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The rotational strength of a-cyclodextrin (a-CDx) complex with heptylviologen (1,1’-diheptyl-4,4’-
bipyridinium dibromide) was calculated by using the Kirkwood-Tinoco expression. The calculation shows that
electric transition polarized along the long axis of heptylviologen gives negative induced circular dichroism
(ICD) whereas the short-axis polarized transition gives positive ICD, when HYV is axially included in a-CDx and
the electric transition moment is located out of the cavity of a-CDx (above the narrower rim). From the
comparison between the experimental and calculated results, it is concluded that the heptyl chain of heptylviol-
ogen is involved in the cavity while the pyridinium part is situated out of the cavity.

Induced circular dichroism (ICD) has been fre-
quently used to determine the orientation of the aro-
matic molecule included in a-, 8-, and y-CDx’s.17®
The theoretical calculation undertaken thus far is
based on the expression developed by Kirkwood and
Tinoco, and the agreement between the calculated and
experimental results is fairly good.!™%

The calculation presented the general rule that the
transition with an electric dipole moment parallel to
the axis of CDx gives a positive ICD while the transi-
tion with an electric dipole moment perpendicular to
the axis of CDx gives a negative ICD.1"# Although
many experimental data have been analyzed using this
rule, we must remember that this rule is applicable
only when a chromophore is situated in the cavity of
CDx. There has been no calculation dealing with the
complex with the chromophore outside the cavity. For
example, the complex between a-CDx and heptylvi-
ologen (4,4’-diheptyl-1,1’-bipyridinium dibromide;
HV) gives negative ICD,” although HV seems to be
axially included and the electric transition moment is
expected to be parallel to the long axis of HV mole-
cule. The observed ICD spectrum cannot be explained
by the general rule described above. In the present
study, therefore, the calculation is extended to the out-
side region of CDx.

Theoretical

The theoretical rotational strength of the transition
from the ground state (0) to the excited state (a), Roa,
was calculated by the same method as that of Harata et
al.,! using the following Kirkwood-Tinoco expres-
sion.®
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Here €] is the unit vector in the direction of the sym-
metry axis of the bond j in a-CDx; 7; is the vector
directed from the center of the chromophore (bipyridi-

nium moiety) to the bond j in a-CDx; v, is the fre-
quency of the electric transitions of the bond 7 in a-
CDx; eg, is the unit vector in the direction of the
electric dipole moment (uoa) of the transition from the
ground state (0) to the excited state (a) in the chromo-

Table 1. The Frequency of the Electronic Transitions
(v) and Polarizability (az3, ay;) of the

Bonds in a Glucose Residue

Bond poX10715/571  @gy/A3 ay, /A3
C-0 1.67 0.89 0.46
C-C 2.00 0.98 0.27
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Fig. 1. The schematic drawing of a-CDx.
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phore, and v, is its frequency; az; and «;; are bond
polarizability at zero frequency parallel and perpen-
dicular, respectively, to the symmetry axis of the bond
in @-CDx; c is the velocity of light.

The values of a33, a11,%19 and v are shown in
Table 1. The assignment of the electronic transition of
HV was undertaken by the CNDOQO/S-CI calculation.
The electric transition moment was put at the center of
the bipyridinium moiety. The geometry of a-CDx was
derived from the X-ray data of the a-CDx-potassium
acetate complex.!! The axes of the coordinates were
defined as shown in Fig. 1, where the origin of the
coordinates was fixed on the plane determined by the
six Oy atoms. All the Cg-Og and O-H bonds were
neglected owing to the flexibility. Furthermore, the
effects of all the C-H bonds were neglected, for they
may have isotropic polarizability.?

Results and Discussion

As the angle of twist () around the central C-C
bond of HV cannot be determined unequivocally, it
seems to be appropriate that the CNDO/S-CI calcula-
tion is done at each point corresponding to the planar
and angular conformations. In the case of biphenyl,
the angle 6 is about 42° in the gaseous phase,!31%
while it is planar in the crystalline state.’” On the
other hand, in solution 6 is 23°.1® Taking into
account these results about biphenyl, 8 of HV is
expected to be about 0—45°. And so we have under-
taken the MO calculation about the three conforma-
tions (6=0°, 22.5°, and 45°), with the central C-C bond
length of HV fixed to 1.48 A. For the pyridinium
rings, all the C-N and C-C bond lengths and all the
bond angles were assumed to be similar to those of
benzene ring. The other bond lengths and bond angles
were estimated from the standard values. In the CI
calculations, 60 singly-excited configurations were
taken into consideration. In Table 2 are summarized
the calculated wavelengths and symmetries of the
lower singlet states together with the oscillator
strengths. The symmetries were determined on the
assumption that HV has Dgn conformation for ¢=0°
and D, conformations for ¢$=22.5° and 45°. In the
wavelength region under consideration, there can be
seen three transitions. In these transitions, the Ag—Bs,
(or A—B3) transition has the largest intensity, with its
moment directed along the long axis of HV. On the
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other hand, the oscillator strength of the A;—Bg, (or
A—By) transition is only ca. 40% of that of the Ag— B3,
(or A—B;3) one, and the A;—B)g (or A—B)) transition
is negligible as compared with the Ag—B3, (or A—B3)
transition. Experimentally HV has the absorption at
264 nm (D=38.4 debye?), while the CNDO/S-CI calcu-
lation reproduced reasonable wavelengths and dipole
strengths (the Ag—Bsy or the A—Bj transition); =266
nm and D=51.0 debye? at =0°, A=261 nm and D=48.0
debye? at #=22.5°, =250 nm and D=40.0 debye? at
0=45° with the corresponding electric transition
moments along the long axis of HV molecule.

In Fig. 2 is shown the dependence of the rotational
strength of a-CDx-HYV complex on the Z coordinates,
with the X and Y coordinates fixed to be 0A. The
electric transition moment is rotated in the X-Z plane
by the angle ¢ as shown in Fig. 1. Inside the cavity of
a-CDx, the large positive ICD is given at $=0° (max-
imun; 36.3X107% cgs at Z=—0.5A) and the negative
ICD at ¢=90° (minimum; —17.7X1074° cgs at
Z=—0.6A). These results agree qualitatively with
those for 8-CDx complex obtained by Harata et al.!
On the other hand, outside the cavity the sign of the
ICD value is reversed, especially remarkably on the
side of the primary hydroxyl groups (narrower rim) of
a-CDx, with minimum at ¢=0° (—19.6X10740 cgs at
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Fig. 2. The dependence of the calculated rotational
strengths of a-CDx-HV complex on the Z coordi-
nates (X=Y=0A). The directions of the electric tran-
sition moment(the angle ¢) are 0° (—), 30° (———-),
45° (——em ), 60° (—--—), 90° (-+----).

Table 2. Calculated Wavelength (4) and Oscillator Strength (f) of the
Electronic Transitions of Heptylviologen

6=0° =29.5° 6=45°
Type A f Type A f Type A f
nm nm nm
A—B,, 294 000 A—B, 290 002 A—B, 280  0.29
A:—B,, 286 036 A—B, 28 034 A—B, 279  0.06
Ac—B;, 266 090 A—B; 26l 087 A—B; 250  0.75
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Z=—6.1 A) and maximum at $=90° (9.2X10~% cgs at
Z=—6.4A). Asshown in the previous report, methyl-
viologen (1,1’-dimethyl-4,4’-bipyridinium dichloride)
does not give ICD, while HV with hydrophobic alkyl
chains gives negative ICD (R=—5.7X10740 cgs) at 257
nm. It is suggested that in the case of HV the heptyl
chain is included in the cavity of a-CDx and the bipyr-
idinium part is placed outside the cavity.” This spec-
ulation is compatible with the calculated results
shown in Fig. 2. Although there is a possibility that
the Ag—Bgu (or A—B2) transition with the short-axis
polarization may contribute to the positive rotational
strength, the value must be about five times smaller
than that due to the Ag—B3, (or A—B3) transition in
view of the results shown in Table 2 and Fig. 2. Con-
sequently, the contribution from the Ag—Bg, (or
A—By) transition seems to be negligible.

Figures 3—5 show the rotational strength calculated
with moving the position of the electric transition
moment of HV in the X-Y plane, concerning the nar-
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Fig. 3. The rotational strength maps for the a-
CDx-HV complex at Z=—4.0A. (a) $=0°, (b) ¢=
30°, (c) ¢=60°, (d) »=90°. The black area of the
right-hand figures shows the approximate negative
ICD region.
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rower rim region of a-CDx (Z=—4A). In these figures,
the left-hand figures indicate the rotational strength
maps for the a-CDx-HV complex at various ¢ values.
The maps are drawn on the rectangular region con-
taining the X and Y-axes, the electric transition
moment being parallel to the X-Z plane with a given
rotation angle ¢. The right-hand figures in Figs. 3—5
show the approximate negative ICD region (black
region). When Z=—4.0A and ¢=0° (Fig. 3 (a)), the
negative region(black) is located in the centre of the
map while the positive area (white) is far from the
centre. As ¢ increases, the negative region shifts to the
surroundings (Fig. 3 (b), (c)) and at last the central
area becomes positive at $=90° (Fig. 3 (d)). Similar
tendencies are found in the case of Z=—6.0A and
Z=—8.0A (Figs. 4 and 5). The rotational strength
maps for Z=—6.0 A and Z=—8.0 A are relatively simple
and resemble each other, whereas those for Z=—4.0 A is
more complicated (Fig. 3). Although the distribution
of the positive area varies with the Z and ¢ values, it
can be estimated qualitatively from Figs. 3—5 that the
long axis of HV is nearly parallel to the axis of a-CDx,
probably 0=¢< ca. 30°, and the centre of HV is not so
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Fig. 4. Same as Fig. 3; Z=—6.0A.
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Fig. 5. Same as Fig. 3; Z=—8.0A.
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Fig. 6. The schematic drawing of «-CDx-HV
complex.

far from the axis of a-CDx, perhaps within 4—5 A.
From the calculation undertaken in the present
study, it can be said qualitatively that when a chromo-
phore is placed outside the cavity of CDx (especially
above the narrower rim), the transition with an electric
dipole moment nearly parallel to the axis of CDx gives
a negative ICD and the transition with perpendicular
polarization gives a positive ICD. This rule is quite
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the reverse of the general rule presented by Harata et
al. for the chromophore included in the inner region of
B-CDx.Y The estimated structure of the a-CDx-HV
complex is schematically depicted in Fig. 6.

Recently CDx derivatives which bear aromatic
groups bound to the primary hydroxyl groups (nar-
rower rim) have been studied by using CD spectra, as
models of host-guest phenomena.l’”=20 The findings
obtained in the present study may be also useful for
analyzing such CDx derivatives.

The authors wish to thank Dr. Kazutoshi Tanabe,
National Chemical Laboratory for Industry, for his
kind supply of the CNDO/S-CI program.
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