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Abstract—The enantiodifferentiating [4+4] photocyclodimerization of anthracenecarboxylic acid (AC) mediated by native, mono-
and di-3,6-anhydro-c-cyclodextrins was investigated in both aqueous solution and solid-state. The solid-state photolyses gave inher-
ently disfavored head-to-head photodimers in much higher chemical and optical yields than in the aqueous solution.
� 2007 Elsevier Ltd. All rights reserved.
Stereocontrol is a critical issue in chiral photochemistry
from the mechanistic and synthetic points of view.1 Pho-
tolysis of ordered substrates in the solid-state is a unique
and efficient approach to the stereocontrolled photo-
products,2 enabling the absolute asymmetric synthesis
without using any external chemical or physical chiral
source.2a,b A variety of photoreactions, which are inert
or unselective in solution-phase, proceed in good stereo-
selectivity within the clathrates of chiral compounds
formed by cocrystallization.3 Similarly, amorphous
supramolecular complex of substrate with chiral host,
such as cyclodextrins (CDs),4 modified zeolites,5 and
chiral nanopore,6 can be subjected to asymmetric photo-
reactions. Of chiral supramolecular hosts, CDs, trun-
cated cone-shaped macrocyclic oligosaccharides, are of
our particular interest, possessing an inherently chiral
hydrophobic cavity which accommodates a wide range
of organic guests.7 We have recently reported the enan-
tiodifferentiating [4+4] photocyclodimerization of
anthracenecarboxylic acid (AC) mediated by natural
and synthetic hosts, which affords four photodimers,
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that is, achiral anti-head-to-tail (HT) photodimer 1 and
syn-head-to-head (HH) photodimer 4, and chiral syn-
HT photodimer 2 and anti-HH photodimer 3 (Scheme
1).8 Native c-CD can significantly accelerate the photo-
cyclodimerization of AC by forming stable 1:2 host–
guest complex in aqueous solution, and afford HT pho-
todimers in good yield and enantiomeric excess (ee).8a It
has been shown that the relatively low stereoselectivity
for HH photoproducts can be improved by using modi-
fied c-CDs and also by manipulating the external effec-
tors, such as temperature, solvent, and pressure.8b–d In
this work, we demonstrate that the stereoselectivity
can be manipulated or even switched by changing the
reaction media from solution to solid-state in the photo-
cyclodimerization of AC mediated by mono- and di-3,6-
anhydro-c-CDs 5–9 (Scheme 2).

Photoirradiation of AC with native c-CD in pH 9.0
aqueous buffer solution gives the HT photodimers (1
and 2) in ca. 90% combined yield and ee of 41% for
2.8a It is obvious that the electrostatic repulsion between
the two anionic AC molecules accommodated in the
same cavity discourages the formation of HH photodi-
mers in aqueous solution. To avoid this repulsive inter-
action, we attempted to carry out the photoreaction
under acidic condition. However, this is unsuccessful
due to the very poor solubility of AC at pH lower than
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Scheme 1. Photocyclodimers formed upon irradiation of AC.
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Scheme 2. Chiral hosts employed for the enantiodifferentiating photocyclodimerization of AC.
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Figure 1. IR spectra of AC (dashed line), c-CD (dotted line), and a 1:1
mixture of AC and c-CD (solid line).
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5.0 (pKa of AC at 25 �C is 4.18).9 We then examined the
CD-mediated photodimerization in the solid-state,
where two AC molecules in the cavity are electrically
neutral and hence no longer repulsive to each other,
giving more chance to the HH photodimers.

The solid-state complex was prepared by mechanically
grinding an equimolar mixture of AC and c-CD with
a mortar and pestle, and a KBr pellet containing the
resultant complex was examined by IR, UV, and circu-
lar dichroism spectroscopy. As shown in Figure 1, the
carbonyl’s stretching vibration shifted from 1685.5 to
1687.4 cm�1 in the IR spectra, presumedly due to a par-
tial loss of hydrogen-bonded AC dimers as a result of
the inclusion into the CD cavity. The solid-state circular
dichroism spectrum, obtained by averaging the spectra
measured at two rotation angles perpendicular to each
other, showed strong induced circular dichroism signals
at the AC’s 1Bb and 1La bands (Fig. 2), unambiguously
demonstrating inclusion of AC into the CD cavity.

Photolysis of the solid-state complex sandwiched by two
Pyrex glass plates was performed at room temperature
by using a high pressure mercury lamp fitted with a Tos-
hiba UV-35 glass filter, and the reaction mixture was
subjected to the HPLC analysis on tandem columns of
Inertsil ODS-2 and Chiralcel OJ-R. In marked contrast
to the strong preference for HT photodimers (89% rela-
tive yield) upon solution-phase photodimerization med-
iated by native c-CD, the inherently disfavored HH
photodimers became the major products (63% yield)
upon solid-state photolysis (Table 1). This suggests that
the HH arrangement of AC pairs is much favored in the
solid-state complex, which is rationalized by the absence
of the electrostatic repulsion between the two anionic



Figure 2. UV (dotted line) and circular dichroism (solid line) spectra of
1:1 mixture of AC and c-CD.
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AC-carboxylates and the elimination of the steric repul-
sion between the solvation shells around the carboxyl-
ate. The yield of the chiral photodimer 2, which is the
most abundant product (46% yield) in the solution-
phase reaction, was greatly suppressed to 11% with
accompanying decrease in ee from 41% to 6.1%. On
the other hand, photolysis in the solid-state greatly
improved the yield of the HH photodimer 3 to 27.7%
and slightly increased its ee from �1.2% to �5.1%.

The dramatic switching of stereoselectivity observed
upon solution versus solid-state irradiation encouraged
us to further examine the supramolecular photochiro-
genesis using modified c-CDs 5–9,10a which bear one
or two 3,6-anhydroglucose residues at the A, B to A,
E positions of the CD ring. The 3,6-anhydroglucoside
unit takes a 1C4 chair conformation with its 2-OH direc-
ted toward the cavity interior.10 Thus, the incorporation
of 3,6-anhydroglucose residue(s) into c-CD distorts the
cavity shape from C8 symmetry to C1 or C2 symmetry,
and therefore the photocyclodimerization with these
Table 1. Photocyclodimerization of AC mediated by native and 3,6-anhydro

Medium Host Relative yieldc (%)

1 2 3 4

Aqueous solution c-CDb 42.9 46.3 6.1
5 42.0 45.3 7.1
6 42.7 44.5 7.7
7 43.3 43.1 8.6
8 44.2 41.4 7.8
9 52.4 35.0 7.1

Solid-state c-CD 26.3 11.2 27.7 3
5 35.9 21.2 22.1 2
6 27.1 19.7 30.8 2
7 26.1 17.3 33.4 2
8 25.7 18.2 34.5 2
9 32.6 17.4 31.9 1

a A 1:1 mixture of AC and native or modified c-CD was irradiated at 366 nm
filter at 0 �C for photoreactions in aqueous buffer solution (pH 9.0) and a

b Ref. 8a.
c The conversions after 2 h irradiation were >95% and 11.5–18.7% for solutio

ee were determined by using a tandem column of Intersil ODS-2 (GL Scie
d Positive/negative ee sign corresponds to the excess of the first/second-elute
e [3+4]/[1+2].
modified c-CDs is expected in general to afford distinctly
different isomer- and enantioselectivities from those
obtained with native c-CD.

However, most of the modified c-CDs gave product
distributions very similar to that obtained with native
c-CD at least upon irradiation in aqueous solutions,
excepting the C2-symmetric host 9 which preferred
anti-HT photodimer 1 (52% yield) at the expense of
syn-HT photodimer 2. All of the modified c-CDs gave
lower ee’s for 2 and only slightly improved the ee of 3
up to �3.9% (by using 8) or gave the antipodal 3 in
2.7% ee (by using 7). These results may be attributed
to the increased flexibility of the c-CD ring caused by
the introduction of 3,6-anhydroglucoside unit(s), which
disrupts the hydrogen bonding network on the second-
ary rim of c-CD, making the ring structure too flexible
to strictly confine the included AC pairs in solution.

Photolyses of AC complexes with 5–9 were then
performed in the solid-state to give the results shown
in Table 1. Contrary to the solution-phase irradiation,
the solid-state photolyses afforded HH photodimers 3
and 4 in greatly improved combined yields of 43–63%.
In particular, the yield of chiral HH photodimer 3
was increased from 6–9% to 31–35% by using di-3,6-
anhydro-c-CDs 6–9. While the ee of 2 was reduced
irrespective of the hosts examined, the ee of 3 was signifi-
cantly increased up to �37% upon irradiation with 6.
Consequently, the isomer- and enantioselectivities
obtained in the solid-state are nicely complementary to
those in aqueous solution, where both yield and ee of
3 are poor. It is also noted that mono- and in particular
di-3,6-anhydro-c-CDs afford much higher ee’s (�16% to
�37%) for 3 than native c-CD (�5.1% ee) in the solid-
state. The wide variation of ee, reflecting the relative
position of the anhydroglucoside units in 6–9, reveals
the crucial role of host structure on the product’s ee.
-c-CDs in solution and solid-statea

% eec,d Product ratio

2 3 HH/HTe anti/syn

1/2 3/4

4.7 41.2 �1.2 0.12 0.93 1.47
5.6 36.7 �2.7 0.15 0.93 1.26
5.1 33.1 �1.7 0.15 0.96 1.51
5.0 12.8 2.7 0.16 1.00 1.72
6.7 15.6 �3.9 0.17 1.07 1.16
5.5 38.3 �0.6 0.14 1.50 1.29

4.8 6.1 �5.1 1.67 2.35 0.80
0.8 5.1 �28.6 0.75 1.69 1.06
2.4 8.7 �36.6 1.14 1.38 1.38
3.2 2.7 �32.5 1.30 1.51 1.44
1.6 6.3 �15.8 1.28 1.41 1.60
8.1 5.3 �34.8 1.00 1.28 1.89

by using a high-pressure Hg lamp fitted with a Toshiba UV-35 glass
t room temperature for solid-state photoreactions.

n-phase and solid-state photoreactions, respectively. Relative yield and
nce) and Chiralcel OJ-R (Daicel); error in ee: ±0.7%.
d enantiomer, respectively.
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Figure 3. Circular dichroism spectra of 1:1 mixture of AC with 6 in
aqueous solution (thin dotted line) and solid-state (thin solid line), and
with 8 in aqueous solution (thick dotted line) and solid-state (thick
solid line).
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It should be pointed out that the enantiodifferentiation
in this CD-mediated photocyclodimerization may
involve two distinct mechanisms, that is, the population
of diastereomeric 1:2 host–guest complexes in the
ground state and their relative reactivity in the excited
state. However, the high photodimerization quantum
yield11 and the extremely efficient fluorescence quench-
ing upon inclusion of two ACs in a c-CD cavity8a both
observed in aqueous solutions indicate that the diaste-
reodifferentiating 1:2 complexation is the major source
of enantioselectivity of the photoproducts. To explore
the difference in complex structure, the circular dichro-
ism spectra of AC complex with c-CDs (6 and 8) were
examined in solution and solid-state. As illustrated in
Figure 3, completely different circular dichroism spectra
were obtained in aqueous solution and in the solid-state,
supporting that the switching of the stereoselectivity is
primarily attributable to the varied arrangement of AC
pairs in the ground state.

In summary, we demonstrated for the first time that the
isomer- and enantioselectivity of photocyclodimeriza-
tion of AC mediated by native and 3,6-anhydro-c-CDs
are switched in the solid-state versus aqueous solution.
Further studies on the structure of these supramolecular
complexes and mechanistic details of the switching of
the stereochemistry are currently in progress.
References and notes

1. (a) Rau, H. Chem. Rev. 1983, 83, 535; (b) Inoue, Y. Chem.
Rev. 1992, 92, 741; (c) Griesbeck, A. G.; Meierhenrich, U.
J. Angew. Chem., Int. Ed. 2002, 41, 3147; (d) Inoue, Y.;
Ramamurthy, V. Chiral Photochemistry; Marcel Dekker:
New York, 2004.
2. (a) Sakamoto, M. Chem. Eur. J. 1997, 3, 684; (b) Tanaka,
K.; Toda, F. Chem. Rev. 2000, 100, 1025; (c) Gamlin, J.
N.; Jones, R.; Leibovitch, M.; Patrick, B.; Scheffer, J. R.
Acc. Chem. Soc. 1996, 29, 203; (d) Scheffer, J. R.; Xia, W.
J. Top. Curr. Chem. 2005, 254, 233; (e) Koshima, H. Chiral
Photochemistry; Marcel Dekker, 2004, p 485.

3. (a) Tanaka, K.; Toda, F.; Mochizuki, E.; Yasui, N.; Kai,
Y.; Miyahara, I.; Hirotsu, K. Angew. Chem., Int. Ed. 1999,
38, 3523; (b) Gerdil, R.; Barchietto, G.; Jefford, C. W. J.
Am. Chem. Soc. 1984, 106, 8004; (c) Mortko, C. J.;
Garcia-Garibay, M. A. J. Am. Chem. Soc. 2005, 127, 7994.

4. (a) Yang, C.; Inoue, Y. In Cyclodextrin Materials Photo-
chemistry, Photophysics and Photobiology; Douhal, A.,
Ed.; Elsevier, 2006; pp 241–265; (b) Rao, V. P.; Turro, N.
J. Tetrahedron Lett. 1989, 30, 4641; (c) Shailaja, J.;
Karthikeyan, S.; Ramamurthy, V. Tetrahedron Lett.
2002, 43, 9335; (d) Pattabiraman, M.; Natarajan, A.;
Kaanumalle, L. S.; Ramamurthy, V. Org. Lett. 2005, 7,
529; (e) Inoue, Y.; Dong, S. F.; Yamamoto, K.; Tong, L.-
H.; Tsuneishi, H.; Hakushi, T.; Tai, A. J. Am. Chem. Soc.
1995, 113, 2793; (f) Fleck, M.; Yang, C.; Wada, T.; Inoue,
Y.; Bach, T. Chem. Commun. 2007, 822.

5. Sivaguru, J.; Natarajan, A.; Kaanumalle, L. S.; Shailaja,
J.; Uppili, S.; Joy, A.; Ramamurthy, V. Acc. Chem. Soc.
2003, 36, 509.

6. Gao, Y.; Wada, T.; Yang, K.; Kim, K.; Inoue, Y.
Chirality 2005, 17, 19.

7. (a) Rekharsky, M. V.; Inoue, Y. Chem. Rev. 1998, 98,
1875; (b) Easton, C. J.; Lincoln, S. F. Modified Cyclodex-
trins; Imperizl College Press: London, 1998; (c) Liu, Y.;
Chen, Y. Acc. Chem. Soc. 2006, 39, 681; (d) Tomatsu, I.;
Hashidzume, A.; Harada, A. J. Am. Chem. Soc. 2006, 128,
2226; (e) Kato, J.; Kakehata, H.; Maekawa, Y.; Yamash-
ita, T. Chem. Commun. 2006, 4498; (f) Lim, C. W.; Ravoo,
B. J.; Reinhoudt, D. N. Chem. Commun. 2005, 5627; (g)
Yuan, D.-Q.; Kishikawa, N.; Yang, C.; Koga, K.;
Kuroda, N.; Fujita, K. Chem. Commun. 2003, 416; (h)
Kano, K.; Nishiyabu, R.; Asada, T.; Kuroda, Y. J. Am.
Chem. Soc. 2002, 124, 9937; (i) Okano, L. T.; Barros, T.
C.; Chou, D. T. H.; Bennet, A. J.; Bohne, C. J. Phys.
Chem. B 2001, 105, 2122.

8. (a) Nakamura, A.; Inoue, Y. J. Am. Chem. Soc. 2003, 125,
966; (b) Nakamura, A.; Inoue, Y. J. Am. Chem. Soc. 2005,
127, 5338; (c) Yang, C.; Nakamura, A.; Wada, T.; Inoue,
Y. Org. Lett. 2006, 8, 3005; (d) Yang, C.; Nakamura, A.;
Fukuhara, G.; Origane, Y.; Mori, T.; Wada, T.; Inoue, Y.
J. Org. Chem. 2006, 71, 3126; (e) Wada, T.; Nishijima, M.;
Fujisawa, T.; Sugahara, N.; Mori, T.; Nakamura, A.;
Inoue, Y. J. Am. Chem. Soc. 2003, 125, 7492; (f) Nishijima,
M.; Pace, T. C. S.; Nakamura, A.; Mori, T.; Wada, T.;
Bohne, C.; Inoue, Y. J. Org. Chem. 2007, 72, 2707.

9. Lange’s Handbook of Chemistry, 15th ed.; Dean, J. A.,
Ed.; McGraw-Hill: New York, 1999.

10. (a) Fujita, K.; Yamamura, H.; Imoto, T.; Fujioka, T.;
Mihashi, K. J. Org. Chem. 1988, 53, 1943; (b) Gadelle, A.;
Defaye, J. Angew. Chem., Int. Ed. Engl. 1991, 30, 79; (c)
Ashton, P. R.; Ellwood, P.; Staton, I.; Stoddart, J. F.
Angew. Chem., Int. Ed. Engl. 1991, 30, 80; (d) Yamamura,
H.; Ezuka, T.; Kawase, Y.; Kawai, M.; Butsugan, Y.;
Fujita, K. Chem. Commun. 1993, 636.

11. Tamaki, T.; Kokubu, T.; Ichimura, K. Tetrahedron 1987,
43, 1485.


	A remarkable stereoselectivity switching upon solid-state versus solution-phase enantiodifferentiating photocyclodimerization of 2-anthracenecarboxylic acid mediated by native and 3,6-anhydro- gamma -cyclod
	References and notes


