation is feasible. The
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magnetization transfer from an anomeric 'H nucleus to its whole
spin system by isotropic mixing opens the way to various experi-
ments that bring information about that spin system [10,11]. The
set of all individual sub-spectra that can be obtained in this way
for a molecule of interest is collectively referred to as “the source”
and is formally represented by a p x n matrix in which p is the
number of spectral points and n is the number of sources. More
precisely, the S source matrix is the theoretical one that would
be recorded if the spectrometer did not add noise to signals and
if there were no signal loss due to the selective excitation (or inver-
sion, or refocusing) process. The experimental data matrix Yy is
therefore

Yo =S+No (1)

in which Ny represents the noise of the set of non multiplexed
spectra.

In multiplexed experiments, the recorded data Y is represented
by

Y=S.-A+N 2)

in which A is the mixing matrix and N a noise matrix that is differ-
ent from Ny but shares the same properties. The noise has a zero
mean, it is uncorrelated between two different spectra and its stan-
dard deviation gy is the same in all spectra. The elements of A are
subjected to the condition |A;| < 1 because the multiplexing process
cannot create magnetization. However, |A;| values should be as
close as possible to 1 in order to reduce the influence of noise on
the acquired data. Matrix A must also be invertible, so that an esti-
mate S of the sources can be retrieved from the experimental values
in Y using

B=A"
S=Y.B
sothat S=S+N-B 3)

A simple calculation shows that the standard deviation of the noise
in the jth estimated source (column j in S) is given by

g = 0o/ (4)
n

withy; =Y "By (5)
k=1

A good mixing scheme yields z; elements in the v row vector that are

as small as possible. The time gain G that is achieved by running n

multiplexed acquisitions instead of the n separated acquisitions that

would lead to the same spectral signal-to-noise ratio is given by
11

G=-

n = 4

(6)

Considering H4, the Hadamard mixing matrix for n = 4, then

1 1 1 1
A:l 1 -1 -1
1 -1 1 -1
1 -1 -1 1
1
1
v=g11 11 1
Gj:% 1<]<4
G=4

The factor of 2 in the signal-to-noise ratio that is gained by adding
and subtracting four spectra in all possible ways is equivalent to a
time gain by a factor of 4.

A good multiplexing scheme is one in which the columns in A
are as linearly independent as possible. The determinant of matrix
A is zero when at least one of the mixed spectra is a combination of
the others, thus making it impossible to retrieve the n sources from
the n mixtures. For a given n value, multiplexing is the most effi-
cient when |det(A)] is the highest. The G and det(A) values are glo-
bal independence indicators while the elements in v give direct
information about the noise amount in each separated spectrum.

Fig. 1 shows the structure of compound 1, its 500 MHz '"H NMR
spectrum and an expansion of the anomeric protons. Our interest
in this molecule came from its use in the synthesis of new efficient
stationary phases for gas chromatographic applications [12]. The
seven sugar spin systems were labeled A-G, according to the order
of appearance of their anomeric protons. The 'H NMR spectrum is
dominated by the nineteen methoxy singlet signals that superim-
pose with sugar 'H resonances. A clean selective excitation or
inversion of individual anomeric doublets leaving the neighboring
resonances untouched would require hundreds of ms long selec-
tive pulses. The extensive relaxation during such long pulses prom-
ted us to use “offset encoding”.

The pulse sequence in Fig. 2a shows the implementation of our
approach. It was applied to record 1D 'H, 2D DQF-COSY and 2D
HSQC spectra of the seven spin systems of 1. This is basically a TPPI
2D experiment in which t; is incremented in At; = 1/(2SW;) steps
while ¢; is incremented in 7/2 steps [13]. Phase ¢, starts at 7/2
and t; at Aty. Only the first seven FIDs are recorded (n=7):
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Fig. 1. The structure of compound 1 and its '"H NMR spectrum. The origin of the
frequency scale in the zoomed anomeric region (bottom) was set to the position of
the carrier frequency vo. The two arrows mark the limits of the SW; wide frequency
range that define the value of the t; increment (see Fig. 2 and text).
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Fig. 2. Pulse sequences for multiplexed spectra acquisition using offset encoding. The narrow and wide black boxes stand for hard 7/2 and 7 pulses (25 kHz intensity) of x
phase, unless otherwise specified. The phase of the first soft pulse (E-BURP-2, 10 ms) and the value of t; are varied according to Eq. (7). Gradient intensity values are provided
in captions of Figs. 3-6 as percents of the hardware dependent maximum intensity (50 G/cm). All gradient pulses are 0.5 ms long. MLEV-17 (200 ms) and trim pulses (2 ms)
are emitted at a 8 kHz intensity. The receiver phase is kept constant upon alternation of ¢, (+x) and inverted when the phase of the soft refocusing pulse is varied in /2 steps.
(a) The basic sequence that permits an experimental determination of how the desired spectra are mixed. (b) The multiplexed 1D-TOCSY sequence. (c) The multiplexed 2D-
TOCSY-DQF-COSY sequence. (d) The multiplexed 2D-TOCSY-HSQC sequence. The hard '>C 7 pulses in the middle of the t;/2 delays cancel the action of heteronuclear

couplings during t;.

t=jAt and ¢ =j5 (1<j<n) (7)

The two selective pulses in sequence 2a have the same opera-
tion frequency band and therefore the effect of the chemical shift
of the nuclei they act on is preserved during t; because the two
refocusing pulses mutually cancel for these nuclei. The couplings
with the partners located outside the inverted region are refocused
during the second half of the t; evolution time. In the present case,
the anomeric proton magnetization evolves as if it were decoupled
during t;. The soft and hard inversion pulse combination was al-
ready proposed by Ernst and coworkers [14] and used by others
[15,16] for the recording of F; decoupled semi-selective homonu-
clear 2D spectra, but without gradient enhancement. The gradient
pulses make it possible to eliminate the phase cycling of the refo-
cusing pulses and provide spectra that are as clean in a single scan
as those obtained with a 16 step phase cycle. This feature is partic-
ularly useful for the study of compound 1 because the strong sig-
nals of the methoxy group are difficult to eliminate from a region
with the important low-amplitude signals of the carbohydrate. A
detailed analysis shows that the couplings operate only during
the two G, gradient pulses. Their effect is negligible considering
the homonuclear 'H coupling intensities and the usual gradient
pulse lengths.

A simple analysis of the pulse sequence in Fig. 2a shows that the
intensity of the signal of a nucleus Iy of offset frequency €2, is mod-
ulated by a factor

Fi=sin(¢; — Qt1). (8)

The last hard pulse in sequence 2a produces the desired amplitude
modulation of the signal of I; its removal would lead to phase mod-
ulation of the signal. The dependence of signal intensities on offset
values justifies the name “offset encoding” that was given to our ap-
proach. Of course, the soft pulses must not introduce any offset-
dependent phase and amplitude modulations over their effective
bandwidth. Considering that ¢; and t; are chosen according to Eq.
(7), the modulation factor of the kth peak in the jth spectrum is gi-
ven by

Fig = sin(j(m/2 — QAty)) 9)
resulting in the mixing coefficient
Ay = RyiFyj (10)

in which Ry; is a factor taking into account the relaxation of nucleus
I during t; and the soft pulses, and eventually other sources of
experimental errors.

For the anomeric 'H signals in compound 1, the seven FIDs
(1 <j < 7)yield seven spectra in which the peak amplitude modu-
lation law (relaxation effect excluded) of the seven anomeric sig-
nals (1 < k < 7) is known once the carrier frequency and the SW;
sampling rate are chosen.

The TPPI procedure that is proposed for the variation of t; and
¢1 according to j is only an option among many others. It is
suggested here only because it is very simple to implement, as
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any ordinary TPPI 2D experiment. The operation conditions,
namely the ¢, phases and the associated t; delays, may however
be chosen in other ways. The criterion for the selection of a good
set of acquisition parameters is quite simple: the elements in vec-
tor v should be as small as possible and therefore G should be as
large as possible. As relaxation factors in matrix R are not easy to
predict and cannot be neglected, a good approach for the evalua-
tion of matrix A is to use the sequence 2a and to integrate the n sig-
nals of interest in the n mixed spectra. The resulting estimation A
of A must be scaled so that its elements satisfy |Ai]~| < 1. Dividing
the matrix of peak integrals by its highest value achieves this goal
but may result in an over-estimation of A and therefore in an over-
estimation of the time gain G, in the case where no element in A is
close to 1 or —1. The estimation of the source spectra S is then sim-
ply obtained from the acquired multiplexed spectra in matrix Y by
computing Y - A-T.

The logic of pulse sequence 2a was also extended to the TOC-
SY experiment sequence (see Fig. 2b). In sequence 2b the mag-
netization of the initially excited nuclei evolves during t; and
only the component along the x axis of the rotating frame is
transferred by isotropic mixing to the rest of the spin system.
The trim pulses in sequence 2b play the same role as the last
hard pulse in sequence 2a, as they create the desired signal
amplitude modulation. When carried out with identical varia-
tions of ¢; and t;, sequences 2a andAZb should result in identical
mixing and separation matrices. An A matrix can also be directly
obtained by integration of the initially excited peaks in the
mixed 1D-TOCSY spectra.

Sequence 2b was extended to 2D-TOCSY-DQF-COSY and
2D-TOCSY-HSQC experiments (see Fig. 2c and d). These sequences
have already been reported for the analysis of complex oligosac-
charides but without multiplexed acquisition [17,18]. Many more
interesting applications can be envisaged. The 1D-TOCSY prepara-
tion period makes it possible to transform any 2D-X experiment
(X = COSY, NOESY, J-resolved, HSQC) into the corresponding selec-
tive 2D-TOCSY-X experiment according to a well-established pro-
cedure [10]. Sequences 2c and 2d are implemented as regular 3D
experiments with n t; increments, in the TPPI mode for the first
indirect (multiplexed) dimension and in echo/antiecho mode in
the second indirect dimension. The n F,/F3 planes that are obtained
by FT along the t, and t3 time axes yield the n separated 2D spectra
after their separation by matrix B. This particular data processing
step characterizes the difference between a regular 3D NMR ap-
proach and offset encoding. In the case of HSQC spectra, the inte-
gration of the generally well separated 2D peaks provides the
best evaluation of B. Direct integration is however not possible
for DQF-COSY spectra because all peak clusters have a null volume
due to their anti-phase nature. In this case, the B matrix that de-
rives from sequence 2a can be used.

3. Results and discussion

The offset encoding method was exemplified with compound 1
and its set of seven anomeric 'H resonances (Fig. 1). The reso-
nances D, E and F being separated by a mere 18 Hz (see Fig. 1), they
could not cleanly be addressed by Hadamard-type encoding. Offset
encoding was a very attractive alternative.

All spectra were recorded on a 500 MHz DRX Bruker spectrom-
eter fitted with an inverse detection probehead. The sample was
dissolved in CDCl; at a 20 mM concentration. In all experiments
the first excitation pulse was a 10 ms long E-BURP-2 that covered
400 Hz [19]. It was frequency shifted by 48 Hz to avoid the un-
wanted excitation of the most deshielded non anomeric proton.
The soft refocusing pulse was a 10 ms long RE-BURP that was also
frequency shifted by 48 Hz. BURP pulses were chosen because they

ensure a high level of amplitude and phase uniformity over their
effective bandwidth.

All spectra in Figs. 3-6 were recorded in the same conditions
regarding the choice of the vy RF carrier frequency and of SWj.
These two parameters have a strong impact on the sensitivity
enhancement that is expected from multiplexing and were chosen
to maximize |det(A)|. Qualitatively, if SW; is too large (At; too
small) all of the sine-modulated (¢; =0 or 7) spectra and cosine-
modulated spectra (¢, = +m/2) will be similar, thus resulting in a
barely separable spectra set. If SW; is too small (smaller than the
width of the region that contains the anomeric resonances) there
will be some evolution frequency folding, due to the periodic nat-
ure of the sine function in Eq. (9). If two resonances have identical
or nearly identical apparent evolution frequencies their behavior
during t; will be indistinguishable, thus leading to poor separabil-
ity. We chose to fold resonance A in the middle of the space be-
tween resonances B and C. This defined v+ SW;/2 because
folding occurs in TPPI mode around the boundaries of the spectral
region. Then, vy — SW;/2 was adjusted so that the theoretical
|det(A)] was maximum. The position of the vo+SW;/2 spectral

a
r T T T T T T T 1
5.6 5.5 5.4 5.3 5.2 5.1 5.0 ppm
r T T T T T T T 1
5.6 5.5 5.4 5.3 5.2 5.1 5.0 ppm
Fig. 3. (a) The mixed anomeric signals from sequence 2a. G;/G, = 30/-10.

Acquisition time was 2.3 min (8 transients per t; value). (b) The separated anomeric
signals that were obtained from the mixtures in Fig. 3a. The mixing matrix A (see
text) was obtained by integration of the seven doublets in each spectrum.
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Fig. 4. (a) The mixed 1D-TOCSY signals from sequence 2b. G;/G, = 30/-10.
Acquisition time was 4.9 min (16 transients per t; value). (b) The separated 1D-
TOCSY spectra of the anomeric protons that were obtained from the mixtures in
Fig. 4a, when processed as spectra in Fig. 3b.

limits are marked by arrows in Fig. 1. The optimal SW; value was
246 Hz, so that At; was 2.033 ms. The maximum t; value was
therefore 14.228 ms, to which two times 10 ms (for the two soft
pulses) must be added, thus leading to less than 35 ms between
the beginning of the pulse sequence and the end of the encoding
step. The theoretical z, vector was

vy =1035 029 031 070 090 0.59 0.25] (11)

and resulted in G, = 2.55, under the hypothesis that no relaxation
and no experimental misset intervene. The expected gain in the sig-
nal-to-noise ratio is quite clear for all spectra, except for that of su-
gar unit E, whose anomeric proton resonance is very close to those
of units D and F. However, the overall reduction of acquisition time
is large enough to be of practical interest.

The A matrix for Hadamard encoding with n =7 would be ob-
tained by removing the first row and the first column in Hg (the
ones with only +1 values) thus resulting in 2;,=0.25 (1<j<7)
and G = 4. Hadamard encoding might have been the best possible
mixing scheme relying on amplitude modulation. However, in
our particular case, this theoretical advantage is ruined by the need
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Fig. 5. (a) The DQF-COSY spectrum of compound 1. (b) The 2D-TOCSY-DQF-COSY of
sugar unit A. The complete set of 2D-TOCSY-DQF-COSY spectra was obtained in 14 h
and 18 min (eight transients per t; value, 512 t; values). G1/G2/G3/G4/Gs = 40/—15/
+30/10/50. Separation was achieved as for spectra in Figs. 3 and 4b.

of exceedingly long selective pulses, whose duration is not compat-
ible with relaxation and scalar couplings.

After the operating conditions were defined, the pulse sequence
in Fig. 2a yielded the spectra in Fig. 3a. The estimate A was ob-
tained by integration of the doublets and scaled by dividing it by
its maximum value, resulting in

Vep =10.54 031 033 090 1.18 0.70 0.26] (12)

and Gy = 2.18. The actual performance, although quite interesting,
was slightly lower than theoretically expected. The reason might be
found in pulse imperfection and relaxation effects. Spectra separa-
tion led to the seven isolated anomeric 'H signals, as drawn in
Fig. 3b.

The pulse sequence in Fig. 2b yielded the seven mixed 1D 'H
spectra in Fig. 4a. Their separation was carried out by matrix B,
that was used to produce the separated anomeric signals in
Fig. 3b. The result, in Fig. 4b, showed the seven nicely separated
1D "H NMR spectra of the seven sugar units in compound 1. It
should be noticed that the coupling constants of the anomeric
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Fig. 6. (a) The HSQC spectrum of compound 1. (b) The 2D-TOCSY-HSQC of sugar
unit A. The complete set of 2D-TOCSY-HSQC spectra was obtained in 16 h and
10 min. (16 transients per t; value, 320 t, values). Inversion of ¢3 (y) and of ¢s
separately result in ¢ inversion. Inversion of ¢4 does not change ¢g. G1/G2/Gs/
G4=35/-35/+80/20. The mixing matrix was computed by integration of the
anomeric signals.

protons of the studied molecule are quite small (3-4 Hz range)
which explains the low efficiency of the magnetization transfer be-
tween these protons and the rest of the spin systems. In spite of
this limitation, sequences 2c and 2d were successfully run and
led to two sets of seven 2D DQF-COSY and HSQC spectra. The
non-selective spectra and the sub-spectra of sugar unit A are pre-
sented in Figs. 5 and 6. The two full sets of spectra for sugar units
from A to G are provided as Supplementary Information. They al-
lowed us to propose a full assignment of the 'H and '>C 1D NMR
spectra of compound 1.

4. Conclusion

Spin system selective 1D 'H, 2D DQF-COSY and 2D HSQC NMR
spectra were recorded in order to fully assign the 'H and '*C 1D
NMR spectra of an asymmetrical -cyclodextrin derivative. Instead
of individually accessing the seven sugar anomeric protons by

means of long multiplet selective pulses, only short region selec-
tive pulses were used. The simultaneously selected anomeric pro-
tons were differentiated by allowing their magnetization to evolve
under the sole effect of the chemical shift interaction. In each
experiment, the seven recorded spectra were linear combinations
of the seven desired ones. The combination coefficients were mea-
sured and used to obtain almost perfectly separated sugar unit
sub-spectra. This multiplexed acquisition scheme resulted in a
time gain factor of about 2.
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