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The utility of the J-HSMQC experiment to detect long-range CH
correlations was investigated. Two new long-range J-compensated
pulse sequences, LR-J-HSMQC(80,27) and LR-J-HSMQC(27,80),
were developed using the (3βx)βy composite 90◦ pulse sequence.
These two experiments were shown to be effective for long-range
coupling constants, nJCH, that were greater than 3 Hz. Although
the overall sensitivities of the long-range J-HSMQC experiments
were slightly lower than that of the conventional decoupled HMBC
experiment, their 2D maps showed additional cross peaks that
could be useful in structure elucidation. LR-J-HSMQC(27,80) was
very efficient in yielding two- and four-bond relay correlations. The
utility of the new sequences is demonstrated with strychnine as the
sample. C© 2002 Elsevier Science (USA)

Key Words: J-compensation; long-range correlation; HMBC; J-
HSMQC; LR-J-HSMQC.
INTRODUCTION

The heteronuclear multiple-bond correlation (HMBC) exper-
iment introduced by Bax and Summers (1) has been one of the
most versatile and indispensable tools in NMR spectroscopy
for elucidating structures of small organic molecules including
natural products. This 2D technique is useful in establishing
long-range correlations between protons and carbons that are
generally separated by two or three bonds.

Despite its usefulness, the HMBC experiment has a number
of inadequacies that have attracted the interest of various work-
ers in the field of pulse sequence development (2–7). One is
the impossibility to cover a wide range of long-range coupling
constants, which can span 1 to 25 Hz, in a single HMBC exper-
iment. One approach to resolving this problem is to perform a
series of experiments in which the delay, τ , that is used for scalar
coupling evolution, is varied (2). This experiment, ACCORD-
HMBC, employs carbon decoupling and purge pulses to remove
direct 1JCH responses. However, the cross peaks have an undesir-
able skewed lineshape that is caused by homonuclear coupling
in f1 (3). Constant time versions of this sequence have since
been introduced to improve the quality of the resulting spectra
(4, 5). In another approach, 3D-HMBC (6), τ delay periods are
1 To whom correspondence should be addressed. E-mail: A.Torrres@
biochem.usyd.edu.au.
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incremented so that each of the appropriate slices in a pseudo
3D experiment corresponds to a 2D HMBC with a specific value
of τ . The objective here is that most of the J values will be sam-
pled by the numerous τ periods employed. The drawbacks of
this method, of course, are the large size of the resulting data
sets and the increased time required for analysis of 3D data sets
compared with their 2D counterparts.

Modifications to the basic HMBC pulse sequence by several
groups have addressed some of the other inadequacies. Furihata
and Seto (7), for example, showed that the sensitivity can be
increased by refocusing the antiphase signal and decoupling the
carbon nuclei, notwithstanding extra signal loss due to trans-
verse relaxation that occurs during the added delay. This pulse
sequence, referred to as decoupled HMBC (D-HMBC), is equiv-
alent to the heteronuclear multiple-quantum-coherence experi-
ment (HMQC) with delays optimized for long-range coupling.

In this study, we investigated the use of the J-compensated
heteronuclear shift correlation experiment, J-HSMQC (8), as
a time-efficient alternative method for observing proton–carbon
long-range correlations. J-HSMQC was originally introduced to
address the wide variations in the magnitude of one bond proton
to carbon spin–spin couplings. This J-compensated sequence
differs from conventional heteronuclear single-bond correla-
tion sequences in that it simultaneously detects both multiple-
and single-quantum coherences that evolve during t1. As with
D-HMBC, carbon decoupling can also be performed during
acquisition.

THEORY

Background

J-compensated pulse sequences are magnetization transfer ex-
periments created from composite RF pulses by using the formal
evolution-operator relationships that exist between spin–spin
coupling and RF pulses as they act on spin systems (9). Compos-
ite pulses that are efficient in the presence of B1-field inhomo-
geneity lead to J-compensated sequences that are more effective
over a wide range of J values. J-compensation is achieved when
these elements are used to replace the simple τ delay period
for spin–spin coupling evolution in any existing pulse method.
1090-7807/02 $35.00
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FIG. 1. Pulse sequence for J -HSMQC and LR-J -HSMQC. For observing direct CH correlations, the delays τ and τ ′ are set equal to 1/(21 J nom
CH ). For observing
long-range CH correlations, the delays τ and τ ′ are set to appropriate values: for LR-J -HSMQC(80,27), τ = 80 ms and τ ′ = 27 ms; for LR-J -HSMQC(27,80),
′ l
τ = 27 ms and τ = 80 ms. The gradient ratios of 40 : −40 : 10 select both multip

φ1 = x −x x −x ; φ2 = x x −x −x ; ϕR = x −x −x x .

Examples of conventional NMR experiments that can be modi-
fied for J-compensation include APT (10), INEPT (11), DEPT
(9), and INADEQUATE (12).

The J-HSMQC sequence, as shown in Fig. 1, is patterned
on composite pulses that nutate z-magnetization to the trans-
verse plane more effectively than a single 90◦ RF pulse that may
have B1-field inhomogeneity or be miscalibrated. The pulse se-
quence of J-HSMQC is similar to the HSQC sequence except for
the two extra delays, τ ′, which are made equal in magnitude to
τ . We introduce here the long-range version of J-HSMQC in
which the delays τ and τ ′ were adjusted to match long-range
couplings instead of direct coupling, as presented originally (8).
We also added gradient pulses to the J-HSMQC sequence to se-
lect required coherences directly, thereby removing unwanted t1
noise that is commonly associated with inverse proton-detected
experiments.

The mechanics of the J-HSMQC experiment for one bond
correlation have been described fully elsewhere (8) and are only
discussed briefly here. During the first τ period, nominally set to
1/(21J nom

CH ) in the J-HSMQC sequence, transverse proton mag-
netization −Hy is transformed principally into anti-phase mag-
netization 2Hx Cz . If τ deviates significantly from 1/(21 J nom

CH ),
which is normally the case, some −Hy , that is referred to as
the ancillary component, remains unconverted. The 90◦

−y proton
pulse does not affect the ancillary −Hy component; however, it
“stores” the principal 2Hx Cz into longitudinal spin order 2HzCz

so that it remains invariant during the τ ′ period. The purpose
′
of the extra delay τ is essentially to give the ancillary −Hy

a “second chance” to evolve into 2Hx Cz . The application of
the first 90◦

x carbon pulse transforms the principal 2HzCz into
e-quantum and single-quantum coherences that are present during the t1 period.

anti-phase −2HzCy while the ancillary 2Hx Cz is converted into
multiple-quantum coherence −2Hx Cy . Both principal and an-
cillary components are labelled by the carbon chemical shift
during t1 and both are detected during acquisition. This is in
stark contrast to the conventional HMQC or HSQC experiments
where only the principal component is detected. The transfor-
mations of coherences after t1 in J-HSMQC are just the reverse
of what is described above.

It is clear that the J-compensation in the J-HSMQC ex-
periment is due to the “storing” of the principal component,
and the additional τ ′ delay period allows the mismatched an-
cillary magnetization to be converted into desirable coher-
ences. If relaxation, homonuclear proton coupling, and pulse
imperfections are neglected, it can be seen that the intensity
of the signal, or cross peak, in J-HSMQC is proportional to
sin2(π1 JCHτ ) + cos2(π1 JCHτ ) sin2(π1 JCHτ ′) which is the ad-
dition of the signal from the principal and ancillary compo-
nents, respectively. Note that the signal intensity profile for D-
HMBC (or HMQC) is proportional to the principal J-HSMQC
component intensity which is sin2(π1 JCHτ ). Clearly, the ef-
fectiveness of the compensated sequence is due to the extra
cos2(π1 JCHτ ′) sin2(π1 JCHτ ′) term from the ancillary compo-
nent. This basically means that the second τ ′ period provides
additional J-coupling evolution for magnetization which is oth-
erwise lost in a conventional experiment.

In the original J-HSMQC sequence, the τ ′ period is set equal
to τ ′ implying an analogy with a βxβy composite pulse. Other

composite pulse trains may be used to create J-compensated
sequences so that τ and τ ′ delays need not be equal in magni-
tude. In principle, the order of τ and τ ′ may be reversed without
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FIG. 2. Theoretical performance of D-HMBC and LR-J -HSMQC(80,27) experiments as functions of long-range coupling constants nJCH. (A) D-HMBC(200),
QC(80,27) (heavy solid line), D-HMBC(60) (light solid line), and D-HMBC(80)

e

(B) D-HMBC(60) (light solid line) and D-HMBC(80) (dotted line), (C) LR-J -HSM
(dotted line), (D) LR-J -HSMQC(80,27) with nJHH equal to 0 Hz (heavy solid lin

compromising the performance of J-HSMQC. This is because
the signal intensity profile of the J-compensated cross peaks
mentioned above can be rearranged so that they are proportional
to 1 − cos2(π1JCHτ ) cos2(π1JCHτ ′). However, note that the dif-
ference in relaxation rates of various coherences involved at dif-
ferent stages of the sequence, such as 2HzCz , Hy , and 2Hx Cy ,
will have an effect on the performance of a particular J-HSMQC
sequence. Moreover, the contribution of homonuclear coupling,
which is known to produce relay-type cross peaks in J-HSMQC
(8), will also be different if the order of τ and τ ′ is reversed.

Development of Long-Range J-HSMQC

In developing the long-range J-HSMQC experiment, we com-
pared its performance with the D-HMBC sequence instead of the
conventional HMBC since both J-HSMQC and D-HMBC exper-
iments employ carbon refocusing and decoupling. For these two
experiments (or for many long-range heteronuclear correlation
experiments), the acquired proton signals are actually phase-

modulated by homonuclear coupling so that they are more con-
veniently displayed in magnitude mode. To simplify the eva-
luation of the J-compensated sequence we did not include the
), 2.0 Hz (light solid line), 3.1 Hz (dotted lined), and 6.2 Hz (dashed line).

purging pulses that remove cross peaks which result from one
bond spin-coupling interactions, but purging pulses may be eas-
ily incorporated into the sequence if required.

Figures 2A and 2B present the theoretical performance of
the D-HMBC experiment with various delay periods as func-
tions of the long-range coupling constant nJCH. The inefficiency
of the conventional long-range experiment in the presence of a
wide range of nJCH values is clearly illustrated in the figures.
As shown in Fig. 2A, setting τ to 200 ms for D-HMBC max-
imizes the signals for which nJCH = 2.5 Hz, but this condition
totally eliminates signals for nJCH values of 5, 10, 15, 20, and
25 Hz. Thus it is not generally advisable to set τ to very long
values in a conventional long-range shift correlation experiment
because, besides causing signal loss due to relaxation, there will
be unwanted modulation of signal intensities for many nJCH val-
ues. In practice, τ is usually set to between 60 and 80 ms in a
regular HMBC experiment (Fig. 2B) to cover a range of nJCH

values. It can be seen that the D-HMBC experiments with τ set
to either of these limits, D-HMBC(60) and D-HMBC(80), per-

form considerably better than that in which τ is set to 200 ms,
because no null is expected for nJCH below ∼10 Hz. However,
these two conditions are still associated with appreciable signal
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attenuation for commonly encountered values of nJCH. In D-
HMBC(80), signals with nJCH values from 0–3.1, 9.5–15.6, and
21.9–28.1 Hz are less than 50% of the theoretical maximum. In
addition, signals in which nJCH is 12.5 and 25.0 Hz are nulled,
so that corresponding cross peaks should not be expected in the
2D spectrum. For D-HMBC(60), signals for which nJCH values
are between 0–4.1 and 12.5–20.8 Hz are 50% or less than the
theoretical maximum.

A J-compensated sequence affords the possibility of provid-
ing a more uniform signal response over an extended range
of nJCH. Composite pulses that can be used as the basis of J-
compensated proton-detected sequences are those that efficien-
tly nutate z-magnetization to the transverse plane in the presence
of B1-field inhomogeneity (8). These composite pulses should
have short durations so that corresponding J-compensated se-
quences are also relatively short and therefore less prone to
the adverse effects of relaxation. Obvious candidates are the
(2β)xβy (where β is nominally 90◦) composite pulse train which
is implemented in CAPT3 (10) and βxβy which is used in J-
HSMQC (8).

Figure 3 shows the theoretical performance of the D-HMBC
and J-HMQC sequences for various composite pulses as func-
tions of β ′ = πnJCH τ . Since the length of the second pulse in the
composite pulse train is related to the length of the first pulse,
the τ ′ delay period is dependent on the τ delay by a scalar fac-
tor. This leads to expected signal intensities that depend only
on τ and nJCH. One can see that the J-compensated sequence
based on (2β)xβy is distinctly better than that based on βxβy

because it yields higher signal intensities for a wider range of
β ′ values. For β ′ = 45◦, the compensated sequence created from
(2β)xβy yields maximum intensity while the one based on βxβy

and D-HMBC (βx ) give 75 and 50% of the maximum signal,
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FIG. 3. Theoretical performance of D-HMBC and various J -HSMQC ex-

periments as functions of flip angle β ′ = πnJCH τ expressed in degrees. D-
HMBC described by β alone (dotted line); J -HSMQC patterned from βxβy

(dashed line), (2β)xβy (thin solid line), (3β)xβy (thick solid line).
AND KUCHEL

respectively. The J-compensated sequence patterned after a
(3β)xβy composite pulse gives the widest excitation profile
among the three sequences, yielding optimal excitation for β ′ =
30◦, 90◦, 150◦, although there are two local minima at β ′ = 52◦

and β ′ = 128◦.
It appears that the (3β)xβy composite pulse leads to a long-

range J-HSMQC that is considerably longer in duration than the
conventional D-HMQC or the long-range J-HSMQC sequence
patterned on the (2β)xβy composite pulse. However, in choos-
ing a τ delay period for the compensated J-HSMQC experiment,
one also has to consider the efficiency of the J-compensated se-
quence. Specifically, in improving D-HMBC with τ set to 80 or
60 ms, we can set τ = 80 and τ ′ = 27 ms to create the long-range
J-compensated sequence, LR-J-HSMQC(80,27), patterned on
the (3β)xβy composite pulse; a long-range J-HSMQC exper-
iment based on a (2β)xβy composite pulse train can be ob-
tained by setting τ = 80 and τ ′ = 40 ms [LR-J-HSMQC(80,40)].
Note that the duration of the LR-J-HSMQC(80,27) sequence is
only 34% longer than that of the D-HMBC(80) while the dura-
tion of the LR-J-HSMQC(80,40) is 50% longer. It is clear that
LR-J-HSMQC(80,27) is both more efficient and shorter LR-J-
HSMQC(80,40).

The efficiency of LR-J-HSMQC(80,27) as a function of nJCH

is presented in Fig. 2C. This J-compensated experiment is truly
remarkable because it has no null below 37 Hz and is actu-
ally 68%, or more, efficient for n JCH between 3.8–33.7 Hz. Al-
though this sequence has two minima near nJCH equal to 10.9
and 26.6 Hz, the excitation efficiency of ∼68% at these two re-
gions is still satisfactory. It is evident that LR-J-HSMQC(80,27)
covers all potential long-range nJCH values above 3 Hz.

Presence of Relay Peaks in J-HSMQC and LR-J-HSMQC

One attribute of J-HSMQC that may be beneficial is its ability
to display relay cross peaks (8). This is achieved when the second
τ ′ delay allows the δC-labelled ancillary 2Hx Cz magnetization
to evolve under homonuclear H–H and one-bond heteronuclear
H–C scalar couplings into 2Hx H R

z (where H R represents the
remote proton) so that the last 90◦ Hy pulse converts this mag-
netization into 2Hz H R

x . This, in effect, transfers magnetization
from a carbon with a directly attached proton to a remote proton,
without undergoing direct heteronuclear H–C scalar coupling.

It is possible therefore that through a similar relay mecha-
nism, correlations with very small long-range nJCH values, or
even none at all, may appear in the LR-J-HSMQC 2D spectrum.
In essence, LR-J-HSMQC acts like two heteronuclear experi-
ments, a long-range and a relay, combined into one experiment,
with J-compensation added as a bonus. Normally, relay peaks
are observed between a proton and carbon that are separated by
only two bonds (13). Since the two delays, τ and τ ′, in the LR-
J-HSMQC experiment are of the order of tens of milliseconds,

magnetization transfer through a relay mechanism can effec-
tively be achieved between protons and carbons separated by up
to four bonds. It may be argued that the presence of relay peaks
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in the long-range heteronucelar correlation only complicates the
analysis; thus it may be perceived that this is a major drawback
of LR-J -HSMQC. However, there are instances when this infor-
mation is useful in establishing connectivities. To increase the
number of two-bond relay peaks and their intensities in LR-J-
HSMQC spectra, the first τ delay should be as short as possible
so that more ancillary magnetization −Hy remains and this can
undergo proton–proton coupling evolution during the τ ′ delay
periods. As noted above, reversing the order of τ and τ ′ in the J-
HSMQC sequence should not, in principle, affect the efficiency
of the J-compensation for an isolated two-spin CH system where
homonuclear coupling is absent. It is therefore expected that
the reverse sequence LR-J-HSMQC(27,80) would produce more
relay peaks than LR-J-HSMQC(80,27), especially for those sys-
tems where homonuclear couplings are significant.

It is important to note that although the homonuclear coupling
results in relay peaks that may be desirable, this coupling inter-
action, in fact, degrades the performance of the LR-J-HSMQC.
This contrasts with the D-HMBC profile which is unaffected
by homonuclear coupling. Figure 2D shows the profile of LR-
J-HSMQC(80,27) in the presence of different values of the
homonuclear coupling constant nJH1H2. For simplicity, only one
proton coupling partner is considered; no heteronuclear H–C
coupling with the second proton is assumed, and only the sig-
nal from the first proton is plotted. Clearly, there is a decrease
in the total signal intensity and J-compensation with increas-
ing values of nJH1H2. The worst case is when nJH1H2 = 6.25 Hz
where signals for which nJCH are between 12 and 26 Hz are ba-
sically negligible. However, analysis shows that some of the
lost magnetization is actually transferred to the second pro-
ton; this means some of magnetization from the second pro-
ton may be transferred to the first proton in a similar fashion.
Moreover, if heteronuclear coupling between the carbon and
the second proton is significant, substantial amounts of mag-
netization from the first proton may be recovered. This mecha-
nism is actually a different type of relay transfer, allowing cross
peaks to appear for CH fragments through a third spin (second
proton).

RESULTS AND DISCUSSION

Sodium Acrylate and Acetic Acid

The efficiencies of LR-J-HSMQC experiments were first
tested on sodium acrylate (1) and acetic acid (2) solutions.
Sodium acrylate was chosen because its carboxyl carbon dis-
plays a wide range of long-range JCH values, 3 JC1H3b = 14.1 Hz,
3 JC1H3a = 7.6 Hz, and 2 JC1H2 = 4.1 Hz (14). Proton–proton
scalar couplings are also significant, with 3 JH3aH2 = 17.2 Hz and
3 JH3bH2 = 10.5 Hz (15). Acetic acid, on the other hand, repre-
sents an isolated CH3 fragment, 2 JC1H2 = −6.7 Hz (16), and no
homonuclear coupling.
Figure 4 displays f2 slices from the D-HMBC and LR-J-
HSMQC spectra, optimized for J = 6.25 Hz (τ = 80 ms), of
AR SHIFT CORRELATIONS 253

sodium acrylate acetic acid

D-HMBC(80)

J-HSMQC(27,80)

J-HSMQC(80,27)

H3b
H2

FIG. 4. Selected f2 slices from 2D maps of D-HMBC(80), LR-J -
HSMQC(80,27), and LR-J -HSMQC(27,80) of sodium acrylate (1) and acetic
acid (2). Each slice corresponds to the carboxyl carbon of the appropriate test
molecule. The f2 slices for each compound are plotted at the same absolute
intensity.

sodium acrylate and acetic acid. As shown, the D-HMBC(80)
experiment gave very intense H3a/C1 (nJCH = 7.6 Hz) and
H2/C1 (nJCH = 4.1 Hz) cross peaks; however, the H3b/C1
(nJCH = 14.1 Hz) cross peak was missing. The absence of this
cross peak was not surprising given that the D-HMBC(80)
profile has an excitation null at nJCH = 12.5 Hz. Theoreti-
cally, the LR-J-HSMQC(80,27) and LR-J-HSMQC(27,80) ex-
periments (Fig. 2C) should provide better excitation than
D-HMBC(80) at nJCH = 14.1 Hz (∼87%) while leaving the exci-
tation for nJCH = 4.1 and 7.6 Hz virtually unchanged. As shown
in Fig. 4, LR-J-HSMQC(80,27) spectra showed reasonably in-
tense H3a/C1 and H2/C1 cross peaks and a medium-intensity
H3b/C1 cross peak while the LR-J-HSMQC(27,80) spectra
yielded medium-intensity H3a/C1 and H2/C1 cross peaks and an
intense H3b/C1 cross peak. It is evident that both LR-J-HSMQC
experiments were successful in yielding the H3b/C1 cross peak
for which nJCH = 14.1 Hz. This clearly establishes the effective-
ness of LR-J-HSMQC experiments for detecting correlations
that may be missed in a conventional long-range heteronuclear
shift-correlation experiment.

The intensities of H3a/C1 and H2/C1 cross peaks in the
LR-J-HMQC spectra were significantly weaker than those in
D-HMBC(80). Relaxation and pulse imperfections could de-
crease the expected signal intensity but it is likely that this big
decrease in signal intensity was due to evolution of homonu-
clear coupling that occurred during the extra delay period τ ′.
This was supported by the fact that in sodium acetate, in

which there is no 1H–1H coupling, the decrease in the long-
range H2/C1 signal intensity in J-compensated experiments,
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1 13
FIG. 5. H– C 2D maps of strychnine (3) obtained using (A) D-HMBC(80), (B) D-HMBC(60), (C) LR-J -HSMQC(80,27), and (D) LR-J -HSMQC(27,80)
pulse sequences. All maps were plotted with the same vertical scaling factor. Cross peaks of interest are labeled in (D), where the numbers refer to the atoms in
structure 3.
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as compared to D-HMBC(80), was relatively small, ∼10%
for LR-J-HSMQC(80,27) and ∼25% for LR-J-HSMQC(27,80);
this outcome is very acceptable. Such a decrease in the signal
due to homonuclear coupling was not realized in the original
J-HSMQC for direct correlations (8), because the delays em-
ployed were sufficiently short to inhibit homonuclear coupling
effects. Although this might be perceived as a drawback of the
long range J-HSMQC sequence in comparison to some conven-
tional sequences, the homonuclear proton coupling effects can
be exploited to produce relay-type cross peaks to establish con-
nectivities over more than three bonds. These advantages are
demonstrated in the LR-J-HSMQC spectra of a more complex
molecule, strychnine.

Strychnine

Figure 5 presents D-HMBC and LR-J-HSMQC spectra of
strychnine. Although the sensitivities of the J-compensated ex-
periments are slightly lower for some correlations, the spectra
reveal a considerably larger number of correlations than are seen
for the conventional spectra, especially that of D-HMBC(80).
This is exemplified by cross peaks with proton chemical shifts

at 1.26 ppm (H13), 1.44 ppm (H15a), and 5.92 ppm (H22) which three-bond interactions is enough to determine CH connectiv-

are clearly “scarce” in the D-HMBC(80) spectrum.

TABLE 1
Performance of Various Experiments for Detection of Selected Long-Range Correlations in Strychninea

Experimentb

Correlation D-HMBC(80) D-HMBC(60) LR-J -HSMQC(80,27) LR-J -HSMQC(27,80) ACCORD-HMBC J -IMPEACH-MBC GSQMBC

a) H13/
C14 + + + + + + +
C8 + + + + + + +
C12 w − + + + − +
C15 + + + − + + +
C11 − − + + − − +
C7 − − − + − − +
C21 + + + + + + +
C5 − − − + − − −
C6 − − − + − − −
C22 − − + + − − −

b) H22/
C23 w + + + − − +
C21 − − + + − − +
C14 − + + + − − +
C20 w + + + − + +
C12 − + + + − − −

c) H15a/
C14 + + + + + + +
C16 − + + + + + +
C13 + + + + + + +
C7 − − + + + + +
C21 + + + + + + +

ities so that the additional four-bond correlations could only
a Strong and medium intensity cross peaks are denoted by +, weak intensity cro
b D-HMBC and LR-J -HSMQC data are from this study, ACCORD-HMBC data

GSQMBC data correspond to those reported by Marquez et al. (18).
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There was a large difference in the performance of the two
J-compensated experiments, as shown by the variation of cross
peak intensities. For correlations observed in both spectra, the
signal intensity of D-HMBC(80) was closer to that of LR-J-
HSMQC(80,27) than to that of LR-J-HSMQC(27,80). This pat-
tern of behavior was similar to that observed in sodium acry-
late as presented above. In addition, there were cross peaks
which were very intense in the LR-J-HSMQC(27,80) spec-
trum which were absent or not as intense in the LR-J-HSMQC
(80,27) spectrum. Closer inspection showed some of these in-
tense cross peaks were expected to have low nJCH values. These
included the two-bond correlation, H13/C12 (2 JCH ∼ 1.2 Hz)
(18), and four-bond correlations, H13/C5 and H13/C6. Clearly,
these cross peaks are likely to be due to relay effects. As men-
tioned above, LR-J-HSMQC(27,80) is expected to show more
relay cross peaks than LR-J-HSMQC(80,27). The appearance
of this type of cross peak may be beneficial since they have addi-
tional information that would not normally appear in the conven-
tional D-HMBC experiment. Care has to be taken, however, in
relating their intensities to n JCH coupling values because some
two-bond and four-bond correlations are more intense than their
three-bond counterparts. Often, the observation of two-bond and
ss peaks by w, and unobserved by −.
correspond to those reported by Martin et al. (3) while J -IMPEACH-MBC and
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complicate the structural analysis. There are however many in-
stances where the observation of a four-bond correlation may be
particularly useful.

In Table 1 we compare the performance of various long-range
heteronuclear shift correlation experiments for selected protons
in strychnine. Since this molecule had been used as a test com-
pound for ACCORD-HMBC (3), J-IMPEACH-MBC (17, 18),
and GSQMBC (18), it is instructive to consider the results from
these methods for comparison. Note that the data included here
should only serve as a rough guide to relative performance since
there are many differences in experimental conditions, such as
magnetic field strength, temperature, probe performance, sam-
ple concentration, and other acquisition parameters. It is clear
from Table 1 that D-HMBC(80) was the least efficient in pro-
ducing long-range correlations while LR-J-HSMQC(27,80) was
the most efficient. GSQMBC (19), which utilizes carbon single-
quantum coherence during t1 evolution and does not refocus
proton magnetization, appears to be very impressive yielding
more of the selected correlations than the ACCORD-HMBC
optimized for nJCH = 2–25 Hz and J-IMPEACH-MBC. This is
probably due to the fact that the single-quantum coherences are
not prone to degradation due to homonuclear coupling during
t1 and that GSQMBC is shorter in duration than all other ex-
periments considered here. Since part of the coherences in LR-
J-HSMQC experiments also evolve as carbon single-quantum
during t1, it is likely that the J-compensated experiments also
benefit from the same favorable effect. Clearly, the use of single-
quantum coherences, instead of multiple-quantum coherences,
during t1 is advantageous in long-range heteronuclear shift cor-
relation studies.

CONCLUSIONS

We have presented here the results of an investigation into the
optimization of the J-HSMQC experiment for use in long-range
heteronuclear shift-correlation studies. We have proposed two
J-compensated experiments, LR-J-HSMQC(80,27) and LR-J-
HSMQC(27,80), which are effective for nJCH values above 3 Hz.
The beneficial property of LR-J-HSMQC in showing both relay
and long-range peaks could be potentially useful in establish-
ing connectivities in many molecules. LR-J-HSMQC(27,80),
in particular, was found to be efficient in yielding four-bond
correlations by relay magnetization transfer. In practice, LR-
J-HSMQC experiments are more susceptible to homonuclear
coupling modulation, relaxation effects, and pulse imperfections
than the conventional D-HMBC; this is due to the extra τ ′ delays
and RF pulses in the sequences. However, their efficiency in en-
hancing signals in the presence of a wide range of nJCH values
as a consequence of their more uniform excitation profiles could
in many instances compensate for this shortcoming.

EXPERIMENTAL
Experiments were performed on a Bruker Avance DRX-600
spectrometer using a 5-mm broadband inverse detection probe-
AND KUCHEL

head with triple axis gradient coil operating at 25◦C. Gradient
values of 40 : −40 : 10 as shown in Fig. 1 correspond to the per-
centage of the maximum z-gradient of 70 G cm−1. The HMQC
pulse sequence referred to as “inv4gp” in Bruker standard pulse
program terminology was used for D-HMBC. Gradient ratios
employed for this pulse sequence were 50 : 30 : 40. The 90◦ pulse
lengths were typically 12 µs for protons and 10 µs for 13C. Sam-
ple compounds were 50 mg sodium acrylate (1) in 0.5 mL D2O,
50% (v/v) acetic acid (2) in D2O, total volume of 0.5 mL, and
70 mg strychnine (3) in 1 mL CDCl3, in a sealed NMR tube. In
all experiments, 4 dummy scans were performed prior to acqui-
sition, and either 2 or 4 scans were collected per t1 increment. No
low-pass J -filters or purging sequences that remove one-bond
correlations were implemented.

For the sodium acrylate experiment, 2D data sets consisted of
256 × 8 increments covering spectral widths of 610 Hz (1H) and
13,580 Hz (13C); for the acetic acid experiment, data sets were
256×32 increments spanning 898 Hz (1H) and 15,090 Hz (13C);
and for the strychnine experiment, data sets were 2 K × 256
increments spanning 6010 Hz (1H) and 27165 Hz (13C). Data
sets were apodized with a cosine function in both dimensions
and were zero-filled to obtain a final data matrix of 512×256 for
sodium acrylate and acetic acid, and 2048 × 512 for strychnine.
All spectral data were processed in magnitude mode.
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