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Abstract — Upon 1:1 complexation with y-cyclodextrin (CyD) in water, easily
interconverting rotational isomers of biphenyl-2,2'-diylbis[bis(4-
dimethylaminophenyl)methylium] (R)/(S)-1a>" were biased to prefer an R
configuration (75 : 25 at 25 °C). Docking and quantum chemical calculations
revealed two modes (on-top and botton-side) of encapsulation of y-CyD, which
shed a light on the origin of the first chiral recognition of axially chiral dicationic

dyes by using natural CyDs.

The triarylmethylium o,0-dimers 17 consist of a novel class of dicationic dyes,! which can be converted
into the corresponding 9,9,10,10-tetraaryl-9,10-dihydrophenanthrenes 2 upon two-electron reduction
(Scheme 1). Thus, they are important components of novel electrochromic materials* based on the
dynamic redox behavior (dyrex behavior)* which is accompanied by reversible formation and cleavage of
a C—C bond upon electron transfer. These dications do not prefer an extended form* but a folded
conformation due to n—m interaction. The face-to-face overlap of the two cationic chromophores in 1%*
is evidenced by characteristic spectra in solution and also confirmed by their X-ray crystallographic

analyses.> For example, as shown in Figure 1, tetrakis(dimethylamino) derivative 1a>" adopts a helically
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[a: X = NMey; b : X = O-(R)-sec-C4Hg]

Scheme 1. "Dyrex" interconvertion of 12* and 2

[X = OMe; OCgH17; OC16H33]
Scheme 2. Configurational stability of binaphthyl-type dications 32*

a) Intramolecular chirality transmission

host
(R)-12* —- chiral host (S)-12*-- chiral host

Scheme 3. Biasing of axial chirality in 12*

Figure 1. Two views of the X-ray structure of (R)-1a*"
in its racemic (SbCl¢), salt. The twisting angle of
biphenyl and the C* -- C* distance are 69° and 3.66 A,
respectively.

folded conformation in the crystal® with a
rough dimension of W 15 x D 7 x H 10 A.
The inner two aryl groups overlap with an
interplanar distance of 3.37 A with a dihedral
angle of 11.5°. A similar geometry is also
expected for 1a%" in solution since the UV-Vis
spectrum exhibits well-split absorptions in the
long-wavelength region [Amax (€) /nm in H>O:
662 (64700), 602 (94500)] as well as in the
short-wavelength Vis-region [431 (28600),
410sh (23200)]. Those pairs of absorptions
result from Davydov splitting of the x-band’
[617 (72800)] and the less-intensive y-band’
[425  (15100)], respectively, of the
corresponding monocation, malachite-green
(MG"). The N-methyl protons of
dimethylaminophenyl groups in 1a*" appear as
two singlets at 3.30 and 3.22 ppm (600 MHz,
D;0), which can be again rationalized by

assuming the similar folded geometry.

The helical conformation endows 1> with strong chiroptical properties such as electronic circular

dichroism (ECD).® Actually, very strong bisignated Cotton effects were observed in the optically pure

binaphthylic dications (R)- and (S)-3%*,° in which the rotation about the central biaryl axis is restricted by
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. . 24
fusing two benzene rings to 1“7 (Scheme 2). "On-top" mode "Bottom-side" mode

However, configurational stability of the

axial chirality is not the essential Me N NMe

requirement for the dications to be ECD

active. There are two ways to gain strong

ECD singals for the configurationally
unstable dications as shown in Scheme 3. (R)-1a2*@y-CyD (5187 @7-CyD
One is the intramolecular transmission of the
Scheme 4. Two modes of encapsulation of 12* by y-CyD

chiral auxiliaries to bias the preference of the

axial chirality, which is realized in the case of tetrakis[(R)-sec-butoxy] derivative 1b**.1°  The other is
the intermolecular transmission of asymmetric information to bias the sense of the axial chirality.!! The
latter is more challenging and still remains an important topic in the field of supramolecular chirality!'*!?
since effective chiral induction is necessary upon complexation between a chiral host molecule and an

easily-racemizing guest molecule.

As the host molecules, cyclodextrins (CyDs) could be promising candidates, which exhibit excellent

4" Due to the instability of cationic species in water,

chiral recognition properties on helical n-systems.
complexations of CyDs with carbocationic guests have not been often studied,'> however, we envisaged
that polar interactions such as C-H -- O hydrogen bonds'® upon association may induce highly
stereoselective complexation for cationic guests with CyDs. In this paper, we report that natural y-CyD
effectively forms a stable complex with the water-persistent dication 1a>",!” while inducing a preference
for an R-configuration for the axial chirality. This is the first successful demonstration of effective
transmission of the host chirality of CyD to the dicationic guest. Docking and quantum chemical
calculations'® indicated two modes of encapsulation of y-CyD toward 1a** (Scheme 4), which confirm the

preference of (R)-1a** upon complexation.

Upon gradual addition of CyDs to a dilute aqueous solution of 1a?"(BF4 ), (1.0 x 107> M) at 25 °C,
continuous changes with several isosbestic points were observed in the UV-Vis spectra for - and y-CyDs
whereas no significant change was observed in the case of a-CyD. The spectral change continued even
after 100-time addition of B-CyD whereas only 4 equivalents of y-CyD were sufficient to achieve
maximum spectral changes (Figure 2), showing that y-CyD with a large cavity is suitable for efficient

complexation with dicationic guest 1a*".

From the non-linear curve-fitting,'® a very large apparent association constant (Kassn = 10° M) was
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Figure 2. Changes in the (a) UV-Vis and (b) ECD
spectra of 1a>*(BF4), (1.0 x 10° M) in H,O upon
addition of y-CyD (1 - 4 eqs) at 25 °C.
Diastereomeric complexes of (R)-1a>"@ y-CyD and
(S)-12%*@y-CyD are equilibrated over the minutes,
and the ECD spectra were measured 30 min after
admixing.

determined for the y-CyD complex (Figure S1).
longer-wavelength region (Amax: 680, 608 nm).
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Figure 3. Job plot for the complexation of 1a*(BFs)>
with y-CyD in H,O at 25 °C using continuous changes of
ECD intensity at 686 nm (blue) and 604 nm (red)
([1a*(BF4)2] + [y-CyD] = 2.0 x 10 M).
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Figure 4. (a) 'H NMR spectrum of 1a*(BFs), in the
presence of y-CyD (1.0 x 107 M, each) in D,O at 65 °C.
(b) Expanded spectum of the aliphatic region.

The splitted x-band of 1a’" was marginally shifted to a

Such an observation must correspond to complexation

of y-CyD and 1a?" without changing its folded conformation. Although the very large Kassn value is the

average of those for (R)- and (S)-1a°, the complexation must proceed diastereoselectively to prefer

one-handedness of the helicity of 1a®" since the complexation-induced large amplitude?® for the positive

couplet at 640 nm [Aext (Ag)/nm: 686 (+155), 604 (—120)] was observed in ECD spectroscopy at 25 °C.

By a Job plot of ECD, the ratio of 1a>" and y-CyD in the complex was determined to be 1:1 (Figure 3).
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Very strong ECD for 1a*"@y-CyD is not due to the 200

] —s5TC
propeller-type  chiral  arrangement of  the 150 - :;28
triarylmethylium chromophores since only weak o0 0

o . | —55C
ellipticity (Ae < 5) was observed for a mixture of the s S

monocationic MG'BFs~ salt and y-CyD in water.

Thus, it is highly likely that the strong Cotton effects
-100 -

result from the exciton coupling of two cationic Y

its i i : -180- length /
units in 1a®", which are arranged asymmetrically wavelength/ nm
with a biased axial chirality of the biphenyl unit in Figure 5. Temperature dependence of the ECD spectra

1a>". Based on the exciton chirality method® on  of 1a*(BF4): (1.0 x 10° M) and y-CyD (4.0 x 10* M) in
H>O over 5 - 65 °C.

the less-intensive negative couplet of 1a**@y-CyD

at 422 nm, a preference for the R-configuration is highly likely since the y-band shows a transition

moment along the C2(biphenyl)-C(methylium) bond, and the negative couplet corresponds to

counterclockwise twisting of the biphenyl axis of 1a*" in the preferred complex.

The diastereomeric excess (de) of (R)-1a**@y-CyD over (S)-1a*"@y-CyD could be estimated to be 35%
on the basis of '"H NMR spectrum [1a**(BFs), and y-CyD (1.0 x 10 M each) in D,0 at 65 °C] since the
N-methyl protons of inner two aryl groups for the two diastereomeric complexes appear as well-separated
resonances of different intensities (Figure 4). The less stable (S)-1a%>"complex has a resonace at 3.21
ppm, which is more shifted to the high field than that for (R)-1a**complex (3.23 ppm), showing that
(S)-12%"@y-CyD adopts a geometry with more effective n-m overlap. Although diastereoselectivity is
expected to be higher at lower temperatures, temperature-dependence of de could not be fully evaluated

based on NMR spectroscopy due to significant line broadening (Figure S2).

On the other hand, the complexation-induced ECD signal reversibly and steadily increases with a
decrease in the temperature from 65 °C to 5 °C (Figure 5). Since the complexation equilibrium was
confirmed to lie so far to 1a**@y-CyD even at 65 °C under the conditions adopted in the VT-experiment
(1a**: 1.0 x 107 M; y-CyD 4.0 x 10* M), the ECD intensity must be proportional to the diastereomeric
excess of (R)-1a%*@y-CyD relative to (S)-1a*>*@y-CyD. The high value of 50% de at 25 °C was deduced
by extrapolation (AG = 0.65 kcal mol ™! at 25 °C) and demonstrates the excellent transmission of the host

chirality of y-CyD to dicationic guest 1a>" upon complexation.

Aiming to fully capture the chemical interactions that govern the chiral recognition process, further
quantum mechanical and docking simulations have been carried out, since we have already shown that

molecular modeling methods are very useful for understanding the encapsulation process with CyDs.!'®
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As illustrated in Figures 6 and 7, theoretical simulations revealed two modes of encapsulation in y-CyD,
and the stable docked structures are different for (R)-1a*>" (on-top mode) and (S)-1a>" (bottom-side mode).
Only the on-top mode of complex was obtained for (R)-1a*>"@y-CyD upon docking simulations whereas
only the bottom-side mode complex of (S)-1a**@y-CyD was observed, suggesting that configuration of
1a**completely switches preference for the encapsulation mode of y-CyD.?!  Although docking approach
provides a valuable qualitative description of the encapsulations phenomena, more accurate quantitative
analysis is required with applying higher levels of theory, e.g., quantum calculations. Consequenlty, the
best docking poses were refined through DFT calculations by using the same M06-2X meta-hybrid
functional and the larger 6-311++G(d,p) basis set to better resolve the relative energies of
(R)-12%*@y-CyD and (S)-1a*>*@y-CyD. According to our calculations, the (R)-1a*>*@y-CyD is 0.86 kcal

mol ! more stable than its (S)-counterpart, which backs up the experimentally observed selectivity.

Figure 6. On-top mode encapsulation in the most Figure 7. Bottom-side mode encapsulation in the most
stable complex of (R)-1a%" with y-CyD obtained by DFT stable complex of (S)-1a?* with y-CyD obtained by DFT
calculation. The twisting angle of biphenyl and the C* calculation. The twisting angle of biphenyl and the C*
-- C' distance in (R)-1a*" are 74.0° and 3.91 A, -- C' distance in (S)-1a*" are 70.3° and 3.80 A,
respectively. respectively.

SUMMARY AND FUTURE WORKS

This paper describes the details on the first successful chiral recognition of triarylmethylium o,0-dimers
1% by natural CyDs. Efficient complexation of tetrakis(dimethylamino) derivative (R)- and (S)-1a>"
with y-CyD in water occurs diastereoselectively to prefer (R)-isomer. Although (R)- and (S)-1a*" are
easily interconvertible, the biased axial chirality could be fixed in a form with higher configurational
stability. Exploring the effective chemical transformations to fix the supramolecular chirality into the

molecular chirality is the next challenge of this work.!”
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The origin of diastereoselectivity was clarified by DFT calculations with revealing two different modes of
encapsulation, and thus demonstrating the usefulness of the approach for docking and quantum chemical
calculations on the CyD complexes.'® Studies on other complexes are now underway to clarify the

chiral recognition properties of CyDs.

EXPERIMENTAL
Materials. CyDs are commercially available and used as recieved. Dicationic salt 1a**(BF4), was

prepared as we reported previously (ref. 6)

Docking and Quantum calculations. All geometrical parameters of both (R)- and (S)-isomers of
1a>" were fully optimized at the M06-2X/6-31G(d,p) level of theory,?? as implemented in Gaussian 09.%
Further vibrational calculations were conducted at the optimized structres to confirm that they correspond
to a real minimum in the potential energy surface rather than a saddle point, which can be confirmed by
the absence of any vibrational mode associated with an imaginary frequency. Atomic charges were

obtained with the widely used Merz-Singh-Kollman ESP method.?**°

The optimized structures of triarylmethylium o,0-dimers 1°* were next docked into y-CyD. The initial
v-CyD model system was built up with the crystal structures available at Protein Data Bank?® (PDB) with
code 2ZYK, since it was obtained at resolutions of less than 2 A. Molecular docking calculations were
carried out using default parameters with Lead Finder.?” During docking simulations y-CyD was kept
rigid, and triarylmethylium o,0-dimers 1>* were treated as flexible. Only the on-top mode of complex was
obtained for (R)-1a>"@y-CyD upon docking simulations whereas only the bottom-side mode complex of
(S)-1a%>*@y-CyD was observed among the top ranked complexes. Eventually, the relative stability of
(R)-1a%*@y-CyD (on-top) and (S)-1a**@y-CyD (bottom-side) is predicted by directly comparing the total
electronic energy of best poses at the M06-2X/6-311++G(d,p) level of theory in kcal mol .
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