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Abstract: Intramolecular [2 + 2] cydoaddition of 2,6-diaryl-1,6-heptadienes ta—c to bicycloheptanes 2 can be
induced by electron-trumsfer photosensitization with 9,10-dicyanoanthracene. A stepwise mechanism involving
cydic 1.4-cation radical 3 has becn proposed based on the trapping cxperiments.

Cyclodimerization of electron-rich alkenes can be induced by electron transfer (ET).! In the ET induced
reactions of 1,1-diphenylcthylenes, for example, 1,4-cation radicals have often been proposeced as trappable
intermediates.!- 2 Our own intcrest has been centered on the photoinduced ET reactions of diencs having the
structure of styrene—(CHp)p—styrenc,3 from which a series of cyclic 1,4-cation radicals with different ring
size may be generated. As part of the series of work, we have investigated the photoreaction of heptadiencs 1
sensitized by 9,10-dicyanoanthracene (DCA), and found that the cyclization takes place in an intramolecular
fashion through cyclic 1,4-cation radicals 3.

Dienes 1a—e are good electron donors and their oxidation potentials arc low enough for ET from 1 to
singlet excited DCA (1DCA*) in acetonitrile. Calculations by using Weller equation? show that the free energy
changes (AG ) for ET from 1 to IDCA* are cxothermic by -0.83, -0.40, and -0.27 ¢V for 1a, 1b, and I¢,
respectively. In accord with this, DCA fluorescence can be efficiently quenched by 1a—c with rate constants of
near difTusion controlled. As summarized in Table 1, steady-state photolyses of 10 ml acetonitrile solutions of 1
and DCA resulted in clean reactions to afford bicycloheptanes 2a—e¢ with excellent material balance. ‘The
structure of 2 was determined by the spectral data.5 For confirmation, 2¢ was independently synthesized
according to a literature method.® Bicyclohcptanes 2 were stable under the photolysis conditions and apparently
the transformation from 1 to 2 occurs irreversibly. In fact no formation of 1 could be observed when 2 were
photolyzed in argon-saturated acetonitrile with DCA.

In order 1o assess the cfficiency of the reaction, quantum yields of the photocycloaddition of 1 were mea-
sured. As shown in Fig. 1, lincar relation was observed between the reciprocal quantum yield and the reciprocal
concentration of 1. Linear least square analysis of the plots gave the intercepts of 7.46, 1.73, and 1.89, and the
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slope values of 3.61 x 102, 9.27 x 103 and 1.38 x 102 M for 1a, 1b, and 1e¢, respectively. The inter-
cept/slope ratios (1/S) were 207, 186, and 137 M-! for 1a, Ib, and 1e¢, respeciively, which are in good
agrecment with the kgt values obtained from the DCA fluorescence quenching experiments (Table 1). From the
intercepts, the limiting quantum yiclds of .13, 0.58, and (.53 were obtained for 1a, 1b, and 1¢, respectively.
It is remarkable that dienes 1 can undergo cyclization upon photoinduced ET with such high efficiency.”

Insight into the reaction mechanism was provided by similar DCA-sensitized photoreactions of 1 in oxy-

Table 1. Data of DCA Fluorescence Quenching® and Results of the DCA Sensitized Photoreaction of 1 in

Acetonitrile.”
‘ AGY tim, Yield ! % s/
Substrate = b ha e i e
Vvs.SCE eV mls? M min. 2 recov. m!
1a +1.19 083 1.7x10° 260 30 53 45 0.13 207
1b +1.62 -0.40 1.4x10'° 215 30 80 16 0.58 186
1e +1.75 027 1.1x10%° 162 30 7% 14 053 137

4 Determined by steady-state fluorescence quenching in acetonitrile. % A 10 ml argon-saturated solution
containing 1.0 x 102 M of 1 and 5 x 10* M of DCA was photolyzed by using a 2 kW xenon lamp (A>360
nm). “Oxidation potentials of 1 measured by cyclic voltammetry in acetonitrile . 4 Free energy change for
ET from 1 to 'DCA". “Limiting quantum yicld. / Intercept/ Slope ratio obtained from Fig. 1.

Table 2. Sensitized Photooxygenation Reaction
of Dienes 1 and Bicyloheptanes 2 in Acelonitrile.

Sub-  Sensi- e yield /%
strate UzZer min. 4 8 2 1
tla DCA 5 98 0 0 0
1a TeCA 10 95 0 0 trace
b DCA 10 37 0 21 2
b TecCA 10 18 0 7 75
e DCA 30 0 0 72 0
1 DCA 30 11l 5 5 0
22 DCA 5 9% 0 0 0
22 TCA 5 97 0 0 O
2 DCA 6 0 0100 0
2 DCA 18 4 0 92 0
22 DCA 18 0 0 9% 0
2° DCA 300 10 0 79 O

A 10 ml oxygen-saturated solution of a substrate
(1.0x 102 M) and a sensitizer (5 X 104 M) was
photolyzed with a 2 kW xenon lamp (A>360 nm).
2 Photolysis with 0.1 M of Mg(ClO,),.
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Fig. 1. Stern-Volmer plot for the DCA-sensitized pho-
torcaction of 1a (0 ), 1b( ¢), and 1¢ (1) in aceloni-
trile. Irradiations were carried out by using a S00 W
xenon-Hg lamp equipped with an aqueous CuSOy filter
and an interferenoc; filter (366 nm). Photolysates were
analyzed by HPLC.
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gen-saturated acctonitrile. As summarized in Table 2, photooxygenation of 1a led to the formation of bicyclic
peroxide 4a as a sole product in 98% yield. This observation strongly suggests that the cyclization proceeds in
a stepwise manner and 1,4-cycloheptylene cation 3= can be produced as an intermediate by the initial cyclization
of La** at the terminals. We found that 2,6,9,10-tetracyanoanthracene (TeCA) wus also effective for the pho-
tooxygenation. Since TeCA does not produce super oxide anion O2*, its involvement in the reaction is not nec-
essary. Thus a mechanism involving addition of ground state Oz to 3a followed by back ET from a sensitizer
anion radical is feasible. Similar photooxygenation of 1b also led to the formation of peroxide 4b together with
bicycloheptane 2b. In the casc of 1 ¢, the formation of 2¢ was prevalent. Howcever, peroxide 4¢ was obtained
in 11% yield together with 2¢ (53%) and diketone K¢ (5%) when 0.1 M of Mg(C1O4); was used.8

It should be noted that no or only a small amount of diketone § was formed in these reactions though elec-
tron-rich alkenes tend to be oxidatively cleaved under similar DCA-sensitized conditions.? This seems to indi-
cate that the stcady-state concentration of free cation radical 1°* is too low owing to the expected fast cyclization.
As shown in Scheme 1, 1°+ in photogenerated jon pairs [1°+, DCA*®"] would undergo cyclization (Kcyd) in
competition with the back ET deactivation (kbet) and dissociation into free ion radicals (kgep). Limiting quantum
yields (Dyj;m) experimentally obtained above are expressed by eq. 1. Modification of eq. | leads to eq. 2, by
which evaluation of kcyd is possible if ksep and kpet are known. A

kcycl + ksep DPhim
= —2 ko +hyo = —=— &k —@)
(th kbel + kcycl + ksep cycl sep 1- (blim bet

While ksep 0f 5 X 108 57! may be assumed as a constant value,22.10 the values of kpet for the 1—DCA
systems are not available at present. However, an estimate can be made based on the reported data for photoin-
duced ET reactions of arene— polycyanoanthracene systems. 10 For example, the frec energy change of back ET
(AGpe) for the pentamethylbenzene®+—TeCA*" pair is -2.15 eV and its kpe is determined to be 1.38 x 1010 s-1,
Since AGpe for the 12°*— DCA®- pair is -2.14 eV and is almost the same, the comresponding kpey value should
be ca. 1.38 x 1010 s°1, Thus, keyo can be estimated 1o be ca. 1.6 x 102 s'! according 10 eq. 2. Similarly, keya
for 1b**+ and 1 ¢**+ can be estimated 1o be ca. 4.5 x 102 and 1.3 x10% 51, respectively, based on the kpet values
of the o-xylene®+—TeCA*- pair and the durene*+—DCA*- pair (3.60 x 109 and 1.59 x 10 s-1, respectively).
The estimate suggests that cyclization of the cation radicals 1** is indeed very fast and may mostly completed in
the photogenerated ion pairs.

Further indication for the mechanistic scheme was obtained by the photooxygenation of 2. As mentioned
above, no reversion of 2 to 1 was observed upon photolysis with DCA in argon-saturated acetonitrile.
However, when 2a was irradiated in oxygen-saturated acetonitrile with DCA, bicyclic peroxide 4a was obtained
in near quantitative yields (Table 2). Although the yields were low, 4b and 4¢ were obtained from 2b and 2¢
by prolonged irradiation or phololysis in the presence of Mg(ClOg4)2.

Scheme 1
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These results suggest that 3a can cxist in equilibrium with 2a*+ but the reversion of 3a 10 1a*t docs not

occur (Scheme 1). The reversible formation of 3b and 3¢ from 2b*+ and 2¢*+, respectively, is also possible
but in only a limited degrec. Evidently, electron-donating substitucnts on the benzene rings seem to have some
stabilizing effect on the ring-opened form 3. Thus 3a may stay in cquilibrium with 2a°+ as a frec cation radical
with relatively longer litetime while the lifetimes of 3b and 3¢ arc shorter owing to the limited formation from
2b** and 2¢**, respectively, and the efficient secondary cyclization processes, 3b, ¢ — 2b, ¢*+.
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