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The routine use of proton NMR for the visualization of enantiomers, aligned in the chiral liquid crystal
solvent poly-y-benzyl-L-glutamate (PBLG), is restricted due to severe loss of resolution arising from large
number of pair wise interaction of nuclear spins. In the present study, we have designed two experimen-
tal techniques for their visualization utilizing the natural abundance '3C edited selective refocusing of
single quantum (CH-SERF) and double quantum (CH-DQSERF) coherences. The methods achieve chiral
discrimination and aid in the simultaneous determination of homonuclear couplings between active
and passive spins and heteronuclear couplings between the excited protons and the participating '>C
spin. The CH-SERF also overcomes the problem of overlap of central transitions of the methyl selective
refocusing (SERF) experiment resulting in better chiral discrimination. Theoretical description of the evo-
lution of magnetization in both the sequences has been discussed using polarization operator formalism.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

The design and synthesis of optically pure compounds are the
two challenges in modern organic chemistry and biochemistry. In
achieving this goal the chiral discrimination and the determination
of enantiomeric excess are of profound importance. Several align-
ing media, viz., collagen fibers, stretched gelatin gels, chiral cages,
cholesteric phases, polyamino acids have been reported for dis-
crimination of enantiomers [1-6]. The large part of the work in
the literature, however, employs the chiral liquid crystal poly-y-
benzyl-i-glutamate (PBLG) as an aligning medium [7-10]. Re-
cently, the use of liquid crystalline phase of fragmented DNA solu-
tion has been demonstrated as an alternate orienting medium [11].
The commonly encountered NMR active nuclei for the investiga-
tion of chiral molecules are 'H, natural abundant '*C and 2H. In
the aligned medium there will be a differential ordering effect on
the NMR parameters of these nuclei, viz., chemical shift anisotro-
pies (Ag;), dipolar couplings (Dj) and quadrupolar couplings (Q;).
Distinctly different values of these parameters enable the visuali-
zation of enantiomers. The strengths of 2H quadrupole couplings
are relatively larger compared to Ac 1y, Ad13c, Dcy and Dyy. Thus,
large part of the reported work is focused on ?H NMR studies [12-
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19]. A recent review provides the latest account of the literature on
the use of natural abundant deuterium NMR [20].

While the proton NMR spectroscopy has the advantage of high
sensitivity, the "H NMR spectra of chiral molecules become rapidly
complex with increase in the number of interacting spins due to
large number of short and long distance dipolar couplings. There
is also severe loss of resolution arising from too many degenerate
transitions, in addition to the superposition of the spectra from
both the enantiomers. The basic requirement for the analyses of
such spectra is the enantiodiscrimination and the discerning of
the overlapped transitions. This is a formidable task even for small
molecules with five or six interacting spins. Thus, the present
methodologies are applicable to small molecules. In spite of all
these difficulties there are several methods developed for visuali-
zation of enantiomers by 'H NMR. A brief review summarizes the
available proton NMR experiments [21]. A recent work reports
the application of chemical shift resolved 2D experiment for visu-
alization of enantiomers [22]. Several experimental techniques are
reported not only for the enantiodiscrimination but also for the
simplification of the complex 'H NMR spectra and to derive the
spectral parameters [23-29]. In this study, we report two experi-
mental schemes designed for discrimination and analyses of '>C-
filtered 'H NMR spectra of molecules aligned in the chiral liquid
crystal PBLG solvent.

The present work is on the development of reported SERF
[30,31] and double quantum selective refocusing (DQ-SERF) exper-
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iments [23] utilizing INEPT (Insensitive Nuclei Enhanced by Polar-
ization Transfer) [32] for enhancing the signal intensity. The use of
INEPT sequence for the visualization of enantiomers has been dem-
onstrated in heteronuclear correlation experiments [3,33]. The
present methods apply INEPT for two-dimensional resolved
experiments. The pulse sequences are the blend of INEPT with
two-dimensional spin selective single quantum (SQ) and double
quantum (DQ) coherences and are designated as CH-SERF and
CH-DQSEREF, respectively. The designed experiments aid in chiral
discrimination and the simultaneous determination of homonu-
clear (Dyy) and heteronuclear (Dcy) couplings. The techniques
are demonstrated on different chiral molecules.

2. Experimental investigation

For the experimental demonstration of the designed pulse se-
quences three molecules, viz., (R/S)-2-chloropropanoic acid (1),
(R/S)-3-butyn-2-o0l (2) and (R/S)-propylene carbonate (3) have been
chosen. These molecules are chosen as they are different types of
spin systems and aid in better understanding of the spin dynamics
in the present sequences. The aligned samples were prepared by
the method reported in the literature [29,34]. For the oriented
sample 1, 80 mg of PBLG, 50 mg of 1 and 300 mg of CDCl; were ta-
ken. For the oriented sample 2 and 3, respectively, 85 and 102.8 mg
of PBLG, 59 and 53 mg of solute and 450 and 665 mg of CDCl; were
taken. The one- and two-dimensional spectra of all the molecules
were recorded using Bruker DRX-500 NMR spectrometer. The tem-
perature was maintained at 300 K for all the samples, using Bruker
BVT 3000 temperature controller unit. The alignment of each sam-
ple was confirmed by monitoring the 2H doublet separation of
CDCl5. The CH-SERF and CH-DQSERF pulse sequences, the racemic
structures of the investigated molecules are given in Fig. 1. The
assignment of peaks for enantiomers R and S is generally carried
out by initially recording the spectrum of enantiopure sample
and comparing it with the spectrum of a racemic mixture. The
one-dimensional proton spectra and the assignment of peaks for
different protons and for enantiomers R and S have already been
discussed earlier [24,26]. Hence, we choose to provide the one-
dimensional spectra as Supplementary Material. For all the mole-
cules our earlier reported assignments for R and S enantiomers
have been retained [25]. The acquisition and processing parame-
ters for CH-SERF and CH-DQSERF experiments are summarized in
Table 1. For all the experiments the SEDUCE shaped selective
pulses were utilized and their durations are reported in the respec-
tive figure captions and the table. The 90° and 180° pulses of iden-
tical durations were calibrated with different rf power. All
experimental parameters are given in the respective figure
captions.

2.1. Evolution of magnetization in the pulse sequences

The polarization operator formalism [35] is employed for
understanding the spin dynamics and appearance of the two-
dimensional spectra in CH-SERF and CH-DQSERF pulse sequences.
For discussion a weakly dipolar coupled spin system of the type
AsMX (A and M are proton spins and X is a carbon spin) is chosen.
Spectrum of such a spin system is influenced by two types of
homonuclear couplings, 2Taa and 3Tay and one heteronuclear cou-
pling 'Tax (where T;; = J;; + 2D;; for non-equivalent spins and T;; = 3-
Dj; for equivalent spins and the superscript pertains to the coupled
proton that is separated by that many bonds). 2Ty is not detected
since the selective pulses are applied only on As spins.

The CH-SERF pulse sequence (Fig. 1A) starts with a non-selec-
tive INEPT from 'H to '°C spin resulting in a term IS} (where I is
proton and S is carbon) after the first hard (7/2), pulse on 3C.
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Fig. 1. (A) The pulse sequence employed for CH-SERF experiment. The behavior of
the magnetization during different stages of pulse sequences is discussed in the
text. Rectangular pulses are hard pulses. All the remaining pulses are spin selective.
The phases of the pulses are: g1 =X, p2 =XX —X —X, ¢3 =Y, @4 =4(X) 4(—X), o5 =X —X,
06 = @7 =8(x) 8(—x) and ¢ = 2(x —x) 4(—x x) 2(x —x). (B) The pulse sequence for CH-
DQSERF experiment. The phases of the pulses are ¢ =X, ¢ = 4(x) 4(—X), 3=y, pa=
8(x) 8(—x), p5 =4(x —X), 6 = 7= (8)x, pg = 2(x) 2(¥) 2(—x) 2(-Y), pr = 4(x —X) 4(—x
x). The delay 7, responsible for the polarization transfer depends on the factor 1/
(4('Tax)) and was adjusted for each molecule independently, the gradient ratio used
was G2:G3=1:2, and (C) The racemic structure and the numbering of the
interacting spins in the molecules; (R/S)-2-chloropropanoic acid (1), (R/S)-3-
butyn-2-ol (2) and (R/S)-propylene carbonate (3).

The gradient employed after the second (7/2), pulse on I spin sup-
presses the proton magnetization attached to '?C. The magnetiza-
tion transfer pathway during the second half (during A to B) of the
pulse sequence can then be described as

st "2 (/25 g (2% ISk 1)

The INEPT transfer enables the spin state selection by '3C. This
followed by the selective excitation of A spin single quantum
coherence leads to IASX term at the time point B. From the stage
B to C, the magnetlzatlon evolves under 2Taa and 'Tax couplings
due to selective 180° pulse on As; and a hard 180° pulse on X in
the middle of t; dimension. Thus the polarization operator (i.e.,
I)E'E'S}) that evolves during the t; period is

()5 )) (5 -5) N

The resulting spectrum in the t; dimension will be doublet of a
triplet arising from the dipolar couplings between A3 spins and the
states |«) and |B) of 3C spin, respectively. The absence of mixing
pulse leaves the spin states of both 'H and '*C unperturbed in both
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Table 1

Acquisition and processing parameters of the two-dimensional selective methyl protons excited CH-SERF and CH-DQSERF experiments in (R/S)-2-chloropropanoic acid, (R/S)-3-

butyn-2-ol and (R/S)-propylene carbonate aligned in chiral liquid crystal PBLG.

Parameter (R/S)-2-chloropropanoic acid (R/S)-3-butyn-2-ol (R/S)-propylene carbonate

CH-SERF CH-DQSERF CH-DQSERF CH-SERF CH-DQSERF

Dimension Dimension Dimension Dimension Dimension

F F F F Fi F Fi F F F
Spectral width (Hz) 300 300 300 400 500 600 300 300 420 280
Number of data points 148 660 304 1228 256 1800 148 660 300 700
Digital resolution (Hz) 0.29 1.17 0.98 0.32 1.56 0.38 0.29 0.48 1.04 0.25
Zero filling of data 4k 2k 1k 2k 4k 4k 4k 2k 4k 2k
Window function used Sine Sine Sine Sine Sine Sine Sine Sine Sine Sine

SEDUCE shaped pulse
length (ms)

1.66 for both /2 and 1.66 for both /2 and &

6.25 for both 7/2 and 1.66 for both /2 and 7 1.66 for both /2 and &

Optimized 7 delay (ms) — 20
Relaxation delay (s) 25 25
Number of accumulations 16 16

0.69 = 3.12
2) 25 3
16 16 16

t; and t, dimensions. During the t; period the coupling 3Ty is
refocused and is retained during the t, period. The polarization
operator during the t, period will then be

7o (1) [(2 )] (2 )] 2+ 1) (52 -5) »

The spectrum is, therefore, a doublet of doublet of a triplet in
the t, dimension. These six transitions appear as doublets along
t, dimension corresponding to six states of AsX spins.

The discussion for CH-DQSERF pulse sequence (Fig. 1B) is iden-
tical to that of sequence shown in Fig. 1A up to the point B. During
the pathway from B to D, the magnetization evolves under 2Taa
coupling since the selective 180° pulse decouples As from both M
and X spins and the second selective 90° pulse between time points
C and D creates double quantum I)I}I/S} coherence at the point D.

y'zYz

The polarization operator during the t; period is

1

3 (1’11’1 A e ) (1’; + 1;) (s’; - sj§) (4)

The hard 180° pulse on 3C and the selective 180° pulse on Az in
the middle of t; dimension ensure the evolution of double quan-
tum (I11})(I; +14)(Sy — Sj) term under *Tps and 'Tey couplings.
The frequency gets modulated in the t; dimension as
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Fig. 2. The 500 MHz CH-SERF spectrum of (R/S)-2-chloropropanoic acid in PBLG.
The spectrum is displayed in magnitude mode with a digital resolution of 0.29 Hz
and 1.17 Hz in the direct and indirect dimensions, respectively. The optimized 7,
delay is 1.66 ms. |'3C,) and |"3C) regions are marked in the F; dimension. The peaks
for R and S enantiomers are labeled. The expansion of a small region of the spectrum
given in the inset depicts the resolution of closely resonating transitions. The
magnitudes of the couplings (in Hz) are: a=(*Tyy)®=19.3, b=("Tey)*=113.0,
c=(Tun)® =372 and d = CTuu) = 6.2, e = ("Tew)* = 142.0 and f = (2Tyun)* = 22.3.

exp[+i(2Qx — mky — 1ka)t1] + exp[+i(2Q4 + mky — Tky)tq]
— exp[+i(2Q4 — Tky + Tky)t1] — exp[+i(2Qa + ki + Th2) 1] (5)

where ky = 2Tap + 2Taa and ky = Tax + 'Tax
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Fig. 3. (A) '2C attached selective methyl group excited 2D SERF spectrum of (R/S)-2-
chloropropanoic acid along with the corresponding projections. The SEDUCE shaped
pulse lengths are 2.5 ms for both 90° and 180° selective pulses with rf power
optimized accordingly. The size of the 2D data matrix is 700 x 128 and zero filled to
1 k in both the dimensions before processing. The peaks for R and S enantiomers are
labeled. The sine bell window function is used in both the dimensions. ‘Marks
indicate the overlap of two transitions from R and S. The magnitudes of the
couplings (in Hz) are: a=(CTyy)R =19.3, b=2(3Tyy)R = 74.4, c = (*Tyy)° = 6.2 and
d=2(*Tuy)*=44.6 and (B) The Expanded |'3C,) region of Fig. 2 given for
comparison.
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The spectrum in t; dimension will then be a doublet of a dou-
blet, which is in phase with respect to sum of passive homonuclear
couplings (k;) and antiphase with respect to the sum of passive
heteronuclear couplings (k). The last selective (7/2)x pulse on
As spins converts double quantum term to the single quantum
term. Since 3Ty is present in t, dimension the polarization opera-
tor terms after spin selective DQ-SQ conversion corresponding to
|y spin state of passive spin A are:

g (0 () (5:-1) = g (1) ()] (1)
(1&” + 12”) (s;‘ - s;f) (6)

[t; dimension] [t dimension]

Thus, the spectrum in the t, dimension will be doublet of dou-
blet of a triplet.

2.2. Analyses of CH-SERF spectra of (R/S)-2-chloropropanoic acid

The protons and carbon of the methyl group of this molecule
form a weakly coupled spin system of the type AsMX where As cor-
responds to methyl protons and M is the methine proton and X is
the '3C coupled to methyl protons. The first order analysis of the
spectrum is straightforward [25] and the theoretical treatment gi-
ven in the preceding section is applicable. Since the pulse scheme
involves a non-selective INEPT transfer of magnetization from 'H
to '3C and then back transfer to proton, the '3C edited proton mag-
netization is subsequently employed for selective refocusing. In the
middle of the t; dimension, the simultaneous application of a

A hHz

selective refocusing © pulse on the methyl protons and a non-
selective 7 pulse on '3C retains 'Tey and 2Tyy couplings of the
methyl group and refocuses all the remote 3Ty couplings. This en-
hances the resolution in the t; dimension.

The selective methyl protons excited 2D CH-SERF spectrum of
this molecule is reported in Fig. 2 with corresponding projections.
This renders the spin system in the t; dimension to be As;X. The
magnitude of Ty being larger than 2Ty, a triplet of a doublet
is detected in the t; dimension. The two such distinct triplets of
doublets discriminates R and S enantiomers unambiguously. The
analysis of the spectrum provides "Tj;, where the superscript n re-
fers to interacting spins i and j that are n bonds away. The sepa-
ration between the adjacent transitions of the triplet provides
2Tun (3Dyn). This is marked as ¢ and f in the figure for R and S
enantiomers, respectively. The spectrum in the direct dimension
corresponds to the spin system of the type AsMX, which is a dou-
blet of doublet of a triplet. The methyl protons in the direct
dimension experience three different couplings, viz., among
themselves (>Tyy), to methine proton (3Tyy) and to 3C of methyl
group ('Tey). The correlated peaks appear tilted due to the pres-
ence of ?Tyy and Tcy in both the dimensions. The cross-section
taken parallel to the t, dimension provides (3Tyy)*/°. The analysis
of the spectrum corresponding to either |'3C,) or |'3Cy) spin states
provides all homonuclear couplings. The separations marked a
and c in Fig. 2 provide 3Ty and Typ, respectively, for R enantio-
mer. The corresponding parameters for S enantiomer are marked
d and f, respectively. The displacement between two cross-sec-
tions of |"*C,) and |'3Cy) spin states provides ('Tcy)®* and are
marked b and e, respectively.
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Fig. 4. (A) The 500 MHz methine proton (H5) excited CH-SERF spectrum of 1 in PBLG. The optimized t delay is 2.08 ms. The SEDUCE shaped pulse lengths are 7.14 ms for 90°
and 180° selective pulses with rf power optimized accordingly. The 2D data matrix is 720 and 164 points in F, and F; dimensions, respectively. Spectral widths of 200 and
190 Hz were chosen in the direct and indirect dimensions, respectively. The number of accumulations was 32 for each t; increment. Relaxation delay used was 2.5 s. The time
domain data was processed by zero filling it to 2k and 1k points in F, and F; dimensions, respectively, with sine square bell window function and without linear prediction.
The spectrum was displayed in magnitude mode with a digital resolution of 0.29 and 0.48 Hz in the direct and indirect dimensions, respectively. |'>C,) (bottom portion shown
with double headed arrow) and |'3Cy) (top portion shown with double headed arrow) regions are marked in the F; dimension. (B) '2C detected 500 MHz methine proton (H5)
excited SERF spectrum of 1 in PBLG. (C) The expanded region of Fig. 4A depicted in rectangle. The quartet peaks for each enantiomer is marked with a tilted line joining the
peaks. The separations providing the magnitudes of the couplings and their values (in Hz) are: a = (1Tey)® = 107.7, b= (1Tcy)s = 104.5, c = 3Ty )® = 14.4 and d = (®Tyu)* = 10.8.
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Fig. 5. The 500 MHz CH-SERF spectrum of (R/S)-propylene carbonate in PBLG. The
spectrum is displayed in magnitude mode. The optimized t; delay is 1.72 ms. |o(*3C))
and |f(*3C)) regions are marked in the F; dimension. (B) The expanded region of Fig. 5A
shown in solid rectangle. Further expansion is given in the inset for depicting the total
enantio discrimination. The magnitudes of the coupling parameters (in Hz) are:
a=("Te)®=1440, c=("Tu)¥=48, d=CTu)f=13.7, e=(T)¥=502 and
b=("Teu)* = 136.0, f = (*Tyu)® = 4.5, g = CTun)* = 9.8, h = (2Tyuw)* = 18.0.

The conventional two-dimensional SERF spectrum is reported
in Fig. 3A. Though Ty are different for the enantiomers, the cen-
tral peaks of the two triplets resonating at the zero frequency are
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overlapped due to negligible difference in their chemical shift
anisotropies. In the CH-SERF experiment, as a consequence of the
introduction of 'Tcy as an additional parameter with their signifi-
cantly different values, there is complete discrimination of enanti-
omers. This is evident from comparison of the |>C,) region of the
CH-SERF and conventional SERF spectra reported in Fig. 3B.

The CH-SERF experiment was also carried out on methine pro-
ton. The application of a biselective 180° pulse on methine and
methyl protons enabled the evolution of its magnetization under
3Tuu coupling. The corresponding CH-SERF and SERF spectra are re-
ported in Fig. 4A and B, respectively. The evolution of 3Ty and Ty
in the F; dimension results in a quartet of a doublet for each enan-
tiomer. Each component of the doublet with larger separation
("Tey) is further split into a quartet (3Tyy). The complete discrimi-
nation is evident from the tilted broken line joining the four tran-
sitions of each enantiomer reported in Fig. 4C.

2.3. Analyses of CH-SERF spectra of (R/S)-propylene carbonate

The pulse sequence was applied for the molecule 3 whose 'H
spectrum is more complex compared to that of molecule 1. The
spin system for this molecule would be AsMPKX, where X is '3C
spin coupled to methyl protons and the remaining spins are pro-
tons. The analysis of the proton spectrum of this molecule has al-
ready been discussed [23-25]. The selective methyl protons
excited CH-SERF spectrum is reported in Fig. 5A along with the
F1 and F, projections. The spin system in the t; dimension mimics
AsX type where A and X designate methyl protons and 3C coupled
to it, respectively. Because of larger value of Ty compared to 2Tyy
distinct triplet of a doublet is detected in t; dimension for each
enantiomer, resulting in their discrimination. The separations
marked e and h in Fig. 5B provide 2Tyy for R and S, respectively.
The methyl protons in the direct dimension pertain to Az part of
AsMNPX type, the analysis of which provides 2Tyy, >Tun, *Tun and
Tcy for both R and S enantiomers. The couplings 3Ty and #Tyyy ap-
pear only in the cross-sections taken parallel to t, dimension. The
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Fig. 6. (A) 500 MHz 'H 2D CH-DQSERF spectrum of 2 in the chiral liquid crystal PBLG along with F; and F, projections. The optimized 7, delay is 1.92 ms. Peak separations
providing the values of 2Tyy (3x 2Dyn), 3'@414 for R and S are marked. All the peaks of 2D projection in the direct dimension could be correlated to the peaks in R and S
enantiomer cross-sections. Peaks marked are of low intensity [23] and can be seen in the magnified scale. (B) Expanded region of a narrow strip marked with broken
rectangle corresponding to S enantiomer and (C) the 500 MHz 'H 2D DQSERF spectrum of 2 in the chiral liquid crystal PBLG along with F; and F, projections. A cross-section
for S enantiomer is expanded in the box below. The values of the parameters (in Hz) are: a = (1Tey)® = 78.4, g = 2(3Tyyu )R = 210.4, b = (°Tyy)* = 9.8, ¢ = CTun)* = 36.1, d = (PTyn)®
=105.2 Hz, e = (1Tey)® = 106.5, h = 2(*Tyy)® = 93.8, f= (°Tyu)® = 8.9, j = (*Tun)° = 46.9 and i = (*Tyn)* = 36.1, 1 = 2(1Tey)® = 156.8 and q = 2(Tcy)® = 213.0.
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separations marked a, c and d provide Ty, *Tyy and >Tyy, respec-
tively, for R enantiomer and the separations b, f and g provide these
parameters for S enantiomer. One of the remote couplings could
not be determined for R enantiomer because of its negligible mag-
nitude and are hidden within the line width while two different
4Tun couplings for S being equal, a triplet is detected. The separa-
tions providing the parameters and their magnitudes (signs are
not determined) for all the investigated molecules are reported
in the corresponding figure captions.

2.4. Analyses of CH-DQSERF spectra of (R/S)-3-butyn-2-ol

For the experimental demonstration of CH-DQSERF we chose
molecule 2 whose spin system and 'H spectrum is more complex
compared to molecule 1. The one-dimensional spectrum of 2 in
the chiral liquid crystal PBLG has well isolated peaks for all the
groups of protons. With the inclusion of the '3C spin coupled to
methyl protons, the spin system of this molecule corresponds to
AsMPX. The pulse sequence given in Fig. 1B was employed for
CH-DQSERF experiment. The selectively methyl group excited
CH-DQSERF spectrum is given in Fig. 6A. The spin system AsX in
the t; dimension mimics an AMX type where A is a super spin com-
posed of two protons (active spins) taking part in DQ coherence
and M is a passive proton not involved in the DQ coherence and
X is the '3C spin coupled to methyl protons. A part of AMX is de-
tected in the DQ dimension. Thus the multiplicity pattern in the
t; dimension is a doublet of a doublet for each enantiomer corre-
sponding to four possible spin states of M and X. The doublet sep-
arations marked ‘g’ and ‘h’ corresponds to the sum of passive
couplings 2(*Tyy) for R and S enantiomers, respectively. Similarly
the doublet separations marked ‘q’ and ‘I’ corresponds to the sum
of passive couplings 2('Tcy) for R and S enantiomers, respectively.
Interestingly in this specific example 'Ty is smaller than 2Ty,
hence there is no isolated groups of transitions pertaining to spin
states o) and | ) of C, unlike in CH-SERF spectra of the molecules
discussed previously.

In the direct dimension spin system corresponds to AsMPX and
displays all the couplings. The spectral pattern for the CH-DQSERF
experiment appears different from CH-SERF experiment. This is the
consequence of the DQ excitation in the preparation period and the
presence of the mixing pulse (i.e. DQ-SQ conversion pulse) at the
end of t; dimension. The SQ cross-section for each transition in
the DQ dimension gives rise to enantiopure proton spectrum edi-
ted by '3C spin of the methyl group. The cross-section for R and S
enantiomers provides the parameters, 2Ty, >Tum, >Tun. The Tey
appears as a displacement between the two cross-sections. Thus
all the couplings experienced by methyl protons could be extracted
from the direct dimension. For comparison, DQSERF spectrum of 2
is given in Fig. 6C. From the t, dimension of this spectrum only one
coupling is derivable for the S enantiomer. As a result of routing the
magnetization through '>C and invoking 'Tcy in CH-DQSEREF, all the
three couplings could be determined as shown in expanded region
of the spectrum (Fig. 6B).

For establishing the robustness of the sequence CH-DQSERF
experiments were also carried out on the molecules 1 and 3. The
methyl group selective CH-DQSERF spectra of 1 and 3 are reported
in Figs. 7A and 8A, respectively. Analogous to previously discussed
molecule, for these molecules also the spin system is AsX in t;
dimension and the resulting spectrum is a doublet of doublet.
For the molecule 2, the doublet separations d and k reported in
Fig. 7B corresponds to 2(*Tuy) for R and S, respectively. On the
other hand the spin system in the direct dimension is AsMX. The
SQ cross-section for each double quantum transition in t; dimen-
sion is a doublet of a triplet and thus represents the 1D spectrum
of methyl group displaying *Tyy and 3Tyy couplings. Similarly for
molecule 3, the spin system in t, dimension is AsMNPX. Thus the
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Fig. 7. (A) 500 MHz 'H 2D CH-DQSERF spectrum of 1 in the chiral liquid crystal
PBLG correlating the DQ coherence of methyl protons to its SQ coherence along
with the corresponding projections. All the peaks of 2D projection in the direct
dimension could be correlated to the peaks in R and S enantiomer cross-sections;
(B) The expanded part of the spectrum marked in (A) marked with broken rectangle.
Peak separations providing the values (in Hz) are: a=('Tey)®=113.0,
d=2CTun)* =644, g=CTun)*=372, [=CTu)¥=193; b=("Tey)’=142.0,
k =2(*Typ)® = 44.6, m = (*Tyy)® = 22.3 and 1 = (*Tyu)® = 6.2.

spectrum is enantiopure for the methyl group in each cross-section
and displays the coupling parameters as reported in the figure cap-
tions. The coupling parameters derived by the analyses of all these
spectra are reported in the corresponding figure captions.

2.5. Advantages and limitations of the techniques

There are several advantages of CH-SERF and CH-DQSERF
experiments, viz., (a) there is a complete separation of the over-
lapped spectra of methyl peaks for each enantiomer in both direct
and indirect dimensions, (b) both passive homo and heteronuclear
couplings could be derived from the indirect dimension in both the
experiments, (c) the reduced multiplicity in the DQ dimension of
the CH-DQSERF experiment enhanced the resolution of the spectra
and enabled unambiguous visualization, (d) the cross-section ta-
ken along SQ dimension at each transition in the DQ dimension
provided all the active couplings, (e) invoking additional coupling
parameter, ITcy, resulted in better chiral discrimination and en-
abled the determination of the couplings which were not possible
in the DQSERF experiment due to poor resolution, (f) when one of
the experiments do not provide all the information due to loss of
resolution, the combined use of CH-SERF and CH-DQSERF aided
the analyses, (g) as far as the sensitivity is concerned, it is similar
to any inverse experiments where the polarization transfer is
through INEPT sequence and (h) the experimental pulse sequence
is simple, robust and easy to implement.

The proposed experiments also suffer from certain limitations.
The spin systems must be weakly coupled for selective excitation
in both sequences. Therefore the sequences cannot be applied to
strongly coupled spin systems where the selective excitation is
not possible. The resonances of the coupled spins must be well iso-
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Fig. 8. (A) 500 MHz 'H 2D CH-DQSERF spectrum of 3 in the chiral liquid crystal
PBLG correlating the DQ coherence of methyl protons to its SQ coherence along
with the corresponding projections. All the peaks of 2D projection in the direct
dimension could be correlated to the peaks in R and S enantiomer cross-sections;
(B) The expanded part of the spectrum marked with rectangle in (A). Peak
separations providing the couplings and their values in Hz are: a = (1Tcy)® = 144.0,
i=2CTu)*=722, c=CTu)*=36.1, d=CTuy)*=13.7 and e=(*Tyn)*=438;
b=("Ten)*=136.0, j=2(°Tyn)*=36.4, 1=(*Tyy)*=182, k=(CTyu)’=9.8 and
= (*Tyn)® = 4.5.

lated, especially the methyl group for CH-DQSERF experiment. It
may be pointed out that during INEPT transfer both !T¢y and
?Tun evolve with differential values for R and S enantiomers and
the transfer of magnetization is not uniform for a chosen t delay.
Thus the proposed sequences cannot be employed for the precise
measure of enantiomeric excess. Furthermore, during the t; period
the signal is both cosine and sine modulated. Hence the 2D Fourier
transform will give absorptive and dispersive components which
cannot be phased. Thus the spectra are processed in magnitude
mode.

3. Conclusions

The two experimental methodologies for unambiguous chiral
discrimination have been developed. The experiments also pro-
vided the short and long distance couplings. The problem of over-
lap of central transitions in the selective methyl protons excited
SERF has been overcome. The CH-DQSERF experiment resulted in
larger dispersion of the spectra in the indirect dimension and en-
abled better chiral discrimination. The cross-section taken along
the SQ dimension at each transition in the DQ dimension provided
all the active couplings. The combined use of CD-DQSERF and the
judicious choice of selective excitations in CH-SERF enable the
determination of all the spectral parameters.
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