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We report a single 13C spin edited selective proton–proton correlation experiment to decipher over-
crowded 13C coupled proton NMR spectra of weakly dipolar coupled spin systems. The experiment unrav-
els the masked 13C satellites in proton spectrum and permits the measurement of one bond carbon–
proton residual dipolar couplings in I3S and for each diastereotopic proton in I2S groups. It also provides
all the possible homonuclear proton–proton residual couplings which are otherwise difficult to extract
from the broad and featureless one dimensional 1H spectrum, in addition to enantiodifferentiation in a
chiral molecule. Employment of heteronuclear (13C) decoupling in the evolution period results in com-
plete demixing of overlapped signals from enantiomers. The observed anomalous intensity pattern in
strongly dipolar coupled methyl protons in methyl selective correlation experiment has been interpreted
using polarization operator formalism.

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

Enantiodiscrimination of both naturally occurring and synthetic
chiral drug molecules has acquired growing importance because of
different biological and chemical properties of enantiomers [1].
Obtaining enantiomerically pure pharmaceuticals is a long stand-
ing challenge in asymmetric synthesis. Therefore, identification
of enantiomers and their enantiomeric purity measurement from
a racemic mixture is of profound importance. In meeting this goal,
NMR spectroscopy has proven to be an excellent tool. A wide vari-
ety of techniques are available in the literature, which are based on
the imposition of diastereomorphic interactions between the enan-
tiomers and chiral derivatizing or solvating agents [2]. Liquid crys-
talline phase obtained by organic solution of poly-c-benzyl-L-
glutamate (PBLG) with helicogenic solvents, such as, CH2Cl2, CHCl3

and DMF has proven to be an efficient medium not only for visual-
ization of enantiomers but also for quantification of excess of one
form over the other [3,4]. In such an anisotropic medium, due to
differential ordering effect, the order-sensitive NMR observables,
viz. chemical shift anisotropy (Dri), dipolar coupling (Dij) and
quadrupolar coupling (Qi) have enormous power of exhibiting
ll rights reserved.

ash).
different spectrum for each enantiomer enabling their discrimina-
tion [4]. Of the several detectable NMR parameters, chiral discrim-
ination in majority of studies is generally monitored either by 2H–
{1H} [5] or by two and three dimensional natural abundance deu-
terium NMR (NAD–NMR) experiments [6–9]. Chiral visualization is
also achieved by proton decoupled 13C spectrum deriving advan-
tage of comparatively larger differential values of Dr13C between
the enantiomers as an alternative tool [10].

The ubiquitous presence of protons in all the chiral molecules,
in addition to its high sensitivity renders 1H detection as an advan-
tageous tool. Despite its merits, its detection is methodologically
hindered primarily due to the presence of numerous couplings
and yields many closely spaced single quantum transitions result-
ing in the broad and featureless spectrum. In addition, the problem
gets severely aggravated due to the superposition of spectra of
both the enantiomers. A family of selective excitation experiments
employing 1H–1H residual dipolar couplings has partially ad-
dressed these difficulties [11–13]. There is also a recent study for
selective detection of single-enantiomer spectrum utilizing one
dimensional homonuclear correlation of coupled spins [14]. As
far as the analyses of the spectrum and the precise determination
of only 1H–1H couplings is concerned E-COSY type experiments can
also be employed [15,16].

When proton detection provides poor results, either one dimen-
sional 13C coupled proton or proton coupled 13C NMR spectra is an
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alternative approach for the measurement of couplings [17,18].
However, the absence of coupling fine structures is most often ob-
served in such spectra and hinders their utilization. This is clearly
evident from the proton coupled 13C spectrum of (R/S)-propylene
carbonate aligned in PBLG mesosphere reported in Fig. 1. Quality
of the spectrum precludes enantiodifferentiation and the precise
measurement of couplings. It is also established that experiments
that employ more number of order-sensitive NMR interaction
parameters aid in accurate enantiodiscrimination [19]. Therefore,
the HSQC type experiments without any decoupling such as
F2HSQC and heteronuclear multiple quantum experiments are
alternative approaches [19–21]. Both homonuclear and heteronu-
clear couplings have also been determined using these techniques.
The heteronuclear higher quantum experiments suffer from the
inherent problem of sensitivity. Also the drawback of F2HSQC
experiment is the persistence of spectral complexity in the F2

dimension.
In the present article, we report 13C satellite spin selective cor-

relation experiment to partially address some of the above-men-
tioned difficulties. The reported spin state selective correlation is
amalgamated with INEPT block to exploit the benefit from both
1H–13C couplings and 1H–1H couplings and also to further enhance
the sensitivity [22–26]. The INEPT block helps to retain 13C edited
proton magnetization which is subsequently utilized for the selec-
tive correlation. This technique, entitled Carbon-13 Edited Spin
Selective COrrelation SpectroscopY (CESS-COSY) serves as another
alternative approach to obtain both homonuclear and heteronu-
clear couplings in addition to unambiguous discrimination of
enantiomers in a single spectrum. Additionally the incorporation
of heteronuclear decoupling in the indirect dimension aids in bet-
ter enantiodifferentiation. The superiority of this over the methyl
selective soft-COSY experiment has also been demonstrated.
2. Experimental confirmation

To explore the applicability of this methodology, three chiral
molecules, viz., (R/S)-2-chloropropanoic acid, (R/S)-propylene car-
bonate and (R/S)-b-butyrolactone, belonging to different NMR spin
system nomenclatures have been chosen. The aligned samples
were prepared by the well known procedure [4,23]. For the ori-
ented sample (R/S)-2-chloropropanoic acid, 50 mg of the racemic
Fig. 1. 1H coupled one dimensional 13C spectrum of (R/S)-propylene carbonate
aligned in the PBLG liquid crystalline solvent, recorded at 300 K. The chemical
structure and the numbering of the interacting spins of the molecule are given at
the top of the spectrum. The crowded regions are expanded to depict the spectral
complexity and indistinguishable overlap of spectra of enantiomers.
mixture, 80 mg of PBLG (DP = 782) and 580 mg of CDCl3 were used.
For the oriented sample (R/S)-propylene carbonate, 54 mg of the
racemic mixture, 102.8 mg of PBLG, and 665 mg of CDCl3 were
used. For the oriented sample (R/S)-b-butyrolactone, 64.7 mg of
racemic mixture, 86.4 mg of PBLG and 432.0 mg of CDCl3 were ta-
ken. The assignment of peaks for enantiomers R and S and to chem-
ically independent proton(s) has already been reported [13–23].
All the spectra were recorded using a Bruker DRX-500 NMR spec-
trometer. The designed pulse sequences are reported in Fig. 2.
For selective excitation, SEDUCE, EBURP-2 and U-BURP shaped
pulses were utilized. The experimental and processing parameters
including the appropriate delays responsible for polarization trans-
fer are reported in Table 1. The determined coupling parameters
are contained in the respective figure captions.
3. Polarization operator description of an expected multiplet
pattern

To analyze the multiplet pattern originating from a weakly
dipolar coupled seven spin system of the type A3MNPX, [where X
being the natural abundance 13C attached to methyl (A3) protons,
the remaining spins are protons, with N and P being diastereomeric
protons] with the present pulse scheme (Fig. 2A), the polarization
operator formalism [27] has been employed. The present seven
Fig. 2. (A) The pulse sequence employed for CESS-COSY. The spin dynamics during
different time periods of the pulse sequence are discussed in the text. Filled
rectangular bars are hard 90�pulses and empty rectangular bars are hard 180�pulses.
All the remaining pulses are semi-selective for the excitation of multiplets. (B) The
pulse sequence used for the 13C–1H decoupling in the indirect dimension in CESS-
COSY. In both the sequences the pulse field gradient (G1) applied after keeping the
longitudinal term acts as a z purge to dephase undesired coherences. The delay s1
responsible for the polarization transfer depends on the factor 1/(4(1TAX)) and was
optimized for each molecule independently, the gradient ratio employed was
G2:G3 = 1:1. The phases of the pulses are; u1 = x, u2 = 4(x),4(�x); u3 = y;
u4 = u7 = 4(x) 4(�x); u5 = 2(x, �x); u6 = 2(x), 2(�x) and uR = x, 2(�x), x�x, 2(x), �x.



Table 1
Acquisition and processing parameters employed for the two-dimensional CESS-COSY experiments in (R/S)-2-chloropropanoic acid, (R/S)-propylene carbonate and (R/S)-b-
butyrolactone aligned in PBLG/CDCl3 mesophase.

Parameters (R/S)-2-chloropropanoic acid (R/S)-propylene carbonate (R/S)-b-butyrolactone

F1 dimension F2 dimension F1 dimension F2 dimension F1 dimension F2 dimension

Spectral width (Hz) 320 320 290 290 600 600
Number of data points 1k 196 1k 200 2k 400
Digital resolution (Hz) 0.15 0.62 0.13 0.56 0.14 0.58
Zero filling of data 8k 4k 4k 2k 8k 4k
Window function SINE SINE SINE SINE SINE SINE
SEDUCE shaped pulse length (ms) 1.66 3.12 3.5a

Optimized ‘s’ delay (ms) 1.92 1.18 1.2
Relaxation delay (s) 2 2.5 2.7
Number of accumulations 8 8 8

a Selective pulse of identical duration is applied at two groups of frequencies pertaining to protons H5 and H6 to achieve biselective excitation.
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spin system contains IS, I3S and I2S groups. Spectrum of such a spin
system is influenced by homonuclear couplings, viz. 2TAA,3TAM,

4TAN

and 4TAP and one heteronuclear coupling 1TAX (where Tij = Jij + 2Dij

for nonequivalent spins and Tij = 3Dij for equivalent spins and the
superscript pertains to the coupled proton that is separated by that
many bonds). Since the first selective pulse has been applied only
on A3 spins and 13C being the rare spin, the heteronuclear cou-
plings, 2TMX,

4TNX and 4TPX are undetectable.
For the chosen spin system, the product operator 2A(1)zXz is

present after the application of second non-selective 90� pulse on
protons. The coherence transfer pathway from the time point
A–B can be written as

2Að1ÞzXz !
ðp=2ÞXx �2Að1ÞzXy !

ðp=2ÞXx �2Að1ÞzXz !
ðp=2ÞXx 2Að1ÞyXz ð1Þ

In the t1 dimension, A(1) experiences the coupling to A(2), A(3), M,
N, P and X spins. The nomenclature A(1), A(2) and A(3) correspond to
three individual methyl protons. The spin system in this dimension
pertains to A3MNPX where A3’s are active spins, M, N, P and X con-
stitutes passive spins. Therefore, the term 2A(1)yXz which is present
in the indirect dimension could be expressed in terms of polariza-
tion operator product (i.e. A(1)yE(2)E(3)EMENEPXz) as;

1
32i
½Að1Þ�ðAð2Þa þ Að2ÞbÞðAð3Þa þ Að3ÞbÞ�ðMa þMbÞðNa þ NbÞðPa

þ PbÞðXa � XbÞ ð2Þ

The terms inside the square bracket, that are coupled to the pas-
sive spins are

Að1Þ�Að2ÞaAð3Þa; Að1Þ�Að2ÞaAð3Þb; Að1Þ�Að2ÞbAð3Þa and Að1Þ�Að2ÞbAð3Þb

Of these four terms, the second and third terms being degener-
ate, possess identical frequencies and hence these four terms give
rise to a triplet. Since in PBLG/CDCl3 solvent generally 1TAX > 2TAA,
first the A(1)� single quantum term is initially split into a doublet
with larger separation due to spin states jXai and jXbi. Each compo-
nent of the doublet is further split into a triplet because of the cou-
pling of A3 to X spin. Consequent to the coupling of A3 to M, N and P
spins, each component of triplet of a doublet is further split into a
doublet of doublet of a doublet in each spin state of X, i.e. jXai or
jXbi states due to eight possible spin states of M, N and P., viz.
jMaNaPai; jMbNaPai, jMaNbPai, jMaNaPbi, jMbNbPai, jMbNaPbi,
jMaNbPbi and jMbNbPbi. Thus, triplets appear in eight cross sections
in either jXai or jXbi states. The spectrum appears as an arrays of
triplets with the displacement between cross sections providing
information on passive couplings. The spectrum remains identical
in both the dimensions. On the other hand, the heteronuclear cou-
pling (1TAX) is absent in the indirect dimension of the pulse se-
quence depicted in Fig. 2B, which is accomplished by the
application of the p pulse at the centre of evolution period on
the 13C spin. Therefore, the spectrum in the indirect dimension is
different from that in the direct dimension which is a doublet of
a doublet of doublet of a triplet.

4. Results and discussion

4.1. Application to (R/S)-2-chloropropanoic acid

For the demonstration of experimental methodologies, the chi-
ral molecule (R/S)-2-chloropropanoic acid aligned in PBLG/CDCl3

was investigated. This molecule has been chosen as the spin sys-
tem is simple and it provides better insight into the pulse se-
quence. The chemical structure, the numbering of interacting
spins of the molecule and the methyl selective 2D CESS-COSY spec-
trum obtained at 300 K are reported in Fig. 3A. The high resolution
achieved and the efficient suppression of the proton peaks at-
tached to 12C is clearly evident. In this experiment the spin systems
in both the dimensions pertain to A3MX where A3 are the active
spins, M and X are passive spins. Methyl protons gives rise to a trip-
let with active coupling 2TH4H4 which is further split by 1TC1H4, an-
other active coupling of large strength. The spectrum can be
construed as an arrays of four A3 sub-spectra in both the dimen-
sions pertaining to four passive spin states of M and X for each
enantiomer. The displacement between two identical cross sec-
tions belonging to the jai and jbi domains of 13C provides 1TC1H4.
The separations marked ‘‘a” and ‘‘b” pertain respectively to the ac-
tive couplings (1TC1H4)R/S. It is appropriate to mention that analysis
of the spectrum at any one of the spin states of 13C is sufficient to
derive all homonuclear couplings. The expanded region corre-
sponding to jai spin state of 13C, reported in Fig. 3B, contains mark-
ings of separations that provide homonuclear couplings.
Separations between adjacent transitions of the triplets marked
as c and e provide respectively the active couplings (2TH4H4)R/S.
The passive couplings (3TH4H5)R/S are obtainable from the displace-
ments d and f, respectively.

4.2. Anomalous intensity pattern of strongly coupled A3 group

The inspection of the methyl selective spectrum in Fig. 3B re-
veals the steady decrease in the intensity of transitions from the
shielded to deshielded region or vice versa depending on the spin
states of the passive spins. The cross sections marked (i) and (ii) for
R enantiomer (Fig. 4A) show reverse trend of change in intensities
for the passive spin states jMaXaiandjMbXai. Similar trend is also
observed for cross section marked as (iii) and (iv) for S enantiomer.
This typical spectral pattern is observed in all the investigated mol-
ecules possessing the methyl group. The anomolous intensity pat-
tern could be understood by considering an SQ coherence term,
such as, A(1)+A(2)aA(3)aMaXa. For brevity the A(1)+A(2)aA(3)a
component of this SQ is considered in the following discussion.



Fig. 3. (A) The selective methyl protons excited 2D CESS-COSY spectrum of (R/S)-2-
chloropropanoic acid aligned in the liquid crystalline solvent PBLG/ CDCl3, recorded
at 300 K. |13Ca> and |13Cb> regions are marked in the F1 dimension. The structure
and the numbering of coupled spins of the molecule are given as an inset. Few
representative peaks for R and S enantiomers are marked. (B) The expanded |13Ca>
region of Fig. 3A. The magnitudes of the couplings (in Hz) are; a = (1TCH) R = 153.3,
c = (2THH)R = 45.3, d = (3THH)R = 3.9 and b = (1TCH)S = 114.6, e = (2THH)S = 38.0 and
f = (3THH)S = 15.7.

Fig. 4. (A) Cross sections taken from Fig. 3B. (i) and (ii) are for R enantiomer and (iii)
and (iv) are for S enantiomers. Notice the reduction in the intensity of the triplets
from high field to low field for cross sections marked (i) and (iii) R enantiomer or
vice versa for cross sections marked (ii) and (iv) for S enantiomer. The passive spin
states for different cross sections have been marked. (B) Pictorial representation
depicting the observed �1:2:3 intensity patterns in the strongly coupled (A3)
methyl groups. (i), (ii) and (iii) are the polarization operator terms and are given
below. The expected spectrum from each of the three polarization operator terms
and the final detected spectrum, which is the sum of all these are depicted. The
magnitude representation of the spectrum results in the triplet with the intensity
pattern of 1:2:3.
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The mixing pulse creates SQ coherences on any of the three A spins.
Therefore, the three expected possibilities could be written as;

Að1ÞþAð2ÞaAð3Þa !
ðp=2ÞAx 1

32i
Að1Þ�ðAð2Þa þ Að2ÞbÞðAð3Þa þ Að3ÞbÞ ð3Þ
1
32i
ðAð1Þa � Að1ÞbÞAð2Þ�ðAð3Þa þ Að3ÞbÞ ð4Þ
1
32i
ðAð1Þa � Að1ÞbÞðAð2Þa þ Að2ÞbÞAð3Þ� ð5Þ

The Eq. (3) gives a triplet with an intensity ratio 1:2:1. The sep-
aration between the two adjacent transitions of the triplet provides
the coupling 2TAA. Eqs. (4) and (5) are degenerate and each of these
provides a triplet pertaining to larger separation 2(2TAA) with an
intensity ratio of �1:0:1. The detected spectrum is the cumulative
addition of all the sub-spectra originating from Eqs. (3)–(5) and
gives rise to a triplet of intensity �1:2:3. The origin of this triplet
for A3 region is schematically depicted in Fig. 4B. Since the spec-
trum is represented in the magnitude mode, a triplet with an
intensity ratio of 1:2:3 is observed. It may be pointed out that a
similar anomalous intensity pattern is also observed in DQ-SERF
[23] and Soft-COSY [28] spectra for the experiments involving
selective excitation of methyl protons. This point is completely ig-
nored in the earlier studies. The above-mentioned polarization
operator product equations could be extended to analyze the
intensity pattern encountered in such experiments.
4.3. Application to (R/S)-propylene carbonate

To demonstrate the robustness of the pulse sequence another
molecule, (R/S)-propylene carbonate that contains IS, I2S and I3S
groups with 13C in natural abundance, which gives rise to more over-
crowded 1H NMR spectrum compared to the molecule discussed in
the previous section has been investigated. The protons and 13C
bonded to the methyl protons of this molecule corresponds to the
spin system of type A3MNPX where A3 spins are methyl protons, M
and N are methylene protons, P is methine proton and X is the 13C
bonded to A3 group. The methyl protons are coupled to M, N and P
spins in the PBLG/CDCl3 mesophase. Since the magnetically equiva-
lent methyl protons give rise to a triplet in liquid crystalline phase,
there are 24 possible transitions observed for each enantiomer at
the methyl chemical shift. Consequent to coupling with directly
bonded carbon, there are 48 transitions for each enantiomer. Thus
the methyl region of the spectrum contains a total of 96 transitions
that are severely overlapped. The analysis of such a spectrum re-
quires the demixing of spectral overlap arising from the enantio-
meric mixture. The CESS-COSY was therefore employed and the
methyl selective spectrum is reported in Fig. 5. The 2THH and 1TCH

are active couplings, whereas 3THH, and 4THH constitute the passive
couplings. The spectrum can be construed as an array of 16 A3 sub-
spectra displaced in both the dimensions pertaining to 16 possible
spin states of M, N, P and X for each enantiomer. The displacement be-
tween two identical cross sections pertaining to jai and jbi domains
of 13C provides the active coupling 1TCH. The separations marked ‘‘a”
and ‘‘b” provide this parameter respectively for R and S enantiomers.

Analysis of the region of the spectrum marked with broken rect-
angle in jai spin state of 13C which is expanded in the inset of the
figure provides homonuclear couplings. Separations marked ‘‘c”
and ‘‘f” denotes respectively the active coupling 2THH responsible
for the triplet in each cross section for R and S enantiomers. The



Fig. 5. The 2D CESS-COSY spectrum with selective excitation of methyl protons of
(R/S)-propylene carbonate (structure given in Fig. 1) dissolved in PBLG/ CDCl3

solvent, recorded at 300 K. The |13Ca> and |13Cb> regions are marked in the F1

dimension. Representative peaks for R and S enantiomers are marked. Broken
rectangle in |13Ca> region is expanded as an inset in the figure. The separations
providing the magnitudes of the couplings and their values (in Hz) are; a = (1TCH)
R = 140.8, c = (2THH)R = 27.7, d = (3THH)R = 8.6, e = (4THH)R = 1.9 and b = (1TCH)S = 134.6,
f = (2THH)S = 12.7 and g = (3THH)S = 2.3.
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separations d and e provide the passive couplings 3THH and 4THH for
the R enantiomer. Similarly, the separation ‘‘g” provides 3THH

for the S enantiomer. However, the coupling 4THH is not derivable
for the S enantiomer because of negligibly smaller value and is
hidden within the line width.

5. Biselective excitation of diastereomeric protons

Diastereomeric protons constitute a building block of many or-
ganic chiral molecules. Therefore, we wanted to explore whether
the one bond heteronuclear couplings of diastereotopic protons
can be utilized for discrimination of enantiomers. In this context,
the proposed experiment appears to be very promising as it per-
mits the individual determination of one bond proton–carbon cou-
plings for each diastereomeric proton. For the demonstration of
this application we have chosen another molecule providing a
complex spectrum viz., (R/S)-b-butyrolactone, which is also an
A3MNPX system. Due to large difference in the resonance frequen-
cies of diastereomeric protons the simultaneous excitation of these
two protons requires biselective pulse.

The protons H6 and H7 biselectively excited 2D CESS-COSY
spectrum of (R/S)-b-butyrolactone aligned in PBLG/CDCl3 meso-
phase is reported in Fig. 6A. The spectrum at H6 chemical shift con-
sists of a doublet with a larger separation arising due to active
coupling with its directly bonded 13C (carbon numbered 3). This
is further split into another doublet by its geminal coupling with
H7 proton. The each component of this doublet of a doublet is fur-
ther split into another doublet due to passive coupling with proton
H5 which is displaced along the F1 dimension. Finally, each compo-
nent of this multiplet is split further into a quartet due to passive
coupling with proton H4 which is also displaced along the F1

dimension. The complete demixing of the transitions is very clear
from the quality of the spectrum. The spectrum provides two ac-
tive couplings 1TC3H6 and 2TH6H7 and two passive couplings
2TH6H5 and 2TH6H4. Likewise, the spectrum at H7 chemical shift
could be understood and provides two active couplings 1TC3H7

and 2TH6H7 and two passive couplings 2TH7H5 and 2TH7H4. All deriv-
able coupling parameters are represented in Fig. 6B and C.

6. Heteronuclear decoupling in the indirect dimension

Employment of heteronuclear decoupling in the indirect dimen-
sion of the above experiment has additional advantages such as;
(a) it employs difference in 1H–1H couplings for the enantiomers
in the indirect dimension and utilizes the differential values of
both 1H–1H and 1H–13C couplings as discriminating parameters
in the direct dimensions. This gives rise to the demixing of severely
overlapping signals observed in the CESS-COSY 2D spectrum, (b) it
demands less number of t1 data points in the indirect dimension
consequent to reduced spectral width resulting in saving of exper-
imental time and (c) all the possible couplings obtainable from the
CESS-COSY experiment can also be extracted from the hetero-
decoupled CESS–COSY experiment. This is experimentally demon-
strated by employing the pulse sequence depicted in Fig. 2B. The
hetero-decoupled CESS-COSY spectrum of the methyl selective
(R/S)-propylene carbonate is reported in Fig. 7A. Analysis of the
spectrum is identical to methyl selective CESS-COSY of this mole-
cule in the direct dimension. The spectrum differs only in the indi-
rect dimension consequent to the absence of 13C–1H coupling. The
separations marked ‘‘a” and ‘‘b” denotes the heteronuclear one
bond 13C–1H total couplings (1TCH)R/S. Furthermore, since the selec-
tive pulse has been realized only on methyl protons, the two non-
equivalent methylene protons and methine proton constitute the
passive spins in the indirect dimension. Therefore, the spectrum
pertains to the A3 part of the A3MNX spin system containing 24
transitions in the indirect dimension which can be construed as
eight A3 sub-spectra corresponding to eight spin states of M, N,
and X. The spectrum at |13Cb> spin state of the methyl carbon along
the F2 dimension is expanded in Fig. 7B. Each cross section taken
parallel to the F2 dimension, is a triplet which provides the active
coupling among the methyl protons. The separations marked ‘‘c”
and ‘‘e” denote 2TH4H4 for R and S enantiomers, respectively. The
separation ‘‘d” and ‘‘f” represent the passive coupling between
the methyl and methine protons (3THH)R/S

. The other long-range
couplings 4TH4H6 and 4TH4H7 are not derivable because of their neg-
ligibly smaller values.

The advantage of this experiment becomes obvious when com-
pared with Soft-COSY experiment demonstrated for chiral analysis
[23]. The methyl selective soft-COSY spectrum of this molecule re-
corded using the well known pulse sequence [22–25] is given in
Fig. 7C. It consists of two semi-selective pulses applied on methyl
multiplets separated by an evolution delay. The appearance of
the spectrum is similar to the indirect dimension of the hetero-
decoupled CESS-COSY experiment. From the spectrum, it is clear
that diagonal peaks inside broken rectangles are severely over-
lapped and the visualization of the enantiomers is not possible.
On the other hand in hetero-decoupled CESS-COSY, these peaks
are well resolved (Fig. 6B) enabling chiral differentiation. This is
mainly due to difference of the 13C–1H couplings between the
enantiomers [i.e. (1TCH)R � (1TCH)S = 6.2 Hz] in the direct dimen-
sion. As far as the sensitivities of the CESS-COSY and Soft-COSY
experiments are concerned, it may be pointed out that the sensitiv-
ity of Soft-COSY experiment is several orders of magnitude higher.

It can also be argued that HSQC experiment without decoupling
in the direct dimension could be used for the extraction of cou-
plings. The present experiment finds significant advantage over
the HSQC experiment because of the appearance of the spectrum
in different cross sections in the direct dimension. As an example,
in the F2HSQC spectrum of (R/S)-propylene carbonate, there are 48
transitions in one cross section at the chemical shift position of
methyl protons for each enantiomer making precise measurement
of coupling difficult, whereas in the methyl selective CESS-COSY
spectrum, these 48 transitions appears in 16 different cross sec-
tions. This is a significant advantage in the precise measurement
of couplings of smaller magnitudes.

Another common problem associated with conventional HSQC
experiments carried out on partially oriented samples is the ency-
clopedic spread of heteronuclear one-bond couplings [29]. There-
fore, there is signal loss due to mismatched delay in the back



Fig. 7. (A) The 13C decoupled 2D CESS-COSY spectrum with selective excitation of
methyl protons of (R/S)-propylene carbonate oriented in PBLG/ CDCl3 solvent and
recorded at 300 K. The 2D data matrix size is 1004 � 256. Spectral widths are
respectively 100 Hz and 250 Hz in both the F1 and F2 dimensions. The EBURP-2
shaped pulse of duration 3.15 ms was used to excite the multiplet of methyl
protons. The relaxation delay was 2.5 s and number of accumulation was 8. The
data was zero-filled to 2048 and 4096 and processed with a sine bell window
function. The |13Ca> and |13Cb> regions are marked in the F2 dimension. Represen-
tative peaks for R and S enantiomers are marked. The separation providing the
couplings (in Hz) are a = (1TCH)R = 140.8 and b = (1TCH)S = 134.6 (B) The expansion of
|13Cb> region of Fig. 6A. The separations providing the magnitudes of the couplings
and their values (in Hz) are; c = (2THH)R = 27.7, d = (3THH)R = 8.6 and e = (2THH)S = 12.7
and f = (3THH)R = 10.7 (C) The methyl selective Soft-COSY spectrum of (R/S)-
propylene carbonate. The EBURP-2 and U-BURP shaped pulses of 3.15 ms were
used for the preparation and mixing. The 2D data matrix size is 900 � 256. Spectral
widths are 100 Hz in both the F1 and F2 dimensions. The number of accumulations
for each t1 increment is 4. The relaxation delay is 2.5 s. The data was zero-filled to
2048 and 4096 and processed with a sine bell window function. The peaks marked �

have the overlapping R/S signals. The markings providing the couplings (in Hz) are
a = (2THH)R = 27.7, b = (3THH)R = 8.6 and c = (2THH)S = 12.7 and d = (3THH)R = 10.7.

Fig. 6. (A) The 2D CESS-COSY spectrum of (R/S)-b-butyrolactone aligned in PBLG/
CDCl3 mesophase, utilizing biselective excitation of diastereomeric protons H6 and
H7, recorded at 300 K. The chemical structure and the number of the interacting
protons and the participating 13C spin are given adjacent to the 2D matrix. (B)
Expanded region A of the spectrum marked with broken rectangle in Fig. 6A. Few
representative peaks for R and S enantiomers have been identified. The separations
providing the magnitudes of the couplings and their values (in Hz) are;
a = (1TC3H7)R = 214.2, b = (1TCH)S = 223.3, c = (2TH6H7)R = 31.2 and d = (2TH6H7)S = 20.2.
(C) Expanded region B of the spectrum marked with broken rectangle in Fig. 6A. The
separations providing the magnitudes of the couplings and their values (in Hz) are;
e = (1TC3H6)R = 207.4, f = (1TCH6)S = 219.14, g = (2TH6H7)S = 20.2 and h = (2TH6H7)R =
31.2.
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transfer of INEPT. Here, again, the present experiment has a signif-
icant advantage over other HSQC-based schemes since it needs
only a single INEPT step to prepare 13C edited proton magnetiza-
tion and there is no need to optimize the delay for the back trans-
fer. Furthermore, it is devoid of long-range cross peaks often
encountered in the HSQC experiment between carbon and



196 N. Nath, N. Suryaprakash / Journal of Magnetic Resonance 207 (2010) 190–196
remotely coupled protons in the oriented sample [30]. It is primar-
ily because of the selective retention of coupling in CESS-COSY
experiment by the application of semi-selective pulses.

It may be pointed out that the phased two dimensional spectra
provide high resolution and permits the extraction of couplings of
smaller magnitude. The magnitude mode representation of the
present methodology is sufficient to extract even the couplings of
very small magnitudes in small chiral molecule embedded in chiral
liquid crystal analogous to that of phased spectrum. In addition,
the long phase cycling required in obtaining phased spectrum in
13C natural abundance demands enormous amount of instrument
time. Therefore no attempt is made to obtain the phased spectrum.

Also major limitation of this kind of experiment is it works only
when the one dimensional spectra contains complex resolved lines
for different groups of protons. Furthermore, there is a non-uni-
form transfer of magnetization in the INEPT block because of dif-
ferential value of 1TCH. Therefore, the quantification of
enantiomeric excess (ee) by this experiment may not be precise.
It could be pointed out that employment of uniform evolution of
magnetization like in quantitative HSQC [31] experiment enables
the precise measurement of ee. The aim of the present study is
to develop method for demixing of the overlap and not the mea-
sure of enantiomeric content. However, there are a few two dimen-
sional experiments such as SERF, Soft-COSY which provide ee with
2–5% error [13,23]. On the other hand when NADNMR is employed,
the well resolved quadrupole doublets for each chemically inde-
pendent 2H, absence of 2H–2H interactions, enable precise measure
of ‘ee’, even though sensitivity of 2H detection is several orders of
magnitude smaller than 1H detection. Therefore, if one is interested
in the precise measurement of enantiomeric excess, NADNMR is an
excellent alternate [9].

7. Conclusions

An experiment is proposed which involves the single carbon
edited selectively excited proton–proton correlation of weakly
dipolar coupled spins. The technique demixes the severely over-
lapped peaks in the very intricate 13C coupled proton NMR spectra
of enantiomers. It also permits the determination of both residual
homonuclear and one bond carbon-proton heteronuclear cou-
plings in I2S and I3S groups. The chiral discrimination, utilizing
exclusively diastereomeric protons which are most often encoun-
tered in all chiral organic molecules, is also demonstrated. The
employment of additional proton–carbon decoupling in indirect
dimension results in better and unambiguous chiral visualization
unlike experiments which utilize only homonuclear proton cou-
plings. This experiment has been demonstrated to be superior over
methyl selective Soft-COSY experiment. The experiment is simple,
robust and easy to implement.
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