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Abstract

Anisotropic samples of lyotropic liquid crystalline (LLC) phases of valine

derived polyaryl acetylenes were employed as chiral alignment media for the

measurement of residual dipolar couplings (RDCs) of 12 small, chiral, organic

molecules. The quadrupolar splitting of the deuterium signal of CDCl3 can be

adjusted by temperature and concentration changes from 0 to 350 Hz. The LLC

phases showed excellent orienting properties for all analytes bearing various

functional groups. The precise extraction of RDCs in the range of up to ±30 Hz

from F2-coupled HSQC spectra was possible. Additionally, the chiral environ-

ment led to diastereomorphous interactions with the enantiomers of chiral

analytes leading to two different sets of RDCs. This differential order effect was

particularly pronounced with H-bond donors like alcohols and 2� amines.
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1 | INTRODUCTION

The application of anisotropic NMR-parameters in
structural analyses of molecules in solution has improved
the quality of structure elucidations considerably.[1] A
precondition for their measurement is to hinder the mol-
ecule under consideration from tumbling isotropically to
such an extent that anisotropic interactions become mea-
surable without complicating spectral analyses by strong
coupling (weak alignment). In the case of residual dipolar
couplings (RDCs) for a one-bond C–H coupling, this pre-
condition is fulfilled when the medium scales the

maximum dipolar coupling by roughly a factor of 1,000.
This can be achieved by mainly two types of alignment
media both having their merits and shortcomings.
Stretched or compressed gels prepared by uniaxial swell-
ing of crosslinked polymers (SAG: strain induced
alignment in a gel)[2] have the advantage of facile scaling
of the alignment strength, which frequently is
counterbalanced by lengthy sample preparation proce-
dures. Lyotropic liquid crystalline (LLC) phases[3] on the
other hand offer fast and simple sample preparation (and
sample recovery) but suffer from the existence of a criti-
cal concentration necessary for entering the anisotropic
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state (ccrit). If this lowest possible concentration already
orients the molecule too strong, then the extraction of
residual anisotropic data is at least strongly hampered.

Nonetheless, in the last decade, both alternatives have
been applied to an ever-increasing number of structural
problems in which configurational problems played a
dominant role.1g, 4 This development was driven by
successful work on new media being compatible with
organic solvents and the exploitation of polymer classes
beyond the homopolypeptides dominating the LLC
phases for many years.1v, 3i, k, 5 These efforts first led to
the application of helically chiral polyguanidines[6] and
later to polyaryl acetylenes with amino acid derived side
chains as chiral alignment media (Figure 1).[7] The amino
acid derived polyaryacetylenes have been developed
mainly by Yashima[8] and Tang[9] among others to study
fundamental aspects of dynamic helical polymers as well
as possible applications as chiral resolving agents8a, 10 or,
more recently, as chiral polymeric catalysts.[11]

Encouraged by the very promising results using the
valine and phenylalanine derived polymers p1/ent-p1
and p2 as enantiomer differentiating LLC phases (more-
over, p2 has been used to elucidate the conformation of
a calix[4]arene derivative by others),[12] we started to
investigate the constitutional scope of their alignment
properties. This included not only the variation of func-
tional groups and the carbon skeleton of the com-
pounds; it also addressed the interplay of these
properties with the differential order effect. This work
should be the basis for a deeper understanding of the
alignment process in general and the enantiomer differ-
entiating capability of the medium in particular. The
knowledge gained from these studies will influence
work directed towards the elucidation of absolute con-
figurations from anisotropic NMR data. In the follow-
ing, we would like to describe our results with the
enantiomeric polymers p1 and ent-p1.*

2 | RESULTS AND DISCUSSION

As described earlier, the monomer synthesis can be
achieved in a three step reaction sequence starting from
the enantiomers of valine and 4-iodobenzoic acid ethyl
ester.7a In the meantime, we improved and simplified the
procedure increasing the overall yield from 56% to 71%
(see Supporting Information).

Nine polymer preparations from the two enantio-
meric monomers were synthesized. They were character-
ized by their molecular weight and chiroptical data (see
Supporting Information). Moreover, for four selected
polymers, we determined the critical concentration (ccrit)
in CDCl3 necessary to enter the anisotropic state
(Table 1). After complete disappearance of the singlet
from the isotropic phase, we determined the quadrupolar
splitting (ΔνQ) of the deuterium solvent signal after the
anisotropic state has been reached.†

Because polymer chains experience an alignment in a
magnetic field due to their magnetic susceptibility, the
phase morphology of the liquid crystal changes with time
in the magnetic field.3b, 13 This effect can be monitored
by measuring time dependent 2H-NMR spectra until no
further change in the quadrupolar splitting is visible. For
both, the time evolution of the quadrupolar splitting as
well as the line width an equilibrium state can be
observed after approximately 50 min.[14] For all NMR
studies presented in the following, this period was waited
at least to ensure full equilibration of the system.

To evaluate the homogeneity of the LLC phases after
equilibration, a two-dimensional 2H-imaging experiment
published by Gil et al.[15] was used. As expected for solu-
tions and in contrast to many gels, it could be demon-
strated thereby that the homogeneity of the phase is very
pronounced making it possible to extract the couplings in
high accuracy with less than 1% deviation along the sam-
ple (Figure 2a). Motivated by the question to what extent

FIGURE 1 Poly (phenylacetylenes) applied as alignment

media in RDC-based structure elucidations7a, b, d

TABLE 1 Polymer data and critical concentration ccrit

Polymer
Mn

a

(105 g/mol)

Θ½ �30�C368 nm
b

(104�deg�cm2�
dmol−1)

ccrit
c

(%, w/w)

p1-a 9.08 4.28 13.6

p1-b 5.88 4.22 14.1

ent-p1-c 3.25 −4.18 14.1

ent-p1-d 1.46 −4.31 14.7

aNumber of average molecular weight calibrated against polystyrene.
bMolar ellipticity.
cCritical concentration (w/w) for the phase transition.

*In a strict sense, the two polymers are not enantiomers. They would be
enantiomers if both polymers (with inverted absolute configuration at
the repeating units and inverted helicity of the backbone) would
contain the same number of repeating units, which is not exactly the
case. Given the high molecular weight of the polymers, this difference
can be neglected to a good approximation.

†For a video describing the preparation of the LLC phases, see https://
www.youtube.com/watch?v=C8cNWgJViGw.
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it might be possible to scale the alignment strength by
varying the temperature and considering the unusual tem-
perature dependence of the induced orientation observed
and utilized to generate multi alignment data sets in LLC
phases of p2,7b we monitored the quadrupolar coupling
constant in a temperature range for p1 between 250 K and
316 K (Figure 2b). Starting with a 14.6% (w/w) solution at
316 K, no anisotropic phase is present denoted by the
absence of a quadrupolar splitting. The anisotropic state is
entered first at 306 K and increased by cooling the sample
linearly with a slope of 3.5 Hz/K until 289 K. Below this
temperature, the linear behavior is replaced by a nonlinear
curve until 250 K. This change may indicate a change of
the morphology of the LLC phase, which promised the
opportunity to get an additional independent alignment
tensor similar as has been observed with the LLC phases
of p2.7a, b Therefore, a sample of p1 containing (−)-IPC
was measured at 300 K and 270 K, but unexpectedly, no
significant difference of the corresponding tensors could
be found. The measured RDCs scale approximately linear
with the quadrupolar splitting of CDCl3 at the two temper-
atures. Recent work in our group, focused on improve-
ments in the polymer preparations, revealed that
nonlinear temperature dependencies of the quadrupolar
splitting occur preferentially when the polydispersity index
of the polymer is high. Under better controlled conditions
with a vinyl rhodium initiator, a linear or at least close to
linear behavior is observed.[16]

To determine the scope and limitations of the suitabil-
ity of LLC phases derived from valine based poly
(phenylacetylenes) (PPAs) in structure elucidations of
small organic compounds, we executed an extended study
with 12 chiral analytes displaying various functional
groups and varying degrees of conformational flexibility
(Table 2 and Figure 3). The aim of the study was to address
questions like phase compatibility with functional groups,
alignment strength depending on molecular size and
shape, capability of the phase to differentiate the enantio-
mers of chiral analytes, and finally to learn about the
mechanisms of the orientation process. This latter point is

not only important for the development of newmedia; it is
surely one important aspect in efforts directed towards the
determination of absolute configurations by NMR.

For the determination of the enantiodifferentiating
capability of the phase, all analytes were measured under
diastereomorphic conditions meaning that either both
enantiomers of the analyte were measured at constant
absolute configuration of the LLC phase or the measure-
ments were performed in LLC phases of opposite
absolute configuration (heterochiral comparison) at con-
stant analyte configuration. The (obvious)‡ validity of this
approach to get equivalent diastereomorphic alignment
data sets from analytes available only in one absolute
configuration has been proven with the enantiomers of
IPC and LLC phases derived from p1/ent-p1.7a

All total coupling constants 1TCH were extracted from
CLIP/CLAP-HSQC spectra[18] and were used to calculate
the one-bond RDCs (1TCH = 1JCH + 2 1DCH). The cou-
plings together with a structure model were used as input
data for our newly developed program ConArch+,[19]

which uses a singual value decomposition (SVD)-based[20]

method to calculate the alignment tensors and, if needed,
distance geometry as structure generator in floating chiral-
ity calculations.

It is worth mentioning that the alignment strength is
scalable over a wide range, either by changing the poly-
mer concentration or, much more convenient, simply by
a temperature change (Figures 2 and 3). Moreover,
methods exist that allow for the precise measurement of
large RDCs in LLC phases.[21]

For example, spectra of the fructose acetonide (#3 in
Table 2) obtained from a 15.7% (w/w) LLC phase of
ent-p1c at 300 K (ΔνQ = 64 Hz) displayed broad lines
preventing the extraction of couplings. Increasing the
temperature to 310 K lowered the alignment strength
significantly (ΔνQ = 31 Hz), which allowed a precise

FIGURE 2 (a) Spatially

resolved 2H-NMR spectra of a 16.8%

(w/w) sample of ent-p1c at

300 K. Note the perfect homogeneity

of the sample. (b) Temperature

dependence of the quadrupolar

coupling of CDCl3 in a LLC phase of

p1-e at 14.6% (w/w). Black squares

denote data points from cooling

(316 K to 250 K), red circles from

heating (251 K to 315 K)

‡Imagine only the dextrorotatory analyte is available and we start with a
P-helical phase, then the missing combination (−)-analyte /P-helix can
be replaced by the enantiomorphic (+)-analyte/M-helix combination.
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analysis of the spectrum. The same effect can be achieved
when the sample is diluted. At a polymer concentration
of 14.5% (w/w), the splitting is again ΔνQ = 31 Hz but this
time at 300 K.

As a first result, it can be stated that the LLC phases of
p1 and ent-p1 are compatible with all analytes studied.
With a few exceptions, most of the signals allowed the
extraction of 1TCH with high accuracy. Therefore, for all
structures, we achieved a satisfactory match between the
measured and the back-calculated RDCs (see Supporting
Information for details). For the rigid structures (pinene,
β-caryophyllene, IPC, menthol, camphor, fructose
acetonide, strychnine, and cytisine), it was sufficient to use
a single conformer single tensor fit. Compounds with more
conformational flexibility (carvone, perilla aldehyde, spar-
teine, and nicotine) were treated as conformational ensem-
bles inmulti conformer single tensor fits.[19,22]

2.1 | Orientational behavior

The results of the measurements are compiled in Table 2.
We used both the general degree of order (GDO)17a and
the relation between the largest possible RDC as calcu-
lated from the alignment tensor and the quadrupolar
splitting of the solvent (reduced RDCmax) as measures for
the ordering strength.

As expected, the hydrocarbons (#6 and #9) get ori-
ented less as compared with all other compound classes,
although the ketones (#7 and #10) are not far off. This
means that for these compounds, a stronger orienting
medium (higher ΔνQ) is necessary to generate RDCs in
the favorable range of 5–20 Hz. Given the fact that all
compounds studied are different in all aspects of their
structures (e.g., different in shape, functional groups, H-
bonding capabilities, and dipole moment), it is not
straightforward to correlate these molecular properties
with the mode of their orientation. One even may discuss

the possibility that the specific interactions with the
polymer may be superimposed by interactions with the
oriented solvent. This would mean that the analytes
orientation is a consequence of their interaction with the
short-range ordered helices of the polymer strands
surrounded by a chirally oriented solvent shell. The exis-
tence of the latter has been shown for dimethyl sulfoxide
as solvent and a closely related polyacetylene.[23] More-
over, such chiral solvent imprints (chiral microsolvation)
have been observed several times before in the context of
optical rotatory dispersion (ORD) calculations.[24]

2.2 | Enantiodifferentiation

The phases used in this study are chiral. They display a
P-helical chain that is S-configured and vice versa.§ This
chirality causes the LLC phases derived from these poly-
mers to be chiral too, which in turn leads to the
diastereomorphic interactions with chiral analytes as
already mentioned and shown in 20127a and 2019.16a In
the latter publication, it was demonstrated by 2H-RQC
measurements in natural abundance that p1 is even able
to differentiate the enantiomers of 3-methyl hexane in an
unprecedented scale (17 out of 20 possible quadrupolar
doublets have been observed). In the context of any
efforts directed towards the determination of absolute
configurations of dissolved molecules by anisotropic
NMR, the maximization of the differential order effect[25]

for the enantiomers of a given analyte is a major goal.
Therefore, we extended our investigation to explore the
enantiodifferentiating capability of the phases and to
learn something about the factors governing this capabil-
ity. As discussed earlier, the terms “enantiodifferentiation”

FIGURE 3 (a) Part of 500 MHz

CLIP-HSQC spectrum of

fructoseacetonide in a 15.7% (w/w)

LLC phase of ent-p1c at 300 K in

CDCl3 (ΔνQ = 64 Hz). Severe line

broadening hampers the extraction

of coupling constants. (b) After

raising the temperature from 300 K

to 310 K, the quadrupolar splitting

was reduced to 31 Hz improving the

spectral quality considerably

§Although there is no study in the literature describing the helical
assignment of p1 as such, there is evidence for the correctness of this
assignment based on refs.9d and.8g
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or “enantiomer differentiation” are used to describe
any heterochiral combination between the phase and the
analyte in which, for example, the combinations (+) and
(−)-analyte with P-helical polymer is equivalent to, for
example, (+)-analyte with P and M-helical polymer. As a
quantitative measure to describe the enantiodifferen-
tiation (or to be more precise: the enantiomer differenti-
ating orientation), we used the cosine of the intertensor
angle (generalized cosine beta [GCB])17b of the alignment
tensors calculated for the heterochiral combinations
under consideration (Table 2 and Figure 4). This entails
that low GCB values (close to 0) mean a high enantio-
differentiation and high values (close to 1) the opposite.

A closer look at Table 2 and Figure 5 implies that a
large difference in the general degree of order related to
the quadrupolar splitting (GDO/ΔνQ) of the enantiomers
(or equivalent heterochiral combination) is a necessary
but not sufficient precondition for a good differentiation
in terms of differential orientation.

Obviously and as expected, some specific interaction
with the chiral polymer is needed to achieve
enantiodifferentiation. There are five analytes with good
to excellent differentiation (#1–5 in Table 2). Four of
them are H-bond donors (three alcohols and one 2�

amine). The fifth of the highly differentiated compounds
is perilla aldehyde, which may interact with the polymer
in its dienol form, thus being also an H-bond donor.[26]

The hydrocarbons pinene and caryophyllene, the 3�

amine sparteine, and the ketone camphor behave as
expected with a low enantiodifferentiation correlating to
a small GDO/ΔνQ difference. On the other hand, despite

the fact that the 3� amine nicotine and the ketone
carvone display quite large GDO/ΔνQ differences, their
enantiodifferentiating orientation is neglectable. An
extreme case is strychnine with the largest Δ (GDO/ΔνQ)

FIGURE 4 Graphical illustration of the

generalized cosine β (GCB) values derived from

the measurements of 12 analytes

FIGURE 5 Dependence of the enantiodifferentiating

orientation (GCB) on the reduced ordering difference (GDO/ΔνQ)
of the heterochiral combinations

FIGURE 6 Possible structure of a hydrogen bonding donor

functionalized polyaryl acetylene
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and almost no differential ordering. This latter case is
especially difficult to discuss, because of the many possi-
ble factors influencing its orientational behavior (molecu-
lar shape, functional groups, and dipole moment). The
inverted situation, a small GDO difference but a good
enantiodifferentiation was not observed, although there
is no principal reason why this may not be the case for
some other analyte. Finally, it should be mentioned that
the GCB values for IPC in PBLG or PELG are much
smaller (0.99 and 0.87, respectively) as compared with
the ones in p1.5g

3 | CONCLUSIONS

In conclusion, we have shown that chiral LLC phases
prepared by dissolving helically chiral valine derived pol-
yaryl acetylenes in deuterated chloroform are compatible
with 12 different analytes (Figure 4). These compounds
cover a wide range of functional groups (olefins, alcohols,
aldehydes, ketones, amides, 2�, and 3� amines) and differ
considerably in their dipole moments and molecular
shape. The analysis of their GDO related to a variable
that expresses the maximum measured RDC in relation
to the quadrupolar splitting of the solvent (reduced
RDCmax) led to the idea that the orientation of the
solvent may be an important driving force for the orienta-
tion of the analytes. The data obtained from the RDC-
analysis of the heterochiral combinations suggest the
guess that enantiodifferentiating orientation scales with
the difference in the GDO for the heterochiral combina-
tions as a necessary but not sufficient precondition.
Maximum enantiodifferentiation has been achieved with
H-bond donating alcohols and 2� amines. For easy
enolizable aldehydes (and maybe ketones as well) like
perilla aldehyde, we propose that the enol form plays an
important role in the interaction with the phase. Guided
by the obviously important role of H-bonding in the
chiral recognition process, we are currently investigating
the phenolic polymers p4 as H-bond donors being kind
of “umpoled” systems to differentiate H-bond acceptors
like ketones that are not sensitive to p1 (Figure 6).

EXPERIMENTAL SECTION
Experimental details for the monomer, polymer, and
phase preparations as well as sample compositions can
be found in the Supporting Information. Moreover,
characterization data (CD spectra, ORD, and NMR data)
and tensor calculations can be found there.
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