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A series of secondary-face-substituted and skeleton-modifiegtlodextrins -CDs) were prepared as

chiral hosts for enantiodifferentiating44] photocyclodimerization reactions of 2-anthracenecarboxylic
acid (AC). These-CD derivatives form stable ternary complexes with ACs, with altroside-bear@Ds
undergoing induced-fit conformational changes upon complexation, and the photocyclodimerization of
AC was, thus, dramatically accelerated. The enantiomeric excess (as}i-tfead-to-headyclodimer

3 was greatly enhanced in general with altroside-beayi@Ps 7—9. Although monoaltro-y-CD 9 and
3A-azido-3-deoxyaltro-y-CD 7 gave2 in ee’s smaller than those obtained with natv€D, 3*-amino-
3A-deoxyaltro-y-CD 8 yielded 2 in much higher ee’s, which is likely to be ascribed to the combined
effects of the less-symmetric cavity and the electrostatic interactions. The influence of temperature and
high pressure on the supramolecular photochirogenic reaction has been investigated in depth. An ee as
high as 71% was obtained for cyclodinin the photocyclodimerization of AC mediated Byat 210

MPa and—21.5°C.

Introduction photosensitization provides a unique tool for transferring the
chiral information from an optically active sensitizer to a

prochiral substrate via noncovalent interactions in the excited
state>~11 By carefully designing the energetic and stereochem-
ical features of the relevant sensitizer and substrate, only a

Achieving a high level of stereocontrol in solution-phase
photochirogenesis is still a great challerigé,with several
strategies having been proposed to achieve chirality control in
solution-phase photochemistty The diastereomeric approach
using a chiral auxiliary introduced to a substrate has been well-  (4) Everitt, S. R. S.; Inoue, YOrganic Molecular Photochemistry
studied and proven to be the most effective strategy in Ramamurthy, V., Schanze, K. S., Eds.; Marcel Dekker: New York, 1999;
controlling the stereoselectivity of photoreactions, despite the V°|('5)3'|n0ue’ Y. Sugahara, N.. Wada, Fure Appl. Chem2001, 73, 475.

inherently low chiral-source efficiency* Enantiodifferentiating (6) Inoue, Y.; Wada, T.; Asaoka, S.; Sato, H.; Pete, Ttem. Commun.
200Q 251.

* Corresponding author. Permanent address: Department of Applied Chem-  (7) Inoue, Y.; Okano, T.; Yamasaki, N.; Tai, &. Photochem. Photobiol.,

istry, Osaka University, 2-1 Yamada-oka, Suita 565-0871, Japan. Fé&1- A 1992 61.

6-6879-7920. Fax+81-6-6879-7923. (8) Nishiyama, Y.; Kaneda, M.; Saito, R.; Mori, T.; Wada, T.; Inoue,
TICORP Entropy Control Project. Y. J. Am. Chem. So2004 126, 6568.
*Osaka University. (9) Kaneda, M.; Nishiyama, Y.; Asaoka, S.; Mori, T.; Wada, T.; Inoue,
(1) Inoue, Y.; Ramamurthy, \Chiral PhotochemistryMarcel Dekker: Y. Org. Biomol. Chem2004 2, 1295.

New York, 2004. (10) Asaoka, S.; Wada, T.; Inoue, ¥.Am. Chem. So2003 125 3008.
(2) Inoue, Y.Chem. Re. 1992 92, 741. (11) Asaoka, S.; Horiguchi, H.; Wada, T.; Inoue,JY Chem. Soc., Perkin
(3) Rau, H.Chem. Re. 1983 83, 535. Trans. 2200Q 737.
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catalytic amount of chiral compound can result in efficient Possessing inherently chiral cavities, CDs have attracted
chirality amplification. In the rather short history of photochi- tremendous interest as molecular reaction vessels to improve
rogenesis, studies on enantiodifferentiating photosensitizationsthe efficiency as well as selectivity of thermal and photochemical
have mostly dealt with unimolecular reactions, while only a reactions2-37 CD-mediated asymmetric photoreactions were
limited amount of effort has been devoted to sensitized investigated for the first time in the solid-state photolysis of a
bimolecular photochirogenesis, examples of which include benzaldehydeS-CD complex by Rao and Turf§.Since then,
photochemical cyclodimerization and polar addition reactfols. a variety of CD-mediated or -sensitized asymmetric photore-
More recently, a new and potentially promising alternative, that actions, including photoisomerizations of cyclooctéfie§ and
is, supramolecular photochirogenesis, has been developed in th&liphenylcyclopropane®, photocyclodimerizations of anthracene
interdisciplinary region comprised of supramolecular, asym- derivativeg®-3140-42 stilbenes’ 4> and coumarin derivative§, 48
metric, and photochemistry. In this strategy, an optically active photocyclizations of tropolone8,and N-alkyl pyridones® as
host molecule provides the chiral environment for photochemi- well as photocycloadditions of phenoxyalkefésiave been
cally transferring chirality to the complexed guest molecule investigated by employing native and primary-face-modified
through weak ground-state interactions, such as hydrogenCDs as chiral hosts in the solution and in the solid states.
bonding, van der Waalsy—x, and hydrophobic interactions. However, the optical purities hitherto obtained from CD-
The orientation of the substrate can be strictly regulated with mediated photochirogenic reactions are low or even not reported.
respect to the chiral host by multiple supramolecular interactions The y-CD-mediated enantiodifferentiating 4] photocy-
so as to guarantee the subsequent effective stereospecificlodimerization of 2-anthracenecarboxylic acid (AC) has re-
photoreaction. cently attracted extensive inter@3£%31.42 Photoirradiation of

To secure highly effective stereocontrol in a supramolecular AC affords four configurational isomefis-4, among whicksyn-
photochirogenesis system, two requisite characteristics arehead-to-tail(synHT) cyclodimer2 andanti-head-to-headanti-
desired for a chiral host. First, the prochiral substrate should HH) cyclodimer3 are chiral, whileanti-HT cyclodimerl and
be strongly bound to the chiral host, and more preferably, the synHH cyclodimer4 are achiral (Scheme 1). NatiyeCD has
host binding accelerates the subsequent photoreaction to minibeen known to form a very stable 1:2 heguest complex with
mize the concurrent photoreaction of free substrate in the bulk AC in aqueous solution, from which the photocyclodimerization
solution. Catalytic turnover caused by a lower binding constant is dramatically acceleratéd! The enantiodifferentiating pho-
for the photoproduct is desirable. Otherwise, a large excess oftocyclodimerization of AC and the separation of the photoprod-
chiral host is required. Second, a chiral environment of the ucts1—4 were first carried out only recentfj with nativey-CD
binding site is essential for executing a highly stereospecific
transformation of the prochiral substrate bound at the chiral site.  (27) Gao, Y.; Inoue, M.; Wada, T.; Inoue, . Inclusion Phenom.
Several successful methodologies have been developed invacrocyclic Chem2004 50, 111. . e - P

(28) Inoue, Y.; Kosaka, S.; Matsumoto, K.; Tsuneishi, H.; Hakushi, T.;

supramolecular photochirogeneses exploiting natural and syn-Tai, A.; Nakagawa, K.; Tong, LJ. Photochem. Photobiol., A993 71,

thetic chiral hosts and templat&s1® Ramamurthy et al.

reported a series of supramolecular photochirogenic reaction

in chirally modified supercages of zeolit€s15 Bach et al. took

61.

s (29) Nakamura, A.; Inoue, YJ. Am. Chem. So@003 125 966.

(30) Yang, C.; Fukuhara, G.; Nakamura, A.; Origane, Y.; Fujita, K.;
Yuan, D.-Q.; Mori, T.; Wada, T.; Inoue, YJ. Photochem. Photobiol., A

advantage of intermolecular dual hydrogen bonding interactions 2005 173 375.

of Kemp’s chiral triacid derivatives with prochiral substrates

to achieve a high diastereo- or enantioselecti¥ity! We have

also reported enantiodifferentiating photoreactions employing

protein?2 DNA,23 and nanoporous materiéfias well as native
and modified cyclodextrins (CD$Y,3! as chiral hosts.
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Commun2001, 1864.
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2002 124, 7982.
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43, 5849.
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excess (ee) of up to 41% aadti-HH cyclodimer3in low ee’s

Yang et al.

face-modified y-CDs will be entirely different from those
obtained by native and primary-face-modifiedCDs. We
further manipulated the supramolecular photochirogenic reaction
by external factors such as temperature and pressure, which were
demonstrated in recent studies to be crucial in controlling the
stereochemical outcomes of photochirogene$is.

Results and Discussion

Complexation Studies.The binding behavior (stoichiometry
and stability) of AC with nativey-CD has been studied
previously to show the formation of a very stable 1:2 host

of <5%. Endeavors have been devoted to the improvement ofguest ternary complex through a 1:1 complex in aqueous

both the chemical and the optical yields ®fby introducing
two cationic groups to the primary face pfCD,30-314%indeed
the chemical and optical yields of cyclodintgwere increased

by 1.8 and 10 times, respectively, by using regioisomers of

dipyridinio-appendeg-CDs?? Also, v-CD derivatives having
two amino groups on the primary rim ofCD significantly
improved the yield and ee of HH cyclodime3sand 4.3° The

solution?°4041To elucidate the complexation behavior of AC
with the modified CDs, NMR, UV-vis, and CD spectral studies
were performed.

NMR Spectral Examinations. '"H NMR spectra of the
modified y-CDs in the presence and absence of AC were
recorded in RO solutions at 33C. The modifiedy-CDs gave
much more complicated NMR spectra than the nativ@D as

chemo- and enantioselectivities of the HH cyclodimers could a consequence of the loss of tGgsymmetry. As exemplified
be precisely regulated by manipulating the multiple controlling in Figure 1, the altroside signals are readily identified because
factors that affect them, including the distance between the two of their substantial deviations from the glucoside signals. Thus,
amino groups, the reaction temperature, and the solventthe glucoside’s H2H6 protons appear in narrow rangesdof

composition? Interestingly, a single flexible diamino sidearm
introduced to the primary face gfCD was shown to be more
effective than the two cationic groups on the primary rim in
improving the chemical yield and ee of thgnHH cyclodimers,
giving 3 in 42% vyield and 41% ee under the optimized
conditions3!

3.47-3.59 ppm (H2, H4) and 3.783.92 ppm (H3, H5, H6),
while the altroside’s protons are spread over a wider range,
exhibiting a great upfield shift for Hland significant downfield
shifts for H2, H4A, and H%. The altroside unit of a mono-
altro-CD derivative is considered to be in a dynamic equilibrium
of three conformersiC,, °S,, and*C; (Scheme 3525759 We

These successful results obtained by using native and primary-measured the vicinatH—'H coupling constant);» of the
face-modifiedy-CDs prompted us to develop a new methodol- altroside’s H1 and H2 protons to assess the conformational

ogy for manipulating the chiral hosguest interactions in the

properties of the altroside ini—9 (Table 1). As judged from

ground and excited states in this supramolecular photochirogenicthe largeJ; > values observed, tht€, and®S, conformers are
system via the exploitation of more sophisticated CD derivatives, thought to be dominant for the altroside residue incorporated

as well as multiple external controlling factors. In this study,
we synthesized a series of secondary-face-modjfi&@Ds5—-9

in derivatives7—9. The J; 2 values of8 and9 (6.0 and 5.6 Hz,
respectively) are appreciably larger than that7of4.4 Hz),

(Scheme 2) as chiral hosts for the supramolecular photochiro-suggesting that the conformational equilibrium is strongly
genic cyclodimerization of AC. Native CDs are composed of dependent on the substituent at tife@sition.

severalo-(1 — 4)-linked glucopyranose units, with the intramo-

The addition of monaltro-y-CD 9 to an aqueous solution

lecular hydrogen-bonding network formed between the adjacentof AC led to significant upfield shifts of the aromatic signals
2-OH and 3-OH group of the secondary face accounting for of AC (Figure 1), which are readily explained by the mutual

the rigid nature of its hydrophobic cavity. Consequently,

ring current effects of two face-to-face stacked AC molecules

chemical modification on the secondary face of CDs will partly accommodated within one CD cavity. Interestingly, the inclusion

break the network to give a more flexible hydrophobic caf4ty.

of AC molecules gives rise to an allosteric change of these

On the other hand, the nucleophilic ring opening of 2,3- altroside-bearing hosts. Thus, the altrosidi’s of both 7 and

mannoepoxides will generate 2,3-inverted CD mutants with
an altroside residu®®, 58 which possess an inherently chiral

cavity of significantly altered size, shape, and hydrophobicity.

9 decreased to 3.6 Hz upon complexation with AC. This means
that the conformational equilibrium of altroside is shifted to
the #C; form to satisfy the steric requirements arising from the

Accordingly, we expect that the chemo- and stereoselectivity inclusion of two AC molecules and further demonstrates that
of the photocyclodimerization mediated by these secondary- these altroside-bearingCDs display enzyme-like behavior to

(52) Fukuhara, G.; Mori, T.; Wada, T.; Inoue, €hem. Commur2005
4199.

(53) Khan, A. R.; Forgo, P.; Stine, K. J.; D'Souza, V. Chem. Re.
1998 98, 1977.

(54) Breslow, R.; Czarnik, AJ. Am. Chem. S0d.983 105, 1390.

(55) Fujita, K.; Chen, W.-H.; Yuan, D.-Q.; Nogami, Y.; Koga, T,;
Fujioka, T.; Mihashi, K.; Immel, S.; Lichtenthaler, F. Wetrahedron:
Asymmetryl999 10, 1689.

(56) Fujita, K.; Okabe, Y.; Ohta, K.; Yamamura, H.; Tahara, T.; Nogami,
Y.; Koga, T.Tetrahedron Lett1996 37, 1825.

(57) Chen, W.-H.; Fukudome, M.; Yuan, D.-Q.; Fujioka, T.; Mihashi,
K.; Fujita, K. Chem. Commur200Q 541.

(58) Yuan, D.-Q.; Tahara, T.; Chen, W.-H.; Okabe, Y.; Yang, C.; Yagi,
Y.; Nogami, Y.; Fukudome, M.; Fujita, KJ. Org. Chem2003 68, 9456.
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bind guests through a substrate-induced-fit mechanism. Upon
complexation with AC, the CD component signals disperse more
widely over the range of 3.36-3.93 ppm rather than undergo
equivalent unidirectional shifts, indicating that the protons of
different sugar units are subjected to nonequivalent shielding
and deshielding effects. This anisotropic effect is very similar
to that observed upon complexation of naphthalene derivatives
and monaaltro-$-CD%” and implies that the bound AC mol-
ecules are not able to freely rotate as a result of the distortion
of the altroside-bearing-CD cavity.

(59) Lichtenthaler, F. W.; Mondel, £arbohydr. Res1997 303 293.
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FIGURE 1. H NMR spectra of (a) AC (2 mM), (b9 (4 mM), and (c) a mixture of AC (4 mM) anél (4 mM) in a pD 9.0 RO buffer solution
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TABLE 1. Vicinal 'H—!H Coupling Constants (1) of the
a-D-Altropyranoid Ring in Mono- altro-y-CD Derivatives 7, 8, and 9

\]1,2 (HZ)
additive 7 8 9
none 4.4 6.0 5.6
AC 3.6 nd? 3.6

ay-CDs (4 mM) and AC (4 mM) in pD 9.0 BD buffer solution at 35
°C. P Not determined.

UV —Vis and Circular Dichroism Spectral Examinations.
The addition ofy-CD derivatives to an aqueous solution of AC
induced notable changes in the bVis spectrum from which
a 1:2 stoichiometry of the hospuest complexation was
determined by the Job plot analy8%sThis result reveals that
the more-or-less irregular cavities of moatbro-y-CDs are still

lc4

Further evidence in support of the 1:2 stoichiometry was
obtained through the circular dichroism spectral studies of the
complexation of AC with modified/-CDs. A clear bisignate
Cotton effect was observed (with its maxima and minima split
by up to 30 nm) at wavelengths corresponding to the major
absorption band of AQcentered at 262 nm) upon the addition
of AC to an aqueous solution &?8° verifying that two AC
molecules are indeed closely packed in the same CD cavity.
According to the exciton chirality theof},the positive first
Cotton effect observed indicates that the dominant orientation
of the 1By, transition moments of two stacked AC molecules
form a right-handed screw in the CD cavity, as illustrated in
Scheme 4 (top), and hence, the cyclodiraderived therefrom
is considered to be the major enantiomer.

From CD spectral titration data, the association constants for
stepwise 1:1K;) and 1:2 complexationKg) were determined

capable of accommodating two AC molecules, as is the casey, the nonlinear least-squares method. Table 2 summarizes the

with native y-CD, and hence, the conversion of a glucoside to

an altroside does not greatly alter the size of the CD cavity.

(60) See Supporting Information for UWis and CD spectral analysis.

(61) Harada, N.; Nakanishi, KCircular Dichroic Spectroscopy Exciton
Coupling in Organic Stereochemistiyniversity Science Books: Sausalito,
CA, 1983.
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TABLE 2. Association Constants for the Complexation of AC with Native and Modifiedy-CDs and Calculated Populations of Free and
Complexed AC Species in Solutions under the Conditions of Photoirradiation

association constaht % population of AG
host Ky (M1 Kz (MY KiKz (10PM~2) Ko/Ky free 1:1 complex 1:2 complex
y-CD¢ 182 & 1)y 56 700 & 1)° 10.3 & 1Y 310 16.9 5.1 78.0
5 174 (0.96Y 17 300 (0.319 3.01 (0.29) 100 28.1 8.2 63.7
6 162 (0.89Y 21500 (0.38) 3.48 (0.34) 130 26.6 7.2 66.2
7 119 (0.65Y 9620 (0.179 1.14 (0.11) 81 40.3 8.3 51.4
8 291 (1.6% 14 600 (0.26) 4.25 (0.41) 50 24.0 115 64.5
9 137 (0.75Y 8630 (0.15) 1.18 (0.11) 63 39.6 9.3 51.1

a Association constants for the stepwise 1:1 and 1:2 inclusion complexations obtainetCatZbpulations calculated for the photolysis solutions at 20
°C, assuming [AC}= 0.8 mM and [host= 2.0 mM. ¢ Reference 299 Relative toK; for nativey-CD. € Relative toK; for nativey-CD. f Relative toK;K;
for native y-CD.

K; and K values thus obtained, as well as the population of y-CD,* and the AC molecule accommodated in the 1:1 complex
free and bound AC species in each solution used for photo- is further protected from external attack of another AC and could
irradiation. As expected from the large cavity size)eCD, be effectively unreactive. Assuming similar situations for the
which is capable of accommodating two AC moleculés s modified y-CDs, we may tentatively conclude that the 1:2
significantly larger tharK; for all hosts investigated. It is noted, complexes o6—9 account for 9+95% of the photoproducts
however, that th&, values for modified/-CDs are significantly obtained under the conditions employed.

smaller by a factor of 0.150.38 than that for native-CD, Kinetic Study of the Photocyclodimerization of AC in the
while the K; values are only moderately reduced or even Presence of 59. To further elucidate the influence of these
enhanced by a factor of 0.64..6, affording more exaggerated modified y-CDs on the photoreaction of AC, we first investi-
variations in the overall binding constants;K5). As judged gated the kinetic behavior of the photocyclodimerization in the
from the Ko/K; ratio (Table 2), the modified CDS—9 show presence of these hosts. Degassed aqueous buffer solutions
3—6 times reduced preference for the 1:2 over the 1:1 containing 0.8 mM AC and 2 mM/-CD derivatives were
complexation, in comparison to natiyeCD. In particular, the irradiated at 20°C and >320 nm, by using a high-pressure
altroside-bearing-CDs 7—9 show the smalles; values and mercury lamp equipped with a uranium filter. A merry-go-round
Ko/K; ratios. This seems reasonable, because thkseCDs apparatus was used to ensure the equal light exposures for all
possess deformed, more-flexible cavities, which may lead to reaction solutions. The NMR and TLC analyses of the sample
smaller enthalpic gains and/or larger entropic losses upon guestsolutions before and after irradiation clearly showed that no
inclusion3® The electrostatic interactions between the amino structural change of the chiral hosts occured during the
group of8 and the carboxylic group of AC can account for the photoirradiation. At least at the initial stages of photolysis where
specifically highK; value of 8. By using these association the incident light was fully absorbed by AC in the solution, the
constants, the population of free and complexed AC speciesphotocyclodimerization of AC followed first-order kinetics, and
was calculated for aqueous solutions for photolysis, each of the plot of the logarithm of AC concentration against the
which contains 0.8 mM AC and 2 mM host. As can be seen irradiation time gave a good straight line in each case. The first-
from Table 2, the majority (5680%) of AC in the solution order rate constantdf), determined by monitoring the con-
forms the 1:2 complex, while only -510% forms the 1:1 sumption of AC by UV~vis spectrometry, are summarized in
complex, and the remaining 2@0% exist in the bulk solution.  Table 3. It is clear that thge-CDs dramatically accelerate the
These populations, particularly that in the bulk water, may seem photocyclodimerization of AC in aqueous solution by a factor
insufficient for the selective formation of the photoproducts from of 6.4—10.5. Because the order of acceleration, that is, native
the 1:2 complex. However, the quantum efficiency of the y-CD > 8 ~5~ 6 > 9 ~ 7 (Table 3), nicely correlates with
photodimerization of AC in aqueous solution is known to be 8 the order of AC population of the 1:2 complex (Table 2), we
times smaller than that for the 1:2 complex of AC within native attribute this acceleration to the confinement of two AC

3130 J. Org. Chem.Vol. 71, No. 8, 2006
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TABLE 3. First-Order Rate Constants for the were performed in a thermostated high-pressure vessel equipped

Photocyclodimerization of AC in the Presence and Absence gCD with sapphire windows for external irradiation. The relative

Derivatives® yields and ee’s of the photocyclodimers were determined by
host ki (107377 host ki (1077 chiral HPLC analysis on tandem columns of Inertsil ODS-2 and
none 0.60£ 1) 7 3.84 (6.4) Chiralcel OJ-R; the positive or negative sign of the reported ee
y-CD 6.31(10.5) 8 5.40 (9.0 corresponds to the excess of the first- or second-eluted enan-
5 5.12 (8.5% 9 3.91 (6.5Y

tiomer, respectively. The product distribution and ee obtained

under a variety of conditions are listed in Table 4.
aBorate buffer solutions (25 mM, pH 9), containing AC (0.8 mM) and .
native or modifiedy-CD (2 mM), were simultaneously irradiated @820 Host Dependence.Somewhat unexpectedly, the relative

nm in a temperature-controlled water bath at°Z) using a merry-go- yields of cyclodimers1—4 were very insensitive to the
around apparatué.Relative rate. modification of they-CD host under comparable conditions.

All of the employed hosts consistently gave HT cyclodimers
and 2 as the major products (8®3%), while the combined
yield of HH cyclodimers3 and4 stayed low (#17%). Hence,

the HT/HH ratio is kept high at 4:513.3 over the entire
temperature €22 to 50°C) and pressure (0.1 to 210 MPa)
ganges examined (the high HT/HH ratios obtained at low
temperature and high pressure). This is not surprising in view
of the different degrees of electrostatic repulsion between the

Enantiodifferentiation Mechanism of the CD-Mediated AC molecules’ anionic carboxylate moieties of the ternary

Photocyclodimerization of AC. Obviously, the 1:2 complex complex in the HH and HT cor?formatlons. N
of y-CD with AC is not a single species but a mixture of at In contrast, the pro_quct_’s ee is more sensitive to the skeletal
least four orientational isomers, which are the precursors to @nd peripheral modifications of-CD, exhibiting moderate
photoproductd—4. Thus, two AC molecules in the-CD cavity variations. Thus, the ee obtained at© and 0.1 MPa varied
are longitudinally stacked with each other in the head/tail, as from +26 to +53% for 2 and from +7 to —16% for 3,
well as syn/anti, fashion with respect to the carboxyl group. depending on the stereochemistry and substituents introduced
The original orientational distribution in the ground state will —at the 2-, 3-, or 6-positions gf-CD. For comparison purposes,
be secured in the Cyc|0dimers produced upon photoirradiation’we first examine the prOdUCt distribution and ee obtained under
as the tightly packed complex structures and the short lifetime common conditions (i.e., @C and 0.1 MPa) to assess the effects
of AC do not allow the rotation or the positional exchange of ©0f host modification on the photocyclodimerization. It is rather
AC in the cavity?® Consequently, the product distribution of ~surprising that native-CD, 2-tosyl- §), and 2,3-mannoepoxy-
four isomeric cyclodimers generated in the presence)ofD CDs (6) give exactly the same ee’s of 40% fand 2% for3.
derivative intrinsically depends on the distribution of the The similarity in enantioselectivity fob, 6, and nativey-CD
corresponding precursor complexes between the CD and ACmay indicate that the simple substitution of the 2-OH as well
in the ground state, although the product distribution is not as the mannoepoxidation does not greatly alter the chiral
exactly the same as that of the precursor complexes becaus&nvironment of they-CD cavity.
the photodimerization efficiency will be different for each However, the altroside-bearing CD derivativies9 exhibited
complex. distinctly different photoenantiodifferentiating behavior com-
The formation of the ternary complex is essential for the pared to native’-CD. The ee of cyclodime8 was appreciably
enantioselective production of chiral cyclodimét§®When an enhanced to-10.2% by using8 as a chiral host and up to
AC molecule is brought into the inherently chigalCD cavity, —15.9% in the case d, which is 1 order of magnitude larger
as shown in Scheme 4, its two enantiotopic faces becomethan that obtained with natiyveCD. Interestingly, host showed
diastereotopic, and the inclusion of a second AC molecule to the opposite enantiomeric preference to give antipodal cy-
the upper or lower face of the first one leads to a diastereomericclodimer3in +6.6% ee. Althouglr and9 as chiral hosts gave
pair of 1:2 complexes, from which an enantiomeric pair of cyclodimer2in moderate 2629% ee, the ee ¢ was doubled
photocyclodimers is produced. Therefore, the stereochemicalto 53% by using 3-aminadtro-y-CD 8. It is thus demonstrated
outcomes of photoproducts, that is, product ratios and ee’s, arethat replacing one of CD’s glucosides with an altroside can be
critical functions of the distribution of the precursor complexes, used as a versatile tool for manipulating the chiral environment
which are determined by their relative stability under the of the original CD cavity, which in turn enables us to obtain
conditions employed. In this context, we may claim that the unique stereochemical outcomes upon supramolecular photo-
photoreaction provides us with a practical tool for estimating chirogenesis. It is noted that ho3ts9, possessing the identical
the population of these orientational and diastereomeric 1:2 mono-altro-y-CD framework, afford significantly different ee’s
inclusion complexes, which are effectively inaccessible by for both 2 and 3, with the highest ee at 0C and 0.1 MPa
conventional methods. obtained with 3-aminoaltro-y-CD 8, for which the electrostatic
Multidimensional Control of the Product Distribution and interaction between the 3-amino group &fand the AC's
Enantiomeric Excess of CyclodimersWe investigated the  carboxylate are believed to play an important role. To further
effects of temperature, pressure, and various hosts on theelucidate the role of the amino substitution on the secondary
photocyclodimerization of AC. In a typical run, a Pyrex tube rim of CD, the results obtained with ho3tare compared with
containing an aqueous buffer solution (3 mL) of AC (0.8 mM) those with hosfL0, in which one amino group is introduced on
and a host (2 mM) was irradiatedaB20 nm in a temperature-  the primary face of-CD and all the sugar units remain intact,
controlled water/ethylene glycol bath at a given temperature. that is, as glucosides. As can be seen from Table 4, photocy-
Irradiations under high hydrostatic pressure of up to 450 MPa clodimerization of AC mediated bj0yields2 and3in 39 and

6 5.33 (8.99

molecules in one CD cavity, which greatly enhances the local
concentration and induces the face-to-face orientation favorable
for photodimerization. Intriguingly, this result is in marked
contrast to that obtained with bispyridinjigCDs?*? where a
deceleration effect was observed, as a result of the unsuitabl
relative orientation of two AC molecules enforced by the ion-
pairing interaction.
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TABLE 4. Photocyclodimerization of AC in the Presence of Native and Modified/-CDs*

relative yield (%% % edc ratio
pressure temp. anti/syn
host (MPa) (°C) 1 2 3 4 2 3 HT/HHd 172 34
y-CD 0.1 0 42.7 45.9 6.8 4.6 39.2 —-1.4 7.77 0.93 1.48
210 —10 34.6 54.5 5.4 55 45.4 —-3.2 8.17 0.63 0.98
0 34.8 54.2 5.2 5.8 42.1 —-3.8 8.09 0.64 0.90
20 34.6 52.4 6.5 6.5 36.8 —-35 6.69 0.66 1.00
40 33.9 49.7 8.6 7.8 311 —-2.5 5.10 0.68 1.10
5 0.1 0 43.3 44.2 7.0 5.6 39.1 —-15 6.94 0.98 1.25
10 42.6 44.8 7.6 5.0 35.4 -1.1 6.94 0.95 1.52
20 42.7 43.9 8.0 5.4 324 -1.9 6.46 0.97 1.48
30 42.5 43.3 8.6 5.6 28.5 —-3.3 6.04 0.98 1.54
40 42.6 41.5 9.2 6.7 25.6 —-3.3 5.29 1.03 1.37
50 42.4 40.4 10.8 6.4 22.7 —-3.9 4.81 1.05 1.69
210 -8 33.9 55.1 5.7 5.3 44.8 —-1.8 8.09 0.62 1.08
0 33.7 55.2 5.8 5.3 43.3 —2.7 8.01 0.61 1.09
20 335 52.9 7.0 6.7 38.1 -3.1 6.31 0.63 1.04
40 33.9 50.2 8.4 7.5 325 —3.6 5.29 0.68 1.12
6 0.1 0 42.4 45.9 6.8 4.9 39.8 1.5 7.55 0.92 1.39
10 42.4 45.0 7.5 51 36.1 -1.1 6.94 0.94 1.47
20 43.3 43.4 8.0 5.3 32.7 —2.8 6.52 1.00 151
30 42.6 42.9 8.9 5.6 28.7 —4.1 5.90 0.99 1.59
40 42.8 41.4 9.8 5.9 24.9 —-5.9 5.36 1.03 1.66
50 42.8 40.1 10.9 6.1 20.1 —6.9 4.88 1.07 1.79
210 -8 40.3 51.1 4.8 3.8 47.2 —2.9 10.63 0.79 1.26
0 40.5 50.7 4.8 3.9 45.0 =31 10.48 0.80 1.23
20 40.7 48.5 5.9 4.8 39.1 —3.6 8.34 0.84 1.23
40 37.4 47.1 8.0 7.5 31.9 —6.1 5.45 0.79 1.07
7 0.1 0 42.0 44.8 8.3 4.9 28.6 6.6 6.58 0.94 1.69
10 41.9 44.2 8.8 5.1 25.8 5.9 6.19 0.95 1.73
20 419 43.3 9.3 5.4 23.0 45 5.80 0.97 1.72
30 42.0 42.2 10.1 5.7 20.0 2.0 5.33 1.00 1.77
40 42.3 40.9 10.8 6.0 16.6 1.3 4.95 1.03 1.80
50 42.6 39.3 11.9 6.2 12.9 -0.3 4.52 1.08 1.92
210 —-12 34.7 54.8 5.2 5.3 38.2 1.4 8.52 0.63 0.98
0 34.0 54.8 5.6 55 34.7 1.2 8.00 0.62 1.02
20 33.9 52.6 7.0 6.5 29.9 0.8 6.41 0.64 1.08
40 33.2 49.3 9.5 8.0 24.7 0.1 471 0.67 1.19
8 0.1 0 42.9 46.6 5.6 4.8 52.8 —10.2 8.61 0.92 1.17
10 42.7 46.0 6.3 5.0 48.0 —-9.8 7.85 0.93 1.26
20 42.6 45.2 6.9 5.2 42.4 —-9.7 7.26 0.94 1.33
30 42.7 44.2 7.7 54 37.4 —-9.5 6.63 0.97 1.43
40 42.8 43.1 8.5 5.6 32.8 -85 6.09 0.99 1.52
50 43.1 41.2 9.9 5.8 27.4 —=7.0 5.37 1.05 1.71
55 43.3 40.6 10.3 5.8 23.8 —6.2 5.21 1.07 1.78
210 —215 40.0 52.9 3.6 3.4 71.0 —13.9 13.27 0.76 1.06
-8 39.6 52.5 4.0 3.9 63.5 —11.0 11.66 0.75 1.03
0 39.3 52.0 4.4 4.3 59.2 —10.5 10.49 0.76 1.02
20 35.6 51.8 6.5 6.1 50.8 —-9.7 6.94 0.69 1.07
40 345 51.3 7.0 7.3 41.3 —8.8 6.00 0.67 0.96
9 0.1 0 45.2 42.1 7.6 5.0 25.6 —15.9 6.93 1.07 1.52
10 44.8 42.1 8.1 5.0 22.9 —15.5 6.63 1.06 1.62
20 44.5 41.1 8.7 54 20.2 —-13.9 6.07 1.08 1.61
30 44.0 40.9 9.5 5.6 17.9 —12.5 5.62 1.08 1.70
40 43.6 39.7 10.3 6.3 15.0 —-11.7 5.02 1.10 1.63
50 43.8 38.9 11.2 6.0 12.4 —9.6 4.81 1.13 1.87
210 -8 37.2 52.2 5.4 5.2 36.8 —27.0 8.43 0.71 1.04
0 37.0 51.7 5.6 5.7 33.9 —26.1 7.85 0.72 0.98
20 36.4 50.4 6.7 6.5 29.0 —21.6 6.58 0.72 1.03
40 35.1 47.8 9.2 7.8 23.1 —16.7 4.88 0.73 1.18
10 0.1 0 35.3 49.5 7.5 7.7 38.7 —-1.6 5.58 0.71 0.97

a Photoirradiation was carried out under an argon atmosphere in Pyrex tubes (1-cm i.d.) or in a 0.15-mL quartz cuvette (0.2-cm light path) for high-
pressure experiments, with a 300-W high-pressure mercury lamp fitted with a uranium filter or an optical glass filter (Toshiba UV-35). AC (0.8 mM) and
the y-CD derivative (2 mM) were dissolved in 25 mM borate buffer (pH 9Relative yields and ee’s were determined by chiral HPLC, using tandem
columns of Intersil ODS-2 (GL Science) and Chiralcel OJ-R (Daic¢elhe absolute configuration of cyclodimers has not been determined and the positive/
negative ee sign corresponds to the excess of the first/second-eluted enantiomer, respectively. Errors in the values ef0/&%efaréasomer2 and+3%
for isomer3. 4[3 + 4)/[1 + 2].

—2%, respectively, which are the same as those obtained withon the primary face with an amino group. However, the situation
native y-CD. This is not very surprising, because the chiral is completely different for monaitro-y-CD hosts7—9, pos-

environment as well as thes symmetric structure of the-CD sessing an unsymmetrically distorted cavity. The effects of
cavity is not greatly changed upon replacing a hydroxyl group altroside modification are clearly revealed by examining the
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results obtained with native-CD and unsubstituted moradtro- because a more compact complex and, hence, deeper/tighter
y-CD 9. Thus,altro-y-CD 9 as a chiral host afford in 26% inclusion is favored under high pressure, which certainly causes
ee and3 in —16% ee, both of which are significantly deviated more intimate hostguest interactions, thereby enhancing the
from the original ee’s of 39 and1.4% obtained with native  chiral recognition ability of a given CD cavity. To the best of

y-CD. It is of particular interest that the ee of tlamti-HH our knowledge, however, there have been no reports on the study
cyclodimer 3, which is consistently low (2% ee) upon of the pressure effect on CD-mediated chiral photoreactions.
photochirogenesis with native and substitufe@Ds 6, 7, and We investigated the photocyclodimerization of AC in the

10, is significantly improved, up to 16%, by using the skeleton- presence of various CD hosts at 0.1 MPa (atmospheric pressure)
modified, but unsubstitutegltro-y-CD 9. This shows strong  gnd at 210 MPa to elucidate the role of pressure in this
evidence for the important contribution that the unsymmetrically supramolecular photochirogenesis. The results, summarized in

distorted cavity plays in enhancing the product's ee. However, Tape 4, clearly demonstrate that the use of high pressure is a
the unsymmetrical skeleton and van der Waals interactions with yo\verful tool for manipulating the product distribution and

thealtro-CD walls are not sufficient to effectively differentiate  chirajity. In all cases examined, the yield of cyclodineis

the diastereomeric ternary complex precursor2ioand the  gjgnificantly enhanced, becoming the dominant prode&®6
introduction of an amino group at the 3-positionaifro-CD relative yield) at 210 MPa at the expense of cyclodineand
dramatically enhances, up to 53%, the esystHT cyclodimer 3, while the yield of4 is less affected. The anti/syn ratios of
2. The amino group, attached to the altroside residud,in oty HH and HT cyclodimers obtained at 210 MPa are
controls electrostatically the orientation and particularly the .,ngistently lower than those obtained at atmospheric pressure,
stacking of included AC molecules in collaboration with the  oin 4 independent of the hosts employed. This indicates that
geLormedaltro-CD cavity, exhibiting distinctive differentiation 4 gitferential reaction volumea@V®) for the diastereomeric

€ a_1V|or. ) ) complex precursor pairs to the syn isom2mnd4 are smaller

It is concluded that the deformed chiral CD cavity and the than those for anti and 3.

electrostatic interactions with included guests can be jointly used

%Si‘ti\;?:ﬁsltggutlgflrséggr rﬁggﬁr&mgg i;hcﬁu2?0?]”223%9602\[:%:2?; chemical and optical yields of cyclodimérare substantially
9 P q increased in all examined cases including natw€D. For

photoreaction upon irradiation. Both of these factors contribute example, the ee df obtained at OC in the photocyclodimer-

to devel_o_pmg a deswable_low-entropy environment deS|gr_1ed ization mediated bwltro-y-CD 9 is dramatically enhanced from
for specific chiral recognition and photoreactions by shaping

0, 0,
the chiral cavity and restricting the stacking orientation suitable 25.6% at 0.1 MPa to 33.9% at 210 MPa. The degree of pressure

for a particular auest inclusion and photoreaction enhancement at @ is appreciably higher for altroside-bearing
P 9 P ) y-CDs 7—9 (showing a 6-8% increase) than for native and

Pressure Effects on PhotocyclodimerizationThe effects substitutedy-CDs 5, 6, and 10 (3—5% increase). The same is
of high pressure on photophysmal and pho.tochemlcal ProOCESSEJrye for the ee of minor produ& that is, a +2% increase for
have been studied n considerable dé%“f? Recemly! we nativey-CD, 5, and6 versus a 410% increase for—9. These
demonstrated the critical role of pressure in enantiodifferenti- . < indicate that the altroside-bearipDs provide dia-
ating and .dla.\stereodlfferentlatmg photoreactllgns: Thus, the stereomeric precursor complex pairtand3, which differ in
prod_uct chlrallt_y of the asymmetric photos_ensmzatlons can be volume and are, thus, highly sensitive to pressure. This seems
mampulated_ S|mpl_y b_y changing the applled pressure, unlessreasonable, because the introduction of irregular altroside into
the dn‘fere_ntlal activation \_/olum_eA(A\F_) Is equal to zero for the glucoside sequence of CD disturbs the hydrogen-bond
the formation of the enantiomeric or diastereomeric p&ir70 network on the secondary rim and makes the CD skeleton
;Ar‘:/gz;tri aastecc:i[z)Sn ?ﬁi Z?(Qﬁ(rarr]?g}ngg(teiopr:eirﬁs(gé‘?cﬁfrfc?r%t; rll?)\:ii beerﬁexible. This apparently small change not only facilitates a

9 P closer induced-fit to the preferred guest (and a poorer fit for

systemd}! the regulation of the association equilibrium of CD g N

; . 5 . : N the unfavorable), amplifying the guest discrimination, but also

inclusion complex? and in the improvement of binding ; .
enables us to dynamically control the complexation and

kinetics’® For an asymmefric reaction mediated by CD, a subsequent photochemical behavior by entropy-related factors
pronounced pressure effect on the stereoselectivity is expected q P y Py
such as temperature, pressure, and solvation. The pressure

dependence of the ee can be interpreted in terms of the nonzero

Fortunately, by applying a pressure of 210 MPa, both of the

11%631)4%]61”’ I.Y.; Huzeifa, I.; Prass, B.; Stehlik, D.Chem. Phy2002 differential reaction volumeXAV°) between the diastereomeric
(63) Chung, W. S.: Turro, N. J.: Mertes, J.: MattayJJOrg. Chem.  COmplex pair. Although it is difficult to seriously discuss the
1989 54, 4881. _ ) AAV° value from the ee data at only two pressures, the reaction
104(163115.'18“& K.; Bulgarevich, D. S.; Kajimoto, Q. Chem. Phys1996 volume (AV°) is thought to be smaller for the formation of the
(65) Crane, D. R.; Ford, P. G. Am. Chem. S0d991 113 8510. first-eluted enantiomer of (to which a positive ee sign is
(66) Schneider, S.; Jager, W. Phys. Chem1996 100, 8118. tentatively assigned) than the second-eluted one, because the
(67) Hara, K.; Ito, N.; Kajimoto, OJ. Phys. Chem. A997, 101, 2240. ee is enhanced by app]ymg pressure. A good ee of 59.2% was

(68) Kaneda, M.; Asaoka, S.; Ikeda, H.; Mori, T.; Wada, T.; Inoue, Y.

Chem. Commur2002 1272, achieved by carrying out the photoreaction in the presenge of
(69) Mori, T.; Weiss, R. G.; Inoue, YJ. Am. Chem. SoQ004 126, at 210 MPa and OC. Although usually not emphasized, or
8961. ] even recognized, the use of high pressure is particularly
16é72(_)) Saito, H.; Mori, T.; Wada, T.; Inoue, YChem. Commur2004 interesting and advantageous in the photochirogenesis performed

(71) Turro, N. J.; Okubo, T.; Weed, G. €hotochem. Photobiol.982 in aqueous solutions because the freezing point of water goes
35325. _ down to—22 °C at 210 MPa. This allows us to examine the
12é7223) Sueishi, Y.; Tobisako, H.; Kotake, ¥. Phys. Chem. 2004 108 temperature effect on the photoreaction far beyond the normal

(73) Abou-Hamdan, A.: Bugnon, P.; Saudan, C.; Lye, P. G.; Merbach, freezing point of water (0C). Eventually, photoirradiation of
A. E. J. Am. Chem. So@00Q 122, 592. AC with 3-aminoaltro-y-CD 8 in water under an ultimate
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condition of—21.5°C and 210 MPa gave cyclodim@ras the Temperature / °C
major product (53% yield) in an ee as high as 71%, which is 40 20 0 20
the best ee value ever reported for a bimolecular photochirogenic 2.0 T T T ™ 75

reaction in the solution phase.

The pressure-dependence behavior of the 8&aofomewhat
different. Thus, the second-eluted enantiomer (assigned with
negative ee) is preferred at high pressures, irrespective of the
host employed, although theltro-CDs show much better
performance. In an extreme case, the e abtained with host
9 at 0 °C is significantly increased from 16% at 0.1 MPa to
26% at 210 MPa. On the other hand, the positive ee values of
1.5 and 6.6% obtained with and7 at 0 °C are inverted to a
negative ee of-3.1% or reduced to 1.2% ee at 210 MPa. It is
concluded, therefore, that the diastereomeric complex precursor
to the second-eluted enantiomer3dfias a smaller volume than
the antipodal precursor complex and is thus favored at higher
pressures.

Temperature Effects: Entropy-Controlled Enantiodiffer-

In[(100+%ee)/(100-%ee)]
% ee

entiation. The photocyclodimerizations catalyzed byCD 410
derivatives were performed over a temperature range¢ 58

to —21.5°C and at pressures of 0.1 and 210 MPa to give the 0.0 L L L L 0
results shown in Table 4. Although the yield of cyclodinier 3.0 3.2 3.4 36 3.8 4.0

was insensitive to the temperature change for all hosts examined,
the yield of cyclodimer2 increased at the expense ®and4
on lowering the reaction temperature. As a result, the HT/HH FiGURE 2. Plots of the natural logarithm of the relative yield of first-

10°T'/K'

ratio was greatly enhanced from a moderaté4at 40-50 °C and second-eluted enantiomer<2afgainst the reciprocal temperature
to a highly selective 713 at 0 to—22 °C, irrespective of the  upon photocyclodimerization of AC catalyzed bym), 6 (O), 7 (),
host employed. Thus, the HT complex precursord t@nd 2 8 (@), and9 (a) at 0.1 MPa and (1) at 210 MPa.

are enthalpically stabilized at low temperatures. TABLE 5. Differential Activation Parameters Determined from

In most cases the ee’s of both and 3 display highly the Temperature Dependence of the ee of Cyclodimer 2 in the
temperature-dependent behaviors. Lowering the temperaturePhotocyclodimerization of AC Catalyzed by Native and Modified

leads to a continuous increase of the e@ ofer the temperature ~ ?-CDs

range examined, regardless of the hosts and pressures applied. pressure AAH?* AAS
To more quantitatively evaluate the temperature-dependent  host (MPa) (kJ mol ) (I mofrt1K™Y
behavior of product chirality, the natural logarithm of the relative y-CD?2 0.1 —5.80 -14.1
enantiomer ratio o is plotted against the reciprocal temper- 210 —4.55 —9.2
aturell.297475 Figure 2 illustrates some such plots for the — ° ot % 128
formation of2 mediated byy-CD and5-9 at 0.1 MPa and by 6 0.1 —6.29 151
8 at 210 MPa, all of which afford excellent straight lines over 210 -5.21 —11.1
the temperature range examined. Because the stereochemical 7 0.1 —4.78 —12.5
outcome of the photoreaction is determined almost exclusively 210 —3.88 —82
by the relative stability of the ground-state complexes (with an 21%'1 :g:gg :gg:g
assumption that the photocyclodimerization efficiencies are g 01 —4.00 ~103
comparable among the complexes), these plots are considered 210 —4.23 -9.6

to be the differential van't Hoff plots, representing the difference  a geference 29.
in stability of a diastereomeric ternary complex pair of AC with
y-CD. From the intercept and slope of the plot, the differential
activation enthalpyAAH*) and entropy changeaA(\S) were tightly packed in the cavity and, hence, enthalpically stabilized
calculated as summarized in Table 5. through stronger van der Waals interactions with the CD walls,

The differential activation parameters shown in Table 2 reveal while the overall difference in entropic loss arising from the
that the e_na_ntio_selecti\/_ity &restson a critica_l counterbalance termolecular association itself and the reduced freedom derived
of the gain in differential enthalpyAAH*<0; in favor of the therefrom does not greatly differ between the diastereomeric
first-eluted enantiomer &) and a loss in the differential entropy  precursor complex pair.
(AAS'<0; favorlrllg th_(le_r?ntlpoc:eg ulpon forrrT]1at|_on (?]fthfe relevant  rpe ge of cyclodimer3 also varies appreciably with the
p;‘ecursorAcgrinE(-:Z(.AHie_tc_)rtZAg a_nc% that 'S’ft ethre?_ e?ergyreaction temperature, but the temperature-dependence profile
change 4 . . ) IS, however, Tor the Tirst- is highly dependent on the host’s structure, which is in sharp
eluted enantiomer a2 in the examined temperature range of

R i o . contrast to the steady enhancement of ee observed for cy-
—21.5°C to +50 °C (and even to 100 °C). This means that clodimer2. Thus, by lowering the temperature, the e® shows
the precursor complex of the first-eluted enantiomer is more < 'hus, by 9 P ’
only a slight increase for nativeCD, a slow decrease followed

(74) Inoue, Y. Matsushima, E.. Wada, T.Am. Chem. So998 120 by a sign-inversion fob and 6., and a moderate increase fqr
10687, altro-CDs 7—10. It is emphasized that, as was the case with

(75) Hoffmann, R.; Inoue, YJ. Am. Chem. Sod.999 121, 10702. cyclodimer 2, the highest ee of-27% was achieved foB
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0 Conclusions

k3 & . . . . .
AAH" = 0.359AAS"-0.87 (r=0.983) In this study, we have gained new insights into the ternary

complex formation and expanded the scope of supramolecular
photochirogenesis by using a series of secondary-face- and
skeleton-modified/-CD derivativess—9 as chiral hosts for the
enantiodifferentiating [44] photocyclodimerization of AC, as
well as probing its limitations. Crucially, we have learned about
the critical factors and mechanisms that govern the supramo-
lecular and photochirogenic interactions in the ground and
excited states and obtained some useful, generally applicable
guidelines for controlling and enhancing the stereochemical
outcomes of supramolecular photochirogenesis.

In the present supramolecular photochirogenic reaction of AC
in the presence of modifieg-CDs, it was revealed that both
the secondary-face substitution and the glucoside-to-altroside
mutation of nativey-CD greatly affect the complexation and
photochirogenic behaviorAltro-y-CDs, possessing a more
flexible skeleton as a result of the reduced hydrogen-bonding
network around the secondary rim, suffer considerable skeletal
conformational changes upon the inclusion of two AC molecules
in the cavity. This, however, enables us to more dynamically
and effectively control the initial enantioface-selective stacking
of the two ACs in the cavity and, thus, the subsequent
enantiodifferentiating photocyclodimerization by utilizing sev-
FIGURE 3. Enthalpy-entropy compensation plot for the differential ~ €ral entropy-related factors.
activation parameters obtained in the enantiodifferentiating photocy-  As expected, all modifiegt-CDs form stable 1:2 hostguest
clodimerization of AC mediated by native and substituje@Ds 5 complexes with AC and greatly accelerate the photocyclodimer-
and6 (circle) andaltro-y-CDs7—9 (square) at 0.1 MPa (open symbols) - jzation reaction, compared to that in bulk solution. The chemo-
and at 210 MPa (double-lined symbols). and enantioselectivity of the photoreaction are also significantly
. . influenced by host modification. The skeleton-modifitto-
through the joint use of the entropy-related factors, that is, »-CDs, in particular unsubstitute@iand 3-amino derivativ,
temperature and pressure. are more susceptible to environmental variants, affording the

Enthalpy —Entropy Compensation.The global examinations  highest HT/HH ratios and best ee’s under the optimized
and rationalization of the entropyenthalpy compensation  conditions.
phenomena, which are found for a wide variety of hagiest The use of high pressure in the CD-mediated photochiro-
complexation systems have been well-documerfted.All of genesis in water is particularly interesting and potentially
these examinations have been done using the activation paramadvantageous in two respects: (1) the inherently large volume
eters obtained at atmospheric pressure, with the effect of pressurghange anticipated for the supramolecular complexation and (2)
on the compensation effect remaining unanswered. In this the expanded temperature range (down-22 °C) applicable
context, it is of great interest to test the general Va||d|ty of the to aqueous systems. Both may drive the Supram0|ecu|ar pho_
enthalpy-entropy compensation effect for hegjuest com-  tochirogenesis to higher enantiodifferentiation. By applying
plexations under high pressure. All of the\H* values obtained  pressure, the yield of cyclodiméris consistently increased at
for 2 in this and previol® studies are plotted against the the expense of cyclodimdrand3 in all cases examined. More

relevantAAS' values to give the enthalpyentropy compensa-  importantly, the ee’s of and 3 are also enhanced greatly at
tion plot illustrated in Figure 3. It is noted that the differential high pressure without exception.

activation parameters obtained at 0.1 and 210 MPa fall on a  Temperature also functions as a vital factor for further
single straight line, affording the following compensatory improving the chemical and optical yields of the photochiro-
relationship: AAH* = 0.35AASF — 0.87 (correlation coef-  genesis, particularly with the flexiblaltro-CDs. Thus, at 210
ficient 0.983). From the slope of the line, the equipodal MPa, the ee’s o2 and3 obtained for the photocyclodimerization
temperature is determined to be 359 K (8B), at which the  of AC mediated by8 reach their best values of 71% ap1.5
diastereomeric complex pair for the formation of enantiomeric °C and—27% at—8 °C, respectively. These are tremendous
2 should be of identical stability and, thus, give race@idhe enhancements in ee from the corresponding values of 39 and
excellent compensatory relationship reveals for the first time —1.4% obtained with native-CD at 0°C under atmospheric
that changing either the host skeleton or the pressure does nopressure.

alter the enantiodifferentiating mechanism in the supramolecular  Finally, we wish to emphasize that all of these impressive

AAH ¥ 1 kd mol™

12 ) 1 . 1 .
-30 -20 -10 0

AAS* [Jd mol™ K

photochirogenesis. changes and enhancements of ee do not involve any mechanistic
changes, as supported by the excellent enthadmgropy
(76) Rekharsky, M. V.; Inoue, YChem. Re. 1998 98, 1875. compensation, but are driven exclusively by entropy-related
(77) Rekharsky, M. V.; Inoue, YJ. Am. Chem. So@002 124, 12361. factors, such as the flexiblaltro-CD skeleton, pressure, and
(78) Liu, Y.; Han, B..H.; Li, B.; Zhang, Y.-M.; Zhao, P.; Chen, Y.-T..  temperature. Exploiting the entropy-related factors for critically
Wada, T.; Inoue, YJ. Org. Chem1998 63, 1444. - . S
(79) Harries, D.; Rau, D. C.; Parsegian, V. A.Am. Chem. So@005 controlling the fate of the reaction rate or equilibrium has not
127, 2184. been very popular until recenthf but our methodology or the
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joint use of multiple entropy-related factors should not be was placed in the high-pressure vessel, which was thermostated

restricted to this particular supramolecular photochirogenic by circulating a 1:1 mixture of water and ethylene glycol through

reaction. Indeed, its principals should be widely applicable to a the reactor body. The pressure was applied with a plunger pump,

variety of other systems where the weak interactions dominate and its magnitude was measured by a pressure gauge. The sample

the reaction kinetics and thermodynamics. The present findings Solution was photoirradiated through the sapphire window at 366

certainly help us to more comprehensively understand the "M using a high-pressure mercury lamp equipped with an optical

mechanistic details of supramolecular photochirogenesis and ared!ass filter (Toshiba UV-35).

also very encouraging in the pursuit of more sophisticated Syntheses ofy-CD Derivatives. One of the 2-hydroxyl groups

stereochemical control by applying this versatile and powerful of y-CD was selectively tosylated to givé-fosyl-y-CD 5 by using

strategy. NaH as a base and anhydrous DMF as a sol#&#The treatment

of 5 with Ba(OH), in aqueous solution at 4C afforded 2,3*-

epoxyimannay-CD 6 in good yield?2833A-Azido-3*-deoxy-altro-

y-CD 7 was prepared by reacting with NaNs;, which was then
Photolyses Photoirradiations under atmospheric pressure were transformed to 8-amino-3'-deoxy-altro-y-CD 8 by a reduction

carried out in a temperature-controlled water/ethylene glycol bath. with triphenylphosphin&® Mono-altro-y-CD 9 was prepared in 64%

Sample solutions, sealed under an argon atmosphere in Pyrex tubegjield by refluxing the aqueous solution & for 5 d& For

were placed near the lamp surface or in a merry-go-round apparatussomparison purposes,-@&mino-6-deoxy-CD 10was synthesized

and irradiated at wavelengths longer than 320 nm, using a 300-W by the reduction of &-azido-6"-deoxy+-CD with triphenylphos-

high-pressure mercury lamp fitted with a uranium glass filter. phine®

Irradiations under high pressure were conducted in a pressure vessel

fitted with sapphire windows and connected to a pump. A 0.15-

mL quartz cuvette (light path, 0.2 cm) filled with a sample solution

Experimental Section
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