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Poly(arylisocyanides) as Versatile, Enantiodiscriminating
Alignment Media for Small Molecules

Svenja Wesp, Kai Wolf, Stefan Immel, and Michael Reggelin**

In memory of Klaus Hafner.

Lyotropic liquid crystalline (LLC) phases of amino acid derived
polyarylisocyanides were employed as chiral alignment media
for the measurement of residual dipolar couplings (RDCs) of
small chiral organic molecules. Anisotropic samples in CDCl;
displayed quadrupolar splittings of the deuterium signal in the
range of several hundreds of Hertz. The LLC phases showed
excellent orienting properties for a broad range of analytes

Introduction

Amongst other anisotropic NMR parameters residual dipolar
couplings (RDCs) have widely been used in structure elucida-
tion, not only of biological macromolecules but also of small
molecules.” They are a powerful tool for solving conformational
and configurational problems in structural analysis"™*a2 jn
which they are mostly considered as a source of additional
information including cases were they played the dominant
role and conventional NMR parameters like NOE or scalar
couplings failed to solve the problem.®! Contrary to the latter,
RDCs deliver structural information without the necessity of an
empiric parametrization, as is the case for the evaluation of
scalar couplings.” Furthermore, as global parameters, RDCs do
not rely on short-ranged interactions like cross relaxation
(nuclear Overhauser effect, NOE)® or cross-correlated
relaxation.®

However, as RDCs are anisotropic NMR parameters, it is
necessary to orient the analyte molecules in the magnetic field
for their observation. This is usually done by so-called align-
ment media, aiming for RDCs in the order of 107 of the
maximum dipolar coupling (weak alignment). Unlike in solid
state NMR under these conditions RDCs are easily accessible as
a contribution to the C—H J-coupling (e.g. 'Tey="Jey+2-'Dcp).
In the standard procedure, the extracted RDCs are evaluated by
an appropriate software to calculate the so-called alignment
tensor.” With this tensor and a structural model in hand, it is
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bearing various functional groups. The precise extraction of
RDCs in the range of up to +40 Hertz from F2-coupled HSQC
spectra was possible. Additionally, the chiral environment offers
the opportunity for diastereomorphous interactions with the
enantiomers of chiral analytes leading to two different sets of
RDCs. This differential order effect was particularly pronounced
with ketones and alcohols.

possible to back-calculate dipolar couplings and verify - or
falsify — a given structural proposal. Recently, a conceptionally
different approach (implemented into the new software
ConArch™)® has been introduced avoiding this verification or
falsification of calculated structures. Herein, starting structures
of an arbitrary configuration evolve under the influence of all
types of isotropic and anisotropic NMR-data into final structures
of correct relative configuration."®®

There are mainly two approaches to generate weak align-
ment, namely the use of stretched or compressed polymer gels
(SAG=strain induced alignment in a gel)''” and lyotropic
liquid-crystalline (LLC) phases.'” Both systems allow for the
determination of RDCs, albeit in a different manner.

In the field of anisotropic NMR on biological macro-
molecules the configuration of the stereogenic centers is mostly
well known, e.g. for peptides or proteins, which typically consist
of L-configured amino acids. This is not the case for small
molecules, as they are the products of frequently unknown
synthetic pathways including stereogenic steps and building
blocks of unknown configurations. For such problems, not only
a differentiation of diastereomers is necessary, but also the
assignment of enantiomers in case of chiral analytes may
appear as a particularly difficult task. This entails the necessity
that one has to provide an anisotropic environment in such a
way, that diastereomorphic interactions between analyte and
alignment media can occur. This is obviously the case only if
the orienting medium is chiral and non-racemic itself. As a
consequence a differential order effect (DOE)"? may occur
resulting in two discrete sets of dipolar couplings leading to
two different alignment tensors, one for each enantiomer.

Of course, this is a necessary but not a sufficient
precondition to determine the absolute configuration of a chiral
compound. As with all other NMR-methods used to distinguish
between enantiomers like chiral solvating agents (CSA) or chiral
shift reagents (CSR) the observed effect does not directly permit
an absolute configurational assignment. This may be possible if
one would be able to calculate the alignment tensor for each
enantiomer and compare the result with the experiment. To
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facilitate this problem, it is obvious to make efforts maximizing
the DOE in such a way that even crude theoretical models may
be sufficient to provide a decision based on this tensor
comparison.

An increasing number of enantiodifferentiating LLC-based
alignment media for organic solvents have been developed in
recent years. Besides the well-established homopolypeptides
poly-y-benzyl-L/p-glutamate (PBLG/PBDG), poly-y-ethyl-L-gluta-
mate (PELG/PEDG), and poly-g-carboxybenzoyl-L/p-lysin (PCBLL/
PCBDL)#'"'"1213) gnly a few chiral non-peptidic polymers are
known, amongst them LLC phases based on polyguanidines"
and polyacetylenes.""™ ' Moreover, SAG media like
polyacrylamides," e-gelatin."® and cross-linked PBLG"* have
been introduced as chiral orienting media.

In 2012 Berger and co-workers introduced an t-alanine
derived polyarylisocyanide” as a new alignment medium for
organic solvents."® Although the authors mentioned a prospec-
tive enantiodifferentiating capability, this aspect was not
investigated. The same is true for the polyisocyanopeptides”
studied by Lei and Sun in 2017.%

Encouraged by our results with amino acid side chain
bearing polyarylacetylenes,""™"* we decided to investigate the
potential of structurally closely related helically chiral
polyarylisocyanides®” as enantiodifferentiating alignment me-
dia. To learn as much as possible about the orienting properties
of the corresponding LLC-phases, we examined 11 different
analytes, including carboxylic acids, ketones, aldehydes, alco-
hols, amines and unsaturated hydrocarbons. Moreover, also the
influence of the amino acid side chain was investigated by
choosing L-alanine and L-valine as the amino acids in the
repeating units of the polymers.

Results and Discussion
Monomer synthesis and polymer characterization

The synthesis of both enantiomers of the monomers 1 and 2
was achieved in five steps by modified procedures based on
work published earlier?’*? with an overall yield of 43% for 1/
ent-1 and 40 % for 2/ent-2 respectively (Scheme 1).

Polymerization was achieved in THF/ethanol mixtures by
the Ni-initiated merry-go-round mechanism™ reactions accord-
ing to the work of Yashima,”' resulting in yellow polymers p1
and p2. Even though the polymers derived from the enantio-
meric monomers ent-1 and ent-2 respectively, may slightly differ
in molecular weight and polydispersity, they can be treated as
enantiomers of p1 and p2 to a good approximation. In total,
two different preparations for p1 and p2 as well as one each for
the enantiomers (pla-b, p2a-b, ent-p1, ent-p2) were synthe-
sized in order to prove the reproducibility of the NMR-experi-
ments described in the following (a detailed description of the
syntheses and the polymer characterizations can be found in
the SI).

Due to their high helix inversion barriers, polyisocyanides
belong to the so-called static helical polymers.”'@ Very much
like the polyguanidines studied by Novak™ and ourselves,™
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Scheme 1. Synthesis and polymerization of the isocyanide monomers 1 and
2 and their enantiomers.

the pristine polymer generated immediately after the polymer-
ization reaction is in a so-called kinetically controlled conforma-
tion (KCC). In most cases, this conformation is not the one with
maximum helicity in the polymer backbone. To reach this state
a thermal treatment (annealing) may transform the system into
a thermodynamically controlled conformation (TCC) which
frequently is the one with a higher stereoregularity.

For this reason and to guarantee that every NMR-measure-
ment is based on a polymer in a comparable structural state,
we annealed the polymers for several days (see SI 3.1 for
details) in toluene at 100°C (Figure 1). The success and the
endpoint of this thermal treatment was judged by monitoring
the time dependence of the CD-signal at around 360 nm. In
accordance with Yashimas earlier observations, the t-alanine
derived polymer p1 was generated with a slight left-helical
excess, which developed during the annealing procedure into a
TCC with a predominantly left-handed backbone (Figure 1a).2'?
As expected, the opposite behavior was observed with the
enantiomeric polymer ent-p1.

To our surprise, the L-valine-derived polymer p2 behaves
completely different (Figure 1b). Although the KCC of this
polymer is also weakly left-handed, it develops under helix
reversal into a pronounced right-handed helix with a ©,,, at
360 nm being close to the one of p1 but with inverted sign.
This means that the same absolute configuration at the a-
carbons of the amino acids induce the opposite helical
configuration of the annealed polymer backbone.

Orienting properties of the polymers
All polymers form lyotropic liquid crystalline phases in CDCl;
with a critical concentration at room temperature of approx-

imately 13% (w/w) for p1/ent-p1 and 7% (w/w) for p2/ent-p2,
respectively. The phase transitions were monitored by measur-
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Figure 1. Time dependence of the intensity of the first cotton-effect during the thermal annealing of the polymers p1-a and p2-a in toluene at 100°C. a) For
the alanine derived polymer p1, the originally induced helical sense (left handed) remains the same but the helicity increases strongly. b) The valine derived
polymer p2 on the contrary changes its helical sense from weakly left-handed to strongly right-handed.

ing *H-NMR spectra of the LLC phases including a DMSO-d4
capillary as an external standard. The deuterium signal of the
deuterated chloroform showed either a singlet (isotropic
solution) or a doublet caused by the quadrupolar coupling
(Avg) in the anisotropic LLC-phase. Close to the critical
concentration, p1/ent-p1 forms a biphasic system consisting of
an isotropic and an anisotropic phase. Thus, the simultaneous
measurement of isotropic and anisotropic parameters with a
single sample is possible, as previously described.!"

The phases formed in a 16% solution of p1 and a 10%
solution of p2 in CDCl; were stable between 250 K and 320 K
with a strong temperature dependence of the quadrupolar
splitting (Figure 2). Moreover, at the given concentrations, the
alanine derived phase (p1) gives rise to considerably higher
values for the splitting than the valine derived one (p2), which

4 P1-b [PIN(L)AIa*]
A

v
Y dec: A
p2a [PIN(L)Val™] ~Av,

v A
v AV v

A
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A
Va
Va
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Figure 2. Temperature dependence of the quadrupolar splitting Av, of LLC
phases of p1-b (16 % w/w) and p2-a (10% w/w). Red triangles denote data
points measured during heating, blue triangles during cooling.
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leads to the expectation that the degree of orientation in the
former is higher than in the latter.

We started our study on the orienting properties of these
phases with both enantiomers of isopinocampheol (IPC). This
terpene alcohol was chosen for a number of reasons. It is a
conformational rigid bicyclic system displaying well-separated
signals in its 'H- as well as the "*C-spectrum. Moreover, it is
commercially available in both enantiomeric forms and has
been used by many other groups to judge the orienting
properties of new alignment media.

Therefore, t,-coupled HSQC spectra of both IPC enantiomers
in LLC phases of p1 and p2 were measured, using the CLIP-
HSQC pulse sequence introduced by Luy.?

The resulting spectra showed pleasantly narrow lines, which
allows a precise extraction of RDCs by the determination of the
total coupling constants ('T.,) together with the known scalar
couplings ("Jqy) without the occurrence of any strong coupling
artifacts (Figure 3). Gratifyingly, both polymers were able to
align IPC in a satisfactory manner, resulting in RDCs within a
range of |'Dey| <39 Hz for p1-b (~ 16 %w/w; Avy~500 Hz) and
|'Deyy| <10 Hz for p2-b (~14%w/w; Avy~300 Hz) respectively
(see SI 5).

The experimental RDCs (‘Dexp) together with DFT optimized
structures (B3LYP/6-311+G(d,p)) were used to calculate the
alignment tensor by singular value decomposition® using our
recently developed software package ConArch®'**®% Follow-
ing the standard procedure for the verification or falsification of
structure models, the alignment tensor serves as a basis to
back-calculate theoretical RDCs.”” The quality of fit of exper-
imental and back-calculated RDCs forms the basis for the
decision in favor or against the model. Usually this is done by
comparing Pearson correlation coefficients, scaled versions
thereof like the Cornilescu Q-factor®” or the Akaike information
criterion (AlC-values).”® Although common practice, this proce-
dure may fail because both the experimental and especially the
back-calculated couplings are afflicted with errors.” The latter
couplings are affected by the quality of the structure models
used for their calculation, which is particularly important when
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Figure 3. a) 125 MHz CLIP-HSQC spectra of (+)-IPC in isotropic solution (500 MHz, 300 K, CDCl,, black contours), (+)-IPC in 16 % (w/w) p1-b (red) and (—)-IPC in

16 % (w/w) p1-b (blue). b) 125 MHz CLIP-HSQC spectra of the enantiomers of

IPC in 14% (w/w) p2-b (same color encoding as for the samples in p1. Only the

cross peaks of the isotropic samples (black contours) have their correct spectral position with respect to CDCl;. The other peaks have been shifted to avoid

overlap.

diastereomers with their respective conformational spaces are
compared.

This problem does not occur when the orientational differ-
ences of two enantiomers in a homochiral alignment medium
are to be compared. In this case, the reference structure is the
same and, therefore a potential difference in the alignment
tensors can be used as a measure for the capability of the chiral

For (+)- and

0.90).

them in LLC phases of inverted stereogenic elements (ent-p1
and ent-p2).

The data in Table 1 discloses some trends concerning the
orienting properties of the two media and their respective
enantiomeric forms.

1) All analytes with the above-mentioned spectrum of func-
tional groups are compatible with both LLC-phases.

medium to differentiate the enantiomers of a given chiral 2) Judged from the quadrupolar splitting of the deuterium
analyte. For this purpose the intertensor angle f§ or its cosine signal of the chloroform solvent, which is much higher in
(generalized cosine beta: GCB) is calculated” in which a GCB of alanine-derived p1 than in valine-derived p2 (and is
cosff=1 means no differentiability, whereas a GCB of cos=0 significant even when taking the small differences in the
means maximum difference of the tensor orientations. polymer concentrations into account), one may get the
(—)-IPC two different sets of RDCs and impression that p1 generally orients more strongly than p2.
consequently two different alignment tensors were obtained This is not the case as can be derived from the correspond-
from the HSQC measurements in p1-b. The GCB for these two ing GDO values. For example, the small, spherical secondary
tensors was found to be 0.45 indicating a pronounced alcohol IPC (#1/2) gets strongly oriented in p1 (GDO
enantiodifferentiating capability (or DOE) of the medium (4)-IPC=12.6-10"%/(—)-IPC=18.6-10"%) but much less in
(Table 1, #1/2).2 The same is true for the valine derived p2 (GDO ((+)-IPC=4.5-10"%/(-)-IPC=5.0-10"%). On the
polymer p2-b, although the effect was much smaller (GCB= other hand, the opposite is true for the fructose acetonide
(#5/6), which is a 6-membered ring secondary alcohol too.
To learn more about the capability of the polyisonitrile This may be due to the elongated shape of the latter,
based LLC-phases not only to differentiate between enantiom- entailing the conclusion that for the Val-polymer p2 shape
ers but also about their functional group tolerance, we recognition may be more important than for the Ala-
investigated the orientational behavior of 11 different analytes polymer (p1). In accordance with this expectation, sparteine
displaying various functional groups including alcohols (men- (#21/22) with a large aspect ratio, against the common
thol, fructoseacetonide), aldehydes (perilla aldehyde), ketones trend, gets stronger oriented in p2 than in p1.The much
(carvone, camphor), amines (nicotine, strychnine, sparteine) and stronger orientation of camphor (#11/12) in p2 as compared
hydrocarbons (a-pinene, 3-caryophyllene; Table 1). to p1 remains unclear at the time being.
Exact sample compositions, coupling constants and fit 3) In most cases, p1 and p2 orient analytes of the same

parameters for all analyte/alignment medium combinations can
be found in the SI (Table S2). For analytes available in both
enantiomeric forms, media with identical stereogenic elements
were used to determine the respective GCB-values. For
compounds available only in one enantiomeric form, we
generated the diastereomorphous interaction by orienting
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absolute configuration quite differently (homochiral compar-
ison, last column in Table 1). This is especially pronounced
with alcohols, ketones and hydrocarbons. One may spec-
ulate that this can be traced back to the fact that the helical
sense of p1 is opposite to p2 despite the same absolute
configuration in the amino acid side chain as already
described. This combination of stereogenic elements leads
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to an interaction between the polymer and the analyte
which would be diastereomorphic in nature when one
neglects the constitutional difference of the amino acid side
chains, thus emphasizing the stereochemical relations (e.g.:
(H)-IPC| (S)-Ala | M-helix | | (+)-IPC| (S)-Val | P-helix).  Interest-
ingly, this seems not to be the case. The homochiral
comparison of (+)-IPC aligned in left-handed p1-b and
right-handed p2-b yielded a low GCB of 0.39. But, if one
replaces p2-b by ent-p2-b which is also left-handed, then
the GCB is even lower (0.18)! This in turn may be taken as an
indication that the combination of different sidechain
constitutions (Me vs iPr) and configurations (S-Ala vs R-Val),
together with the same helical sense of the polymer (M)
generates a maximum difference in orientation.

4) The enantiodifferentiating capability of the alanine derived
polymer p1 is generally more pronounced than that of the
valine-derived polymer p2 (especially with the alcohols; see
also Figure 4).

5) In both phases it is possible to orient olefinic hydrocarbons
like a-pinene and B-caryophyllene, whereby the latter is
surprisingly strong enantiodifferentiated in p1 (GCB=0.68!).

6) Noteworthy enantiodifferentiation with ketones occurs only
with p1. Especially the enantiomers of carvone orient very
different in p1-b (GCB=0.48).

|GCB|

[ Alcohol [ Ketone [ Amine

_1pt

[ Aldehyde [ Hydrocarbon YN p2

Figure 4. GCB plot for the investigated analytes in alanine- (filled) and valine-
derived (shaded) polyisocyanides p1 and p2, respectively.
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7) Given the fact that amino acid derived polyisocyanides
stabilize their helical structure by H-bonding, it is remarkable
that both phases are stable to a number of bases
(strychnine, nicotine, sparteine). Even with perilla acid in p1
we were able to evaluate HSQC spectra and extract RDCs.
Unfortunately, we got only five which makes a calculation
and comparison of the alignment tensors useless.

8) If one compares the polyisocyanides discussed here with the
orienting properties of the polyacetylenes with identical side
chains described earlier,* it is very interesting to note that
despite a roughly tenfold larger quadrupolar splitting of the
former, the RDCs measured with the same analytes are of
comparable magnitude. With p1 and p2 the RDCs are in the
range of 1 to 10% of the quadrupolar splitting whereas with
the polyacetylenes they are between 10 and 70% of Av,,.
This means that there is no obvious correlation between the
alignment strength felt by the solvent CDCl; and the
analytes, which in turn means that cross-polymer compar-
isons of orientational properties based on the quadrupolar
splitting of the solvent are invalid!

Conclusion

The orienting properties and enantiodifferentiating capability of
lyotropic liquid crystalline (LLC) phases formed in concentrated
CDCl;-solutions of two helically chiral polyarylisocyanides and
their enantiomeric pendants were investigated. Despite the
identical absolute configuration of the side chain stereogenic
centers, after thermal annealing, the t-alanine derived polymer
p1 forms a left-handed helix whereas the polymer with L-valine
derived side chains p2 forms a right-handed helix. The func-
tional group tolerance of the LLC-phases was studied using a
set of 11 different analytes displaying a broad range of different
functional groups. Both phases were compatible with all
analytes including aliphatic and aromatic amines as well as
carboxylic acids. Moreover, especially the alanine derived
phases p1 and ent-p1 strongly differentiate the enantiomers of
chiral alcohols. Albeit to a lesser, but still significant extend, the
same is true for ketones. The smallest effect is seen with the
amines. The comparison of the alignment tensors derived from
the same analyte enantiomer in both phases (homochiral
comparison) suggests a higher contribution of the molecular
shape to the orienting mechanism in the p2-phase as compared
to the p1-phase. In most cases these orientational differences
are very pronounced but, interestingly, cannot be traced back
to the inverted helical sense in these polymers. Further studies
to learn more about the complex, multidimensional orienting
mechanisms are ongoing.

Experimental Section

Experimental Details for the monomer, polymer and phase
preparations as well as sample compositions and tensor compar-
isons can be found in the Supporting Information.

© 2022 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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