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Abstract

The differential values of NMR spectral parameters like chemical shift anisotropies, dipolar couplings and quadrupolar couplings of
enantiomers in chiral liquid crystalline media are employed not only for their visualization but also for their quantification. Large dif-
ferences in chemical shift anisotropies and the quadrupolar couplings between the enantiomers enable the use of '*C and extensive *H
NMR detection for such a purpose. In spite of high magnetic moment, high sensitivity and abundant presence of protons in all the chiral
molecules, 'H detection is not routinely employed due to severe overlap of unresolved transitions arising from short and long distance
couplings. Furthermore, the doubling of the spectra from two enantiomers and their indistinguishable overlap due to negligible difference
in chemical shift anisotropies hampers their discrimination. The present study demonstrates the use of proton chemical shift anisotropy
as an exclusive parameter for such a discrimination. The method employs the non-selective excitation of homonuclear Nth quantum
coherence of N coupled protons. The simultaneous flipping of all the coupled spins results in a single transition in the multiple quantum
dimension at the cumulative sum of their anisotropic chemical shifts for each enantiomer, with the measurable difference between them,

resulting in their complete unraveling.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

NMR spectroscopic visualization of optical enantiomers
is extensively practiced using the weakly aligned chiral lyo-
tropic liquid crystalline media [1-3]. The difference in the
orientational property of the enantiomers has been
exploited for their visualization and to determine their
excess. The elements of the Saupe order matrix of the enan-
tiomers differ by a small magnitude and are of the order of
107 to 107> [4]. However, its effect on the anisotropic
NMR spectral parameters like chemical shift anisotropies
(Ag;), dipolar couplings (D;) and quadrupolar couplings
(Q;) are significant as far as the visualization of enantio-
mers is concerned. In the case of proton detection, the mag-
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nitudes of chemical shift anisotropies and their differential
values between the enantiomers are not significant and
many a time results in an indistinguishable overlap of the
spectra. Thus the dipolar couplings among the protons
are the obvious choice for their visualization. However,
in chiral molecules with large number of interacting pro-
tons there is a significant loss of resolution due to several
short and long distance dipolar couplings and the doubling
of transitions from the two enantiomers. This severely
hampers the complete unraveling of the spectra and their
analyses. Nevertheless, the strengths of the dipolar cou-
plings in chiral media are not large unlike in the strongly
orienting thermotropic liquid crystals and in favorable
cases permit the first order analyses of the spectra similar
to that of liquid state spectra. But the challenging task of
both unraveling of the spectra and achieving high resolu-
tion always persists. Hence the majority of NMR investiga-
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tions of enantiomeric differentiation have focused on *H
NMR [5-11], taking advantage of the relatively large
strengths of the quadrupole couplings compared to chemi-
cal shift anisotropies and dipolar couplings. The recent
study also discusses the use of homo and heteronuclear
two-dimensional methods to analyse a mixture of deuter-
ated unlike and like stereo isomers [12]. There are also
studies using '*C [13,14] and '°F [15,16]. In spite of severe
overlap of the transitions, the proton detection is advanta-
geous because of; (a) its high magnetic moment, (b) high
natural abundance and (c¢) abundant presence in all the chi-
ral organic molecules. Thus there are continuous efforts on
methodological developments reported in the literature for
discrimination of enantiomers, viz., selective refocusing
(SERF) experiment [17] based on the selective excitation
[18] used in liquid state studies to determine the scalar cou-
plings, combined variable angle with selective refocusing
[19], two-dimensional correlation [20], heteronuclear selec-
tive refocusing [21], J-resolved experiment with BIRD
sequence [22]. Each of these methods has its own
advantages.

In our recent study on heteronuclear spin systems, we
have demonstrated the selective detection of single quan-
tum (SQ) coherence based on the spin state of the heter-
onuclei using highest order of homonuclear multiple
quantum (MQ) coherence [23]. The method simplified the
analyses of the complex NMR spectra of strongly dipolar
coupled spins and removed the redundancy in the number
of observable SQ transitions as far as the determination of
homonuclear couplings is concerned. We extended this
methodology for the weakly aligned chiral molecules in
the chiral liquid crystal media and developed the DQ-
SERF (double quantum selective refocusing) experiment
which does not utilize the spin state selection but provided
unraveling of the overlapped peaks of the selectively
excited methyl group proton resonances [24]. The advanta-
ges of the DQ-SERF experiment over SERF experiment
have been extensively discussed. We have also pointed
out that the SERF experiment does not require a biselec-
tive pulse and demonstrated that it can also be exploited
for the determination of the long distance couplings in
the direct dimension. All these methodologies exploit pro-
ton—proton  dipolar  couplings for enantiomeric
discrimination.

The chemical shift anisotropy (Acg;) of proton is
another spectral parameter which has not been utilized
exclusively for chiral visualization. The magnitudes of
Ao; of protons are known to be very small and are
within a few ppm, even in thermotropic liquid crystals
where the orientational parameters are several orders of
magnitude larger than in chiral liquid crystal. There are
exceptional cases like CH;F and C,H, where the proton
chemical shift anisotropies could be significant [25].
However, in general, it is imperative that the Ag; of pro-
tons is negligibly smaller in chiral liquid crystals, indicat-
ing the reason for not utilizing this as a parameter for
enantiomeric discrimination.

In our recent work on spin selective and non-selective
excitation of multiple quantum, we have discussed the dif-
ferences in the spin dynamics in both the situations,
reported the theoretical understanding of the spin dynam-
ics using product operator formalism. The study also dem-
onstrated the applicability of spin selective excitation not
only for spectral simplification but also for the determina-
tion of the relative signs and magnitudes of the scalar cou-
plings [26]. This difference in the spin dynamics inspired us
to extend the idea of non-selective excitation for complete
unraveling of the optical enantiomers in the present study.
The non-selective excitation of homonuclear highest quan-
tum of all the coupled protons results in their simultaneous
flipping, providing a singlet for each enantiomer at the sum
of their anisotropic chemical shift values in the MQ dimen-
sion. In the higher quantum dimension the cumulative
addition of anisotropic chemical shifts of each enantiomer
provides a sizeable differential value of Ag; between them
enabling the complete unraveling. Since the basic require-
ment is the coupling among all the protons, we are aware
of the fact that this methodology is applicable to small mol-
ecules. The selective detection of the particular order of the
quantum is achieved by employing the gradients. The
application and the limitation of the experimental method-
ology have been demonstrated on the chosen test mole-
cules, each having a chiral centre, viz. (4)-2-
chloropropanoic acid, (+)-3-butyn-2-ol, and the mixture
of structural isomers of (+£)-1-chloro-2-propanol and (+)-
2-chloro-1-propanol aligned in the chiral liquid crystal
poly(y-benzyl-L-glutamate) (PBLG).

2. Experimental confirmation

The samples were purchased from Sigma and used with-
out further purification. The racemic structures of these
molecules are given in Fig. 1. The samples were prepared
by the method described in the literature [11,22]. For the
oriented (=£)-2-chloropropanoic acid sample, 50 mg of the
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Fig. 1. (A-D) The racemic structures and the numbering of interacting
spins in (R/S)-2-chloropropanoic acid, (R/S)-3-butyn-2-ol, (R/S)-1-
chloro-2-propanol and (R/S)-2-chloro-1-propanol, respectively.
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racemic sample, 80 mg of PBLG (with DP 782) and 300 mg
of CDCl; were taken. For the oriented (+)-3-butyn-2-ol,
85 mg of PBLG (with DP 782), 59 mg of the sample and
450 mg of CDCI; were taken. For the oriented mixture
(75:25) of isomers (+)-1-chloro-2-propanol and (+4)-2-
chloro-1-propanol, 110.0 mg of the sample, 105.0 mg of
PBLG (with DP 562)and 370.0 mg of CDCl; were taken.
The samples were sealed in a 5 mm NMR tube to avoid
the evaporation of the solvent and then centrifuged back
and forth for several hours till the visually homogeneous
phase was obtained. The orientation of the sample was
investigated by monitoring the “H doublet separation of
CDCl;. The temperature was maintained at 300, 300.0
and 300 K for (+£)-2-chloropropanoic acid, (£)-3-butyn-2-
ol and the mixture of isomers (+)-1-chloro-2-propanol
and (+£)-2-chloro-1-propanol, respectively, using Bruker
BVT 3000 temperature controller unit of the Bruker
DRX-500 NMR spectrometer. The one-dimensional pro-
ton spectra of all the molecules are given in Fig. 2.

For the two-dimensional experiment correlating the
homonuclear highest quantum coherence to its SQ coher-
ence, the three pulse multiple quantum sequence was
employed [27]. In the indirect dimension (z; dimension)
the highest quantum coherence of all the coupled protons
was excited, the magnetization was then converted back
to SQ coherence for detection in the direct dimension (7,
dimension). All the pulses were non-selective and thus there
was simultaneous excitation of all the coupled protons. The
amplitude of an excited coherence is dependent on the cou-
pling constants. The couplings among the protons are dif-
ferent in each enantiomer. Therefore, the optimization of
the 7t delay between the first and the second 90° pulses is

very important to get a maximum anti phase magnetiza-
tion. A series of two-dimensional experiments were, there-
fore, carried out to optimize the t delay. The intensity of
the spectrum for the first #; incremental delay correspond-
ing to each enantiomer was monitored as a function of
delay. The delay which provided maximum and compara-
ble signal intensities for both enantiomers was chosen. This
also implies that MQ excitation is non-uniform and the
experiment cannot be employed for the quantitative mea-
sure of enantiomeric excess. The extensive discussion on
the optimization of 7 delay, the spectra with different <
delay and the problems and prospects of measuring enan-
tiomeric excess using multiple quantum methodology have
already been reported in our earlier work [24].

For the 2D experiment in (#+)-2-chloropropanoic acid,
correlating homonuclear fourth quantum (4Q) coherence
of protons to its SQ coherence, a dataset consisting of
4096 and 1024 points in F> (SQ) and F; (4Q) dimensions,
respectively, was chosen. Spectral widths of 2155 and
2500 Hz were chosen in the direct and indirect dimensions,
respectively. The number of accumulations was two for
each #; increment. The optimized t delay was 20.8 ms.
Relaxation delay used was 2.5s. The time domain data
was processed by zero filling to 8192 and 2048 points in
t, and ¢; dimensions, respectively, with a sine bell window
function for enhancing the resolution and to minimize the
overlap of contours. The spectrum was displayed in the
magnitude mode with the digital resolution was 0.26 and
1.2 Hz in the direct and indirect dimensions, respectively.

In (£)-3-butyn-2-ol, for the 2D experiment correlating
homonuclear fifth quantum (5Q) coherence of protons to
its SQ coherence, a dataset consisting of 4096 and 1400
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Fig. 2. Bottom trace: 500 MHz one-dimensional 'H spectrum of (R/S)-2-chloropropanoic acid; middle trace: 500 MHz one-dimensional 'H spectrum of
(R/S)-3-butyn-2-ol and top trace: 500 MHz one-dimensional 'H spectrum of the isomeric mixture (75:25) of (R/S)-1-chloro-2-propanol and (R/S)-2-
chloro-1-propanol, respectively. The groups of resonances marked * in the top trace are the resonances from one isomer and the unmarked groups of
resonances correspond to another isomer. The assignments to different non-equivalent protons are from the literature [3,21,28].
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points in F, and F; dimensions, respectively, was chosen.
Spectral widths of 2111.0 and 3750.0 Hz were chosen in
the direct and indirect dimensions, respectively. The num-
ber of accumulations was four for each f; increment.
Relaxation delay used was 4 s. The optimized t delay was
6.25 ms. The time domain data was processed by zero fill-
ing to 8192 and 4096 points in 7, and ¢#; dimensions, respec-
tively, with the use of sine bell window function. The
spectrum was displayed in magnitude mode with a digital
resolution of 0.25 and 0.92 Hz in the direct and indirect
dimensions, respectively.

For the mixture of isomers (+)-1-chloro-2-propanol and
(£)-2-chloro-1-propanol the 2D experiment correlating
homonuclear sixth quantum (6Q) coherence of protons to
its SQ coherence was carried out with a dataset consisting
of 8192 and 1024 points in F> and F; dimensions, respec-
tively. Spectral widths of 3788.0 and 11400.0 Hz were cho-
sen in the direct and indirect dimensions, respectively. The
number of accumulations was 4 for each ¢, increment.
Relaxation delay used was 5s. The optimized t delay was
33 ms. The time domain data was processed by zero filling
to 16,384 and 2048 points in 7, and ¢; dimensions, respec-
tively, with the use of sine bell window function. The spec-
trum was displayed in magnitude mode with a digital
resolution of 0.23 and 5.5 Hz in the direct and indirect
dimensions, respectively.

3. Multiple quantum coherence

The MQ NMR and its applications have been reviewed
in detail [29,30]. MQ coherence is a coherent superposition
of states for which the total spin magnetic quantum num-
ber is other than +1. Spins which undergoes a transition
between the two states concerned are called active spins
in the coherence and all the remaining spins are said to
be passive. The properties of the coherence depend both
on its order and on the properties of the active spins and
their interactions with the passive spins. The group of
active spins can be regarded as a super spin and the remain-
ing passive spins as spectator spins. As the size of the super
spin increases, the number of spectator spins decreases and
consequently the multiplet structure of the coherence will
become simpler. The number of allowed transitions for
the Oth and the mth quantum order of N interacting non-
equivalent half integer spins are given by;

Zy=1/2VCy — 2] (1)
Z,, = 2N!/(N — m){(N + m)! (2)

where Z, refers to zero quantum (ZQ) and Z,, refers to mth
quanta for m > 1.

The precessional frequency of any higher quantum order
is given by

QHQ = ZAm,w, (3)
1

where wpq is the higher quantum precession frequency,
Amy is the change in the quantum number of the spin I.
As an example in a two spin system, for the zero quantum
coherence, the effect of a spin undergoing the transition
from |o> state to |B> state is canceled by the transition
from |B> state to |o> state, the spins precess at the differ-
ence of their chemical shifts. However, for the correspond-
ing double quantum coherence, the spins flip from the state
|oo> to the state |B> or vice versa. Hence the spins precess
at the sum of their chemical shifts. Similarly, in the Nth
quantum coherence of N coupled spin system, all the spins
flip simultaneously from the state |o> to the state |B> or
vice versa. Thus the highest quantum spectrum provides
information only on the sum of all the chemical shifts.
The scalar and the dipolar fields do not influence the spec-
trum. When the spatially dependent field inhomogeneity,
ABy(r), is also taken into account, the precessional fre-
quency becomes;

WHQ = ZAm,(w, +7,ABy (7)) 4)

This equation implies that the sensitivity of the preces-
sional frequency of any higher quantum coherence is pro-
portional to its order. Thus mth quantum order broadens
the signal “m” times due to B, field inhomogeneity. One
method is to apply a non-selective 180° pulse in the middle
of the ¢, dimension which refocuses the chemical shifts and
removes the contributions from the field inhomogeneity
[29]. However, this cannot be implemented in the present
work as our focus is to exploit the chemical shift anisot-
ropy. The zero quantum coherence is, however, insensitive
to the field inhomogeneity.

4. Results and discussion

Assignments of protons to different groups and for all
the chosen molecules are available in the literature
[4,21,28] and are also marked in the corresponding one-
dimensional spectrum. Since the systems are very weakly
ordered and the small change in the experimental condi-
tions do not drastically alter the spectral pattern the earlier
assignments of resonances to R and S enantiomers were
taken.

In (£)-2-chloropropanoic acid, the OH proton signal is
excessively broadened and does not shown any coupling
with the remaining protons. Hence the coupled protons
form a spin system of the type A3X. The first order analysis
of the spectrum is straightforward. The methyl protons are
split into a 1:2:1 triplet due to residual proton—proton dipo-
lar couplings among the magnetically equivalent protons.
The separation between two adjacent transitions corre-
sponds to "Tyy, where superscript n refers to protons that
are n bonds away. Thus for the methyl triplet, the adjacent
transitions provide Ty (3Dpn). Each component of the
triplet is further split into a doublet of equal intensity
due to coupling with methine proton. Similarly, the
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methine proton is a quartet due to its coupling with methyl
protons.

In (£)-3-butyn-2-ol also the OH resonance is broadened
and do not display any coupling to other protons. How-
ever, all the remaining protons are coupled among them-
selves. Therefore, the spin system is of the type A;MX,
where Aj corresponds to methyl protons, M and X corre-
sponds to protons of methine and acetylenic groups,
respectively. The one-dimensional 'H spectrum has well
resolved peaks for the CH; and two CH groups. The
CHj; group gives a triplet due to dipolar coupling among
the protons, each component of this triplet is further split
into the doublet of a doublet from the methine and acety-
lenic protons. Thus it displays 12 transitions corresponding
to four Az sub spectra. Similarly each of the methine and
acetylenic protons splits into a quartet due to CH; group
and each component of the quartet is split into a doublet
from the remaining single proton.

In the isomeric mixture of (+)-1-chloro-2-propanol and
(+£)-2-chloro-1-propanol, all the groups of proton reso-
nances are well separated. The OH resonances of both
these molecules overlap and resonate at the lower field
and do not couple to remaining protons of the molecules.
Two methylene protons are diastereotopic and are chemi-
cally inequivalent. Therefore, the coupled protons of each
component of the mixture form a spin system of the type
A3MNX. The methyl group of each component provides
triplet due to coupling among methyl protons which are
further split into doublet of doublet of doublet due to
two methylene and the methine protons. Likewise the res-
onances of each of the two methylene and the methine pro-
ton are split into doublet of doublet of a quartet.

With well resolved and isolated peaks for different
groups of protons the first order analyses of the 'H spec-
tra of (+)-2-chloropropanoic acid and (+)-3-butyn-2-ol
are straightforward. However, the prerequisite is to iden-
tify the transitions for each enantiomer. In the isomeric
mixture of (+)-1-chloro-2-propanol and (#)-2-chloro-1-
propanol also the resonances for different groups of pro-
tons are well isolated but the resolution in this case is
relatively poor. Therefore, we detected the homonuclear
highest quantum coherence of all the coupled spins in
these molecules.

The two-dimensional MQ spectra of (+)-2-chloropropa-
noic acid and (+)-3-butyn-2-ol are shown in Figs. 3 and 4,
respectively. The highest possible proton homonuclear MQ
orders for the coupled spins in these molecules are 4 and 5,
respectively. The differential ordering results in differential
chemical shift anisotropies for all the non-equivalent pro-
tons of the enantiomers. The differential value between
two enantiomers, of the cumulative sum of chemical shift
anisotropies of all the coupled protons of each enantiomer,
is of measurable magnitude. The higher quantum dimen-
sion thus will have two identifiable transitions, each of
which corresponds to one of the enantiomers. This is
clearly evident from the projection along F; dimension,
shown in Figs. 3 and 4.

The assignment of peaks to R and S enantiomers in the
higher quantum dimension requires the knowledge of the
magnitudes and signs of Ag; of inequivalent coupled pro-
tons. This is difficult to obtain for the molecules with
lower symmetry and this information is not available
for the molecules under investigation. However, the cross
sections taken along the SQ dimension at the resonating
positions of each peak in the MQ dimension pertain to
the one-dimensional spectrum of an enantio pure sample.
The assignment for R and S enantiomers in the one-
dimensional experiment is available [4,21]. With this
knowledge and from the cross section taken along SQ
dimension, it was possible to assign the peaks to R and
S enantiomers in the MQ dimension. The cross section
taken along SQ for S enantiomer in (+)-2-chloropropa-
noic acid and for R enantiomer in (4)-3-butyn-2-ol are
plotted below the 2D spectrum in Figs. 3 and 4, respec-
tively. In (4)-2-chloropropanoic acid, all the six peaks
of the methyl group and four peaks for the methine proton
are clearly separated from the overlapped spectra. Similarly
in (£)-3-butyn-2-ol, 12 peaks for the methyl, eight peaks
each for methine and acetylinic protons are filtered out.
For acetylenic proton, the peak marked * indicates the over-
lapped peak from the S enantiomer. Thus the experiments
clearly demonstrate the unambiguous and complete unravel-
ing of the spectra for each enantiomer from the superim-
posed spectra.

With the unraveling thus achieved, the first order anan-
lyses of the spectra (cross sections taken along the SQ
dimension) for both the molecules were carried out. The
coupling information is determined from the separations
"Tun, n (=2, 3) for (&)-2-chloropropanoic acid and n
(=2, 3, 5) for (£)-3-butyn-2-ol. The main focus of our
study is to develop the methodology. Furthermore, there
are extensive studies on these molecules reported in the lit-
erature [21,4]. Hence we have reported only the separations
and not the magnitudes and signs of the couplings. These
separations are;

For (R/S)-2-chloropropanoic acid;
CTun)" = 59.7Hz and (*Tyy)* = 15.6 Hz
(*Tun)® = 110.3 Hz and (*Tyy)® = 25.1 Hz
For (R/S)-3-butyn-2-ol;
CTun)" = 103.4 Hz,
CTun)® = 49.4Hz and (*Tun)* =9.1 Hz
(CTun)® = 88.4 Hz, (*Tyy)® = 32.8 Hz
and (°Tyy)® = 9.3 Hz
The only other study where the total discrimination
could be achieved is by homonuclear total correlation [20].
The present method also suffers from certain limitations.
Firstly, it achieves unraveling but the broadening of the
spectra of individual R and S enantiomers, due to numer-

ous long and short distance couplings, still persists, sec-
ondly to achieve discrimination the difference in the
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Fig. 3. Five-hundred mega hertz 2D spectrum of (R/S)-2-chloropropanoic acid, aligned in the chiral liquid crystal PBLG, correlating the 4Q coherence of
protons to its SQ coherence along with the corresponding projections. ¢; and ¢, dimensions corresponds to 4Q and SQ detection. Assignment for the
enantiomers R and S marked in 4Q and SQ dimensions is with the knowledge available in the literature [21]. One-dimensional spectrum given below the
2D spectrum is the cross section taken along SQ dimension at the position of S enantiomer in the MQ dimension. Due to large spread of the contours, the

less intense peaks from R enantiomer are also seen.

Hg

e il

H;

bVl

= g

I¥ ||l 1))

T T T T
1600 1500 H=z

RR RR

* =R/S

Fig. 4. Five-hundred mega hertz 2D spectrum of (R/S)-3-butyn-2-ol, aligned in the chiral liquid crystal PBLG, correlating the 5Q coherence of protons
with SQ coherence along with the corresponding projections. ¢, and ¢, dimensions corresponds to 5Q and SQ detection. Assignment for the enantiomers R
and S in 5Q and SQ dimensions is with the knowledge available in the literature [3]. One-dimensional spectrum given below the 2D spectrum is the cross
section taken along SQ dimension at the position of R enantiomer in the 5Q dimension. The peak marked * has also the overlap of a peak from S
enantiomer. Due to large spread of the contours, the portion of the spectrum from S enantiomer is also seen.

cumulative additive values of Ag; should be of measurable
magnitude. These two situations hamper the application of
this methodology. Analogous situation was clearly evident
in the 6Q spectrum of the isomeric mixture of (+)-1-chloro-
2-propanol and (4)-2-chloro-1-propanol shown in Fig. 5.
The differential value of sum of the anisotropic chemical
shifts of each component of the isomeric mixture is

545.0 Hz and these two spectra could be completely unrav-
eled in the 6Q dimension. The conceptual understanding
and the applications of spin topology filtering using multi-
ple quantum excitation is well known in the literature [31—
33], although, in the present study it is the separation of
isomers of identical spin topologies and spin systems
(AsMNX). However, the poor resolution did not permit



U.R. Prabhu et al. | Journal of Magnetic Resonance 191 (2008) 259-266 265

Hz M

e e
-3000-

® 1 [ ]
Hz 3
—saoof § |

]

Hz
-2650 . || '
~2600-]

UL I

2000 1500 1000

c/’

m |
== ——— —
8 1500 1000 Hz

D\"_){

Hz

Fig. 5. Five-hundred mega hertz 2D spectrum of the isomeric mixture (75:25) of (+)-1-chloro-2-propanol and (+)-2-chloro-1-propanol aligned in the
chiral liquid crystal PBLG, correlating the 6Q coherence of protons with SQ coherence along with the corresponding projections. #; and 7, dimensions
corresponds to 6Q and SQ detection. C and D marked in the 6Q dimension correspond to the one-dimensional spectrum of (+)-1-chloro-2-propanol and
(+£)-2-chloro-1-propanol, respectively. The plot on the right side of 2D matrix (top trace) is the projection taken along F, dimension. The MQ spectrum for
each isomer is plotted below and are also marked C and D. The cross sections taken along F, dimension for the isomers C and D is plotted on the right side
and are shown by arrows. The assignments for different protons are taken from the literature [28]. The peak marked # in the MQ dimension is the

unknown impurity.

the individual separation of peaks pertaining to R and S
enantiomers.

Another problem in the higher quantum detection is the
contributions from the magnetic field inhomogeneity. Due
to its linear dependence with the higher quantum order,
there is enhanced contour spread. This is the reason for
appearance of less intense peaks of other enantiomer in
the cross sectional plots given in Figs. 3 and 4. The devel-
opment of a phase sensitive version of the experiment is
another alternative for obtaining high resolution. Our ini-
tial results using the phase sensitive version did not
improve the resolution significantly. However, this did
not preclude us from unraveling the enantiomers and mea-
suring the relative difference in their frequency positions
and derive the spectral parameters for the two molecules
reported here. The further investigations and methodolog-
ical developments are essential for; (a) to reduce the con-
tour widths to enable unraveling when the difference in
Ao is very small and (b) for application to molecules with
more number of interacting spins. The studies in this direc-
tion are in progress.

5. Conclusions

The differential ordering property of enantiomers in chi-
ral liquid crystalline media affects the chemical shift anisot-
ropy differently. The Nth quantum coherence of N coupled
spins results in the simultaneous flipping of all the spins at
the sum of their chemical shifts. The method is applicable
to small molecules where all the protons are coupled

among themselves. The differential value between the enan-
tiomers, in the cumulative additive values of chemical shift
anisotropies of all the coupled protons of each enantiomer,
results in their measurable separation in the higher quan-
tum dimension. The cross sections taken along the SQ
dimension at the resonance positions of each enantiomer
in the MQ dimension pertains to the one-dimensional
enantio pure spectrum. Thus the method not only unam-
biguously identifies the transitions for each enantiomer
but also achieves their complete unraveling. The pulse
sequence is easy to implement and the selection of the par-
ticular MQ order is achieved by using gradients. The
method also provides the separation of the components
in the mixture of different molecules. The method has a
limitation when the differential sum of Ag; between the
enantiomers is immeasurably small and in bigger molecules
where all the spins are obviously not coupled.
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