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Abstract O The direct photoisomerization of (E)-4-(1-imidazoyimethyl)-
cinnamic acid (IMC), a thromboxane synthetase inhibitor, to its (2)-
isomer at pH 2.0 was decelerated by B-cyclodextrin (8-CyD) and
heptakis(2,6-di-O-methyl)-8-cyclodextrin (DM-g-CyD). The photosta-
tionary composition [(2)-isomer:IMC ratio} was shifted in favor of IMC.
These effects were much greater with DM-g8-CyD than with the parent
B-CyD. The quantum yield of the photoisomerization was significantly
decreased by complex formation with g-CyDs, whereas the extinction
coefficient of the guest was only slightly decreased. This situation was in
sharp contrast to those observed in less polar solvents and suggests that
the suppressing mechanism with g8-CyD is different from that with less
polar solvent systems. Spectroscopic studies (ultraviolet, circular dichro-
ism, and nuclear magnetic resonance) indicated that IMC is tightly
included in an axial mode in the cavity of DM-8-CyD and that the rotation
of the photoreactive site is sterically hindered. The results suggest that
the suppressing effect of g-CyDs on the photoisomerization of IMC
results mainly from a steric origin.

Cyclodextrins (CyDs) are cyclic oligosaccharides consisting
of more than six glucose units linked by a-1,4-glyeosidic
bonds. They can encapsulate appropriately sized guest mol-
ecules within their hydrophobic cavities.t The photochemical
reactivities of the entrapped guest molecules can be signifi-
cantly modified by such reactions. Fries, Smiles, and Claisen
rearrangements,2—~ Norrish type I and II reactions,® nucleo-
philic substitutions,® trans—cis isomerizations,” dimeriza-
tions,® and oxidations.? Recently, chemically modified CyD
derivatives have received considerable attention with regard
to the construction of artificial enzymes,® analytical re-
agents,!! and drug delivery carriers.!2 From the viewpoints of
reaction control and drug stabilization, CyD derivatives with
enhanced inclusion ability are preferable to the parent CyDs.
However, the use of modified CyDs in the photochemistry field
has been relatively limited. We reported13.1¢ that chlorpro-
mazine and clomipramine, tricyclic antidepressants, were
selectively dechlorinated when photoirradiated with 8-CyDs,
and this effect was much greater with heptakis(2,6-di-O-
methyl)-B-CyD (DM-g-CyD) than with the parent 8-CyD. The
photodecarboxylation of benoxaprofen, an anti-inflammatory
drug, was also decelerated by DM-B-CyD.15 The amplified
effect offered by DM-B-CyD in modifying the rates and
pathways of photoreactions is due to the superior inclusion
ability of the host with the extended hydrophobic cavity.16 We
have investigated the direct E — Z photoisomerization of
(E)-4-(1-imidazoylmethylcinnamic acid (IMC; Scheme I), a
thromboxane synthetase inhibitor,17 that was embedded in
the DM-B-CyD cavity. The decelerating mechanism of DM-
B-CyD is discussed on the basis of the inclusion structure of
the complex.
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Scheme —Photoisomerization of IMC.

Experimental Section

Materials—IMC and the (Z)-isomer were donated by Kissei Phar-
maceutical Company (Matsumoto, Japan). 8-CyD (Nihon Shokuhin
Kako Company, Tokyo, Japan) was recrystallized from water. DM-
B-CyD (Toshin Chemical Company, Tokyo, Japan) was used after
recrystallization from methanol (3x) and water (1x) and was con-
firmed to be a single component by high-performance liquid chroma-
tography (HPLC) and fast-atom-bombardment mass spectrometry
(Jeol JMS-DX303HF, Tokyo, Japan). All other chemicals and sol-
vents were of analytical reagent grade, and deionized double-distilled
water was used.

Spectroscopy—Circular dichroism (CD) and UV spectra were
recorded with a Jasco J-50A recording polarimeter and a Hitachi
U-3200 spectrometer, respectively. All measurements were carried
out in pH 2.0 phosphate buffer [ionic strength (x), 0.2] at 25 °C. Proton
(*H) and carbon-13 (*3C) nuclear magnetic resonance (NMR) spectra
were recorded at 25 °C on a Jeol JNM FX-270 spectrometer operating
at 270.17 and 67.94 MHz, respectively, with sweep widths of 2700 and
15 000 Hz, respectively. The concentrations of the host and guest
were 1.0 x 1072 M in D3P0, solution (pH 1.5). 'H and '*C NMR
chemical shifts are given in parts per million (ppm) downfield from
that of sodium 2,2-dimethyl-2-silapentane-5-sulfonate, as an exter-
nal reference, with accuracies of £0.0011 and +0.014 ppm, respec-
tively. Two-dimensional (2D} NMR spectra [correlation spectroscopy
(COSY) and 2D rotating frame nuclear Overhauser effect spectros-
copy (ROESY)] were recorded on Jeol JNM-EX 400 or GX-400
sPectrometers operating at 399.656 MHz ("H NMR) and 100.40 MHz
(!3C NMR). Representative parameters used to obtain the 2D NMR
spectra were as follows: "H-'H COSY: sweep width, 4000 Hz; scan, 64
every evolution period (¢,) with a pulse delay of 1 s; data matrix,
zero-filled to 512 x 1k (1k is 1 kilobyte of memory); and spectrum
processing, sine bell window function with apodization in both
dimensions; *H-'3C COSY: sweep widths, 25 000 Hz (*3C) and 4000
Hz (*H); delay times, 3.6 and 1.8 ms; scan, 750 every ¢, with a pulse
delay of 1 8; data matrix, 2k X 128 in frequency dimensions (w, and
wy); final matrix, 2k X 512; phase-sensitive ROESY: sweep width,
3501.4 Hz; carrier frequency, 5.6 ppm; spin-lock field, 4 kHz; mixing
time, 250 ms; scan, 64 every ¢, with a pulse delay of 2.4 s; data matrix,
2 x 256 x 512. The NMR signals of IMC were assigned with the aid
of 2D 'H-'H and 'H-'3C COSY experiments, and those of DM-8-CyD
were assigned according to the report of Inoue and co-workers.18

Photolysis—IMC solution (1.0 x 1074 M in pH 2.0 phosphate
buffer, 20 mL) was placed in a 50-mL heat-resistant (Pyrex) beaker
(45 mm id. X 70 mm,; thickness, 1.4 mm) with a Pyrex stopper and
was irradiated at 25 °C, with a merry-go-round-type apparatus. The
light source was a UV-B lamp (Toshiba FL20SE-30, Tokyo) that emits
at 290-320 nm, with a maximum at 305 nm. The distance from the
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sample solution to the lamp was ~350 mm, and the energy intensity
was ~0.1 mW/cm? at 305 nm. At appropriate intervals, an aliquot (1.0
mL) was sampled and analyzed for IMC and the (Z)-isomer by HPLC
under the following conditions: column, octadecyl silica gel reversed-
phase column (LiChrosorb RP-18, 10 um, 4 mm id. X 250 mm);
mobile phase, 0.3% ammonium acetate:methanol (7:2, v/v); flow rate,
1.0 mL/min; detection, UV at 272 nm; internal standard, benzoic acid.
Aerobic and anaerobic conditions were set up by bubbling the
solutions with oxygen and nitrogen, respectively, for 30 min.

Quantum Yield—Light intensities were measured with a ferriox-
alate actinometer!® equipped with a double quartz cell (path length
of each cell, 1.0 cm; face, 2.5 X 1.0 cm); that is, IMC (1.0 x 10"* M
in pH 2.0 phosphate buffer) and potassium ferrioxalate (6.0 x 107> M
in 0.05 M sulfuric acid) solutions were put in the front and rear cells,
respectively. Side faces of the cell were covered with black paper to
avoid entrance of incident light. The cell was positioned in a housing
in front of the lamp and was irradiated through a Pyrex glass. At
appropriate times [within 5% conversion of IMC to the (Z)-isomer],
IMC and the (Z)-isomer were determined by HPLC, and the resulting
ferrous ion was determined spectrophotometrically at 5§10 nm after
complexation with 1,10-phenanthroline. A quantum yield of 1.24 was
used for the formation of ferrous ion at 305 nm.!® The quantum yield
(0.69) was determined with (E)-cinnamic acid under the same con-
ditions as a quantum standard and was in good agreement with the
value (0.70) reported by Bolte et al.20

Results

Effects of DM-B-CyD on Photoisomerization of IMC—
Figure 1 shows typical photoisomerization profiles of IMC in
the absence and presence of DM-B-CyD in phosphate buffer
(pH 2.0). The pH condition was chosen for the convenience of
kinetic measurements, because isomerization at alkaline
condition was very slow. The isomerization obeyed reversible
first-order kinetics, and the mass balance of IMC and the
(Z)-isomer was >98%, indicating no appreciable side reaction,
such as dimerization, under the given experimental condi-
tions. Table I summarizes the forward (k,) and backward (k,)
rate constants and the photostationary compositions [K =
(Z)-isomer:IMC]. The K values were in good agreement with
the ratio k,:k,. The forward reaction was decelerated 2.0 and
1.6 times by the addition of DM-B-CyD and B-CyD, respec-
tively, and the backward reaction was decelerated ~1.3 times.
The photostationary composition (2.82-3.43) of the g-CyD
systems was shifted in favor of IMC, compared with that
(4.37) without B-CyDs. The isomerization of IMC was also
retarded in less polar solvents, such as water~-methanol, that
mimic the apolar environment of the CyD cavity, although
the photostationary composition in such solvents shifted in
favor of the (Z)-isomer.

Quantum yields of the photoisomerization of the IMC (¢g)
and the (Z)-isomer (¢,) are summarized in Table II. The ¢,
values were calculated from eq 121

[(Z)-isomer[IMC] = (¢ * eg)/(¢z * £2) (1)

100 00—

Mole percent
8
T

1 1

0 60 120

Time (min)

Figure 1—Photoisomerization profiles of IMC in the absence and
presence of DM-B-CyD (5.0 x 102 M) in phosphate buffer (pH 2.0, u
= 0.2) at 25 °C. Key: (O) IMC without 8-CyDs; (A) (2)-isomer without
B-CyDs; (O) IMC + (2)-isomer without 8-CyDs; (®) IMC with DM-8-CyD;
(A) (2)-isomer with DM-8-CyD; (H) IMC + (2)-isomer with DM-g-CyD.
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Table I—Photoisomerization Rate Constants (k, and k) and
Photostationary Compositions (K) of IMC In Varlous Systems*

System k, X 10%, min k, x 102, min K
IMC alone 2.63 = 0.08 0.602 + 0.018 44+ 0.2
With g8-CyD® 1.64 + 0.07 0.478 + 0.026 3401
With DM-8-CyD® 1.30 = 0.08 0.496 * 0.002 28+ 0.1
In 50% methanol® 1.84 = 0.08 0.380 = 0.012 49 +0.2
In 50% dioxane® 1.19 = 0.04 0.279 + 0.002 43+ 0.1

a values are expressed as means * standard deviations. 2 5.0 x 1073
M. ¢In phosphate buffer (pH 2.0; u = 0.2) at 25 °C.

Table lI—Photoisomerization Quantum Yields (¢)* and Extinction
Coefficlents (e)® of IMC In Various Systems

System £g €2 de &
IMC alone 8.71 2.34 0.26 0.22
With g-CyD° 7.84 2.34 0.18 0.17
With DM-g-CyD°¢ 7.11 2.41 0.15 0.15
In 50% methanol? 7.60 1.40 0.26 0.29
In 50% dioxane® 7.52 2.04 0.25 0.22

 Concentration of IMC was 1.0 x 10~* M; standard error in ¢ was
within £0.005. © At 305 nm (x1073). 5.0 X 103 M. “In phosphate
buffer (pH 2.0; » = 0.2) at 25 °C.

In eq 1, [IMC] and [(Z)-isomer] are the molar concentrations of
IMC and the (Z)-isomer, respectively, at the photostationary
state, and ez and ¢; are the extinction coefficients of IMC and the
(Z)-isomer, respectively, at 305 nm. The quantum yields of the
forward and backward reactions of IMC were lowered from 0.26
and 0.22 to 0.15 by the addition of DM-B-CyD; this reduction is
greater than that caused by the parent 8-CyD. B-CyDs lowered
predominantly the quantum yields rather than the extinction
coefficients. This situation was in contrast to those observed in
less polar solvents [i.e., in methanol solution, the extinction
coefficients were predominantly lowered, whereas the quantum
yields were almost constant or slightly increased (0.26-0.29))].
These results suggest that the suppressing mechanism of
B-CyDs is different from that of less polar solvents; that is,
B-CyDs affect the photochemical (e.g., isomerization) or photo-
physical (e.g., nonradiative decay) process of IMC after the
Frank-Condon excitation, whereas the light-absorbing effi-
ciency, an initial photophysical step of reactions, is suppressed
in less polar solvents.

Inclusion Complex Formation of IMC with DM-8-CyD—
Spectroscopic studies (UV, CD, and NMR) of the formation of
the IMC—8-CyD inclusion complex were conducted, because
the change in reactivity of IMC seemed to be induced mainly
by a steric effect of the CyDs rather than by a solvent effect.
Figure 2 shows UV and CD spectra of IMC in the absence and
presence of DM-B-CyD and g-CyD. The UV absorption spec-
trum of IMC was simply the superposition of the spectra of
cinnamic acid and 1-methylimidazole and was little affected
by the addition of 8-CyDs. On the other hand, IMC showed a
new induced CD band at ~270-280 nm due to the binding to
B-CyDs, and the intensity was higher with DM--CyD than
with g-CyD. Figure 3 shows the continuous variation plots22
of the changes in ellipticity of IMC at 275 nm. Both g-CyD
systems gave a peak at a 1:1 molar ratio of the guest and host,
indicating a 1:1 stoichiometry of the complexes. Formation
constants, K, = [complex)/[guest] [host], of the 1:1 complexes
were determined by analyzing the induced CD changes as a
function of CyD concentration by means of the Scott method.23
As shown in Table III, the inclusion ability of DM-B-CyD for
both IMC and the (Z)-isomer was much greater than that of
the parent 8-CyD. Scheme II shows the proposed equilibria at
the photostationary state, where K., and K, are formation
constants for IMC and the (Z)-isomer complexes, respectively,



30t
TQ
4
i
. 15
0.0 — L
50+
l?
e N
NI N
x N4 NS
: 25 F N // \\\'.
= 4 .
s e
04 j8
0.0 rd i S
200 240 280 320
Wavelength (nm)

Figure 2—UV (Top) and CD (Bottom) spectra of IMC (5.0 x 1075 M)
in the absence and presence of 8-CyDs (2.5 x 103 M) in phosphate
buffer (pH 2.0, u = 0.2) at 25 °C. Key: (——) without 8-CyDs; (— - ~) with
B-CyD; (- - - ) with DM-B-CyD.
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Flgure 3—Continuous variation plots for IMC—g-CyD systems in phos-
phate buffer (pH 2.0, u = 0.2) at 25 °C. Key: (O) with 8-CyD; (@) with
DM-g-CyD. Total concentration of IMC and 8-CyDs was 5.0 x 1074 M.

Table lIl—-Formation Constants (K)* of B-CyD Complexes with
IMC and (2)-lsomer®

Host Koo M€ Kea MV
B-CyD 510 + 10 390 £ 10
DM-g-CyD 1390 + 30 740 £ 20

# values expressed as mean * standard error. ° In phosphate buffer
{pH 2.0; » = 0.2) at 25°C. “Complex with IMC. Complex with
(2)-isomer.

B-CyDs —= IMC-£-CyD complex

A

(ZFisomer + A-CyDs —— (Z)lsomer-8-CyD complex

Scheme [—Equilibria of IMC—B-CyD complexes at photostationary
state.

and K, and K, are photostationary compositions (Table I) of
IMC and the complex, respectively. These constants must
bear the following relation in the closed equilibrium: K,,K, =
K_,K,. In fact, the observed values fulfilled this relation,
within experimental error: K ,K,/K K, = 1.0-1.2.

The electronic transition of the included guest with a
transition dipole moment parallel to the z axis of the CyD

cavity (Figure 4) gives a positive CD, and that with a
transition dipole moment perpendicular to the z axis gives a
negative CD.2¢ To gain insight into the inclusion structure,
therefore, the theoretical rotational strengths (R,,) of IMC in
the B-CyD complexes were calculated with eqs 2 and 3, which
were developed by Tinoco,25 and compared with the experi-
mental values (the details of the calculation method and
symbols are found in the work of Harata24.26);

azz ~ a11)i(GF);
c(Vi2 = Vaz)

2
Roe = "Vaﬁ‘ﬂazzl)i ( 2)

1
(GF); = iy [(ea*€) — 3(ea*eni) (ei- eci)] (ea X €) e  (3)

1

The dependence of the calculated value of R, on the distance
(d) between the center of the electric dipole moment (u,,) of
IMC and that of the DM-8-CyD cavity (Figure 4) are shown
in Figure 5 (left panel). B, was calculated by placing the p,,
vector along the z axis and moving the center of the vector
from —5 to 5 A in increments of 0.5 A. The center of the
DM-B-CyD cavity was fixed at the center of gravity of the
plane consisting of the seven glycosidic oxygens (Figure 4).
The calculated R, value depends on the angle () between the
Ho.a vector (located at the gravity) and the z axis (Figure 5,
right panel) as the u,, vector is rotated around the y axis from
0 to 90° in increments of 10°. A maximum CD band with
positive sign can be observed when the center of the u_, vector
is located ~2 A below the plane of the glycosidic oxygens
(Figure 5). The positive CD intensity of IMC will decrease
with increasing inclination of the u , vector from the z axis,
and the positive sign changes to a negative sign when the ¢
value is beyond ~50°. The experimental rotational strengths
(R) of the DM-B-CyD and 8-CyD complexes were determined
tobe 6.27 x 10*° and 4.94 x 10%° cgsu (cgs units), respectively,
by analyzing the UV and CD spectral data (Figure 2) accord-
ing to eq 427:

R =0.696 X 10™*272[6) 02 A/ Ampax 4)

In eq 4, [6],,,,, is the maximum value of the molar ellipticity,
A is the half-band width at 1/e of maximum ellipticity, and
Amax i8 the wavelength at the absorption maximum. These
results indicate that the center of the u,, vector of IMC should
be located within the range ~=3.5-1 A from the glycosidic
plane of DM-S-CyD to give an R value of >6.27 x 10* cgsu
and that its direction should be slightly inclined from the z

Figure 4—Coordinate systems and carbon numberings for IMC (Right)
and glucose unit of DM-g-CyD (Left).
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Figure 5—Dependence of caiculated R,, values on distance (d, Left)
and angle (¢; Right).

axis. Compared with the DM-B8-CyD complex, the p,, center
in the B-CyD complex may be moved 0.5 A further to the
narrow side of the cavity, consisting of the methylated
primary hydroxyl groups. Molecular orbital calculations on
cinnamic acid?8 suggest that the UV absorption band of IMC
around 270 nm can be assigned to an intramolecular charge-
transfer band and that its transition moment is directed to
23.7° with respect to the x’ axis of IMC (Figure 4). Therefore,
we assume that the IMC molecule is included in an axial mode
in B-CyDs [i.e., the x’ axis of IMC is parallel to the z axis of
the cavity (Figure 6), and IMC is included more deeply in the
DM-B-CyD cavity than in the 8-CyD cavity].

The inclusion structure of the IMC-DM-B-CyD complex
was further confirmed by NMR spectroscopic studies. Table
IV and Figure 7 summarize the >C NMR chemical shifts and
shift changes of the guest and host molecules for the IMC-
DM-8-CyD system. The '3C NMR signals (C1 and C2) of the
imidazole moiety were largely shifted downfield (1.07 and
0.52 ppm, respectively), whereas the signals due to C3-C10
carbons were shifted upfield. The acrylic acid moiety showed
an alternating change of sign (—1.79, 0.65, —1.38, and 0.058
ppm for the COOH, Ca, CB, and C8 carbons, respectively).
Inoue et al.2% showed that, theoretically, the carbons included
in the hydrophobic cavity are largely shielded compared with
the deshielded carbons located around the wider side of the
CyD cavity consisting of secondary hydroxyl groups. There-
fore, the results (Figure 7) suggest that the benzene moiety of
IMC is situated in the hydrophobic center of the DM-S-CyD
cavity and that the imidazole moiety is located around the
wider side of the cavity or oriented outside of the cavity. The
alternative carbon-13 displacement of the acrylic acid moiety
may be due to the enhanced inductive effect of the carboxylic
acid in the hydrophobic CyD cavity.30 The IMC-induced 3C
NMR shift changes of DM-8-CyD were relatively large for the
C1, C3, C5, and C6 carbons of the host. The large shift changes
of the C1 and C6 carbons may be due to conformational

Figure 6—Proposed inclusion structure of IMC—-DM-g-CyD complex in
solution.
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Table IV—'3C NMR Chemical Shift Changes of IMC and
DM-g-CyD for IMC-DM-8-CyD System in pH 1.5 Phosphate Buffer

Chemical Shift of IMC,

Carbon ppm

80. 8CyDb A%
C1 136.09 137.16 1.07
Cc2 120.10 120.62 0.52
Cc3 121.98 121.68 -0.30
C4 52.31 52.09 -0.22
(0] 134.81 134.44 -0.37
Cs6, C10 129.08 128.95 -0.13
C7,C9 128.97 128.38 -0.59
cs 134.81 134.87 0.06
o] 145.45 144.07 -1.38
Ca 118.40 119.05 0.65
COOH 170.79 169.01 ~1.79

Chemical Shift of
DM-5-CyD, ppm

&’ Smc® Aoy’
Ci 99.25 99.49 0.25
Cc2 81.39 81.35 -0.04
C3 72.15 72.38 0.23
C4 81.25 81.67 0.14
Cs 70.02 70.26 0.25
Ccé 70.65 70.41 -0.24
C2-OCH,;, 59.31 59.45 0.14
C6-0OCH;, 58.40 58.43 0.03

 Chemical shift of IMC alone. ® Chemical shift of IMC with DM-g-CyD.
© 8cyp — . “ Chemical shift of DM-B-CyD alone. ® Chemical shift of
DM-B-CyD with IMC. ! 8,c — 5.

-0.13 -0.59

1.07

Figure 7—'3C NMR chemical shift displacements (ppm) of IMC (1.0 x
1072 M) and DM-S-CyD (1.0 x 1072 M) due to inclusion complexation
in phosphate buffer (pH 1.5). Positive values indicate downfield shifts,
and negative values indicate upfield shifts.

changes around the glycosidic bond and the C5-C6 bond,
respectively, through the inclusion of IMC, because of the
high flexibility of these bonds. The large shifts of the C3 and
C5 carbons may support the formation of an inclusion complex
with IMC, because these carbons are located inside the cavity.
In the 'H NMR spectra, the H3 proton of DM-3-CyD showed
a marked upfield shift (0.249 ppm), whereas the shifts of the
H1, H2, and H4 protons, which are located outside the cavity,
were small (<0.02 ppm). The H5 signal of DM-g-CyD could
not be measured accurately with the 270-MHz spectrometer
because of overlapping with the H6 signals, The parent 8-CyD
gave similar °C and 'H NMR displacements, although the
magnitude of the changes was less than that for DM-8-CyD.



ROESY is particularly useful for detecting nuclei that are
in close proximity and provides information on the orienta-
tion of IMC with respect to the CyD cavity.31-33 Figure 8
shows complete and partial contour plots of the ROESY
spectrum of the IMC-DM-B-CyD system. The cross peaks
connecting the intermolecular protons are as follows: (1) the
C4-H resonance of IMC to the C2-OCHj resonance of DM-
B-CyD and (2) the Ca—H resonance of IMC to the C6-OCHj,
resonance of DM-8-CyD. The essentially identical cross peaks
were observed also in the nuclear Overhauser effect spectros-
copy (NOESY) spectrum of the DM-8-CyD complex. These
cross peaks are due only to the nuclear Overhauser effect,
because they arise between two protons belonging to two
different molecules; they suggest the close contact (<45 A) of
the interacting protons. Figure 6 shows the inclusion struc-

A IMC + DM- 8-CyD
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Figure 8—Complete (A) and partial (B) contour plots of ROESY
spectrum of IMC (2.0 X 1072 M)-DM-8-CyD (2.0 x 102 M) system In
phosphate buffer (pH 1.5). The cross peaks between IMC and DM-8-CyD
resonances are shown by the arrows and dotted lines.

ture of the IMC-DM-8-CyD complex in solution, which we
propose on the basis of the spectroscopic results. The IMC
molecule is assumed to be included in the DM-8-CyD cavity
with the carboxylic acid moiety located around the narrow
side of the cavity and with the imidazole moiety located
around the wide side of the cavity. The 8-CyD complex may
have a similar inclusion structure, although the inclusion of
IMC is shallow.

Discussion

B-CyDs suppressed the photoisomerization of IMC. The
effect was greater with DM-B8-CyD than with the parent
B-CyD. The quantum yield of the photoreaction was signifi-
cantly decreased by inclusion complexation with B-CyDs,
whereas the light-absorbing efficiency of IMC was little
affected, in sharp contrast to results obtained in less polar
solvents. These results suggest that 8-CyD affects the photo-
physical or photochemical decay process after the excitation,
whereas the light-absorbing efficiency (an initial photophys-
ical process) of the guest is suppressed in less polar solvents.
Furthermore, these results suggest that steric factors play a
dominant role in the photochemistry of the complexes, be-
cause the absorptivity of the guest at the wavelength of the
light source in the free state was nearly identical to that in the
complexed state.

The direct E — Z photoisomerization of cinnamic acid shows
a marked multiplicity dependence on para substituents of the
benzene ring34 (i.e., the reaction proceeds via a singlet state
in the case of unsubstituted, p-methyl-, p-methoxy-, and
p-chlorocinnamic acids). It proceeds via a triplet state in the
case of the p-nitro, p-acetyl and p-cyano derivatives. The
direct photoisomerization of IMC may proceed via a singlet
state, because IMC is a p-methylcinnamic acid derivative and
no oxygen quenching was observed (i.e., ¢z and K in the
absence of CyDs were 0.26 and 4.35, respectively, under
anaerobic conditions and 0.26 and 4.37, respectively, under
aerobic conditions; these values in the presence of DM-8-CyD
were 0.15 and 2.82, respectively, under anaerobic conditions
and 0.15 and 2.78, respectively, under aerobic conditions).
Furthermore, no degradation of the imidazole moiety, a
substrate of singlet oxygen, of IMC was observed; therefore,
singlet oxygen was not produced.35

The sum of ¢y and ¢, for the photoisomerization of
(E)-cinnamic acid in aqueous solution (pH 2.0) is 1 (¢ = 0.7
and ¢, = 0.3),20 indicating isomerization without competing
nonradiative decay. On the other hand, the sum of ¢ and ¢
for IMC was ~0.5 and decreased to 0.3 after complexation
with DM-8-CyD. Because IMC was nonfluorescent at room
temperature even in the complexed state, in the lowest singlet
state of (E)-cinnamic acid,36 nonradiative decay may compete
efficiently with the isomerization of IMC. After light absorp-
tion, the IMC molecule is excited to a higher excited singlet
state, maintaining the planar configuration of the double
bond of the styryl moiety, and decays to the ground state
through the lowest excited singlet state, which has a twisted
configuration.2! The excitation ratios of IMC in the free and
complexed states can be almost the same owing to similar
extinction coefficients. Therefore, B-CyDs may inhibit the
decay pathways from the higher to the lowest excited singlet
states (planar to twisted configurations) or from the lowest
excited singlet state to the ground state (twisted to planar
configurations), because the rotational freedom of the reactive
site is at least partly lost in the B-CyD cavity, as expected from
the structure of the inclusion complex. This loss of rotational
freedom would favor the nonradiative decay of IMC in the
complex. Such steric hindrance by DM-8-CyD was reflected in
the larger decrease of ¢g (0.26 to 0.15) relative to that of ¢,
(0.22 to 0.15), because the isomerization of (E)-cinnamic acids
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to (Z)-forms has a higher rotational barrier compared with the
reverse reaction.?!

Ramamurthy and co-workerss” reported that the E — 2
photoisomerization of cinnamic acid esters was little affected
by B-CyD. However, the photoisomerization of IMC was
significantly decelerated by DM-8-CyD, with the enhanced
inclusion ability and the photostationary composition also
shifted in favor of IMC. Therefore, DM-8-CyD is much more
useful than the parent 8-CyD in controlling photoreactions,
particularly for stabilization of photolabile drugs of certain
sizes.
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