THE DEPARTMENT OF CHEMISTRY AND BIOCHEMISTRY OF THE UNIVERSITY OF BERN

1053

Chimia 55 (2001) 1053-1057
© Schweizerische Chemische Gesellschaft
ISSN 0009-4293

CHIMIA 2001, 55, No. 12

NMR Spectroscopy: Increased
Sensitivity for Detecting Heteronuclear
TH-13C Couplings through Multiple and
Single Bonds

Rémy Burger?, Christian Schorn®, and Peter Biglera*

Abstract: A new 2D pulse sequence HMSC (Heteronuclear Multiple- and Single-bond coupling Correlations)
for the simultaneous detection of long-range and one-bond heteronuclear connectivities is proposed, which
allows the two types of responses 1o be separated and the corresponding "Jgy and 'Jg connectivity maps to
be calculated. Unlike standard methods, designed to measure one single type of heteronuclear spin-spin
interaction, and to efficiently suppress the other, both "Jgy, and 1Jgy, are measured simultaneously in a single
experiment with the HMSC pulse sequence. Compared to the common strategy with two standard experi-
ments applied one after the other, e.g. HMBC and HMQC, valuable measuring time may be saved with this
single experiment approach. The efficiency of the new pulse sequence and the quality of the corresponding
spectra is demonstrated and compared with the results obtained with the standard HMBC experiment using
bacdanol.

The attractive and unique single experiment approach together with its easy experimental set-up and
straightforward data processing makes HMSC a valuable experimental alternative for the today’s more time-
consuming ‘two-step’ practice and makes it suitable for standard routine applications.

Keywords: HMBC - HMQC - HMSC - Long-range heteronuclear shift correlation - One-bond heteronuclear
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1. Introduction

High-resolution NMR has developed into
the most powerful analytical tool for
the elucidation of molecular structures.
Structural information obtained from a
variety of dedicated experiments and the
analysis of the corresponding spectra al-
lows functional groups to be recognized,
structural fragments to be connected and
the detailed 3D structure of molecules,
including their dynamic properties, to be
established in a highly reliable manner.
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Despite its popularity, NMR suffers
from inherent low detection sensitivity
caused by the relatively small energy dif-
ferences between the different magnetic
states of atomic nuclei and the low natu-
ral abundance of the magnetic active iso-
tope for heteronuclei such as 13C or I5N.

Efforts to overcome this problem
have been undertaken on different levels:
Taking advantage of new hardware tech-
nologies spectrometer magnets with field
strengths of up to 21 Tesla (900 MHz 'H
resonance frequency) and superconduct-
ing probeheads (‘cryo-probes’), both
probably most effective for improving
the detection sensitivity, have been built
and introduced. Various sophisticated
techniques for isotopic enrichment (‘iso-
topic labeling’) have been developed and
are now widely used for the NMR spec-
troscopic investigation of biomolecules.
Modern pulse sequences taking advan-
tage of sensitivity-enhancing options
such as 'H detection (‘inverse experi-
ments’) or principles such as the recently
introduced TROSY technique for the in-

vestigation of biomolecules with molecu-
lar sizes beyond 100 kDa have been de-
signed. Last but not least optimized data
processing exploiting signal-to-noise
enhancement by linear prediction or
maximum entropy techniques may be
used for final spectral improvements.

In this contribution we would like to
focus on a further possibility for improv-
ing the overall sensitivity of NMR exper-
iments, which is based on the following.
More demanding structural problems are
most efficiently and unequivocally solved
following a ‘multi-parameter approach’,
thereby taking advantage of various
structure-dependent NMR parameters.
For solving a given structural problem,
the most suitable and adequate parame-
ters such as indirect homo- and heteronu-
clear spin—spin coupling connectivities,
the corresponding coupling constants and
signal multiplicities, direct spin—spin
coupling connectivities and correspond-
ing NOEs and parameters for characteriz-
ing the dynamic properties of molecules
are evaluated. Depending on the com-
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plexity of the structural problem and
since most of today’s NMR experiments
are dedicated to detecting only one of
these parameters at a time, a series of ex-
periments has to be performed one af-
ter the other. This may become rather
time-consuming in the case of small sam-
ple amounts and/or with more demanding
less sensitive experiments.

Experiments designed for the simulta-
neous detection of different types of pa-
rameters, e.g. heteronuclear long-range
and one-bond spin-spin connectivities,
in a single rather than separate experi-
ments and allowing the different types of
parameters to be disentangled and to be
displayed in different spectra would be
appreciated. Assuming equal or similar
sensitivities compared to the correspond-
ing ‘single parameter’ standard experi-
ments valuable spectrometer time could
be economized.

Very recently such a ‘combined’ 2D
experiment for the simultaneous detec-
tion of Heteronuclear Multiple and Sin-
gle-bond Correlations HMSC [1] has
been developed in our group. Whereas
one-bond (*Jcy) connectivities and cou-
pling constants are mainly used to check
and establish signal assignments of pro-
ton-bearing carbons and to extract infor-
mation on functional groups and carbon
hybridization respectively, multiple-bond
("Jcy) connectivities and coupling con-
stants are probably much more valuable
for establishing molecular structures.
‘Long-range’ connectivities allow signal
assignments, including quaternary car-
bons, to be completed and structural frag-
ments to be connected unequivocally.
Corresponding coupling constants allow
complex stereochemical problems to be
solved in a straightforward way. Reliable
13C signal assignments based on Iy
connectivities and assigned 'H signals
are a prerequisite, however, for the inter-
pretation of "Joy correlation spectra.
Consequently, information on both types
of coupling interactions is usually needed
for unequivocal conclusions with more
demanding structural problems.

In this contribution the application of
the HMSC experiment to bacdanol is
demonstrated.

2. Results and Discussion

The starting point for our efforts in
pulse sequence design was the prominent
HMBC [2] experiment and its modern
variants [3] for selectively detecting het-
eronuclear long-range couplings. Despite
its high detection sensitivity, the gradient
enhanced HMBC experiment suffers
from a poor low-pass filter quality with
breakthrough of unwanted 'Jy signals.
Furthermore, the experiment may not be
adjusted to sample the wide range of "Jcy
coupling constants (1-25 Hz) in a uni-
form manner and important cross peaks
may be rather weak or may even be lost
in a HMBC spectrum.

Modified variants to improve low-
pass filter efficiency with the implemen-
tation of an additional BIRD-relaxation
filter [4], an additional TANGO filter [5],
and a BIRD-J filter [6] have been devel-
oped. Efforts for uniform sampling of
long-range couplings have been under-
taken and corresponding experiments
have been proposed, e.g. a 3D HMBC [7]
with the third dimension used for ‘scan-
ning’ the whole range of "Joy couplings.
Among these developments the AC-
CORDION-HMBC [8}, the IMPEACH-
HMBC [9], and the CIGAR-HMBC [10]
experiments are probably the most popu-
lar and promising since they not only
suppress Jey signals more efficiently,
but sample in a systematic fashion and in
a single experiment a potentially wide
range of long-range couplings exploiting
the ACCORDION principle [11]. They
are designed as ‘refocused’ variants for
optional 13C broadband decoupling dur-
ing data acquisition. However, a few mi-
nor drawbacks remain with these experi-
ments with a general loss of sensitivity
compared to the basic HMBC as the most
severe problem. Therefore the main re-
quirements for a more efficient ‘com-
bined’ alternative may be summarized as
follows: Simultaneous detection of "oy
and 'Jy connectivities; equal or at least
similar sensitivities especially for meas-
uring "Joy connectivities compared to
today’s state-of-the-art experimental al-
ternatives; powerful filters for rejecting
unwanted 'Jcy signals in the final "oy
subspectrum ("o low-pass’ filter) and
vice-versa for rejecting unwanted "Jey
signals in the final Iy subspectrum
(‘"Jey high-pass’ filter); unlimited appli-
cability with respect to the range of "Joy
and Joy coupling constants, the corre-
sponding multiplicities and the degree of
complexity in the 'H spectrum; easy ex-
perimental set-up for routine applica-
tions.
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As a result Fig. 1 shows the corre-
spondingly developed HMSC experi-
ment.

The HMSC experiment starts with a
90° 'H pulse, followed by a BIRD, ele-
ment [12], incorporated in the middle of
the delay for the evolution of long-range
coupling interactions. The corresponding
delays D2 = (2-'Jcyy) and D3 = (4 )™
are adjusted for one-bond and long-
range couplings respectively. Neglecting
homonuclear couplings, longitudinal
z-magnetization of one-bond and long-
range coupled protons ('I,, "I,) is trans-
formed into transverse magnetization by the
initial 90° 'H pulse ('I,, "I, — -'I,,, -"1,).
Transverse magnetization evolves in the
course of the BIRD, element either and
exclusively under the influence of long-
range couplings for "Joy coupled protons
(="l, = 2"LS,), or under the influence of
'H chemical shifts for Joy coupled pro-
tons (-'I, - -'I,, 'L,) as described in de-
tail elsewhere [12]. This allows coher-
ence of "Iy coupled protons to be la-
beled selectively at this stage of the pulse
sequence with a 13C pulse adjusted either
to 180° or 0° (2"L,S, — +2"L,S,), whereas
coherence of 'y coupled protons is not
affected by the 13C pulse ('L, 'I, - -'I,,
IT,). In contrast to the in-phase ¢y co-
herence, which evolves under the influ-
ence of one-bond couplings and proton
chemical shifts into antiphase coherence
-1, 'T, - 2'LS,, 2'1,8,) in the subse-
quent D2 delay, almost no additional
coupling evolution occurs for "J ¢y coher-
ence. The next 90° 13C pulse transforms
nJoy and ey antiphase components into
multiquantum coherences, which evolve
in t1 exclusively under the influence of
13C chemical shifts. "oy and Jey multi-
quantum coherences are transformed
back into detectable proton single-quan-
tum coherences by the last 90° '3C pulse
and are detected simultaneously with no
13C broadband decoupling during data
acquisition.

To preserve and exploit the "Iy
selective labeling of proton signals,
achieved with the composite 3C pulse
for the subsequent separation of one-
bond and ‘long-range’ responses in two
subspectra, FIDs are acquired in the so-
called ‘interleaved mode’. For each t! in-
crement, two FIDs with the phase of the
first 13C 180° pulse set as y or -x respec-
tively (Fig. 1) are acquired and stored
separately. In a first step of data process-
ing, each t! pair is split and two interme-
diate 2D matrices are generated from the
original 2D data matrix. To obtain the
final two spectra with the 'Joy and "Jey
responses disentangled from each other,
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Fig. 1. HMSC pulse sequence for the detection of "Je and 1Jgy connectivities. Thin and thick bars
represent 90° and 180° pulses, respectively. The first 180°13C pulse is replaced by a 90°-1 80°~
90°, composite pulse. D2 is set to (2-'Jcy)™" and D3 is set to (4-"Jcp)™". For each t1 value two t2-
FIDs with different phase settings for the second 180° 13C pulse (v, —x) are acquired and separately
stored (‘interleaved’ mode of detection). The full phase cycle is given in [1]. Using standard
BRUKER software the two t1 sets differing in the sign of "J¢y proton signals are disentangled and
stored in two submatrices, which are either added to or subtracted from each other to calculate
the final data matrices with the 'Jcy and "Jgy responses separated (spectral editing). The
BRUKER DRX pulse program and the modified BRUKER SPLITSER.AU programs for data
processing (see Fig. 2} are available from the authors upon request.

these two intermediate 2D matrices are
added to, and subtracted from each other
respectively (spectral editing). Data are
processed in the same way as the HMBC
data and the corresponding 2D magnitude
mode (in F1) spectra are then calculated
(for details see captions of Fig. 2 and Fig. 3).

For measuring '3C broadband decou-
pled spectra, "Joy and 'Joy coherences
have to be refocused prior to data acquisi-
tion. This may be accomplished with two
additional BIRD elements (BIRD, and
BIRD,) after the tl period and with the
phase cycle and gradient pulse settings
adjusted accordingly.

The HMSC sequence was applied to
bacdanol. For comparison, spectra were
acquired with the basic HMBC and
HMQC experiments. In order to compare
the results, experimental conditions were
set as similar as possible and exactly the
same measuring times were maintained
with each experiment. Consequently, ei-
ther the 'Jcy or the "Joy spectrum could
be acquired within this pre-set measuring
time with the HMQC and the HMBC ex-
periments respectively, whereas both

types of spectra could be obtained with
the HMSC experiment and adequate data
processing.

Fig. 2 shows expansions (aliphatic
part) of the "Jcy (left) and the 'Jcy (right)
connectivity spectra of bacdanol ob-
tained with the HMSC experiment. The
excellent discrimination between "Joy
and 'Jy cross peaks is obvious in the two
sub-spectra of the HMSC experiment.
Each spectrum contains one type of cross
peaks —"Jey and ey respectively —only.

Fig. 3 shows representative rows (re-
sponses of C(3") and C(10)) measured
with the HMSC and the standard gradient
enhanced HMBC experiment respective-
ly. For carbon C(3") intense long-range
3J oy connectivities to H-C(2) and H-C(4)
are measured. The row for carbon C(10)
on the other hand shows 2]y connectivi-
ties to H-C(6) and H-C(9), 3]y connec-
tivities to the two non-equivalent H(5)
protons and weak “J; connectivity to the
methyl protons H-C(8"). All these hetero-
nuclear long-range connectivities are in
full agreement with the expectations for
the given structure.
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Concentrating on sensitivity first, it
follows from Fig. 3, that with the HMSC
experiment, only minor sensitivity losses
have to be taken into account for detect-
ing long-range interactions compared to
the HMBC experiment. For one-bond in-
teractions, as simultaneously obtained
with the HMSC experiment, a decrease in
sensitivity of about 15% compared to the
non-decoupled HMQC spectrum (not
shown) has been observed, most proba-
bly because of additional relaxation loss-
es with the long D3 delays. A decrease in
sensitivity of about 50% has to be taken
into account compared to the 3C GARP
decoupled HMQC spectrum. Signal in-
tensities are nevertheless well above the
intensities of most of the "J - cross peaks
and their doublet structure may not se-
verely complicate spectral analysis.

Concentrating on filter efficiencies
next, excellent results are obtained for the
more demanding "Joy spectra with the
HMSC experiment. Extremely high 'Joy
suppression degrees are of utmost impor-
tance and a prerequisite for the reliable
detection and recognition of very weak
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Fig. 2. "Jcn and 1Jcy 2D spectra of bacdanol {expansion of the aliphatic region) measured with the HMSC pulse sequence. The experiments were
performed on a Bruker DRX-500 spectrometer operating at a proton resonance frequency of 500.13 MHz with a 5 mm inverse probehead (TBI)
equipped with additional coils for z-gradients and with 90° pulse lengths of 7.5 us and 15 us for 'H and '3C respectively. Delays D1, D2 (2-'Jey™)
and D3 (4-"J¢ey™") were set as 2s, 3.45 ms (optimized for 'Joy = 145Hz) and 25 ms (optimized for "¢y = 10 Hz) respectively. The delay for phase
switching within the 13C composite pulses was set to 5 us.

Each 2D spectrum was collected with *H and 3C spectral widths of 3094 Hz and 21379 Hz respectively. Eight scans using 2048 data points in
12 were acquired for each of 2 x 256 FIDs with ‘interleaved’ mode of detection. In afirst step of data processing the original 2D data were spiit into
two new data sets by using the slightly modified SPLITSER.AU (BRUKER) program. Each of these two data sets was apodized with a 45° shifted
sine square function and Fourier transformed in t2. To disentangle the responses of one-bond and long-range coupling interactions, these data
sets were then added to and subtracted from each other. The final 'Jgy and "Jgy subspectra were obtained after apodization with a non-shifted
sine square function, zero-filling to 512 points and Fourier transformation in t1 and with magnitude mode calculation in F1. The same contour levels

are used for both subspectra. Rows for C(3') and C(10) are indicated.

long-range couplings valuable for the
connecting remote molecular fragments.
Such cross peaks may otherwise be over-
looked, may be mistaken for or may be
accidentally hidden by residual 'Jcy
peaks. Whereas the residual 'Joy peaks
(denoted by an asterisk) visible in the
rows extracted from the HMBC spectrum
do not affect spectral interpretation for
row C(3"), reliable recognition of long-
range peaks for row C(10) with partial
overlap of 'Joy and "Jy peaks is no long-
er possible. The high 'Jy suppression
degrees obtained with the HMSC experi-
ment on the other hand allows the reliable
recognition of even weak long-range in-
teractions such as the *Joy connectivity
between C(10) and the methyl protons H-
C(8).

Suppression of "Jcy cross peaks in
HMSC !¢y subspectra — although no
such residual peaks are seen in rows C(3")
and C(10) - is usually less efficient.
However, ‘lJcy high-pass’ filtering is
less demanding since one-bond cross
peaks clearly dominate and their doublet
structure may easily be recognized.

Improvements for the HMSC experi-
ment such as the implementation of opti-
mized phase cycles, the incorporation of
broadband excitation over a range of long-
range couplings, the study of alternative
gradient settings allowing absorption pro-
files to be calculated in the F1 dimension
and the critical comparison of the HMSC
experiment with a recently proposed alter-
native ‘dual experiment’, the MBOB
pulse sequence [13], are in progress.

3. Conclusion

Information on both long-range and
one-bond coupling networks, deduced
from correspondingly edited correlation
spectra with highest discrimination fac-
tors are not only highly desirable for une-
quivocal signal assignments, but a pre-
requisite for the reliable solution of more
demanding structural problems.

The HMBC-derived 2D HMSC pulse
sequence for the efficient measurement
of Jey and Uey connectivities takes ad-
vantage of a strategy which deviates con-
siderably from usual strategies in pulse
sequence design. Instead of destructively
suppressing ‘unwanted’ 'Joy responses
in the HMBC experiment by one or sev-
eral filters, both types of coherences are
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detected simultaneously in each scan and
in such a way that "Joy and 'Joy respons-
es can be disentangled and corresponding
connectivity maps can be calculated.

With similar sensitivities for detect-
ing "oy interactions compared to the
standard HMBC and despite a less attrac-
tive sensitivity for the detection of Iy
interactions an overall gain in sensitivity
results with the HMSC experiment com-
pared to the usual strategy with two Jcy
and "Joy dedicated experiments per-
formed one after the other.

Features such as the outstanding sup-
pression degree for !Joy signals in the
"Jey spectra for the whole range of one-
bond and long-range couplings, the in-
sensitivity to incorrectly set '3C pulse an-
gles and the easy experimental set-up
with simple data processing makes
HMSC a valuvable alternative to today’s
less-efficient two-experiment approach
and suitable for routine applications.
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Fig. 3. Representative rows with the "J¢y, and 1Jc connectivities of C(3') and C{10) demonstrating
the sensitivities and lineshapes obtained with the HMBC and the HMSC experiment are shown.
The same experimental parameters were used for the HMBC (with the long-range evolution delay
adjusted for "J¢, = 10Hz) as given for the HMSC experiment (see Fig. 2). To take into account the
additive/subtractive combination of two FIDs with HMSC data processing 16 (instead of 8) scans
were acquired for each of the 256 FIDs with the HMBC experiment. For processing the HMBC
data the same parameters for apodization, zero-filling and the FT mode were used as given for
the HMSC experiment (see Fig. 2).'H-signals of corresponding long-range cross peaks are
assigned. Residual 'Jgy signals and signals originating from t1-noise are indicated with an
asterisk and a ‘t’ respectively.



