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Heteronuclear residual dipolar one-bond couplings of organic molecules at natural abundance are most
easily measured using t, coupled HSQC spectra. However, inevitably mismatched transfer delays result in
phase distortions due to residual dispersive antiphase coherences in such experiments. In this article,
slightly modified t, coupled HSQC experiments with clean inphase (CLIP) multiplets are introduced
which also reduce the intensities of undesired long-range cross peaks. With the corresponding antiphase
(CLAP) experiment, situations where o and 8 components overlap can be resolved for all multiplicities in
an IPAP manner. A comparison of the experiments using hard pulses and shaped broadband excitation

HSQC and inversion pulses on the heteronucleus is given and potential spectral artefacts are discussed in detail.
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IPAP
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1. Introduction

Since the introduction of residual dipolar couplings (RDCs) in
biomolecular NMR many experiments have been developed for
the measurement of heteronuclear one-bond couplings [1-5]. Most
of these experiments are designed for IS spin systems, where mea-
surement in the indirectly acquired dimension is easily possible
without loss of information and the smaller linewidths of the het-
eronucleus give the advantage of better defined splittings. For
small- to medium-sized organic molecules, however, methylene
and methyl groups must be taken into account and therefore t,
coupled HSQC or HMQC experiments are usually used for coupling
extraction in such molecules [6-9]. This kind of experiment is eas-
ily applied to isotropic samples, as the small range of one-bond
heteronuclear !jcy coupling constants allows the setting of close
to optimal transfer delays. In partially aligned samples, neverthe-
less, the wide distribution of (!Jc; + Dcy) couplings does not allow
a correct match of the INEPT-type delays for all groups so that sig-
nificant phase distortions from residual antiphase magnetization
reduce the quality of the spectra (see also Fig. 1 for demonstration).

Here, several versions of HSQC experiments with purely absorp-
tive multiplet patterns are studied that allow the direct measure-
ment of one-bond heteronuclear couplings without phase
distortions. In addition to the so-called clean inphase (clean-IP,
or simply CLIP) HSQC, a second experiment resulting in absorptive
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antiphase (CLAP) spectra is introduced that allows the quantitative
extraction of coupling constants in an o/f or IPAP-type approach.
All HSQC-type experiments were implemented using either hard
pulses or recently introduced BEBOP and BIBOP pulses [10,11] for
excitation, inversion, and refocussing on carbon nuclei with clear
advantages for the soft pulse versions.

2. Pure absorption spectra

The introduction of orienting media with sufficiently low align-
ment [12-14] started a surge of experimental techniques for the
measurement of one-bond heteronuclear couplings, usually
(Yau + Dnn) couplings of protein amide groups. Compared to the
measurement of 'H, N couplings in isotope labeled biomolecules,
the measurement of 'H, '>C RDCs in organic molecules at natural
abundance that contain CH, CH,, and CHs spin systems requires
pulse sequences with different abilities. A widely used approach
is the acquisition of already established HSQC or HMQC experi-
ments without heteronuclear decoupling [6-9,15]. In these exper-
iments, couplings can be directly read from the heteronuclear
splitting in the directly detected dimension. Unfortunately, the
wide distribution of couplings due to the orientationally depen-
dent Dcy RDCs makes the exact match of the INEPT transfer delay
to 1/(2YJcu + 2Dcy) impossible. Ingenious approaches like the use of
adiabatic inversion pulses for compensation of chemical shift
dependent spin-spin coupling effects [16] do not help, since RDCs
are structurally dependent and do not scale with the chemical
shift. As a result, cross peaks are significantly phase distorted as
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Fig. 1. Example cross peaks of t, coupled HSQC spectra acquired on a sample of strychnine dissolved in CDCl; using the pulse sequences shown in Fig. 2 without (a and b) and
with removal of antiphase magnetization using either a phase-cycled proton 90° pulse (c and d), effective 0° and 180° pulses on carbon (e and f), or a phase-cycled 90° pulse
on carbon (g and h) prior to detection. The experiments shown in Fig. 2 have been implemented with experimental delays matched to 4 =1/(2 x 150 Hz) (a, ¢, e, and g) and
A=1/(2 x 100 Hz) (b, d, f, and h), respectively. Traces at 77.6 ppm are shown to demonstrate phase distortions due to mismatched delays (b) and the occurrence of long-range
signals (a and b) in conventional HSQC experiments. See text for an analysis of the spectra.
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shown in Fig. 1: while the multiplet at approximately 77.6 and
4.3 ppm shows a nice absorptive inphase pattern for the delay
closely matched to the correct coupling of 149.2 Hz (Fig. 1a), the
same signal shows strong dispersive antiphase contributions if de-
lays are purposely mismatched by setting the delays for a hetero-
nuclear coupling of 100 Hz (Fig. 1b). An analysis of the most basic
HSQC sequence (excitation—INEPT—t; evolution—INEPT—detec-
tion) shows that incomplete coherence transfer from antiphase
magnetization 2I,S, to inphase I, during the INEPT step prior to
detection is responsible for the observed effect: after excitation
and first INEPT step antiphase magnetization evolved into 2I,S,
sin(nj4) and chemical shift evolution during t; leads to a further
modulation of exp(iwst;). The second INEPT step before detection
then results in the transfer

2[,Sy sin(rj4) exp(iwst1) — I, sin(nJ4) exp(iwsty) sin(rj4)
+ 2I,S; sin(nf4) exp(iwsty) cos(nj4). (1)

For the most basic HSQC sequence this transfer function applies
independent of the multiplicity of the spin system, i.e. if a CH, CH,,
or CHs group is present. In the ideal case the delay 4 and the cou-
pling J are matched according to 4 = 1/(2]) where sin(n/4)=1 and
cos(nj4) = 0. For mismatched delays, however the last term of Eq.
(1) leads to dispersive antiphase contributions with the corre-
sponding undesired artefacts shown in Fig. 1.

A second, usually undesired, effect observed in conventional
coupled HSQC experiment is the occurrence of cross peaks be-
tween carbons and remotely coupled protons which we would like
to refer to as long-range signals in the following. Although such
signals in most cases do not interfere with the measurement of
heteronuclear one-bond couplings, they may overlap with direct
cross peaks and lead to inaccurate coupling measurements. Long-
range signals can originate from two different coherence transfers:
in INEPT-type steps next to transfer via one-bond couplings, coher-
ence transfer also occurs via heteronuclear long-range couplings
with the same pathway as described in Eq. (1) with ] now being
the small long-range coupling. This transfer leads to mainly disper-
sive antiphase cross peaks due to the strong mismatch of the trans-
fer delays. As a rule of thumb, the intensity of the long-range
signals is proportional to the length and number of heteronuclear
INEPT-type steps for back-transfer in a specific pulse sequence.

In addition, long-range signals can also be the result of TOCSY-
type 'H,'H-transfer via homonuclear couplings in the strong cou-
pling regime. Since this type of transfer also occurs if magnetiza-
tion is stored along z, it is present during the whole pulse
sequence and during acquisition. The exact transfer functions
strongly depend on the spin system and can be quite complicated
(for analytical transfer functions in the full strong coupling limit
see e.g. [17-19] for isotropic, i.e. scalar coupled spins, [20] for dipo-
lar coupled spins, and [21,22] for arbitrarily coupled spins). How-
ever, it can be stated that in addition to weak coupling evolution
also homonuclear transfer of inphase magnetization occurs in the
case of strongly coupled protons. While this transfer can usually
be neglected during the short INEPT periods, it can result in signif-
icant ZISSX — 2I.S, transfer between the directly carbon-bound
proton I and a remote proton I during t;. If a heteronuclear ",
coupling is present, a similar situation to the direct long-range sig-
nals exists and mainly dispersive antiphase cross peaks appear in
HSQC spectra. Inphase transfer IY — I” between the two strongly
coupled spins also occurs during acquisition with the consequence
of inphase contributions to the long-range signals.

Both spectral artefacts, the phase distortions as well as the
occurence of long-range signals, do not per se exclude measure-
ment of heteronuclear one-bond couplings. As previously reported
by Yan et al. [9], couplings can still be accurately measured as long
as the multiplet components for each signal are phased separately

before their distance is determined and overlap with long-range
signals is rarely observed. However, phasing every multiplet com-
ponent separately is a tedious process which is also very difficult to
automate. As the reduction of long-range signals improves spectral
quality and might prevent inaccurate !Jcy coupling measurements,
we looked at various possibilities to remove the undesired hetero-
nuclear dispersive antiphase magnetization prior to detection.

Three simple modifications can be added to HSQC-type experi-
ments for antiphase removal:

(i) Addition of a proton 90° pulse prior to detection with the
same phase as the detected inphase magnetization. This
90° pulse converts dispersive antiphase coherences into
undetectable multi-quantum terms.

(ii) Addition of a two-step phase cycle of consecutive 90° pulses
with effective 0° and 180° flip angles on carbon prior to
detection which removes all heteronuclear antiphase
magnetization.

(iii) The same effect is obtained by the application of a 90° pulse
on carbon prior to detection which converts heteronuclear
antiphase magnetization into undetectable multi-quantum
coherences.

The resulting pulse sequences for a clean inphase (CLIP) HSQC
experiment with coherence order selection and echo/antiecho
detection scheme are shown in Fig. 2 for the three modifications
for antiphase removal. For modifications (ii) and (iii) phase-cycled
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Fig. 2. CLIP-HSQC experiments for pure absorptive inphase spectra with the corr-
esponding modifications (i)-(iii) as described in the text implemented in (a)-(c).
The experiments are designed for the detection of (‘Jci; + Dcy) couplings at natural
abundance for arbitrary multiplicities. Narrow and wide bars correspond to 90° and
180° pulses, respectively, with phase x unless indicated otherwise. The pulses ad-
ded prior to detection to ensure antiphase removal are shown in gray. Phases are
b1 =X, — X, 3 = 4(x), 4(—X), 3 =X, X, =X, =X, 4 =X, —X, and ¢rec = — X, X, X, —X. [ 16 or
more scans are acquired ¢4 can be cycled independently with ¢4 =8(x), 8(—x).
Delays should be set as close as possible to 4 =1/(2 x (YJcy + Dcy))- The delay 6 of
typically 1 ms accommodates for the application of gradients. Coherence order
selection is applied with the gradients G1 and G2 of ratio 80:20.1 for 3C as the
heteronucleus. Phase sensitive detection in the indirect dimension was achieved
using echo-antiecho encoding on gradient G1 and phase shifting ¢3 and ¢, every
second increment by 180°.
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carbon pulses are added to the conventional sequence as indicated
by the gray bars in Fig. 2b and c. Modification (i) with proton pulse-
based antiphase removal requires the coherence order selection to

be placed in an additional spin echo period to avoid dephasing of

the desired coherences prior to the proton 90° pulse and to ensure
removal of '2C-bound proton magnetization (Fig. 2a).

All three modifications efficiently remove heteronuclear anti-
phase magnetization as can be seen in Fig. 1c-h. However, while
spectraacquired with matched delays all have a high quality appear-
ance (Fig. 1¢, e, and g), slight differences are visible in the unmatched
case. Modification (ii), which was used previously in the INEPT*
experiment [23], introduces a strong carbon offset dependence with
the hard 180° pulse prior to detection. As can be seen in Fig. 1f, on-
resonant signals (at 78 ppm) have a beautiful lineshape, but artefacts
appearin cross peaks at carbon offsets 0f 4000 Hz (i.e. at 60 ppm)and
get even worse at larger offsets (data not shown).

In modification (i) only proton pulses are added and typical off-
sets can easily be covered by the available hard pulses. Corre-
spondingly, no offset dependent artefacts are visible in the
spectrum, but cross peaks generally experience an undesired slight
tilt in their contour shape (Fig. 1d).

In our hands best spectra are obtained with modification (iii),
which has previously been used in DEPT" [23] and other pulse se-
quences [24-26]. The better performance compared to modifica-

tion (ii) can be contributed to the robust offset dependence of

the 90° pulse (see e.g. [2,27]) used for antiphase removal. Resulting
lineshapes have a regular appearance (Fig. 1g) which is practically
identical to the lineshapes in the spectra with matched transfer
delays.

20
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However, at offsets larger than the rf-amplitude of the carbon
hard pulses, similar artefacts to the ones observed for modification
(ii) appear in all spectra (data not shown). To overcome offset ef-
fects not only for the antiphase removal but also in the overall
pulse sequence, we looked more closely into offset and rf-ampli-
tude compensated shaped pulses.

3. Offset and rf-amplitude dependence

Carbon and carbon correlated spectra cover a large spectral
width and at higher magnetic fields available hard pulses usually
are not able to treat the whole chemical shift range equally well.
Most crucial for a uniform performance of HSQC experiments are
the carbon inversion pulses during both INEPT transfer steps and
the refocussing pulse during coherence order encoding with '3C
magnetization in the transverse plane. The inclusion of offset com-
pensated pulses like adiabatic pulses significantly improves the
quality of the corresponding spectra [28-30]. The best perfor-
mance, of course, is obtained if rf-amplitude and offset compen-
sated pulses are applied for all excitation, inversion, and
refocussing pulses on carbon [31]. Recently developed broadband
excitation [10,32,27] and inversion [11,33] pulses based on princi-
ples of optimal control theory of spin dynamics have already pro-
ven their advantages in HSQC and HMBC-type experiments [27].
Corresponding refocussing pulses can be constructed out of BEBOP
pulses using a fundamental symmetry relation [33].

The acronyms BEBOP (for excitation) and BIBOP (for inversion)
each cover a whole multitude of optimized pulse shapes. For the
comparison of CLIP-HSQC spectra acquired with conventional hard
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Fig. 3. Comparison of CLIP-HSQC spectra obtained using hard pulses and BEBOP/BIBOP broadband excitation and inversion pulses on '3C. (a) CLIP-HSQC of strychnine in
CDCl3 acquired on a Bruker Avance 900 spectrometer using hard pulses with 15.6 kHz rf-amplitude (black) and phase-modulated BEBOP pulses with 1.2 ms duration and
2.4 ms 180° refocussing pulses constructed out of them with an rf-amplitude of 9.8 kHz; traces show significantly improved sensitivity for the BEBOP version with a gain of
~9% on-resonant and ~700% in the aliphatic region. (b) CLIP-HSQC of hydroquinidine dissolved in CDCl3 acquired at 500 MHz spectrometer frequency using hard pulses with
13.2 kHz rf-amplitude (black) and BEBOP/BIBOP pulses with 337.5 us and 307.5 ps duration and an rf-amplitude of 10 kHz; traces through corresponding signals show an

increase of ~11% on-resonant and up to ~161% at the edges of the spectrum.
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pulses and BEBOP/BIBOP pulses on carbon shown in Fig. 3a we ap-
plied 1.2 ms long PM-BEBOP (phase modulated BEBOP) pulses
which work with constant rf-amplitudes between 8 and 16 kHz
[27] and 180° pulses constructed out of them. At a 900 MHz spec-
trometer equipped with an inverse triple resonance 'H,'>C,'*N pro-
behead, the application of the broadband pulses leads to an
increase in sensitivity of up to 700%. Any pair of pulses of the BE-
BOP/BIBOP families can be used for CLIP-HSQC spectra and
improvements are also visible at lower spectrometer frequencies.
In Fig. 3b corresponding spectra are shown at 500 MHz using arbi-
trarily chosen BEBOP and BIBOP pulses of 337.5 us and 307.5 pus
duration [11].

Since BEBOP pulses represent point-to-point transformations,
they can only be used to transfer I, to I, while for the reversed
transfer I, to I, the time-reversed pulses have to be applied. The
resulting inphase CLIP-HSQC pulse sequence is shown in Fig. 4a
with the corresponding shaped pulses indicated.

4. Multiplet reduction

The CLIP-HSQC, even more so when using broadband and rf-
compensated BEBOP/BIBOP pulses, results in pure absorptive spec-
tra of high quality. However, frequently overlapping signals are
encountered especially in CH, groups where the two proton reso-
nances are correlated with the identical carbon frequency. An
example is shown in Fig. 5 for a methylene group of 6-methyl-2-
phenyl-1-oxa-spiro[4,4]non-2-en-4-one [34,35]. The two cross
peaks in this case could be resolved by either changing the spec-
trometer frequency or e.g. by applying spin state selective or
IPAP-type experiments [1-3,8], on which we will concentrate in
the following.

Among the wealth of pulse sequences the so-called HSQC-«/8
[2] is most easily applied to arbitrary heteronuclear spin systems,
i.e. CH, CH,, and CHs groups. By acquiring inphase and antiphase
terms during acquisition in two otherwise identical experiments,
the addition/subtraction of the resulting spectra separates « and
B multiplet components in two subspectra that avoid overlap due
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Fig. 4. Clean inphase (CLIP) and clean antiphase (CLAP) HSQC pulse sequences u-
sing broadband excitation and inversion pulses on 'C. The icons corresponding to
inversion, excitation, time-reversed excitation, and refocussing pulses are explained
at the bottom of the figure. The refocussing pulse can be constructed out of two
excitation pulses as described in [33]. (a) Phases, delays, and gradients of the bro-
adband version of the CLIP-HSQC are identical to the hard pulse version shown in
Fig. 2. The broadband excitation pulse for removal of antiphase coherences is drawn
in gray. (b) The CLAP-HSQC has the same basic setup as the CLIP-HSQC with add-
itional phase ¢7=x, X, —x, —x and receiver phase ¢ =y, —y. The two excitation
pulses drawn in gray for effective 0°/180° cycling ensure that only antiphase coh-
erences are detected. Since inphase contributions to the spectrum are typically
quite small, the pulses can be removed (with receiver phase then ¢rec =y, =y, =¥, ¥)
without significant change in spectral quality.

to the reduction of multiplet areas in the subspectra. The corre-
sponding clean inphase (CLIP) and antiphase (CLAP) pulse se-
quences are shown in Fig. 4a and b (note that the antiphase
spectrum can also be recorded later on after a quick inspection of
the initial inphase spectrum has revealed potentially insufficient
resolution). A sensitivity enhanced version for inphase and anti-
phase spectra has recently been published by Nolis et al. [8], but
signal intensities in this case significantly differ for CH, CH,, and
CH; groups and depend on the mismatch for both delays 4 and
A" used for the IS~ — I7/2I"S, transfer. Since also long-range sig-
nals increase with the extended back-transfer and no satisfying
universal rotation broadband 90° pulse for covering the complete
13C chemical shift range is yet available, we decided to go for the
CLAP-HSQC without sensitivity enhancement. As can nicely be
seen in Fig. 5, the separation of multiplet components after addi-
tion/subtraction of the two resulting spectra allows the measure-
ment of (}Jcy + Dey) couplings even if signals show severe overlap
in the CLIP-HSQC.

The CLIP/CLAP approach leads to very good subtraction results
as long as the delays for the back-transfer in the CLIP-HSQC match
approximately with the actual heteronuclear one-bond couplings.
Since the “coherence transfer” in the CLAP-HSQC is only deter-
mined by 90° pulses independent of applied delays (i.e. effectively
the transfer described in Eq. (1) does not occur), its signal intensity
can be assumed to be 100% while for the CLIP-HSQC transfer it is
scaled relative to the CLAP case by « = sinn(!Jcy + Dcn)4 (cf. Eq.
(1)). If the heteronuclear one-bond coupling deviates from the
nominal coupling of the delay, e.g. by +10%, +20%, and +30%, the
resulting « and B subspectra contain addition/subtraction errors
on the order of 1.2%, 5%, and 11%, respectively. Such errors are of
very minor importance for coupling measurements as long as the
multiplet components are not overlapped, which should be the
case for the majority of signals. The few overlapped signals, how-
ever, have to be corrected individually in order to assure accurate
coupling determination. Fig. 6 shows o and B subspectra obtained
for hydroquinidine using the CLIP/CLAP approach. Traces for vari-
ous signals indicate the dependence of addition/subtraction errors
on the nominal coupling used for setting the delay. By scaling the
CLAP spectrum according to x with the actual delay 4 used in the
experiment and the estimated coupling of the particular cross peak
of interest, the resulting addition/subtraction errors in the « and
subspectra are significantly reduced and more accurate coupling
measurements are possible. In cases where the « component of
one signal overlaps with the § component of a second signal (Figs.
5 and 6¢), the CLAP spectra have to be scaled individually to obtain
the minimal possible addition/subtraction errors in the corre-
sponding « and B subspectra.

5. Experimental

The presented CLIP and CLAP-HSQC experiments have been
used extensively in our laboratory to obtain heteronuclear one-
bond scalar and residual dipolar couplings from organic molecules
at natural abundance. Several of the obtained spectra have already
been published as t, coupled HSQC spectra as, for example, all
spectra shown in [14,36]. The spectra shown in this article were re-
corded on isotropic samples to specifically characterize the proper-
ties of the CLIP/CLAP approach. Since the heteronuclear
Hamiltonians for scalar and dipolar couplings are of the same form,
the results shown here can be directly transferred to partially
aligned samples.

Conventional and CLIP-HSQC spectra with and without sensitiv-
ity enhancement and delays matched to nominal J-values of
100 Hz, 150 Hz, and 200 Hz have been recorded for strychnine dis-
solved in CDCl; with 16,384 x 256 data points, 4 scans per incre-
ment, and spectral widths of 130.0 ppm (*3C) and 13.0 ppm ('H)
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on a Bruker Avance 900 spectrometer. Spectra for comparing hard
pulse and BEBOP/BIBOP versions of the CLIP-HSQC were obtained
on a Bruker Avance 900 spectrometer equipped with a room tem-
perature 'H,'3C,'”>N-TXI triple resonance probehead using the
strychnine sample (8192 x 512 data points with spectral widths
of 13.1 ppm (11,792 Hz) and 122.7 ppm (27,778 Hz)) and on a Bru-
ker Avance 500 spectrometer with equivalent probehead using a
400mM sample of hydroquinidine dissolved in CDCl3
(8192 x 768 data points with spectral widths of 10 ppm
(5000 Hz) and 160 ppm (20,116 Hz)) and a 500 mM sample of su-
crose dissolved in D0 (8192 x 512 data points with spectral
widths of 12.02 ppm (6009.6 Hz) and 39.77 ppm (5000 Hz)). Hard
pulses and BEBOP/BIBOP pulses were applied as described in
Fig. 3. The 500 MHz setup with BEBOP/BIBOP pulses was also used
for the evaluation of the CLIP/CLAP addition/subtraction approach,
again varying the nominal J-values for the delay 4 to 100 Hz,
150 Hz, and 200 Hz. CLIP/CLAP-HSQC spectra on the spiro com-
pound (Fig. 5) were acquired on a Bruker DMX600 spectrometer
with 8192 x 1024 data points and spectral widths of 70 ppm
(*3C) and 8 ppm ('H). All spectra were apodized using 90°-shifted
quadratic sine functions in both dimensions.

6. Discussion

In this article we have put together very basic pulse sequences
designed for robust, pure absorptive detection of (}Jcy + Dcn) cou-
plings at natural abundance. The main element for improved spec-
tral quality is the removal of heteronuclear antiphase
magnetization prior to detection, for which three pulse sequence
modifications have been studied in detail. Modification (iii), a
phase-cycled 90 degree pulse on carbon prior to detection, results
in spectra of highest quality. In this case, a single 90°, pulse with-
out phase cycling already transfers 2I,S, to unobservable 2I,S,
coherences and the + phase cycling additionally ensures the re-
moval of possibly present 2I,S,-terms that would be transferred
to detectable —2I,S, coherence by the 90°, pulse.

The presented experiments are designed to obtain spectra with
as few as possible artefacts. In our hands least distortions are ob-
tained in experiments without sensitivity enhancement. This, of
course, comes at the expense of reduced signal intensity. If sample
concentration is limited and highest possible sensitivity is re-
quired, the recently published set of inphase and antiphase exper-
iments [8], perhaps in combination with a sensitivity enhanced
version of the CLIP-HSQC, should be preferred as long as the one-
bond coupling variation is not too strong. In cases with significant
variations in coupling constants, as e.g. in partially aligned samples
containing simultaneously aromatic and aliphatic signals of differ-
ent multiplicities, the advantage in signal-to-noise of sensitivity
enhanced experiments is lost due to the inevitable mismatch of de-
lays. The CLIP-HSQC without sensitivity enhancement benefits also
from the single coherence transfer function derived in Eq. 1 for all
CH, CH,, and CH5 groups, since coupling evolution only takes place
with protons in the transverse plane. The [PAP-type approach with
addition of scaled antiphase spectra (see Fig. 6) therefore is gener-
ally applicable using the given scaling function and complex scal-
ing factors for the different multiplicities, as would be the case
for a sensitivity enhanced HSQC [8], can be avoided.

It must be clearly stated that none of the pulse sequences intro-
duced do remove phase artefacts originating from 'H,'H couplings.
As can be seen in previously published experimental slices of e.g.
[37,8] this is a problem especially for CH, groups with large %y
couplings. The evolution of 'H,'H couplings can in principle be
avoided by the use of CPMG-type transfer steps [38-40,26], but
this would limit the affordable bandwidth of the proposed experi-
ments and therefore was not persued here. In experiments without
back-transfer delays, as e.g. the case in the P.E.HSQC [41], cleanest

spectra can be obtained by the use of a zero quantum suppression
scheme [41,42], which, in principle, could also be added as an addi-
tional filter to the presented CLIP/CLAP-HSQC experiments. How-
ever, since the presented experiments do not use sensitivity
enhancement schemes, 'H,'H couplings effectively only evolve
during the short back-transfer period and practically no distortions
are visible in the resulting spectra. Only in cases with very large
Dyn RDCs significant phase distortions will occur.

As demonstrated previously, BEBOP and BIBOP pulses as broad-
band shaped pulses of very high quality applied to uniformly cover
the '3C chemical shift range give clearly visible improvements in
performance compared to conventional hard pulses. Especially
for organic molecules with long relaxation times the pulse shapes
of durations in the hundred microseconds to low millisecond range
promise significant enhancements in practically all heteronuclear
experiments. In the pulse sequence, of course, other offset and
B,-field inhomogeneity compensated excitation and inversion
pulses can be used, although BEBOP and BIBOP pulses have been
shown to usually outperform other pulse shapes [11]. Neverthe-
less, while BIBOP pulses can be implemented on most consoles in
the same way as more conventional pulse shapes, BEBOP pulses
impose high demands on electronics which only recent spectrom-
eter consoles with linearized amplifiers and fast switching times
can fulfill. In such cases it might be worth considering composite
pulses or even a hard 90° as the better solution. On Bruker Avance
spectrometers with SGU units for frequency generation the imple-
mentation of the pulse shapes did not lead to any problems.

The suppression of long-range signals is partially achieved in
the CLIP/CLAP-HSQC spectra. While the CLIP-HSQC only contains
the very minor inphase component of direct cross peaks due to
heteronuclear long-range coupling evolution, the CLAP-HSQC re-
tains the stronger antiphase components. Long-range signals orig-
inating from homonuclear strong coupling evolution are present in
both experiments (as in all HSQC/HMQC-type experiments).

Long-range artefacts in general influence the heteronuclear
one-bond signal patterns and may lead to significant errors in cou-
pling constant determination as is demonstrated in Fig. 7: the
equivalent slices of a CLIP-HSQC and a corresponding conventional
coupled HSQC recorded on a sucrose sample have been used to ex-
tract coupling constants by either directly shifting the multiplet
components relative to each other (in the case of the CLIP-HSQC)
or by phasing each multiplet component separately to absorption
as described in more detail in [9]. Without linebroadening, both
methods lead to the identical one-bond coupling constant of
144.8 Hz, which deviates only by 5.2 Hz from the nominal coupling
of 150 Hz used for setting the INEPT delays. With linebroadening
added to simulate e.g. partially aligned samples, overlap with the
neighboring long-range cross peak leads to significant measure-
ment errors, which are up to 3.6 Hz for 25 Hz linebroadening in
the conventional coupled HSQC. The CLIP-HSQC still contains the
strong coupling-based component of the long-range cross peak,
but the overall intensity of this unwanted signal is much lower
compared to the conventional HSQC and resulting errors in cou-
pling constant measurement are considerably reduced. The best
way to extract coupling constants in the presence of strong cou-
pling artefacts is, of course, the simulation and fitting of the spec-
trum using the whole spin system. For broad lines, however, this
can only be achieved if homonuclear couplings can be estimated
from other experiments. As a remark, it should be noted that dipo-
lar Dyy couplings lead to different effective Hamiltonians com-
pared to the equivalent Jyy scalar couplings ([21,22] and basic
NMR-literature like [44]). This must be taken into account for the
potential fitting procedure.

Finally we would like to mention that the high spectral quality
of CLIP-HSQC spectra may, in principle, allow the automated
extraction of heteronuclear one-bond coupling constants. But as
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Fig. 7. Traces of the H3'-C3’ signal (following the nomenclature used in [14]) at 3.68 (*H) and 72.5 ppm (*3C) of sucrose dissolved in D0 acquired using the CLIP-HSQC shown
in Fig. 2c (a, ¢, and e) and a conventional coupled HSQC sequence (b, d, and f) which corresponds to the CLIP-HSQC without the 90° pulse prior to detection. The long-range
signal to the neighboring H2’ is indicated by an asterisk. Delays for coherence transfer were set to 4 =1/(2 x 150 Hz). Coupling constants were extracted by shifting the
individual multiplet components until lineshapes fitted best in the case of the CLIP-HSQC, and by phasing the left (b, d, and f center) and right (b, d, and f bottom) multiplet
component individually into absorption before the actual measurement as described in [9]. While identical coupling constants are determined for the signals processed
without linebroadening (a and b), processing with additional exponential linebroadening (LB) of 8 Hz (c and d) and 25 Hz (e and f) leads to overlap with the long-range signal
and subsequently to errors in coupling measurement. Errors are largest for the conventional coupled HSQC with individual phase correction and for strongest linebroadening.
The linebroadening has been added to simulate the complex multiplet patterns arising in spectra of partially oriented samples (see e.g. [13,43].

discussed above, strong coupling artefacts or signal overlap might
lead to significant errors and visual inspection of cross peaks is cer-
tainly recommended. The IPAP-type approach shown in Fig. 6 in-
volves reprocessing of individual peaks and would be applied
manually for the few signals with corresponding overlap pattern.

7. Conclusion

Variants of t, coupled HSQC experiments with improved spec-
tral appearance for the extraction of heteronuclear (Ycy+ Dcn)
couplings are introduced: residual heteronuclear antiphase coher-
ences that are responsible for phase distortions in conventional t;
coupled HSQC experiments can simply be removed by a phase-
cycled carbon 90° pulse directly before acquisition. The same pulse
sequence element also strongly reduces artefactual long-range
cross peaks that are decoupled in conventional HSQC experiments.
Equivalent to the previously introduced o/f-HSQC, inphase and
antiphase spectra in pure absorption are used to separate multiplet
components in different subspectra for improved resolution and a
simple scaling procedure for the reduction of addition/subtraction
artefacts is introduced. Additional improvement in spectral quality
is obtained by the use of high quality broadband pulses like mem-
bers of the BEBOP/BIBOP pulse family. The presented pulse se-
quences have been successfully applied to a large variety of
isotropic and partially aligned samples in our laboratory, leading
generally to spectra with very few artefacts and good
interpretability.

Pulse sequences in Bruker Avance format and selected data sets
will be available online for download at http://www.org.che-
mie.tu-muenchen.de/people/bulu.
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