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Abstract: Anisotropic NMR spectroscopy, revealing
residual dipolar couplings (RDCs) and residual chemical
shift anisotropies (RCSAs) has emerged as a powerful
tool to determine the configurations of synthetic and
complex natural compounds. The deduction of the
absolute in addition to the relative configuration is one
of the primary goals in the field. Therefore, the
investigation of the enantiodiscriminating capabilities of
chiral alignment media becomes essential. While RDCs
and RCSAs are now used for the determination of the
relative configuration routinely, RCSAs have not been
measured in chiral alignment media such as chiral liquid
crystals. Herein, we present this application by measur-
ing RCSAs for chiral analytes such as indanol and
isopinocampheol in the lyotropic liquid crystalline phase
of an L-valine derived helically chiral polyacetylenes.
We have also demonstrated that a single 1D “*C—{'H}
NMR spectrum suffices to get the RCSAs circumventing
the necessity to acquire two spectra at two alignment
conditions. )
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Introduction

Anisotropic NMR spectroscopy has emerged as a powerful
structure determination tool to determine the configurations
and conformations of synthetic as well as natural
compounds. In some cases, anisotropic data was even
successful to determine unknown constitutions.!'? Impor-
tantly, residual dipolar couplings (RDCs) have been utilized
to determine configurations for molecules that have stereo-
genic centers separated by several bonds."™* In cases, when
conventional NMR restraints based on J-coupling
constants,”! NOEs,! and, less frequently, cross-correlated
relaxation®® cannot determine the configuration of some of
these molecules, the application of RDC data is a valuable
supplement to improve the probability of a correct structural
assignment. Although residual chemical shift anisotropies
(RCSAs) are the most sensitive anisotropic NMR parame-
ters they are much less exploited in structure elucidation
than RDCs.[" This is mainly due to the fact that reliable
measurements of RCSAs and their subsequent application
in small molecules has been achieved only since 2016.!"*7><*!
Access to RDCs and RCSAs relies on the generation of
anisotropic environments by using a so-called alignment
medium.”’ The two main classes of alignment media consist
of either a chemically cross-linked polymeric gel™'" or
lyotropic liquid crystalline (LLC) phases based on
polypeptides,'! polyacetylenes™ and polyisocyanides.!"”
These media disrupt the isotropy of molecular tumbling
thereby imposing a favored orientation onto the analyte that
can be described by an alignment tensor. RDCs and recently
RCSAs measured from these media have been mostly used
to determine relative configurations. In terms of the future
goal of using RDCs and RCSAs to deduce absolute
configurations, it is critical to align the analyte in an
enantiodifferentiating medium with uniform configuration.
Because of the diastereomorphous interactions of such
media with chiral analytes, they can align the respective
enantiomers differently.'¥ Consequently, different RDCs or
RCSAs can be measured thereby resulting in a distinction
between the enantiomers. In the last decade, several groups
reported a good number of chiral alignment media that
satisfy this criterion.'%-112-¢1315] Thege media are chiral
LLC phases derived from various polymers such as poly-y-
benzyl-1/p-glutamate (PBLG/PBDG),[""!"!! poly-y-ethyl-1/
D-glutamate (PELG/PEDG),!"" polyguanidines,'*
polyisocyanides,!'3*131%] and polyphenylacetylenes
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(PPAs)."*®! Except for PBLG, most of the alignment media
induce sufficiently weak alignment to deliver simple extrac-
tion of RDCs. The RDCs of several analytes were measured
in these media demonstrating their enantiodiscrimination
capabilities. In the case of PBLG, the RDC measurement
may be hampered due to its strong alignment.”) However,
groups of Courtieu and Lesot have extensively used the
PBLG medium using residual quadrupolar couplings for
enantiodiscrimination when isotropic NMR falls short.!'"*?
They have also utilized *C RCSA difference of enantiomers
for enantiodiscrimination using 1D “C—{'H} NMR
spectra.”® Carbon RCSAs were measured using chiral LLC
of the oligopeptide AAKLVFF. Yet, low enantiodiscrimina-
tion was found for the only single compound studied.?” As
far as the use of gels are concerned, Luy and co-workers
have demonstrated the utility of stretched gelatin gel for the
distinction of enantiomers in polar solvents." Moreover,
chiral polyacrylamide-based gels were also utilized for the
differentiation of chiral amines.!'™

Both anisotropic parameters, i.e. RDCs and RCSAs, are
determined by the same alignment tensor. While RCSAs
encode relative orientational information of individual
atoms, RDCs provide the same for bond vectors mostly
between a heteroatom and a proton across a single bond.
Under certain conditions, the measurement of RCSAs is
simpler and more sensitive than that of RDCs, which is why
their measurement can be advantageous. Moreover, some-
times the number of RDCs is too small when molecules
have numerous bonds that are parallel to each other
producing identical RDCs or when they lack protons. These
shortcomings of RDCs can be bypassed with RCSAs. Herein
we would like to describe the first application of RCSAs to
differentiate the enantiomers of chiral analytes oriented in a
lyotropic liquid crystalline phase of a helically chiral
polymer.

For a number of reasons, helically-chiral polyacetylenes
and polyisonitriles have proven superior to PBLG as chiral
alignment medial'®* for enantiodiscrimination!'*! First,
these media afford sharp lines resulting in accurate RDCs.
Second, the biphasic nature of a polyisonitrile close to the
critical concentration to reach the anisotropic state allows
for the measurement of RDCs from a single sample.!*"!

Biphasic behaviour of liquid crystals of PBLG was
observed previously and used to measure *C RCSAs in a
single carbon NMR experiment for configuration determi-
nation problems.” Given the fact that this biphasic
behaviour also occurs for polyacetylenes, we expected that
the simultaneous determination of isotropic and anisotropic
data should be possible with the polyacetylenes as well. The
enantiodiscriminating properties of a polyacetylene liquid
crystal bearing valine-derived sidechains (PLA) has been
already studied for eleven different analytes belonging to
five different compound classes including hydrocarbons by
comparing experimentally distinguishable RDC values as
well as intertensor angles between the RDC-derived align-
ment tensors.'” Recently, this enantiodifferentiating effect
has been demonstrated with a serine-derived polyacetylene
using RQCs.™ A most remarkable case of enantiodifferen-
tiating orientation occurs with the enantiomers of the
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hydrocarbon 3-methylhexane. Despite the fact that the
substituents attached to the stereogenic carbon differ only
by one carbon each, 17 out of 20 quadrupolar doublets have
been observed in a ’H NMR study.'*! In contrast, RCSA
based enantiodiscrimination studies are yet to be conducted
in a polyacetylene based LLC-phase. For this purpose, we
herein used L-valine derived polyphenylacetylene (PLA) to
collect carbon RCSA data for the enantiomers of the two
chiral molecules indanol and isopinocampheol (IPC). We
also evaluated the enantiodiscriminating capabilities of the
LLC phase by inspecting the different order tensor orienta-
tions of the enantiomers.

Method section

The PLA employed in this work was synthesized using TPV
Rh-catalyst.'”*! At a concentration of 17 % (Wyp; ) in CDCl,,
PLA forms a biphasic mixture with the solvent in isotropic
as well as anisotropic environments as judged from the
simultaneous observation of a *H-singlet from the isotropic
phase and a quadrupolar doublet (Avy,=65.9 Hz) from the
anisotropic phase (Figure 1a). The critical concentration (cc)
of PLA and other LLC-phase forming polymers is depend-
ent on several factors: a) parameters such as polymer charge,
molecular weight and distribution are subject to small
variations leading to changes in the cc, b) the amount of
analyte present in the sample changes the cc, and c)
especially with CDCl;, an additional factor may be spurious
amounts of hydrochloric acid from the light induced
decomposition of this solvent. As the critical concentration
of the polymer depends on the presence or absence of the
analyte, we prepared the sample by adding PLA to the
solution of the analyte dissolved in CDCI; until the biphasic
state (visible phase boundary) has been reached. This
biphasic system allows the measurement of RCSAs in
standard 2/3/5 mm NMR tubes without the need for special
equipment.

As shown in Figure 1(b), the 1D “C—{'"H} NMR spec-
trum of the analyte at 295 K shows two resonances for each
carbon. Thus, the spectrum consists of two sub-spectra, one
spectrum referring to the isotropic environment of the
sample and the other to the anisotropic environment of the
sample. The chemical shift difference between these two
sub-spectra is caused not only by the RCSAs but also by
changes in the overall magnetic susceptibility of the sample.
The latter effect can be removed by referencing as the
overall magnetic susceptibility affects all the carbon reso-
nances in the identical way.” The referencing can be
executed in several ways, viz., by taking one atom of the
analyte,”™ TMS signal™ or even the solvent signal®! If two
sub-spectra are referenced at any resonance of the analyte,
then the said atom will have a zero RCSA value. It has been
found that choice of the resonance for reference does not
change the results.””! The relative concentration of the
solvent chloroform in anisotropic and isotropic medium can
be estimated from its deuterium spectrum as depicted in
Figure la. Each of the anisotropic quadrupolar doublet lines
has the same intensity as the isotropic singlet (Figure 1a),
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Figure 1. (a) 1D 2H NMR spectrum of CDCl; in the (R)-(—)-1-indanol sample aligned in the LLC phase of L-valine derived polyacetylene (PLA). The
splitting fork over the deuterium peaks of CDCl; indicates the quadrupolar doublet while the central resonance (*) indicates the presence of
isotropic phase. The spectrum was recorded at 295 K. b) 1D C—{'"H} NMR spectrum of R-indanol which was measured in an 800 MHz
spectrometer equipped with a cryoprobe. For visual clarity of the isotropic and anisotropic signals of each carbon resonances, expansion of a part
of the complete 1D carbon spectrum (c) in the range of 120130 ppm is shown in (b). For each carbon, peaks with lower and higher intensities
correspond to isotropic and anisotropic signals, respectively. The isotropic and anisotropic signals of carbons C5, C6, C4 and C7 are also labelled
from left to right in (b). (d) F, slices extracted from proton decoupled '"H—"C CLIP HSQC spectra of (+)-IPC in anisotropic (blue trace) and
isotropic medium (red trace) for C3.

hence the anisotropic phase has double concentration of the  tively, the RCSAs can be read from the spectra using
isotropic phase. If 6*° and 6" are the chemical shifts from  Equation (1):
the ™ nucleus in isotropic and anisotropic phases, respec-
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where, J,; is the chemical shift of a reference carbon signal.
For referencing, any arbitrary carbon spin of the molecule
can be used. Further, the LLC-phase loses its anisotropic
fraction to reach a complete isotropic state with increasing
temperature. As the sample shows the anisotropic signals at
310 K and isotropic signals at 315 K and 320 K, RCSAs can
also be obtained from the following Equation (2):

RCSA, — (xmiw, 310K 26?’0. 315K + 62\0 320K (2)

To determine the alignment tensors of the enantiomers,
the experimentally observed RCSA values are fitted using
singular value decomposition (SVD) together with the
Density Functional Theory (DFT) calculated chemical shift
anisotropy (CSA) tensors using either MSpin software®! or
ConArch™.["*! The quality of the fit is determined from the
Cornilescu Q factor.’ The DFT based chemical shift
anisotropy tensors are calculated from the most commonly
used Gauge-Independent Atomic Orbital (GIAO) based
methods using Gaussian 16." The solvents are modelled
using the IEF-PCM™ model with chloroform solvent
parameters. The enantiodiscriminating effect is expressed
through generalized cosine S values (GCB) which are equal
to normalized scalar products between alignment tensors.!
This relationship is defined as:

<ARCSA , ARCSA >[:
D = AR AT ®

Where (ARCA ARSS4)  represents the Frobenius inner
product between the RCSA-derived alignment tensors of
the (R/S)-enantiomers and ||[AR*||, and ||AS*||, are the
Frobenius norms. The Frobenius inner product of alignment
tensors is computed as:

(AR AL, = Y ARAY

“4)
kl={xy.z}
while the norm of the matrices is computed due to the
symmetric character of the alignment tensor as:

12
||A§CSAH2 = ( Z |A§k 2) (5)

k={x,y.z}

12
[AS<4N, = ( > |Aik|2> (6)

k={x,y.z}

Herein, g is the angle between the two alignment
tensors. A normalized scalar product of one (1) indicates
exact co-linearity of the tensors whereas a zero (0) value
means that tensors are perpendicular to each other. This
implies that the enantiodiscriminating effect can be esti-
mated based on the f angle (intertensor angle) from the
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alignment tensors of the enantiomers. Because of the
trigonometric relationship, cos(180° — 8) = —cos(f), the
absolute value of the cosine f can only be between 0 and 1.
Therefore, we report the enantiodifferentiation only by
cosine f value. Any significant deviation of GCB values
from one indicates enantiodiscrimination, the more it
deviates from 1 the better the discrimination.

It should be also mentioned that previously for the
biphasic polyacetylenes, spatially selectively excited CLIP-
HSQC experiment has been utilized to extract the RDCs
from a single sample."*"! However, the spatially and selective
experiments suffer from poor sensitivity. It has been found
that the highly sensitive F,-coupled HSQC experiment can
be used to extract the RDCs from a single biphasic sample.
As an example, one of the F, traces extracted from proton
decoupled 'H-"C CLIP HSQC spectra of (+)-IPC in
anisotropic (blue trace) and isotropic (red trace) phases
demonstrated in Figure 1d.

Results and Discussion

R-indanol dissolved in the biphasic system mentioned above
was investigated first. The observation of one inner singlet
and one outer doublet of the solvent chloroform (Figure 1a)
confirms the presence of both an isotropic and an aniso-
tropic phases from a single sample. In essence, the sample
contains two well separated phases: one with the PLA
concentration below and the other with a polymer concen-
tration well above the critical concentration (Figure S1 in
supplement). As reported in similar findings for PBLG
liquid crystal®™ and gel,™ this observation leads to the fact
that RCSAs are measurable from a single 1D "“C—{'H}
spectrum provided both isotropic and anisotropic signals are
present with sufficient signal-to-noise ratios and chemical
shift separation. As expected, Figure 1b shows that the 1D
BC—{'H} spectrum contains two sets of signals for each
carbon resonance. As can clearly be seen from the spectrum,
for alignment with a polyacetylene mass fraction (Wp ) of
17 % in CDCl;, WALTZ decoupling applied during acquis-
ition is sufficient to remove the combined scalar and dipolar
CH-couplings ('T¢y). Most notably, very sharp °C resonan-
ces (spectral linewidths of 2-3 Hz) can be observed. Signal-
to-noise ratios obtained are in the range of 20 to 50.
Therefore, parallel to the “C spectrum in isotropic liquid,
the corresponding chemical shift positions from the aniso-
tropic phase are easily readable. From the integration values
of the *H resonances, it is found that the intensity of the
isotropic singlet is approximately 46 % of the anisotropic
doublet signal. Thus, a carbon signal of lower intensity
comes from the isotropic phase of the sample while the
signal with higher intensity belongs to the anisotropic phase.

The RCSA values of R-indanol were extracted using
Equation (1) and C7a as reference carbon resonance. The
RCSA values obtained cover a favorable range of —3.9 to
57.5Hz at a carbon resonance frequency of 200 MHz. For
RCSA data interpretation, carbon CSA tensors computed
for the correct structural model are essential. Following
standard computational chemistry protocols, we have found
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that there are two structural models (conformers). They are
called conformer “A”, in which C-2 is up and OH group is
pseudo-axial, and conformer “B”, in which C-2 is down and
OH group is pseudo-equatorial. The DFT-optimized geo-
metries of these conformers are presented in Figure 2a.
Both molecular models were obtained following DFT
optimization at mPWI1PW91/6-31+G(2d,p) level with
chloroform solvent parameters. It is found that the model
“B” turned out to be even very slightly more stable than the
model “A”. The energy difference between them is
—0.4 kcal/mol. The CSA tensors of DFT models of S-indanol
were then computed using GIAO method at DFT
mPWI1PW91/6-311+ G (2d,p) level.

As both the enantiomers of indanol are available, our
strategy is based on two samples of enantiomeric analytes.
Both samples were prepared in PLA, thus generating
diastereomorphous interactions between the stereochemi-
cally constant polymer and the enantiomers of the analyte.
For sample preparation, we utilized the same composition
that was used for R-indanol. As previously noted, RCSAs
were extracted for S-indanol from 1D "“C—{'H} NMR
spectrum recorded at 295 K. RCSA values ranged from
—11.6 to 23.5 Hz. As the polymer concentration in the R-
indanol sample is slightly different compared to the other
enantiomer, RCSA values were normalized by the ratio of
the quadrupolar splitting of the two enantiomeric samples
(AVo(S)/Avo(R)=0.87). As can clearly be seen from the
scatter plot in Figure 2b, RCSA values for S-indanol
(RCSAs on the y-axis) and R-indanol (RCSAs on the x-
axis) are different. The bar plot of the differential RCSA
values of enantiomers is also provided in Figure S2 in
supplement.

As previously observed with RDCs of other analytes, the
use of RCSAs also indicates the enantiodifferentiation
capabilities of the polyacetylene based liquid crystal. For
quantitative evaluation of differential orientations of the
enantiomeric analytes, we calculated the generalized cos(f)
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value between their RCSA-derived order tensors. Any
cos(B) value significantly deviating from 1 indicates enantio-
discrimination. Therefore, RCSA data obtained for S-
indanol were applied for order tensor calculations using
MSpin software. The SVD-fit of RCSA values into the CSA
tensor furnished a lower Q factor of 0.123 for model “B” of
S-indanol indicating a good congruence of experimental and
calculated RCSA. However, high energy structural model
“A” furnished relatively higher Q factor (0.241). As the
model “B” provides lower Q factor, therefore, its order
tensor parameters are used to calculate generalized cos(B)
values (GCB). The comparison of the order tensors leads to
a GCB value of 0.78. For comparison, RDC-based GCBs on
some other analytes using polyacetylene liquid crystals can
be used. As examples, GCBs for some investigated analytes
are, a-pinene: 0.95, fructose-acetonide: 0.63 and perillalde-
hyde: 0.82, B-caryophyllene: 0.98, carvone: 0.95 and cam-
phor: 0.98.12

Considering these values, the observed GCB of indanol
indicates a substantial degree of enantiodiscrimination. The
pictorial representation of alignment tensor 3D surface and
the different orientations of the principal axes of the
alignment tensor of the R- and S-indanol are depicted in
Figure S3 in supplement. In these pictorial representations,
the least ordered A, axes are kept in the same direction so
that the difference in other orientations becomes more
evident. Moreover, the most ordered axis is negative for R-
indanol while it is positive for S-indanol. The orientational
properties of both enantiomers are provided in Table S5 in
the supplement.

We have also fit the RCSA data to both structural
models using a single tensor. This furnished a Q factor of
0.092 and 0.099 for the RCSA data of R- and S-indanol,
respectively and leads to a 66.1:33.9 population mixture
(model B: A).

As a next example, we measured “C RCSAs for
isopinocampheol (IPC). The choice of this molecule is based
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Figure 2. (a) DFT-optimized structural models “A” and “B” of S-indanol. (b) Scatter plot of the residual chemical shift anisotropy (RCSA) values for
S-indanol and R-indanol aligned in PLA. To extract the RCSA values for the enantiomeric analytes, both the sub-spectra corresponding to isotropic
and anisotropic signals are referenced at carbon signal C7a. The RCSA values for different carbons are marked in the scatter plot. It should be
noted that the alignment tensors of R- and S-indanol have different orientations relative to each other with a GCB value of 0.78 between them.
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Figure 3. (a) Molecular structure of (+)-IPC with atomic numbering. (b) Scatter plot of the residual chemical shift anisotropy (RCSA) values for
(+)-1PC and (—)-IPC aligned in PLA. The RCSA values for different carbons are marked in the scatter plot.

mainly on two facts. First, its rigid structure facilitates the
data analysis and second, there are several RDC-based
studies demonstrating enantiodiscrimination in several chiral
liquid crystals including PLA .3

To compare the RCSA-based enantiodiscriminating
capabilities of the polymer, we again prepared two separate
samples of (+)-IPC and (—)-IPC using Wy, of 17% in
CDCl;. RCSAs were measured by employing Eqn. (2). As
expected and shown in Figure 3, measured RCSA values
were different for these two samples. The RCSA values
ranged from —7.9 to 2.7 Hz for (—)-IPC while values were in
between 1.1 to 9.5 Hz for (+)-IPC. This finding indicates
that (4)- and (—)-IPC orient very differently relative to the
axis of the magnetic field. To obtain more quantitative
insights, we performed the SVD analysis of the measured
RCSA values for the enantiomers. For the SVD fitting,
carbon CSA tensors of (—)-IPC computed by GIAO-based
methods using DFT level at B3LYP/6-311+ G(2d,p) were
employed for both data sets. The SVD-fitting of RCSA data
of (—)-IPC to the CSA tensors results in a Q factor of 0.109.
Similarly, the same Q factor is obtained for the SVD fitting
of the RCSA data of (+)-IPC. The intertensor cos(f) value
between the RCSA-derived tensors of (+)-IPC and (—)-IPC
was then calculated and the GCB of the alignment tensors
was found to be —0.44. This large negative GCB indicates
that very significant enantiodifferentiation is taking place. It
may be noted that similar to the RCSA-based results, large
enantiodiscrimination was also found for the previously
analyzed RDC data measured in liquid crystals of PLA.[4
It should be mentioned that we did not measure the proton
RCSAs that are even more sensitive than the "C RCSAs,
introduced for enantiodiscrimination in this work. '"H RCSA
measurement requires deuterated alignment media for small
amounts of analyte.”! This seems to be feasible for
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polyacetylenes such that, measuring 'H RCSAs at micro-
gram level will become feasible in the future work.

Conclusion

Exploiting the biphasic behaviour of a helically chiral
polyarylacetylene based liquid crystal (PLA), it has been
shown that "C-RCSAs can be measured from the isotropic
and ansiotropic signals under a single alignment condition
and as expected™ enantiodiscrimination is better than with
PBLG. Thus, with PLA “C RCSAs can be robustly used to
enantiodiscriminate organic molecules. Using the example
of two chiral low molecular weight compounds, IPC and
indanol, we were able to demonstarte that the extraction of
BC-RCSAs from simple proton decoupled *C spectra was
possible in a precise and accurate manner. Moreover, due to
the uniform helicity of the polymer forming the LLC-phase,
substantial enantiodifferentiation occurs as judged from the
GCB value of the alignment tensors calculated for the
respective enantiomers of the analytes. Especially for
proton-poor molecules with quaternary carbons or in cases
when the alignment is too strong to measure RDCs, “C-
RCSAs represent a valuable additional source of informa-
tion to solve structural problems which are reluctant to be
solved by other means. Future work will allow the usage of
"H RCSAs in PLA once it is deuterated.
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