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Abstract—By using three types of viologen derivatives, we synthesized chiral charge-transfer (CT) complexes with an axially chiral
1,1’-bi-2-naphthol molecule and successfully controlled the crystal structure and inclusion ability of the third component by chang-

ing the viologens.
© 2006 Elsevier Ltd. All rights reserved.

The donor—acceptor interactions in a complex that leads
to charge-transfer (CT) absorption have been attracting
attention with regard to their photo and electronic prop-
erties.! In the field of supramolecular chemistry, donor—
acceptor interactions have also received considerable
attention as an intermolecular force for constructing
and controlling a network structure.? Especially, 1,1'-
bi-2-naphthalene derivatives are most important chiral
sources for deriving various chiral supramolecular
complexes. Recently, we reported the crystallization
behavior of supramolecular CT complexes with chiral-
or racemic(rac)-1,1’-bi-2-naphthol derivatives as an
electron-donor molecule and p-benzoquinone as an
electron-acceptor molecule.> However, when a chiral
1,1’-bi-2-naphthol molecule without a substituent was
used, crystallization of a chiral CT complex with
p-benzoquinone molecule was not observed. Moreover,
although 7,7,8,8,-tetracyanoquinodimethane (TCNQ),
tetracyanobenzene (TCNB) molecules and other benzo-
quinone derivatives were tried as an electron-acceptor
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molecule, crystallization of a chiral CT complex could
not be observed with chiral 1,1’-bi-2-naphthol molecule.
In this letter, we report the crystallization of chiral CT
complexes by using viologen derivatives (la—c) and
chiral 1,1’-bi-2-naphthol molecule ((R)-2). Viologens are
diquaternary salts of 4,4’-bipyridine and act as elec-
tron-acceptor molecules.* In this system, 1a—¢ molecules
are used as electron-acceptors and as a stereo-control
unit, and the chiral (R)-2 molecule acts as an electron-
donor and a chiral source unit.

Cl- = CI”

la: R=Me, 1b: R=CH,Ph, 1¢: R=Ph

The complexation behavior of 1,1’-dimethyl-4,4’-bipy-
ridinium dichloride (MVCl,, 1a) and chiral (R)-2 mole-
cules was studied. 6.5 mg of 1a and 10.0 mg of (R)-2
were dissolved in an ethanol(EtOH) solution (4 ml) with
heating and left to stand at room temperature. After a
few days, many crystals (I) (9.7 mg) were produced.
From the analysis, these crystals contained la and
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Figure 1. Diffuse reflectance spectrum of 1a (blue), (R)-2 (black) and

complex I (red).

(R)-2 molecules. The color of these crystals was deep red
and quite different from those of the component solids.
The diffuse reflectance spectrum of 1a, 2 and complex I
were measured and are shown in Figure 1.3 The spectra
of complex I suggests that the CT complexes were
formed. X-ray analysis was performed in order to inves-
tigate the inclusion style of these molecules. The struc-
ture of these crystals (I) is shown in Figure 2.° The
stoichiometry of the inclusion crystal is 1a/(R)-2/
H,O =1:2:1. The (R)-2 molecule (blue molecule in
Fig. 2) is connected by a hydrogen bond of a water mole-
cule (purple ball in Fig. 2), which is included in ethanol
and a chloride anion (green ball in Fig. 2) along the a-
axis and forms a single unit (Fig. 2a). When the packing
diagram of the crystal is observed along the a-axis, this
unit forms a hydrogen-bonded wavy layered structure
(Fig. 2b). The entire structure of this crystal is a layered
structure stacked along the b-axis. The folds of the adja-
cent wavy layers face each other, and a vacant space is
generated between them. This space functions as a chan-
nel-like cavity that extends one-dimensionally along the
direction of the g-axis. In this cavity, the MV (1,1'-di-
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methyl-4,4'- b1pyr1d1n1um) cations are trdpped Interest-
ingly, the MV?" cations (green molecule in Fig. 2) are
arranged one-dimensionally along the running direction
of the cavity. The distance between the molecular cen-
ters of the adjacent MV>' cations is 9.6 A. These
MV?* cations are sandwiched between two (R)-2
molecules.

A rac-2 molecule was used instead of the chiral (R)-2
molecule. The crystallization of the two compounds
from an ethanol solution produced deep red crystals.
From the X-ray analysis, these crystals were identical
to the chiral crystal I. The HPLC analyses of these crys-
tals (CHIRALPAK AD (Daicel), MeOH, 1.0 ml/min,
25 °C, 254 nm) also suggested that one crystal is com-
posed of an enantiomerically pure chiral 1a molecule.
Interestingly, the rac-2 molecule was enantioselectively
divided by the formation of a CT complex with the 1a
molecule. In other words, this crystallization process
of 1a and rac-2 molecules is a system of spontaneous
resolution. Hence, this chiral crystal I can be easily
obtained from the rac-2 molecule. At the same time, a
small amount of different orange crystals (II) was ob-
tained.® From the analysis, these crystals contained both
(R)-2 and (S)-2 molecules. However, from the X-ray
analysis, the space group is P2, and the stoichiometry
is 1a/(R)-2/(S)-2/H,O = 1:1:1:2. The structure of this
chiral crystal is shown in Figure 3. When the packing
diagram of this crystal is observed along the a-axis
(Fig. 3), the (R)-2 (blue molecule in Fig. 3) and (S)-2 (or-
ange molecule in Fig. 3) molecules have a supramolecu-
lar hydrogen-bonded 3D network through the water
molecules (purple ball in Fig. 3), which are included in
ethanol and chloride anions (green ball in Fig. 3). The
MV?* cations are arranged two-dimensionally along
the a- and b-axis into the 3D-network structure.

Next, the structural change due to the steric effect of

a viologen cation was investigated. Two types of violo-
gen molecules, that is, 1,1’-dibenzyl-4,4'-bipyridinium
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Figure 2. (a) Hydrogen-bonded wavy layered structure of a single unit that is parallel to the g-axis in 1a(R)-2-H,O (I). (b) Packing structure observed

along the g-axis.
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Figure 3. Crystal structure of 1a:(R)-2:(S)-2-H,O (II) observed along
the b-axis.

dichloride (BVCl,, 1b) and 1,1’-diphenyl-4,4’-bipyridi-
nium dichloride (PVCl,, 1¢), which have bulky substitu-
ents, were used. Crystallization in two combinations
(1b—(R)-2 and 1c¢—(R)-2 systems) was attempted. In both
cases, a lot of red crystals were obtained. From the anal-
ysis, the ethanol molecule was contained as a third com-
ponent in the 1b—(R)-2 system. Then, the inclusion style
of the ethanol molecule and its crystal structure were
analyzed. The X-ray analysis revealed that the stoichio-
metry of the inclusion crystal is 1b/(R)-2/EtOH =
1:2:1. The structure of these crystals (III) is shown in
Figure 4.7 This structure differs from the other structures
(I and II) since a network structure is not constructed. In
this crystal, two (R)-2 molecules (blue molecule in
Fig. 4) are connected by a hydrogen bond with a hydr-
oxyl group through chloride anions (green ball in Fig. 4),
and a dibenzylviologen cation (BV>", green molecule in
Fig. 4) resides between two (R)-2 molecules (Fig. 4a).
Two ethanol molecules (red molecule in Fig. 4) are
trapped with each chloride anion by a hydrogen bond.

When the 1c—(R)-2 system was used, colored crystals
were obtained. However, these crystals were necedle
shaped. Hence, the structural information was not ob-
tained from the X-ray analysis. However, these crystals
are composed of 1c¢ and (R)-2 molecules from the 'H
NMR spectrum and it is thought that a CT complex is
formed.

(@) “(b)

Figure 4. (a) An extracted unit structure of 1b-(R)-2-EtOH (III). (b)
Packing structure observed along the a-axis.

Next, recognition ability of 1b and 1¢ molecules to the
axial chirality of rac-2 molecule was studied. In both
viologen derivatives, CT complexes were formed. In
the case of the 1b—rac-2 system, a lot of red crystals
(IV) were obtained. The structure of the crystals (IV)
is shown in Figure 5.8 A pair of (R)-2 and (S)-2 mole-
cules is connected by a hydrogen bond through the chlo-
ride anions in this crystal and a unit is formed in the
same manner as in complex III. However, it differs from
complex III, and the BV?*" cation lies between (R)-2 and
(S)-2 molecules of different units (Fig. 5a). The crystal
structure of this complex is interesting; the BV>" cations
are closely arranged two-dimensionally along the chan-
nel-like cavities, which are parallel to both the a- and
b-axis.

When the lc—rac-2 system was used, a lot of colored
crystals (V) were obtained. The X-ray analysis revealed
that (R)-2 and (5)-2 molecules are included in this crys-
tal (V), and the stoichiometry of this crystal is 1¢/(R)-2/
(S)-2/H,O/EtOH = 0.5:0.5:0.5:1:1.° The characteristics
of the structure differs from those of complex III as these
crystals have a supramolecular hydrogen-bonded 3D
network composed of (R)-2 and (S)-2 molecules
(Fig. 6). The water molecule (purple ball in Fig. 6),
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Figure 5. Crystal structure of 1b-rac-2 (IV). (a) Observed along the b-axis. (b) Observed along the a-axis.
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Figure 6. Crystal structure of lcrac-2 (V) observed along the b-axis.

which is included in ethanol and a chloride anion (green
ball in Fig. 6), links the two (R)-2 and (S)-2 molecules
through hydrogen bonds and contributes to the mainte-
nance of the 3D-network frame. This crystal has a chan-
nel-like cavity that extends one-dimensionally along the
direction of the b-axis. In this cavity, the PV>" (1,1'-di-
phenyl-4,4’-bipyridinium) cations are arranged one-
dimensionally along the running direction of the cavity,
and the distance between the molecular centers of the
adjacent PV>" cations is 13.3 A. In this channel-like cav-
ity, the PV*" cations are sandwiched between (R)-2 and
(S)-2 molecules. The included ethanol molecule (red
molecule in Fig. 6) acts as one of the composition units
of the 3D-network frame.

In summary, a chiral CT complex of chiral 1,1’-bi-
2-naphthol molecule ((R)-2) was successfully created
by wusing viologen derivatives (la—c). The Rac-2
molecule was enantioselectively divided through the
formation of a CT complex with the 1a molecule. The
structure of the CT-complex and the inclusion ability
of the guest molecule could be tuned by changing the
combination of the component molecules. Moreover,
viologens undergo one-electron reduction to yield
strong-colored radical cations and are also used in many
electron-transfer processes.!? So, it is expected that this
type of CT complex can be used for a variety of
conducting and chiral materials.
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