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’ INTRODUCTION

The knowledge of short- and long-range heteronuclear coupling
constants is invaluable in the study of a variety of problems in organic
and inorganic chemistry.1 The use of long-range heteronuclear
couplings has received growing attention for the determination of
the relative stereochemistry, structural and conformational analysis of
organic and biomolecules in association with 1H�1H scalar cou-
plings, andNOE restraints.2,3 Furthermore, employment of the long-
range heteronuclear couplings can significantly refine the computa-
tionally determined three-dimensional solution structures.4 How-
ever, these couplings are very small in magnitude and more so are
associated with low-sensitivity nuclei such as 13C or 15N. The routine
use of such couplings is hindered by the inherent difficulties in their
measurement.5 Therefore, there is a dire need to develop simple and
elegant NMR methods to measure these couplings with high
accuracy. A myriad of NMR experiments viz, HSQC-TOCSY, 2D
hetero-half-filtered TOCSY (HETLOC), phase-sensitive HMBC
(PS-HMBC), long-range-optimizedHSQC, etc., have been reported
for such apurpose.5�9Recently, the IPAP-HSQMBCexperiment for
determination of long-range J couplings from the spin-state-selective
multiplets has been demonstrated.10 The naturally abundant 13C
edited selectively excitedmultiple quantum techniques for extraction
of homo- and heteronuclear couplings have also been reported.11

Residual dipolar couplings (RDCs) are considered as global
parameters in studying structures and conformations of pro-
teins and conformational analysis of oligosaccharides.13,14 The
diverse aligning media with a low-order parameter for mol-
ecules soluble in polar or nonpolar medium and several weakly
orienting chiral solvents for discrimination of enantiomers have

been reported.14�19 More recently, the RDCs have also been
widely employed for the assignment of diastereotopic protons
and for determination of the absolute configuration of organic
molecules.14,20,21 The complexity of NMR spectra of organic
molecules embedded in low-ordered anisotropic solvent de-
pends on the degree of alignment induced. In spite of the
first-order splitting pattern in these media, the 1H spectra are
undecipherable even for a very small molecule containing 5�6
coupled protons.11 Therefore, extraction of both long-range
homo- and heteronuclear RDCs is a challenging task.

In the present study we demonstrate the application of a simple
two-dimensional C-HETSERF experiment22 whose pulse se-
quence consists of two independent and well-differentiated parts.
The first part is INEPT transfer to create the 13C-bound proton
signal, which is subsequently subjected to evolve under all the
possible homo- and heteronuclear couplings in both dimensions.
In the second part, a small flip angle pulse is used before detection
in order to obtain simplified E-COSY-type multiplet patterns. The
selective pulse applied to select a bunch of frequencies prior to the
indirect dimension has no role to simplify the spectrum. Never-
theless, simplification of the complex multiplet pattern depends
only on the small anglemixing pulse.22 Therefore, the selectiveπ/2
pulse is replaced by a nonselective π/2 pulse to cover the entire
spectral range, enabling determination of all the couplings in a
single experiment. The significant advantage of the experiment is in
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ABSTRACT: We report the C-HETSERF experiment for determination of long-
and short-range homo- and heteronuclear scalar couplings (nJHH and nJXH, ng 1) of
organic molecules with a low sensitivity dilute heteronucleus in natural abundance.
The method finds significant advantage in measurement of relative signs of long-
range heteronuclear total couplings in chiral organic liquid crystal. The advantage of
the method is demonstrated for the measurement of residual dipolar couplings
(RDCs) in enantiomers oriented in the chiral liquid crystal with a focus to
unambiguously assign R/S designation in a 2D spectrum. The alignment tensor
calculated from the experimental RDCs and with the computed structures of
enantiomers obtained by DFT calculations provides the size of the back-calculated
RDCs. Smaller root-mean-square deviations (rmsd) between experimental and
calculated RDCs indicate better agreement with the input structure and its correct
designation of the stereogenic center.
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the relative displacement of the spin-state-selective 13C R/β cross
peaks facilitating extraction of long-range heteronuclear J couplings
of very small magnitudes.

’EXPERIMENTAL SECTION

For isotropic studies, three molecules, viz., 2-chloropropanoic
acid (1), the alkaloid strychnine (2), and an undecapeptide
cyclosporine A (3), were investigated in CDCl3. The solutions
of (R/S)-propylene carbonate (4) were prepared in both liquid
crystalline and isotropic solvents. For the liquid crystalline phase,
organic homopolypeptide, poly-γ-benzyl-L-glutamate (PBLG)
and the solute were dissolved in CDCl3 using a well-documented
procedure.23,24 For the R/S assignment of the enantiomers, a
sample of 4 enriched with R enantiomer was prepared. For the
aligned sample 4, 54 mg of the solute mixture (32 mg of R and 20
mg of S) and 102.8 mg of PBLG and 665 mg of CDCl3 were
taken. For demonstrating the advantage of the experiment in
determination of signs of couplings, the oriented sample of a
racemic 1 was also prepared. The composition of the oriented

racemic sample 1was 50mg of the solute, 80mg of PBLG, and 300
mgofCDCl3. The spectra were recorded either on a Bruker AV800
MHzNMR spectrometer equipped with a TCI cryogenic probe or
on a Bruker DRX 500 MHz NMR spectrometer equipped with a
TXI probe. The temperature was regulated by using a standard
variable-temperature unit (BVT 3000). The C-HETSERF pulse
sequence employed is depicted in Figure 1B. The delay “Δ”
responsible for creation of the 13C-bound proton signal was kept
at 1.78 ms in isotropic studies. The value of “Δ” for oriented
samples and other experimental and processing parameters are
provided in the respective figure captions. The 2D spectra of 3 and
4 are provided in the Supporting Information along with their
analysis.

’RESULTS AND DISCUSSIONS

One of the difficulties associated withmeasurement of the long-
range couplings is their very small magnitudes. Measurement of
the separation between two lines (i.e., coupling) is difficult when
they are in close proximity or overlapped in a single cross section of

Figure 1. (A) Structures of 1, 2, 3, and 4. (B) C-HETSERF sequence.22 Filled rectangles denote 90� pulses; open rectangles denote 180� pulses. The
π/2 pulse before t1 delay is semiselective. Unless specified, the phase of the pulses is x. The phases of the pulses are j1 = 2(x), 2(�x),j2 =jR = x,�x.
Themixing pulse applied on the proton is a small angle pulse. This small angle (β) employed for the all the experiments is 26�. The INEPT transfer delay
Δ is 1/(4 � 1JCH). The gradients strengths are G1 = 10 G/cm and G2 = G3 = 5 G/cm.
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a 2D spectrum. However, the coupling of smaller magnitude can be
determined if the peaks are made to appear in different cross
sections. This unique feature, being present in the C-HETSERF
experiment owing to the spin-state selectionby the 13Cnuclei, allows
determination of very small long-range heteronuclear couplings.22

To demonstrate the outcome of the C-HETSERF experiment, an
AMX spin system as shown in Figure 2A is considered where A and
Mare protons separated by a three-bond coupling andX is a carbon
directly attached to proton A. If a selective π/2 pulse is applied
on A, then spitting in the indirect dimension is due to one-bond
coupling between A and X whereas the splitting in the direct
dimension arises because of the long-range coupling betweenX and
M. Extraction of three-bond coupling betweenA andM is derivable
fromboth the diagonal peak and cross peaks. The appearance of the
spectrum and the frequency differences yielding couplings in both
diagonal and cross peaks are pictorially depicted in Figure 2A.

In order to derive better insight into the outcome of the present
experiment, initially molecule 1 was investigated. The methyl-
selective 2D C-HETSERF spectrum of 1 presented in Figure 2B
shows diagonal peaks at the methyl proton chemical shift (δ = 1.7
ppm) and the cross peaks at the methine proton chemical shift
(δ = 4.4 ppm). The 13C-bound methyl proton signal evolves under
1JC1H4 in the indirect dimension and under 1JC1H4,

2JC1H5, and
3JH4H5 in the direct dimension. From the diagonal peaks, 1JC1H4 is
extractable from both dimensions and 3JH4H5 could be measured
from either of the spin states of 13C. The separationsmarked “a” and
“b” pertain to 1JC1H4, and “c” corresponds to

2JHH. For the diagonal
peaks, larger separations in both indirect dimension and indirect
dimension correspond to one-bond 13C�1H couplings (1JCH).

22

Therefore, separation “a” is equivalent to “b”. From the cross peak,
the long-range 2JC1H5 is measurable from the relative displacement
between the 13C R/β cross peaks along the direct dimension and
3JH4H5 can also be extracted from the splitting in one of the 13C spin
states. The separations yielding these values are marked as “d” and
“e”, respectively. Furthermore, 1JC1H4 is also measurable from the
frequency difference between the 13C R/β cross peaks (marked as
“f”) in the indirect dimension. It is clearly evident from this
discussion that analysis of the cross peaks provides all the couplings.

To demonstrate the potentiality and generality of the method,
the 2D C-HETSERF experiment, performed on 2, is reported in
Figure 3. Instead of a selective pulse, a nonselective π/2 pulse was
applied to excite the entire frequency range in the indirect dimen-
sion. Several representative diagonal and cross peaks marked with
rectangles in the 2D spectrum have been expanded to demonstrate
the applicability of the experiment in the extraction of different
couplings. As an illustration, the proton magnetization bound to
13C13 evolves under both the one-bond coupling of C13 with H13
(1JC13H13) and the two-bond coupling of C13 with H8 (

2JC13H8) in
both dimensions. The expansions “a” and “b” show the C13 to H13
and C13 to H8 correlations, respectively. The cross peaks marked
with the rectangle “c” originating from the 13C15-bound proton
magnetization provides coupling of the diastereomeric protonH15b
with its directly attached carbon C15(1JC15H15b). Expansion of the
cross peakmarkedwith rectangle “d” exhibits a relative displacement
between the 13C R/β spin states pertaining to long-range coupling
of the diastereomeric proton H18b with C17 (2JC17H18b). The
expansions of the rectangles “e�h” represent the two-bond correla-
tions, viz., H12�C11, H11b�C12, H4�C3, H3�C4, respectively,
originating from the spin-state-selective displacements of the
13C R/β cross peaks. The long-range correlation of H12 with
C14 providing the coupling 3JC14H12 is also marked in expansion
“e”. One of the important features of this experiment lies in the
fact that all one-bond carbon�proton J couplings are derivable
from the diagonal peaks.

The C-HETSERF experiment is very promising to measure
the long-range JCH of the amide proton of cyclic peptide 3. Some
of the representative diagonal and cross peaks “a�h” of the
C-HETSERF spectrum of 3 are reported in Figure 4 to demon-
strate the generality of the experiment in extracting various
couplings. In the 1H spectrum of 3, methyl protons of Val5
show a doublet and the methyl protons directly attached to the
nitrogen of the peptide bonds exhibit singlets.25 The expanded
region of a diagonal peak marked as “a” provides one-bond
correlation of the methyl protons of Val5 with its directly bonded
carbon. The separation between the two components of the
doublet in a single cross-section of expansion “b” pertains to the
three-bond coupling of the methyl protons with Hβ (3JHH). The
peaks centered at δ = 3.8 ppm provide 13C�1H correlation of the

Figure 2. (A) Pictorial depiction of the extraction of different couplings
fromC-HETSERF experiment. (a) The diagonal peaks yielding the one-
bond heteronuclear couplings. It is the frequency difference between the
13C-bound proton signals at their |13CRæ or |13Cβæ spin states in both
dimensions. (b) Cross peaks yielding the long-range heteronuclear
couplings. F2 cross section of the 13C-attached proton signals at either
|13CRæ or |13Cβæ states provide the homonuclear couplings. (B) 500
MHz 2D methyl-selective C-HETSERF spectrum of 1. |13CRæ and
|13Cβæ regions are marked. SEDUCE-shaped pulse of duration 3.125 ms
was applied on the methyl protons. Eight scans were accumulated for
each of the 128 t1 increments, and the number of the data points in t2 was
10 240. The spectral widths in the F1and F2 dimensions are 300 and 2000
Hz, respectively. Zero filling to 512 in F1 and 16 384 points in F2 and sine
squared function in both dimensions were applied before processing.
The recycle delay was 3 s. The magnitudes (in Hz) of J couplings are
a = b = f = 1JC1H4 = 131.2, c = e = 3JH4H5 = 7.3, and d = 2JC1H5 = 3.4.
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N-methyl group of MeBmt1(1JCH). The cross peaks centered at
δ = 5.8 ppm provide long-range two-bond 13C�1H coupling of
CR with Hβ of the MeBmt1 (marked as “d”). The separations
between spin-state-selective cross peaks “e�h” pertain to the
two-bond coupling of CR with the amide protons (HN). These
cross peaks represent the correlation of CR with the amide
protons of Abu2, Ala7, Val5, and D-Ala8, respectively.
Relative Signs of Long-Range Heteronuclear Couplings. For

the weakly coupled spin system, the relative signs of couplings can
be determined from the direction of tilt of the displacement
vectors.24 The cross peak at the methyl protons chemical shift of
1 in PBLG/CDCl3 mesophase of the 2D C-HETSERF spectrum
reported in Figure 5 gives additional information on the relative
signs of the couplings. The displacements marked as “a” and “b”
between the 13C R/β cross peaks represent the three-bond long-
range total coupling of methine carbon to the methyl protons for R
and S enantiomers, respectively. The tilt direction at “a” is opposite
to “b”, indicating that coupling “a” is opposite in sign to “b”.
R/S-Designation of the Stereogenic Center in a Chiral

Molecule. The distinction and stereochemical identification of R-
and S-ibuprofen have been reported using 1H�1H, 13C�1H, and

13C�13C RDCs. For this purpose, the RDCs of R- and S-
enantiomers have been measured for each enantiomerically pure
stereoisomer aligned separately in PBLG/CDCl3 mesophase.

21 To
the best of our knowledge, so far the assignment of the R and S
designation of enantiomers in a 2D spectrum of a racemate is
arbitrary or relative. The aim of the present study is to derive the
absolute configuration of enantiomers using the C-HETSERF
experiment and DFT. This experiment not only discriminates the
enantiomers but also enables determination of couplings.22 For
illustration, a representative region of the 2D C-HETSERF spec-
trum of 4 at the chemical shift position of the diastereomeric proton
H6 in the PBLG/CDCl3 mesophase is presented in Figure 6A. The
two set of peaks pertaining to both enantiomers could be assigned in
two different ways: one as in (a) a set of peaks connected by the red
dashed lines could be assigned to the R-enantiomer while another
symmetric set of peaks connected by the solid purple lines could be
assigned to the S-enantiomer. In the other, these assignments are
interchanged as in (b). With the sole objective of ascertaining the
correct R/S-designation of the stereogenic center in a pair of
enantiomers, initially the RDCs of 4 for both enantiomers and their
optimized structures were determined

Figure 3. 800 MHz 2D C-HETSERF spectrum of 2. Eight scans are accumulated for each of the 300 t1 increments, and the number of data points in t2
was 5224. The spectral widths in both dimensions were 6355 Hz. Prior to Fourier transformation, zero filling to 1024 in F1 and 16 384 points in F2 and
sine squared window function in both dimensions were applied. The recycle delay was 3 s. The magnitudes (in Hz) of couplings are 1JC13H13 = 124.1,
2JC13H8 = 1.2, 1JC15H15b = 130.8, 1JC15H15b = 4.6, 3JC14H12 = 1.5, 2JC11H12 = 1.7, 2JC12H11b = 7.5, 2JC3H4 = 1.3, and 2JC4H3 = 1.9.
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In order to determine the RDCs, two C-HETSERF experiments
on 4 were performed, one in isotropic solution to determine the
scalar couplings (JHH and JCH) and the other in anisotropic solution
to obtain the total coupling constants (THH and TCH). Finally,
the RDCs (Dexp) were calculated using the simple relation |T| =
|Jþ 2D|. Analysis of the C-HETSERF spectrum of 4 provides two
sets of RDCs that are listed in Table 1. The regions of the spectrum

facilitating extraction of these couplings are provided in the
Supporting Information. One-bond 13C�13C RDCs provided
in Table 1 were calculated from the INADEQUATE spectrum26

of (R/S)-propylene carbonate recorded in both CDCl3 and the
PBLG/CDCl3 mesophase. The traces from the two-dimensional
13C�13C INADEQUATE experiment showing 1TCC and 1JCC
are provided in the Supporting Information. For optimization
of the structures, calculations were performed using density func-
tional theory employing B3LYP hybrid functional with a 6-311þ
G** contracted basis set using the program Gaussian03.27�29 The
solvent effects were examined using the polarizable continuum
model (PCM) with chloroform as a solvent.
Initially, eight couplings for set I and set II were used for

calculation of its alignment tensor using the PALES program30,31

with the optimized structures of (R)-propylene carbonate as an
input structure. This provides two sets of back-calculated RDCs
(Dcalcd) as provided in Table 1. The difference in the correlation
factors between the sets of experimental and the calculated
RDCs are found to be very small. However, the root-mean-
square deviations (rmsd) between experimental and calculated
RDCs show significantly different values. Furthermore, the
smaller value of rmsd is considered to be in agreement between
the input structure of a molecule with its conformation and
configuration.32 Herein, the smaller value of rmsd is considered
an indicator for the correctness of the input structure and its
designation of the stereogenic center. The value of rmsd between
the RDCs of set I and the theoretical RDCs obtained when the
optimized R structure is employed is low, indicating the RDCs of
set I belongs to the R-enantiomer. On the other hand, the higher
value of rmsd between the RDCs of set II and the theoretical
RDCs obtained when the optimized structure of R-structure
is employed implies that assignment of the RDCs of set II to the

Figure 4. Diagonal peaks “a” and “c” represents one 1JCH and are 125.9 and 139.3 Hz, respectively. All cross peaks “b” and “d�h” represent 2JCH, and
they are 3.9, 4.3, 1.8, 2.5, and 1.3 Hz, respectively. The 2JHH coupling present in a single cross section of the diagonal peak marked as “a” is 6.9 Hz.

Figure 5. Cross peaks at the chemical shift of the methyl protons of the
500 MHz 2D C-HETSERF of racemate 1 in the PBLG/CDCl3 solvent
at 298 K. A SEDUCE-shaped pulse of 4 ms duration was applied on
multiplets of the methine proton. Eight scans are accumulated for each
one of the 128 t1 increments, and the number of the data points in t2 was
set at 10 240. The spectral widths in the F1 and F2 dimensions are 350
and 2000 Hz, respectively. Zero filling to 512 in F1 and 16 384 points in
F2 and sine squared function in both dimensions were applied before
processing. The recycle delay was set at 3 s. The INEPT delay “Δ = 1/(4
� 1TCH)” corresponds to 1.92 ms. The magnitudes of the long-range
total couplings are a = 2TC2H4 = 2.7 Hz for R and b = 2TC2H4 = 14.0 Hz
for S enantiomer, respectively.
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R-enantiomer is incorrect. To ascertain the consistency, in the
subsequent step, the 11 couplings (provided in the Supporting
Information) were employed for calculation of theoretical RDCs

with the input structure of the R-enantiomer. This resulted in an
increase in the value of rmsd since it is dependent on the number
of couplings employed.32 The smaller rmsd value between
RDCs of set I and theoretical RDCs again substantiate the fact
that RDCs of set I pertain to the R-enantiomer. It is also
observed from Table 1 that the experimentally measured value
of two-bond long-range coupling 2TC2H6 is 2 Hz and the
theoretical one is �8.2. This difference might arise due to the
fact that the absolute sign of the two-bond carbon�proton
coupling is not known. In Table 1 given in the Supporting
Information, such differences arise for coupling C1H5, C1H7,
and C1H6. This is probably because they are the couplings to the
methyl group and there is an averaging of distances and angles for
fast rotation of this methyl group.32 Nevertheless, we used these
couplings because of the limited number of couplings available for
calculations, and the consistency of the larger rmsd value for the
RDCs of set II is persistent. The 11 experimental and theoretical
RDCs are provided in the Supporting Information. The rmsd and
correlation factors for 8 and 11 couplings are provided in Table 2.
The alignment tensor of the R-enantiomer calculated for 8 and 11
couplings separately are contained in the Supporting Informa-
tion. In order to make the assignment of R/S enantiomers more

Figure 6. (A) Cross peaks of the C-HETSERF spectrum of 4 at the chemical shift position of the diastereomeric proton H6. In part a one set of
symmetric peaks was assigned to the R enantiomer and other set of peaks to the S enantiomer. In part b, the assignments are interchanged. (B) (c and d)
Optimized structures of (R)- and (S)-propylene carbonate, respectively, visualized in Gauss view.

Table 1. Tabulation of the Each of the Experimental and
Back-Calculated RDCs Derived Using the Optimized Struc-
ture of R Using the PALES

set I set II

coupling experimental atheoretical experimental btheoretical

C2H5 27.7 27.0 26.3 25.6

C2H7 1.9 1.2 0.00 �1.7

C2H6 2.0 �8.2 2.0 �10.8

C3H5 2.5 0.1 3.1 �2.6

C3H6 23.5 24.3 30.0 30.9

C3H7 14.5 15.1 9.4 10.3

C1C2 �9.9 �9.8 �9.2 �9.4

C2C3 �7.7 �6.8 �10.72 �9.4
aTheoretical RDCs when the eight RDCs of set I were used. bTheore-
tical RDCs when the eight RDCs of set II were used.
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convincing and conclusive enough, the PALES calculations were
carried out with the optimized geometry of the S enantiomer with
both sets of experimental RDCs (set I and set II). As expected, a
lower rmsd value is obtained between the experimental RDCs of
set II and the theoretical RDCs, indicating that RDCs of set II
belong to the S-enantiomer. Tables of both experimental and
theoretical RDCs for the S-enantiomer are contained in the
Supporting Information. In addition, when eight couplings with
the optimized structure of the R enantiomer are used in PALES
calculations, the difference in rmsd values is 0.937 (3.346�2.409).
Almost the same difference, 0.948 (i.e., 3.329�2.381), is also
obtained in rmsd values when eight couplings with the optimized
structure of the S-enantiomer are used in PALES calculations.
The optimized structures employed in the calculations forR- and S-
propylene carbonate visualized in Gauss view are reported in
Figure 6 B. Further confirmation of the assignment by this
method was established by the methyl-selective SERF experi-
ment (SERF spectrum and details are given in the Supporting
Information).

’CONCLUSIONS

The experiment employed the 13C-bound proton signal for
determination of short- and long-range homo- and heteronuclear
J couplings of organic molecules with 13C in natural abundance.
The method finds significant advantage in determination of the
relative signs of the heteronuclear long-range RDCs for enantio-
mers. The RDCs measured for (R/S)-propylene carbonate from
a 2D spectrum and structure obtained by DFT calculations are
used for calculation of the alignment tensor, which subsequently
provided the possible alternate procedure for stereochemical
identification of R- and S-enantiomers.

’ASSOCIATED CONTENT

bS Supporting Information. C-HETSERF spectrum of cy-
closporin-A, (R/S)-propylene carbonate, INADEQUATE spec-
trum of (R/S)-propylene carbonate, alignment tensor elements,
table of RDCs, and SERF spectrum of (R/S)-propylene carbonate.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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