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ABSTRACT

Diastereodifferentiating [2 +2] photocycloadditions of (  E)- and (2)-stilbenes to bis(( R)-1-methylpropyl) fumarate were performed through the
direct excitation of stilbenes and the selective excitation of the charge-transfer (CT) complex at various temperatures. The geometrical isomers

of stilbene afforded the opposite diastereomers of p-truxinate in both excitation modes, with a dramatic decrease in the product's
diastereoselectivity upon prolonged irradiations.

Controlling molecular chirality in photochemical reactions hydrophobic, electrostatfcand charge-transfer (CT) inter-

is one of the most intriguing topics in current organic actions? ! all of which have been shown to function as
chemistry because of the inherently challenging nature of crucial factors for controlling the chiral sense and optical
the excited-state reactions which involve weak interactions yield of the photoproduct.

and short-lived excited speci&s. To overcome such draw- CT interactions, as one of the weak interactions working
backs, researchers have devised a variety of methodologiesn the ground state, have been extensively investigated,
that utilize multiple interactions in ground and/or excited particularly with respect to the chromogenic nature of the
states, such as exciplex formatidmydrogen bonding;
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new absorption in the visible regidf.'* In our recent study  particularly at the early stages of the photoreaction in both
on the diastereodifferentiating{2] photocycloaddition of  direct and CT excitations, which enables us to obtain the
(E)-stilbene to a chiral fumarate, we have revealed for the inherent devalues by extrapolating the plot to zero conver-
first time that the selective excitation of the CT complex sion. A similar trend was found upon photocycloaddition of
(CT excitation) affords [2+2] photoadducts in diastereose- isomeric1Z to 2, forming 3b as the major product. Hence,
lectivities different from those obtained upon direct excitation we performed the photoreactidfisvith varying irradiation
of stilbene (Scheme 1). These results indicate that theperiods and determined thmherent devalue at each
temperature by using the de data at relatively low conversions

_ to obtain a good linear regression line; only these extrapo-

Scheme 1. [2+2] Photocycloaddition off)- and (2)-Stilbene lated values will be referred to throughout the following

(1E and 12) to Bis((R)-methylpropyl) Fumarate (2) disgussion. . . .
_ First, we examined the photoreactions DE with 2
N Viirect

o, /:/COZR* LI 2% Fh GOR employing the extrapolated values. It should be noted that

e "RO,C e P COR" the extrapolated de values ®bbtained upon CT excitation
1E or 1Z 2 Exciplex 3 rtruxinate) are consistently high throughout the temperature range
X R*=<(—2(R) + employed, whereas those for direct excitation are sensitive
°r PhCOR" to temperature, giving lower de values at reduced temper-

(12 (1002 ]* o CoR* atures: 97% de at 5TC and 34% de at-50°C. In contrast,

e hver , r 4 (Struxinate) the de values of (o-truxinate) are generally low and show

CT complex (3660m) - Excited CT Complex  Diastereomeric practically no temperature dependence upon either direct or
[2+2] Adducts

CT excitation, as one would anticipate from the less-
congested all-trans structure #for its precursor complex.

Interestingly, the product ratid/3 constantly increased
with decreasing temperature in both excitation modes, with
the ratio obtained upon CT excitation slightly greater than
that of direct excitation, which is more discernible at low
temperatures (Table S1 in Supporting Information). For
more quantitative information, the logarithm of tH&3
ratio was plotted against the reciprocal temperature. Simi-
larly, the logarithm of the relative formation rate of diaster-
eomeric3a and3b (see the caption of Figure 2), kai/kap)
or In[(100+ %de)/(100— %de)], was plotted and analyzed
by the differential Eyring equatioh!® The differential
activation enthalpy (AAH and entropy (AAY for the
formation of4 vs 3 and for the diastereomeric pair 8 vs
3b were calculated, respectively, from the slopes and
intercepts of the regression lines shown in Figure 2, although
the plot for the diastereomer&obtained upon CT excitation
is consistently high (90—97%) and hence significantly
scattered (Figure 2, Ib (open square)). The good linear
relationship obtained over the entire temperature range
indicates that a single diastereodifferentiating mechanism
operates in each excitation motfe.

Stilbene is known to undergo efficient reversible geo-
metrical photoisomerization in relatively high quantum
yields; ®g_; = 0.52, ®;_¢ = 0.35 in pentané® It is also
reported that photoreaction 4Z with dimethyl fumarate
gives [2+2] photoadducts, i.e., dimethyl andd-truxinates,
although the quantum yields are much loweHence, it is

selective CT excitation can be a tool for controlling the
product chirality in photochirogenesis.

In the present study, to elucidate the factors and mecha-
nism that lead to the different reactivities and diastereose-
lectivities upon CT vs direct excitation, we have employed
isomeric (Z)-stilbene as a substrate and investigated the
effects of alkene geometry on the product ratio and diaste-
reoselectivity of the [2+2] photoadducts.

A toluene solution oflE (0.1 M) and2 (1.0 M) was
irradiated either at 313 nm (direct excitation) or at 366 nm
(CT excitation) at 25C under a N atmosphere for a given
period of time, and the photolyzate was analyzed by GC. It
turned out that the diastereoselectivity of photoad@ugt-
truxinate, 3a and 3b are the second- and first-eluted
diastereomers ai-truxinate upon GC analysis, respectively)
significantly decreases with increasing irradiation time
(Figure 1). As can be seen from Figure 1, the diastereomeric
excess (de) of3 is a linear function of the conversion

(10) Saito, H.; Mori, T.; Wada, T.; Inoue, YJ. Am. Chem. So004,
126, 1900.

(11) Saito, H.; Mori, T.; Wada, T.; Inoue, YChem. Commun2004,
1652.
0 : : : (12) Foster, ROrganic Charge-Transfer Complexesdademic Press:

6 10 20 30 40 50 New York, 1969.
%conv. of 1E (13) McG_Iynn, S. PChem. Re»1958,58, 1113.

Figure 1. Dependence of de & on the conversion otE upon 10§14) Mulliken, R. S.; Person, W. Bannu. Rev. Phys. Cheri962, 13,
direct (O) and CT (@) excitations in toluene at 26 ([1E] = 0.1 (15) Saltiel, J.; Marinari, A.; Chang, D. W. L.; Mitchener, J. C.; Megarity,
M, [2] = 1.0 M). E. D.J. Am. Chem. S0d.979,101, 2982.
(16) Waldeck, D. HChem. Rev1991,91, 415.

1910 Org. Lett, Vol. 8, No. 9, 2006



s with that from CT excitation displaying a smaller temperature
dependence. The lod/3 ratios obtained upon CT excitation
Ia) Temperature/°C Ib)  Temperature/ °C may indicate that the excited CT complex favors-atacked
02 0 25 %0 025 0 25 50 conformation that preferentially afford& The differential

AASF values are collected in Table 1.

1.0 6
08 5 Eyring plots of the4/3 ratio and the de o3 (Figure 2)
06 4 afforded good straight lines, indicating that a single diaste-
3 04 s e reodifferentiating mechanism is operating in each excitation
£ » & mode, as was the case willE. The obtainedAAH* and
1
0

I[(100 + %de) / (100 ~ %de)]

0.2 | 1 | 1 0
s 95 4 s 3 a5 4 45 |
1071 /K1 371K . . S
10°TK Table 1. Differential Activation Parameters for the Product
Has)0 Zzempgratu_réeg’c 50 Hbgo dem%efa‘“_':g’c 5 Ratio 4/3 and the de oB in Diastereodifferentiating
05T T 2054 . Photocycloaddition oflE or 1Z to 2 in Toluene T = 298 Ky
) 2
15 \‘\\ d- excitation AAH®/  AAS®/  TAASH/
5 ¢ 2 ° selectivity donor mode  kJmol™! Jmol! K1 kJ mol™!
£ 25 g 3
£ § o0 & isomer (4/3) 1E  direct —4.5 -14 —4.2
&£
L ° =< CT —5.8 —18 —5.4
350~ ~5. + -35L O™~ 1.
Eeet]o8 N 1Z  direct 48 6.0 1.7
45 . , F 45 : : i CT 3.6 -17 -5.1
8 85 4 45 8 85 4 45 diastereomer 1E  direct 20 (209 94(799) 28 (249)
103 T1/ K 103 T1 /K1 (3a/3b) oT ~ 4 920 -6
Figure 2. Differential Eyring plots for diastereodifferentiating 1Z  direct 13 34 10
[2-+2] photocycloaddition oflE to 2 (graphs la,b) and ofZ to 2 CT 6.9 -42  -13
(Ila,b) in toluene: _(a) prod_uct_ rati4/3 upon direct ’ solid "”'.3) a3a and3b are the second- and first-eluted diastereomes ofi GC,
and CT (, dotted line) excitation; (b) de & upon direct @, solid respectivelyb For isomer ratio: AAH} = AHY — AHY; AAS =

line) and CT [, dotted line) excitation. The negative and positive ASf, — AS,. For diastereomer ratioAAH* = AH¥3, — AH¥3p; AASH =
signs of the product’s de are not directly related to the sign of optical ASfa — ASap. © Values obtained without extrapolation in the previous
rotation but mean the predominant formation of the fir8t)(and work (ref 10).

second-eluted (3a) diastereomers, respectively, upon GC analysis
on a Varian CP-Sil 8CB column.

The differential activation parameters obtained for the
photoreaction ofLE (Table 1) reveal that the comparable
reasonable to assume thiZ, produced through the pho-  formation of3 and4 upon both direct and CT excitations
toisomerization ofLE, is involved in the photocycloaddition (Figure 2, la) at ambient temperature originates from a
and affects the isomer ratio and the de values even from thecgunterbalance of the enthalpic gain and the entropic loss
early stage of irradiation. To test this supposition, we (see theAAH* and TAAS values in Table 1), whereas the
employedl1Z as the substrate and performed the photocy- decreasing contribution of the entropic loss at lower tem-
cloaddition with2 at various temperatures. peratures moderately enhances the formatio# (fecause

The product ratios and the de values, obtained in the of the smallAAH? values of ca—5 kJ mol-2).
photoreaction olZ with 2, were also conversion dependent | contrast, the high preference f8upon both direct and
and decreased by extending the irradiation time upon both CT excitations ofLZ is enthalpic in origin, but its magnitude
direct and CT excitations. Therefore, ththerentproduct s entropically controlled. As can be seen from Table 1, the
ratios 4/3 and de values oB were again determined by  positive AAHY, favoring formation of3, is almost comparable
extrapolation to zero conversion. To our surprise, the use ofjp magnitude for both excitation modes but is slightly
17 (instead of1E) not only led to the formation of more  canceled by the small positiv®ASF upon direct excitation
congested isomed but also gave the opposite diastereomer or assisted by the negativeASt upon CT excitation. These
of 3, irrespective of the excitation mode. Thug affords completely differenAAH* and TAAS values indicate that
the first-eluted photoaddu@b in 91 and 95% de, whereas  the photocycloaddition mechanism is distinctly different for
1Z gave the second-elute®h in —59 and—94% de upon  1E and1Z, particularly upon CT excitation. The differential
direct and CT excitation, respectively. This observation activation parameters determined for the diastereoselectivity
unambiguously reveals that the photoisomerizatiohtofo (3a/3b) also differ significantly, depending on the excitation
1Z and the subsequent photocycloadditior2tare jointly ~ mode (direct or CT excitation) as well as the stilbene’s
responsible for the rapid decrease in de observed upongeometry (1Eor 1Z). These results unequivocally indicate

prolonged irradiations in the reaction bk and2. that the structure and reactivity that determine the chemo-
~Again, in the photoreaction dfZ with 2, the de o3from  and stereoselectivity of cycloadducts critically differ depend-
direct excitation showed significant temperature dependence,ing on the excitation mode and the geometry of the reactant
stilbene.
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s methylpropyl) fumarate upon direct and CT excitations and

Scheme 2. Reaction Mechanisms Proposed for the the results were compared with those obtained wih (
Diastereodifferentiating Formation &fin the stilbene. Although the conversion-dependent decrease of the
Photocycloaddition oflE or 1Z and2 upon Direct and CT de was revealed to arise from the concomitant photochemical
Excitation isomerization of stilbene during the course of the irradiation,

the conventional exciplex and the excited CT complex were
demonstrated to be distinctly different in structure and reac-
tivity by closely examining the product ratio and de obtained
at the very initial stages of the reactions. The product’'s de
obtained upon direct excitation critically depends on the
reaction temperature, whereas the de from CT excitation
exhibits a much smaller temperature dependence. This is
attributed to the different degree of steric interactions and
freedoms in the intervening species generated in the different
excitation modes. It is also crucial that the major diastereomer
obtained is switched in both excitation modes by using the
geometrical isomer, which enables us to obtain both dia-
stereomers in high optical yields not by using the antipodal
chiral auxiliaries but by using the geometrical isomers.

and 1Z may be reasonably accounted for in terms of the Further investigations on direct vs CT excitations are cur-
isomerization of stilbene in the excited state. Stilbene has "ently in progress with this and related systems.
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respectively, responsible for the cycloaddition 2o This
should be the case not only with the direct excitation but
also with the CT excitation because in most cases the ground
state CT complex retains the original structure of each
component, and the excited-state potential curve for stilbene
could not be very different from that of free stilbene.

In this study, we first reexamined the diastereodifferen-
tiating [2+2] cycloadditions of E)-stilbene to bis(R)- 0L060468S

Supporting Information Available: Experimental details
and complete tables of the product ratios and de values
obtained in the diastereodifferentiatingt{2] photocycload-
dition of (E)- and (2)-stilbenes to bis((R)-1-methylpropyl)
fumarate. This material is available free of charge via the
Internet at http://pubs.acs.org.
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