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A new NMR approach is proposed for the measurement of long-range heteronuclear coupling constants
(nJXH, n > 1) in natural abundance molecules. Two complementary in-phase (IP) and anti-phase (AP) data
are separately recorded from a modified HSQMBC experiment and then added/subtracted to provide
spin-state-selective a/b–HSQMBC spectra. The magnitude of nJXH can be directly determined by simple
analysis of the relative displacement between a- and b-cross-peaks. The robustness of this IPAP–HSQMBC
experiment is evaluated experimentally and by simulation using a variety of different conditions. Impor-
tant aspects such as signal intensity dependence and presence of unwanted cross-talk effects are dis-
cussed and examples on the measurement of small proton–carbon (nJCH) and proton–nitrogen (nJNH)
coupling constants are provided.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

The determination of long-range heteronuclear coupling con-
stants (nJXH n > 1) is an important parameter in the structural and
conformational analysis of small and medium-sized molecules at
natural abundance in combination with the more traditional
proton-proton coupling constants (JHH) and homonuclear NOE
enhancements [1,2]. However, the practical difficulty of finding a
simple NMR method for a quantitative and precise measurement
of these nJXH values has generated the development of two
main different strategies. (i) HSQC–TOCSY-type experiments that
involve a consecutive magnetization transfer based on 1JXH + JHH

for the measurement of nJXH only on protonated centers [3–11].
These experiments can afford the J value with precision, simplicity
and good sensitivity but the double transfer unfortunately fails for
non-protonated heteronuclei or for inefficient homonuclear JHH

TOCSY transfer. In these HSQC–TOCSY experiments, the sign and
the magnitude can simultaneously be obtained by the analysis
of the relative displacement of multiplets in spin-state selective
a/b patterns, namely E.COSY, TROSY/anti-TROSY or separate IPAP
spectra. (ii) The second approach is based on long-range optimized
heteronuclear correlations, such as HMBC [11–16] or long-range
HSQC (HSQMBC) [11,17–20] experiments. An important feature
of these experiments is that signal intensities strongly depend of
the match between the nJXH value and the involved inter-pulse
evolution delay optimization. In addition, the resulting multiplets
ll rights reserved.

.

usually present complex phase properties due to JHH modulations
and with a characteristic anti-phase coupling pattern due to the ac-
tive nJXH coupling that can complicate the multiplet analysis and,
therefore, the precise J value extraction. CPMG-INEPT building
blocks have been proposed as alternatives to minimize such JHH

modulations and post-processing fitting procedures are usually
mandatory [11,12,17,18]. A summary of different NMR methods
to measure nJCH have been reviewed [21,22].

In this work we propose the measurement of the magnitude of
nJXH from IPAP multiplets in HSQMBC experiments. Our basic
approach relies in the acquisition of in-phase (IP) and anti-phase
(AP) data in separate HSQMBC experiments. Then, time-domain
data are combined (IP ± AP) to provide spin-state-selective
a-HSQMBC and b-HSQMBC spectra from which the nJXH value can
be measured by comparing the relative displacement of a given
cross-peak in both spectra. The performance of the method is
based on the acquisition of fully complementary IP and AP data
in order to avoid excessive cross-talk and undesired differential
JHH modulation that could difficult the final multiplet analysis.
We demonstrate the usefulness of the proposed NMR method in
a variety of conditions and multiplet complexities, by both simula-
tion and practice. Examples on the measurement of small proton-
carbon (nJCH) and proton-nitrogen (nJNH) coupling constants are
provided.
2. Results and discussions

Fig. 1 shows the pulse sequence of the proposed IPAP–HSQMBC
experiment. It is based on the original G-BIRD-HSQMBC
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Fig. 1. Pulse sequence of the 2D IPAP–HSQMBC experiment. Thin and thick bars represent 90� and 180� non-selective pulses and are applied along the x-axis unless otherwise
stated. The basic cycle phase was U1: x, �x; U2: x, x, �x, �x; Urec: x, �x, �x, x. In-phase (IP) data: W = y, e = on; anti-phase (AP) data: W = x, e = off. The overall D delay is
optimized to 1/(2 � nJXH) (D = 2D1 + 2D2 + 2D3, where D1 = 1/(8 � nJXH), D2 = D1 � D3 and D3 = 1/(2 � 1JXH)). A G-BIRD element is introduced during the first D delay in order to
minimize direct 1JXH responses. G3 and G4 gradients act as zz-purge gradient filters, G5 and G6 are used for refocused heteronuclear gradient echo and G1 and G2 are used for
coherence selection: G1: 80%, G2: 20.1% for X = 13C and 8.1 for X = 15N. The sign of the G1 encoding gradient is alternated for echo–antiecho coherence selection.

S. Gil et al. / Journal of Magnetic Resonance 207 (2010) 312–321 313
experiment [16,21] in where an additional refocusing period is
added prior to proton acquisition to generate complementary IP
and AP data. The G-BIRD element applied during the first D delay
is used to minimize the intensity of the direct responses. In terms
of product operator formalism, no details will be given here for the
first part of the sequence because it has already been discussed.
The most innovative thing to note is what happens after the vari-
able t1 period.

Let us consider a 1H nucleus long-range coupled with a hetero-
nuclear X spin (usually 13C or 15N), with a small nJXH coupling value,
and also optionally coupled with other 1H by means of JHH. At the
end of the variable t1 period, in where a G1 gradient is applied for
coherence selection, single-quantum (SQ) X coherences are present
in the form:

½2HzXxsinX þ 2HzXycosX�sinXcosH ð1Þ

where sinX = sin(XXt1), cosX = cos(XXt1), sinX = sin(pnJXHD), cosX =
cos(pnJXHD) and cosH = cos(pPJHHD). For simplicity, we will omit
these trigonometric factors until the final expressions are analyzed.

Afterwards, the 90�x(X) pulse creates the mixture 2HzXx + 2HzXz,
and the subsequent purge G4 gradient effectively dephases the
first SQ term. In order to generate complementary IP and AP data
in terms of relaxation and JHH modulation effects, the highlighted
IPAP building block in Fig. 1 is proposed. The IP data, generated
using W = y, present a main dependence with respect to the
sin2(pnJXHD) function:

2HzXz ��!
90yðlÞ

2HxXz �������!
D�180xðl;SÞ�D

2HxXzcosXcosH � HysinXcosH

��!90yðlÞ
2HzXz . . .þ Hy cosðXXt1Þ sin2ðpnJXHDÞ cos2ðpPJHHDÞ ð2Þ

on the other hand, AP data is obtained using W = x and omitting the
central 180� X inversion pulse to avoid JXH refocusing. In contrast to
IP data, AP data present a main dependence with respect to the
sin(pnJXHD) function:

2HzXz ��!
90xðlÞ �2HyXz ������!

D�180xðlÞ�D
2HyXzcosH

��!90yðlÞ
2HyXz cosðXXt1Þ sinðpnJXHDÞ cos2ðpPJHHDÞ ð3Þ

Finally, a proton spin-echo period incorporating the refocusing
G2 gradient selects the desired magnetization before proton
acquisition without heteronuclear X decoupling. These two IP
and AP data are then combined (addition and subtraction) in the
time-domain dimension in order to separately yield the spin-
state-selective data, which are processed in the conventional
way. The resulting a- and b-HSQMBC spectra present excellent
phase properties that allow the simple and direct analysis of
cross-peak frequency displacement in terms of nJXH measurement.

To study the performance of our proposal, caffeine (1) (Scheme
1) has been chosen as the first test sample to know the behaviour
of the IPAP–HSQMBC sequence in simple spin systems without the
interference of JHH couplings that could evolve during the evolution
D delays. Fig. 2 shows the theoretical simulations of the C5–H7

cross-peak of 1 (3JC5H7 = 2.7 Hz) in the 1H–13C IPAP–HSQMBC
experiment. The intensity modulation of the pure-absorption IP
and AP signals (Fig. 2A) clearly illustrates their different sin2

and sin signal dependence, respectively, as a function of the delay
D optimization (see Eqs. (2) and (3)). As predicted, maximum
signal should be obtained near to 1/2D = 3 Hz.

The resulting added (IP + AP) and subtracted (IP � AP) multi-
plets show excellent spin-state selection, as displayed in Fig. 2B.
Very importantly, the percentage of cross-talk generated in such
addition/subtraction (IP ± AP) procedures due to the non equiva-
lence between IP and AP data is an important issue to assess. It
is known that the inefficient suppression of the undesired doublet
component in any spin-state selective experiment can affect the
accuracy of the J measurement. Among the several factors that
can severely affect this cross-talk, the mismatch of the D delay
or the differential relaxation properties between IP and AP
components are the most important to consider. Neglecting impor-
tant relaxation differences in small molecules, the amount the
cross-talk in a given multiplet will be proportional to the sin2(pnJ
XHD) � sin(pnJXHD) factor (Scheme 2) and the percentage of cross-
talk with respect to the overall multiplet sensitivity is defined by:

%cross-talk ¼ ½sinðpnJXHDÞ � 1�=½sinðpnJXHDÞ þ 1� ð4Þ

Thus, in the case of 1, whereas maximum sensitivity and a
perfect cross-talk matching is observed near 3 Hz, the percentage
of cross-talk increases as a function of the (sin(pnJXHD) � 1) factor
(Fig. 2B). In this case, the presence of this undesired cross-talk
minimally affects to the measurement via the relative displace-
ment between signals. Fig. 3A shows the theoretical percentage
of cross-talk expected for different nJXH values as a function of
the D delay optimization in IPAP–HSQMBC experiments. It can
be observed that cross-talk is below 20% for a range of nJXH cou-
plings between 3 and 9 Hz when the experiment is optimized to
6 Hz (1/2D = 6 Hz) (Fig. 3B).

Simulated and experimental performances of the above C5–H7

cross-peak of 1 in IPAP–HSQMBC experiment differently optimized
to 1/2D = 3, 6 and 9 Hz are compared in Fig. 4. Both theoretical and
practical approaches are in very strong agreement and also repro-
duce maximum AP and IP signal intensities and minimum cross-
talk on the experiment optimized to 3 Hz. Despite the decrease
of sensitivity, in all cases nJCH can be accurately measured indepen-
dent of the D optimization and without any scaling factor between
IP and AP data. In practice, undesired cross-talk contributions
could efficiently be minimized by applying a k scaling factor
(k = sin(pnJCH D)) in the IP ± k � AP data combination procedure
(Fig. 4E).

In order to analyze the important effect of the JHH modulation
during the evolution in the D delay in the IPAP–HSQMBC



Scheme 1. Structures used in this work.

Fig. 2. Simulated cross-peaks for the C5–H7 spin-system of 1 (3JC5H7 = 2.7 Hz) in
1H–13C IPAP–HSQMBC optimized to different D(=1/(2JXH) values. (A) IP (blue) and
AP (red) cross-peaks illustrating the signal intensity dependence as a function of the
D delay (AP data has been left shifted for a better comparison). (B) Addition (blue)
and subtraction (red) of IP and AP data afford spin-state-selective IPAP–HSQMBC
multiplets. Note that the presence of cross-talk does not affect to the relative
displacement between signals, so a reliable nJCH measurement can be done,
independent of the D optimization. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Scheme 2. Signal intensity dependence between the different components in IP
(in-phase), AP (anti-phase) and spin-state-selective HSQMBC multiplet patterns.
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experiment, both simulated and experimental data obtained from
the three different 1H–13C pairs in dibromopropionic acid (DBPA,
2 in Scheme 1) are shown in Fig. 5. Pure-absorption IP (Fig. 5B)
and AP (Fig. 5C) data present fully complementary phase proper-
ties, so addition and subtraction of their FIDs produces clean a-
and b-multiplets (see Fig. 5D). Under the experiment conditions
(1/2D = 6 Hz), the percentage of cross-talk expected for the C3–H2

(2JC3H2 = �4.0 Hz), C2–H3a (2JC2H3a = �4.7 Hz), and C2–H3b (2JC2H3b =
�3.7 Hz) cross-peaks should be about 7.2%, 2.9% and 9.6%, respec-
tively. It seems clear that the measurement of the nJCH coupling
value can be made in a very simple manner from the direct analysis
of the relative displacement between a and b multiplets in all
three cases. To evaluate the importance of the D setting, Fig. 6
shows the simulated and experimental results specifically for the
C3–H2 coupling of 2 in different IPAP–HSQMBC experiments
optimized to 1/2D = 3, 6 and 9 Hz. In this particular case, the
expected percentage of cross-talk should be 7.2%, 7.2% and 21.7%,
respectively. Although a considerable loss of signal intensity could
be obtained using poor optimized D delays, similar 2JC3H2 coupling
values are measured in all experiments, even with the presence
of an important percentage of cross-talk and without applica-
tion of any k scaling factor. Note that the small deviations in the
measurement are within the experimental error of about
±0.2/±0.3 Hz.

To evaluate the practical use of the IPAP–HSQMBC experiment
in more complex molecules, Fig. 7B shows some selected a- and
b- cross-peaks extracted from the 1H–13C IPAP–HSQMBC spectra
of strychnine (3 in Scheme 1), an alkaloid having a more complex
proton spectrum with several types of multiplet patterns and a
wide range of nJCH values. Examples on both protonated and not



Fig. 3. (A) Theoretical cross-talk dependence (in %) for an isolated 1H–X spin system (with a coupling of nJXH Hz) as a function of the D delay optimization in IPAP–HSQMBC
experiments. (B) Percentage of cross-talk expected for couplings of nJCH = 3, 6 and 9 Hz.

Fig. 4. Simulated (left) and experimental (right) 1H-13C IPAP–HSQMBC cross-peaks for the C5–H7 spin-system of 1 (3JC5H7 = 2.7 Hz) with the inter-pulse D delays optimized to
3, 6 and 9 Hz. (A) Conventional 1H; (B) IP cross-peaks; (C) AP cross-peaks and (D) IPAP–HSQMBC- a (blue) and b (red) subspectra without scaling factor (AP + IP); (E) IPAP–
HSQMBC- a (blue) and b (red) subspectra with a scaling k factor according to IP ± k � AP. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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protonated carbons demonstrate that the extraction of nJCH values
can easily be made independent of the cross-peak multiplet com-
plexity and for different levels of undesired cross-talk resulting
from a coupling value/delay optimization mismatch. For compari-
son, AP multiplets obtained from a conventional HSQMBC
experiment (Fig. 7C) are also provided in order to show the usual
J measurement overestimation that can be made by this approach.
Table 1 compares some selected nJCH values of 3 determined in this
work by the proposed IPAP–HSQMBC experiment and by the IPAP–
HSQC–TOCSY experiment [10] with those reported by other meth-
ods in early works [9,12,21,23]. In general, our results are in good
agreement with them. The observed differences can be attributed
to the inherent inaccuracy of each of these methods. In our case,
as similar to spin-state selective HSQC–TOCSY type experiments,



Fig. 5. Simulated (left) and experimental (right) multiplets for the C3–H2 (2JC3H2 = �4.0 Hz), C2–H3a (2JC2H3a = �4.7 Hz). and C2–H3b (2JC2H3b = �3.7 Hz) cross-peaks of 2 in a
1H–13C IPAP–HSQMBC with a D delay optimized to 6 Hz. (A) Conventional 1H, (B) IP cross-peak (C) AP cross peak and (D) IPAP–HSQMBC- a (blue) and b (red) multiplets
without scaling factor. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Simulated 1D (left) and experimental 2D (right) 1H–13C IPAP–HSQMBC C3H2 cross-peaks (2JC3H2 = �4.0 Hz) of 2 as a function of the inter-pulse D delay optimized to 3,
6 and 9 Hz, respectively. (A) Conventional 1H, (B) IP cross-peak (C) AP cross peak and (D) IPAP–HSQMBC- a (blue) and b (red) subspectra without scaling factor. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the major inaccuracy can be correlated to the mentioned undesired
effects of cross talk that can produce additional separation be-
tween the pertinent peaks.

Fig. 8 shows some multiplets extracted from the analog 1H–15N
IPAP–HSQMBC spectra of 3. In this case, the measurement of nJNH

coupling constants is also performed in a similar straightforward
way. Again, the excellent phase properties of the spin-state selec-
tive multiplet obtained from the IPAP–HSQMBC pulse sequence
facilitates the direct J measurement without any fitting procedure.
It can be accepted that IPAP–HSQC–TOCSY [10] or an equivalent
experiment is the method of choice when a very sensitive, simple
and precise approach to measure both the sign and the magnitude
of any nJCH in protonated carbons is required. However, one of the
most challenging task should be the precise measurement of small
nJCH values in non-protonated carbons or nitrogens. In order to
evaluate the performance of the proposed experiment for the
assignment and the measurement of nJCH on carbonyl carbons, sev-
eral 1H/carbonyl regions of the 13CO-band-selective IPAP–HSQMBC



Fig. 7. (A) Conventional 1H, (B) 1H–13C IPAP–HSQMBC- a (blue) and b (red) and (C) 1H–13C AP–HSQMBC selected cross-peaks of strychnine (3) recorded with inter-pulse D
delays optimized to 8 Hz. The measurement of nJCH coupling constants is straightforward for both protonated and non-protonated carbons, due to the excellent phase
properties of a- and b-multiplets in (B). Note the overestimation in the measurement made by the direct analysis of the AP multiplet (C). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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spectra of the cyclic undecapeptide cyclosporine (4 in Scheme 1)
are illustrated in Fig. 9. Most of the cross peaks corresponding to
the interresidual 2JHN-CO, 3JMe-CO and the intra-residue 2JHA-CO can
be assigned and measured in a single IPAP–HSQMBC experiment
optimized to 8 Hz. On the other hand, the 1H–15N IPAP–HSQMBC
spectrum (Fig. 10) clearly illustrates the main advantages of our
strategy to measure nJNH coupling constants smaller than 3 Hz.
All N-Methyl resonances of 4 are singlets in the proton spectrum
and they become doublets in the corresponding HSQMBC experi-
ment due to their 2JNH coupling constants with the amide nitrogen
center. However, these doublets are not resolved in the IP–
HSQMBC experiment due to their small value (Fig. 10B) and the
analysis from the anti-phase multiplet obtained in a regular
HSQMBC could induce an overestimation in the J measurement
(Fig. 10C). The efficiency of the IPAP approach is illustrated in
Fig. 10D, where 2JNH coupling values around 1.5–2 Hz were effi-
ciently measured for all non-protonated nitrogens in a very simple
way.

Two final points must be considered related to the IPAP–
HSQMBC experiment. First, the addition of the refocusing delay
compared to the original HSQMBC-type experiments introduces a
long evolution period into the sequence that undergoes additional
signal attenuation due to T 2 relaxation losses. On the other hand,
as shown from Eqs. (2) and (3) and also known for related HMBC or
long-range optimized HSQC experiments, there is a strong depen-
dence of signal intensity with respect to the passive JHH coupling
constants. We have shown that in our approach IP and AP data
present similar dependence with respect to the passive JHH and
they are efficiently compensated in the addition/subtraction proce-
dure. As an example, Fig. 11 shows the excellent agreement be-
tween the theoretical and the experimental signal intensity
dependence of the C2–H3a cross peak of 2 as a function of the D
optimization in the IPAP–HSQMBC experiment. We can observe
that nJCH can be measured with simplicity in all cases when sensi-
tivity is acceptable. However, one inconvenience could be the acci-
dental lack of an expected cross peak due to the unavoidable
mismatch D setting. In practice, the acquisition of two IPAP–
HSQMBC experiments optimized with two different D delays could
solve such drawback.

In contrast to the IPAP–HSQC–TOCSY experiment, there is no a
direct correspondence between the sign of the nJXH coupling and
the relative displacement of a/b cross-peaks and therefore it is
not possible to determine the sign of nJXH in IPAP–HSQMBC
experiments.
3. Methods and materials

Samples of 100 mM of Caffeine in D2O (1), 430 mM of 2,3-dib-
romopropionic acid in CDCl3 (2), 250 mM of Strychnine in CDCl3



Table 1
Comparison of several nJCH constants for strychnine determined in present work and
published earlier.

IPAP–HSQMBC
this work

IPAP–HSQC–TOCSY
this work

[9] [12] a[21],b[23]

3JC1H3 8.9 +9.3 +8.5 – –
3JC3H1 7.5 +7.2 +7.4 – –
2JC4H3 2.3 +2.5 +2.3 – –
3JC5H8 3.4 – – 3.2 –
3JC6H8 3.9 – – 3.7 –
3JC7H18a 4.5 – – 4.6 5.2b

2JC10H11a 6.7 – – 6.5 6.4a

2JC10H11b 7.7 – – 7.9 7.4a

2JC11H12 2.2 �1.9 �2.1 – 2.5b

2JC11H13 0.4 �0.5 +0.6 – –
3JC12H8 5.8 +5.6 +5.5 5.5 5.4a

2JC12H11a 1.9 �2.1 �2.0 2.5 1.7a

2JC12H11b 6.9 �6.9 �6.9 7.0 7.1a

3JC12H23a 8.3 – – 8.6 –
3JC12H23b 5.2 – – 5.6 –
2JC14H13 5.5 �4.5 �5.4 4.6 4.7b

2JC14H15a 1.2 �2.9 �2.7 1.8 3.2b

2JC14H15b 2.3 �2.6 �3.3 3.2 4.8a,b

3JC14H16 6.7 +6.4 +6.4 – 6.4b

3JC14H20a 5.7 +5.4 – – –
3JC14H22 8.5 +8.6 +6.6 8.5 8.9b

3JC18H20b 9.3 – – 9.3 3.6a, 9.5b

3JC18H20a 3.6 – – 3.5 3.6b

3JC20H18b 7.4 – – 7.1 7.4b

3JC20H22 4.6 +5.6 +7.4 4.9 5.7a,12.5b

3JC21H13 7.5 – – 7.8 7.4a

2JC21H20a 3.6 – – 2.4 –
3JC22H14 8.3 – – -
3JC22H20a 4.7 +5.0 – 4.5 –
3JC22H20b 5.1 +5.5 – 6.1 –
2JC22H23a 4.2 �3.8 �3.8 3.8 –
2JC22H23b 3.6 �3.4 �3.7 4.0 –

Fig. 8. 1D Slices showing the precise measurement of long-range proton-nitrogen
coupling constants of strychnine (3) from the 1H–15N 2D IPAP–HSQMBC experiment
recorded with inter-pulse D delays optimized to 7 Hz. (A) Conventional 1H, (B) a
(blue) and b (red), and (C) AP selected multiplets. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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(3), and 50 mM of cyclosporine in CDCl3 (4), were chosen as model
samples. NMR experiments have been recorded on a BRUKER 600
Avance II + with a 5-mm broadband TXI inverse probehead incor-
porating a z-gradient coil and on a BRUKER DRX-500 spectrometer
equipped with a 3-channel 5-mm TXI inverse probehead incorpo-
rating a z-gradient coil. All data were acquired and processed with
TOPSPIN v2.1 (pulse program is available on request for this
platform).
Sine bell shaped gradients of 1 ms duration (d) are used, fol-
lowed by a recovery delay of 200 ls. Gradient strengths for the
purge zz-filters: G3: 33% and G4: 50%; Gradient strengths for
coherence pathway are G1: 80%, G2: 20.1% for 13C and 8.1 for
15N. Others gradients are G5: 17% and G6: 5%. Gradients are given
as percentage of the absolute gradient strength of 53.5 G/cm. All
experiments were acquired and processed using the echo-antiecho
protocol.

2D 1H–13C IP and AP–HSQMBC experiments on 1 were sepa-
rately recorded at 600 MHz. The recycle delay was set to 1.5 s,
the inter-pulse D delay (=1/2 � nJCH) was optimized to 3, 6 and
9 Hz in different experiments whereas the BIRD delay (D3) was al-
ways optimized to 145 Hz (=1/2 � 1JCH). Four scans were accumu-
lated for each one of the 128 t1 increments and the number of
data points in t2 was set to 8192. Spectral windows in both dimen-
sions were 21,128 (F1) and 3597 (F2) Hz, respectively. The overall
acquisition time for each IP and AP data was about 25 min which
were added/subtracted in the time-domain without any scaling
factor to provide spin-state selective data. Prior to Fourier-trans-
formation of each data, zero filling to 1024 in F1, 16,384 points
in F2 and a sine squared function in both dimensions were applied.

2D 1H–13C IP and AP–HSQMBC experiments on 2 were sepa-
rately recorded at 500 MHz using 13C spectral aliasing in the indi-
rect dimension. The recycle delay was set to 1.5 s, the inter-pulse D
delay (=1/2 � nJCH) was optimized from 12 Hz to 1 Hz in different
experiments whereas the BIRD delay (D3) was always optimized
to 160 Hz (=1/2 � 1JCH). Four scans were accumulated for each one
of the 32 t1 increments and the number of data points in t2 was
set to 2048. Spectral windows in both dimensions were 7546
(F1) and 1001 (F2) Hz, respectively. The overall acquisition time
for each IP and AP data was about 6 min which were added/sub-
tracted in the time-domain without any scaling factor to provide
spin-state selective data. Prior to Fourier-transformation of each
data, zero filling to 1024 in F1, 4096 points in F2 and a sine squared
function in both dimensions were applied.

2D 1H–13C IP and AP–HSQMBC experiments on 3 were sepa-
rately recorded at 600 MHz. The recycle delay was set to 1.5 s,
the inter-pulse D delay (=1/2 � nJCH) was optimized to 8 Hz
whereas the BIRD delay (D3) was optimized to 145 Hz (=1/
2 � 1JCH). 4 scans were accumulated for each one of the 128 t1 incre-
ments and the number of data points in t2 was set to 8192. Spectral
windows in both dimensions were 24,147 (F1) and 5411 (F2) Hz,
respectively. The overall acquisition time for each IP and AP data
was about 20 min which were added/subtracted in the time-
domain without any scaling factor to provide spin-state selective
data. Prior to Fourier-transformation of each data, zero filling to
1024 in F1, 16,384 points in F2 and a sine squared function in both
dimensions were applied.

2D 1H–15N IP and AP–HSQMBC experiments on 3 were sepa-
rately recorded at 600 MHz. The recycle delay was set to 1.5 s,
the inter-pulse D delay (=1/2 � nJNH) was optimized to 7 Hz
whereas the BIRD delay (D3) was optimized to 90 Hz (=1/
2 � 1JNH). 32 scans were accumulated for each one of the 64 t1

increments and the number of data points in t2 was set to 8192.
Spectral windows in both dimensions were 9731 (F1) and 5411
(F2) Hz, respectively. The overall acquisition time for each IP and
AP data was about 80 min which were added/subtracted in the
time-domain without any scaling factor to provide spin-state
selective data. Prior to Fourier-transformation of each data, zero
filling to 1024 in F1, 16,384 points in F2 and a sine squared func-
tion in both dimensions were applied.

2D 1H–13C IP and AP–HSQMBC experiments on 4 were sepa-
rately recorded at 500 MHz using 10 ms reburp shaped 13C pulses
as a band-selective inversion elements in the CO region. The re-
cycle delay was set to 1.5 s, the inter-pulse D delay (=1/2 � nJCH)
was optimized to 5 Hz whereas the BIRD delay (D3) was optimized



Fig. 9. (A) 2D band-selective 1H–13CO IPAP–HSQMBC a (blue) and b (red) subspectra of cyclosporine (4) and (B) magnetization transfer scheme encoded with a band-selective
13CO pulse sequence. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Measurement of small long-range proton-nitrogen coupling constants from the 1H–15N IPAP–HSQMBC spectra of cyclosporine, 4, with a D delay optimized to 3 Hz.
1D slices comparing the conventional (A) 1H and 1H–15N IPAP–HSQMBC (B) IP, (C) AP, (D) a (blue) and b (red) cross-peaks, and (E) conventional HSQMBC of N(1)-N-Methyl(1),
respectively. Note the overestimation in the measurement of 2JN-Me values from the direct AP multiplet analysis. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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to 135 Hz (=1/2 � 1JCH). 4 scans were accumulated for each one of
the 128 t1 increments and the number of data points in t2 was
set to 4096. Spectral windows in both dimensions were 1006
(F1) and 4496 (F2) Hz, respectively. The overall acquisition time
for each IP and AP data was about 23 min which were added/sub-
tracted in the time-domain without any scaling factor to provide
spin-state selective data. Prior to Fourier-transformation of each
data, zero filling to 1024 in F1, 8192 points in F2 and a sine squared
function in both dimensions were applied.

2D 1H–15N IP and AP–HSQMBC experiments on 4 were sepa-
rately recorded at 600 MHz. The recycle delay was set to 1.5 s, the
inter-pulse D delay (=1/2 � nJNH) was optimized to 3 Hz whereas
the BIRD delay (D3) was optimized to 90 Hz (=1/2 � 1JNH). 8 scans
were accumulated for each one of the 64 t1 increments and the
number of data points in t2 was set to 4096. Spectral windows in
both dimensions were 1824 (F1) and 5411 (F2) Hz, respectively.
The overall acquisition time for each IP and AP data was about
20 min which were added/subtracted in the time-domain without
any scaling factor to provide spin-state selective data. Prior to Fou-
rier-transformation of each data, zero filling to 1024 in F1, 8192
points in F2 and a sine squared function in both dimensions were
applied.

Simulations of the 1D version of the IPAP–HSQMBC pulse se-
quence were made with the NMR-Sim program included in the
TOPSPIN software package suite (Bruker Biospin, Germany). Spin
system definition used in the simulations: A) Caffeine, 1: C5H7



Fig. 11. Signal intensity dependence for the C2–H3a cross peak of 2 in IPAP–HSQMBC experiment. (A) Theoretical dependence as a function of a range of nJCH values and D
delays, assuming homonuclear coupling constants of 3JH3aH3b = 10.2 Hz, 3JH3aH2 = �11.5 Hz; (B) theoretical signal intensity dependence in the case 2JC2H3a = �4.7 Hz; (C)
experimental data that is in strong agreement with the theoretical prediction. It can be shown that the measurement of nJCH is highly reliable when cross-peak is observed.
The sign X means that nJCH cannot be measured.
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spin-system: H7: 3.8 ppm, C5: 107.3 ppm, 3JC5H7: 2.7 Hz. B) DBPA,
2: H2: 4.52 ppm, H3a; 3.94 ppm, H3b: 3.72 ppm, C2: 40.8 ppm, C3:
29.4 ppm, 3JH2H3a: 11.5 Hz, 3JH2H3b: 4.4 Hz, 2JH3aH3b: �10.2 Hz,
1JC3H3: 159.4 Hz, 1JC2H2: 161.2 Hz, 2JC2H3a: �4.7, 2JC2H3b: �3.7,
2JC3H2: �4.0 Hz.
4. Conclusions

In summary, a modified version of the HSQMBC pulse sequence
has been proposed for the easy measurement of long-range heter-
onuclear coupling constants from spin-state-selective multiplets.
The effects of JHH modulation are compensated in the addition/sub-
traction process of the recorded IP and AP data. Although it should
be possible to measure these couplings from individuals IP or AP
data, the direct analysis of the a- and b-multiplets allows a more
general and easy nJXH measurement without any fitting post-
processing method. In addition typical errors arising from the exis-
tence of poorer resolved multiplets due to broad linewidths or
complex J patterns, accidental signal cancellation due to anti-phase
patterns, or presence of undesired phase distorted multiplets are
strongly minimized. The method works well even for the measure-
ment of small coupling values in both protonated and non-
protonated carbons and also for other lower sensitive nucleus, such
as shown for 15N.
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