¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

Vibrational circular dichroism studies of
exceptionally strong chirality inducers in liquid
crystalsT

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2021, 23,10021

@ Valentin P. Nicu, ©2° Lucas Visscher, €2 ¢ Christian Kuehn,®
9 Mireille Krier,® Harald Untenecker,® Ulmas Zhumaev,©

*af

Mark A. J. Koenis,
Matthias Bremer,
Bernd Kustner® and Wybren Jan Buma

7,7'-Disubstituted 2,2’-methylenedioxy-1,1'-binaphthyls are highly efficient chirality inducers in nematic
liquid crystals. The absolute configuration of these compounds is, however, hard to determine as they
only crystallize as racemic mixtures. In this work a Vibrational Circular Dichroism (VCD) study is reported
that provides an unambiguous determination of the absolute configuration of these compounds. An
in-depth General Coupled Oscillator (GCO) analysis of the source of the VCD signal reveals that the
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DOI: 10.1039/d1cp00854d unusual structure of these binaphthyl compounds inherently leads to strong and robust VCD bands.

Combined with linear transit calculations, our VCD studies allow for the determination of key structural
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1 Introduction

Liquid Crystals (LCs) are unique mesophase materials that have
properties of both liquids and solids." Although they are best
known for their applications in liquid crystal displays, their use
ranges from polarisers, reflectors and lasers to artificial muscles,
bio-sensors and drug delivery agents.> > Beyond this wide range
of applications, liquid crystal science had also contributed
significantly to our understanding of how symmetry breaking
can modify the physical behaviour of materials. A well-known
phenomenon is the doping of a non-chiral LC with chiral
molecules, which even at seemingly insignificantly low concen-
trations of the chiral compound can induce helical structuring of
the LC.**'* The extent to which a chiral dopant is able to induce
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helical structure is expressed as its helical twisting power
(HTP)."> This HTP is highly dependent on the molecular struc-
ture of the dopant and the strength of the dopant/solvent
interactions.'® As yet, the rational design of such molecules is
still a formidable challenge since structure-property relations
are not trivial'”*® and because it is extremely difficult to apply
HTP theory to this purpose.'®>*

Recently, a study was published on 7,7'-disubstituted 2,
2'-methylenedioxy-1,1’-binaphthyls which showed that these
compounds have extremely high helical twisting powers.”®
These molecules have axial chirality due to the configuration
of the binaphthyl group which is kept in place by steric
interactions. A priori one would assume that the two long
branches of the molecule (see Fig. 1) form helical grooves for
the LC to follow, and thus be a dominating factor in determining
its HTP. Such a reasoning could indeed very well explain the
large HTP values found for this type of molecules. At the same
time, it would imply that the handedness of the dopant induces
a similar handedness of the LC phase. In order to elucidate why
these molecules have such high HTP values -and potentially
develop in a rational manner novel compounds with even higher
HTPs-it is important to compare the twist in these compounds
with the helical twisting they induce in LCs.

The standard method to determine the absolute configu-
ration of a chiral molecule is X-ray diffraction (XRD).>” This
technique requires, however, the formation of crystals of a
single handedness. Upon crystallizing the binaphthyl com-
pound it was quickly discovered that only crystals consisting
of racemic mixtures were formed, causing this technique to be
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Fig. 1 Schematic representation of the molecular structure of 1 high-
lighting the dihedral angle 7 that controls the axial chirality. Panels a and b
show two possible choices for the GCO fragments. The red and blue
colours highlight the important GCO fragments, while the moieties in
black represent the unimportant groups.

unable to determine the absolute configuration of the mole-
cule. Electronic Circular Dichroism (ECD) - which measures
the difference in absorption of left- and right-circularly polar-
ized light (circular dichroism) for electronic transitions is used
extensively to determine the axial chirality of compounds with a
1,1’-binaphthyl (BINAP) or 1,1’-bi-2-naphthol (BINOL) chromo-
phore. The disadvantage of the technique is that it is primarily
sensitive to the electronic properties of these chromophores
and does not provide further information on the spatial struc-
ture of the chromophores nor on the parts that are not involved
in the electronic transition. In particular for extended systems
and for compounds that can adopt several conformations such
as the ones of interest here this is a significant drawback.

A less known technique capable of determining the absolute
configuration of chiral systems is Vibrational Circular Dichroism
(VCD).**>! This technique measures the circulair dichroism for
vibrational transitions and as such is intrinsically sensitive to the
detailed molecular structure. However, in order to come to a
reliable assignment of the absolute configuration and retrieve
structural information, a careful comparison between the experi-
mentally recorded VCD spectrum and theoretically predicted spec-
tra is required since it is almost never possible to come to an
assignment merely on the basis of the experimental spectrum.>*~"
Such a theoretical modelling can be challenging as the VCD
spectrum is extremely sensitive to the finer details of the molecular
conformation.**** This structural sensitivity arises from the fact
that intense VCD signals often arise from the coupling between
vibrational motions in different parts of the molecule via the
General Coupled Oscillator (GCO) mechanism® - which is the
vibrational counterpart of the well-known exciton-exciton interac-
tions in ECD**** - and this coupling depends strongly on the
relative orientation of the two interacting molecular fragments.
Moreover, under the employed experimental conditions several
conformations might be thermally accessible. As a result, extensive
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conformational searches are needed to ensure that all relevant
conformations are taken into account when simulating the VCD
spectra.

In this work we report a VCD study on one of the proto-
typical 7,7'-disubstituted 2,2’-methylenedioxy-1,1’-binaphthyl
compounds (Fig. 1) referred to in the following as compound 1
whose synthesis has been reported before, but for which the
determination of its absolute configuration using XRD was not
possible.”® We show that application of VCD leads quite straight-
forwardly to the determination of the absolute configuration
of these binaphthyls compounds. Based on an extensive GCO
analysis we elucidate the structural features that are at the basis of
the signs and signal intensities of the bands in the VCD spectrum.

2 Theory: general coupled
oscillator analysis

The VCD signal is computed as the rotational strength, Ry,
which is defined as the product of the electric and magnetic
dipole transition moments (EDTM and MDTM):*

Ro(j) = —Im[Eo:(/)-M1o( )] 1

where Eq,(j) and M;(j) are the EDTM and MDTM of vibrational
mode j from its ground state (0) to its first excited state (1).
Important to notice is that the MDTM is about four to five orders
of magnitude smaller than its electric equivalent. VCD signals are
therefore typically much smaller than vibrational absorption
signals whose intensity is determined by the square of the
EDTMs. Because the MDTM are origin dependent and imaginary
by definition, eqn (1) does not allow a simple and intuitive
interpretation of the sign and magnitude of the VCD signals.

We therefore employ here the recently introduced General
Coupled Oscillator (GCO) mechanism®* VCD analysis. This is a
post-calculation analysis method that decomposes the rotational
strengths computed with DFT into contributions from three
molecular fragments and the interaction between these parts.
Typically, there are two important fragments referred to as the
GCO fragments, and an ancillary fragment. These fragments can
quite often be defined in an intuitive manner as is done in the
present work. Alternatively, a simple optimizing algorithm can be
used to find the best coupling molecular fragments.*® The GCO
analysis decomposes Ry; into three contributions:

Roi(J) = RglcoU) + Rg;(]) + Rgl(j) 2

where Rp; is the VCD intensity originating from the inter-
action between the two selected fragments, Rp; the contribution
originating from the individual selected fragments, while Rg;
contains all contributions from the unimportant parts of the
molecule including its interaction with the selected fragments.
The R$CC term is usually the dominant contribution for vibra-
tions with large VCD intensities****° and is defined as
R§CO() ==L FOO() - [EN) < BRG] @)

where E3, and EE, are the EDTMs associated with the GCO
fragments A and B, v; the frequency of vibration j, ¢ the speed of
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light in vacuum and Y“© the GCO vector.** To have the Y%“°( )
vector fully defined by the choice of molecular fragments, we
have chosen it along the Ef;(j) x Eg(j) vector.

Eqn (2) and (3) allow for a very simple and intuitive inter-
pretation of the VCD signals: the bulk of the VCD intensity of a
mode is determined by the interaction of the EA and EB
currents separated by a distance |Y9“°|. Eqn (3) resembles
the coupled-oscillator equation®’ that in recent years has found
renewed interest as a quick alternative to DFT calculations for
determining the absolute configurations of chiral
compound.*'™** Unlike this equation, eqn (3) is exact and can
be applied to the majority of the normal modes of a chiral
molecule. As will be shown here, the GCO analysis is a very
useful tool, which allows one to understand the exact origin of
the measured VCD signals and to asses the reliability of an
assignment made with VCD.

3 Methods

Vibrational Absorption (VA) and Vibrational Circular Dichroism
(VCD) spectra have been recorded using a Biotools Chiral-2X
spectrometer and a 75 pm BaF, sample cell. Compound 1 was
measured at a concentration of 0.272 M in CDCl;. To correct for
the baseline, spectra of CDCl; were subtracted from the VA and
VCD spectra of the compound. Samples were measured for
48 hours.

Calculations have been performed using the SCM software
suite (2017, r58813).">*” A conformational search was performed
using the program RDKIT embedded in the software.”® 10000
conformations were generated, optimized using the universal
force field (UFF)*® and then filtered using an RMSfilter of 0.1 A
and an energy window of 10 kcal mol'. The resulting 27
conformations were further optimized using Density Functional
Theory (DFT) at a BP86/TZP level of theory®*™* and afterwards
checked for duplicates using an in-house script employing struc-
tural equality criteria, taking two conformations to be identical if
the difference in interatomic distances was less than 0.1 A and the
difference in dihedral angle less than 30°. This led to 9 unique
structures with a binding energy within 2 kcal mol " of the lowest
energy conformation for which analytic frequency calculations
including the computation of the VCD parameters were
performed.>® The resulting spectra were convoluted using a
Lorentzian function with a full-width-at-half-maximum of 8
cm™ ', Computed frequencies were shifted to optimize the overlap
between the calculated and experimental VA spectrum using the
method proposed by Shen et al.>* This resulted in shifting factors
of 1.011, 1.019, 1.006 and 1.011 for the 900-1195, 1195-1275,
1275-1500 and 1500-1800 cm ™" frequency intervals, respectively.

4 Results and discussion

Fig. 2 displays the VA and VCD spectra measured for the
dissolved compound and for the solvent only. Since the inten-
sities of the VCD bands are significantly larger than the base-
line artifacts, the observed small offset can be ignored. Thus,
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Fig. 2 VA (bottom) and VCD (top) spectra measured for 1 at 0.272 M in
CDCl3 (green) and for neat CDCls (black).

even though ideally a racemic mixture should have been used
for the baseline, it is clear that the measured spectrum can
be trusted for the entire spectral region between 950 and
1800 cm™'. In Fig. 3 the Boltzmann-weighted VA and VCD
spectra obtained for the (S) low-energy conformers are plotted
on top of the experimental spectrum. Comparison of measured
and predicted spectra shows an excellent agreement as quanti-
fied by the SimVCD value®* of 0.628. We can therefore safely
conclude that the measured compound has the (S) axial
configuration. VCD spectroscopy, unlike XRD, thus allows one
to easily differentiate between the enantiomers of these com-
pounds and determine their absolute configuration.

To understand the high SimVCD value (0.628), which is
significantly larger than what one would normally expect for
such a large and flexible molecule, a series of GCO analyses
have been performed. First, we note that molecule 1 has two
long branches, which form together a helical structure. Since
the molecule is not symmetric, these two branches most often
have different conformations. However, because their chemical
structure is identical, many normal modes have contributions
from both branches. As a result, the EDTMs associated with the
two branches couple through space. This triggers the GCO VCD
mechanism,*” which in turn induces very intense VCD signals.
A careful analysis of the atomic contributions to the EDTMs of
each branch shows that for most fingerprint normal modes the
contributions of the propyl-cyclohexane group located at
the end of each branch are negligible. Although the majority
of the conformations of 1 are determined by the relative
orientation and conformation of the propyl-cyclohexane
groups, the VCD spectrum measured for the fingerprint spec-
tral region is therefore almost entirely determined by the inner
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Fig. 3 Comparison between experimental spectra (black) and Boltzmann-
weighted spectra (red) calculated for (S)-1 with VA and VCD spectra shown at
the bottom and in the middle, respectively. In the top section the computed
VCD spectra of all nine conformers are shown.

core of the helical structure, which is rigid and does not change
very much among the low-energy conformations. This explains
why the VCD spectra computed for the low-energy conformers
of 1 are so similar as can be seen in the top trace of Fig. 3. For
compounds with several low-energy conformers we have found
in the past that taking the uncertainty in the calculated energy
into account can lead to a significant improvement of the
agreement between the experimental and the computed VCD
spectrum.”® The high similarity of the VCD spectra of the low-
energy conformers of 1 explains why in the present case such
an approach hardly improves the SimVCD value.

To illustrate the key role of the GCO mechanism for this
molecule, we consider the lowest-energy conformer of 1 desig-
nated as C1 and perform a GCO analysis using the molecular
fragments defined in Fig. 1a. In Fig. 4 the experimental VCD
spectrum is compared to simulated spectra obtained by con-
voluting Ry, and its RS C, Ry; and Ry, contributions in the same
manner as the spectrum reported in Fig. 3. As can be seen, the
R§CC spectrum is almost identical to the full spectrum (Ro;)
which reproduces the experiment very well. The spectra asso-
ciated with the Ry, and RY, contributions, on the other hand,
are significantly less intense than R§C° and exhibit only minor,
unimportant features. The same picture emerges from Table 1
where the quantitative result of the GCO analysis are reported
for all dominant VCD modes and which shows that for these
modes RGC is typically 3-5 times larger than the other two
contributions to Ry,. It is therefore clear that the interaction of
the GCO fragments highlighted in Fig. 1a is the primary source
of VCD intensity.
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Fig. 4 Comparison between the experimental VCD spectrum (black) and
simulated spectra (red). Ro; is the spectrum computed for the lowest-
energy conformer (C1). RSEC, RY; and RR; spectra have been constructed
using the contributions to the rotational strength from the GCO analysis
performed for C1 using the GCO fragments defined in Fig. 1la. For the Ro;
and RSEC spectra SImVCD values are given, the SImVCD value for the RSEC
+ R, spectrum (not shown) being 0.597. The VCD band highlighted by a
star is associated with mode 260, which is the only intense mode in the
fingerprint region that requires larger GCO fragments (see Table 1).

Table 1 shows that a GCO analysis using the fragments
defined in Fig. 1a leads for almost all dominant modes to
negligible Rf; contributions. Interestingly, this is not the case

Table1 GCO analysis performed for the intense (|R| > 60) VCD modes of
the lowest-energy conformation of 1. Except for row labeled as “*260",
which was obtained using the GCO fragments defined in Fig. 1b, all listed
modes have been analysed using the GCO fragments defined in Fig. la.

Frequencies are given in cm™, rotational strengths in 10~%* esu? cm?, and
[YECO|in A

NM Freq. Ro1 RSO Ry Roy [Y99°)
195 1070.5 280.7 192.1 88.6 0.0 7.2
203 1119.2 —65.7 —61.6 —5.2 1.1 6.4
217 1189.9 —383.7 —331.6 —40.9 —11.2 4.4
235 1246.5 324.4 266.7 68.7 —10.9 9.0
260 1314.2 129.6 63.3 22.9 43.4 7.2
*260 1314.2 129.6 93.4 37.5 —1.4 10.9
321 1487.5 538.9 529.2 16.3 —6.7 8.1
322 1489.3 —456.8 —478.2 12.8 8.6 8.1
329 1578.3 133.7 130.7 3.9 —0.9 4.8
330 1582.0 —90.6 —108.7 17.1 1.1 5.4
331 1594.2 62.4 80.5 —15.8 —2.4 3.9
332 1594.5 —128.3 —116.5 —15.5 3.8 4.4
334 1604.5 —95.2 —79.7 —14.6 —0.8 4.6
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for mode 260, which is associated with the band highlighted
with a star in Fig. 4. Although the large VCD intensity of this
mode arises from the GCO interaction of the two branches as
well, we find that in this case the GCO fragments need
to include the cyclohexane moiety (see Fig. 1b) in order to
obtain only a minor contribution from Rfy (see *260 row in
Table 1).

Above it has been concluded that the VCD spectrum of the
fingerprint region is predominantly determined by the inner
core of the helical structure. To determine more precisely to
which parts of the branches the VCD spectrum is sensitive and
thus to determine to what extent VCD can elucidate the con-
formational structure of these branches three smaller struc-
tures (C1-S1, C1-S2 and C1-S3) have been considered that were
obtained by removing to an increasing extent the outer parts of
the two branches of the relaxed structure of the lowest-energy
conformer (C1) and adding H atoms to obtain neutral systems
(Fig. 5). For these three new structures VCD spectra have been
calculated without relaxing their structure. These spectra are
compared in Fig. 5 with the experimental VCD spectrum of 1.
As can be seen, C1-S1 and C1-S2 yield SimVCD values that are
slightly larger than that of C1, while the C1-S3 spectrum still
manages to reproduce the experiment surprisingly well
(SimVCD = 0.36). This shows clearly that the experimental
VCD spectrum measured for 1 contains limited structural
information on the outer parts of the two branches. As such,
it can be considered as a signature of the middle part of the

View Article Online
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helical structure, of which the specific details are, however,
determined by the two branches.

Table 1 shows significant variations in the magnitude of the
|Y6“°| vector for the various modes. This magnitude can be
interpreted as the distance between the interacting currents,
and we therefore expect it to reflect the localised/delocalised
character of a given GCO mode. Indeed, we find that modes
involving more localised movements (e.g. on the naphthalene
moieties) have smaller |Y®“°| values as the distance between
the interacting EDTMs is smaller, while the modes involving
movements that are delocalised over the entire GCO fragments
have large |Y9“C| values. Exemplary in this respect is mode
*260 for which larger GCO fragments were needed, and which
in fact has the largest |Y9°°| value.

The axial chirality of 1 is described by a single dihedral angle
7 (see Fig. 1a). Interestingly, we find that our DFT calculations
on the isolated molecule predict a Boltzmann-weighted angle of
68.2° (all angles 7 lying between 67.1° and 69.2°) while in the
XRD studies an angle of 57.0° was found. This difference clearly
shows that the intermolecular interactions present in the
crystal can have a significant effect. As a result, it is important
to investigate the dependence of the computed VCD spectra on
7. On the one hand, the sign of the GCO VCD signals can be
affected by 7.7 On the other hand, t affects directly the proper-
ties of materials based on these compounds and as such it is
important to assess how accurately the calculations can deter-
mine this angle. We have therefore performed linear transit

—
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Fig. 5 Comparison between the experimental VCD spectrum (black) of 1 and spectra simulated for the lowest-energy conformer of 1 (C1) and the
structures C1-S1, C2-S2 and C1-S3 derived from it. Associated SimVCD values given under the label of the structure.
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Fig. 6 (a) Linear transit VCD spectra computed for the lowest-energy
conformer for different values of angle t (see Fig. la). (b) Energies
computed for the lowest-energy conformer for different values of angle 7.

(LT) calculations in which the geometry of the molecule was
optimized for a fixed value of 7 and the associated VCD
spectrum was calculated. Fig. 6a and b show the corresponding
spectra and energies.
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Remarkably, we find that the VCD spectra do not show as
large changes upon variation of t as a priori might have been
expected. In fact, the bisignate band at ~1500 cm ™" is the only
one that exhibits a significant change. To explain this
behaviour, we list in Table S1 (see ESIt) the values of |E“31|,
|ESy|, |ES, x EBy|, and ¢ (the angle made by Ej, and Eg,) for the
GCO modes of the linear transit structures within an energetic
window of ~2 kecal mol™" corresponding to At = +20°. The
overall variations observed for the magnitude and relative
orientation of the interacting EDTMs are small, typically
around 10%. While this leads to some variations in the magni-
tude of the signals, there are no sign changes and the overall
pattern of the VCD spectrum remains unchanged. Conse-
quently, it is clear that the prediction made with VCD for the
absolute configuration of 1 is a very reliable one.

The bisignate band at ~1500 cm ™' is associated with modes
327 and 328, which can be assigned as an in- and out-of-phase
pair of modes. They exhibit the largest VCD intensities of all
fingerprint modes but because their frequencies are very simi-
lar (1487.5 vs. 1489.3 cm ™) a significant amount of their GCO
contributions cancels out. As can be seen in Table S1 (ESIT),
the EDTMs of these two modes and the associated R,; and
RSO values exhibit variations of less than 10% during the LT
scan. We thus conclude that the variation of the total intensity
and the distribution over the negative and positive part of the
band is not caused by changes in the relative orientation of the
interacting EDTMs but by a very small change (~0.9 cm™ ') in
their separation.

Our LT calculations show that the energy profile for varia-
tions of 7 is rather flat, and that in solution one may expect
large-amplitude motions inducing variations in t up to +15°.
Boltzmann-weighting over the associated VCD spectra will,
however, lead effectively to bands with signs and intensities
as calculated for the equilibrium structure. The only outstand-
ing exception is the bisignate band at ~1500 cm ' which
appears to be an excellent ‘sensor’ for this angle. With the
knowledge of the origin of its sensitivity to t, we conclude that
~10° would be a conservative estimate of the accuracy with
which 7 can be determined from a comparison between experi-
mental and calculated VCD spectra.

5 Conclusions

We have presented an in-depth VCD study on an axial chiral
7,7'-disubstituted 2,2’-methylenedioxy-1,1’-binaphthyls com-
pound. Our studies have demonstrated that VCD spectroscopy
is an effective and powerful tool to determine the absolute
configuration of these compounds, which is even more relevant
given that with standard techniques such as XRD the absolute
configuration of the compound could not be determined. We
have shown that the extremely strong and robust VCD bands in
the fingerprint region can be well understood on the basis of a
General Coupled Oscillator (GCO) analysis. Such an analysis
reveals that these bands all originate from the coupling of
vibrational motions of the two arms of the molecule. The fact
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that these arms have the same chemical structure and are
spatially ‘locked’ by steric hindrance is the direct cause for
the strong and stable coupled oscillator VCD signals. Compar-
ison of the structure of the lower-energy conformations with
the structure determined from XRD on racemic crystals has led
to the conclusion that crystal packing significantly influences
the dihedral angle t between the two halves of the compound.
Linear transit calculations indicate that VCD spectroscopy
allows for a relatively accurate determination of this angle.
On a more general level, our studies are a perfect example
showing that VCD spectroscopy is a mature and powerful
means to perform research and analysis in a large range of
fundamental and applied areas.
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