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Ahlract: lnwmnole~ular 12 + 21 cydwMitiw~ of 2&kxyl-l,~hcptadi~ la-c lo bicydohq~tane3 2 c3m be 
induced by elcdrm-tramsfcr pho&xaasitization with 9.lCkticyaoaathnwcue. A stqwise mccluaism involving 
qclic I &aion did 3 hay ban prop04 tad on the trapping experiments. 

Cyclcdimerization of electron-rich alkenes can be induced by electron transfer (Ef).t In the Ef induced 

reactions of 1,l -diphenylcthylcncs. for cxamplc, l&cation radicals have often been proposecd as trappable 

intermediates. t’ 2 Our own interest has been centered on the photoinduc& ET reactions of diencs having the 

structure- of styrcne-(CH2),-sstyrcnc. 3 from which a series of cyclic I.4cation radicals with different ring 

sire may be generated. As part of the series of work, we have investigated the photoreaction of heptadiencs 1 

sensitizd by 9,10-dicyanoanthrne (DCA). and found that the cycliration takes place in an intramolecular 

fashion through cyclic l&cation radicals 3. 

Dienes 1 a-c are g<xyI electron donors and their oxidation potentials are low enough for ET from 1 to 

singlet excited DCA ( ~DCA*) in a&o&rile. Calculations by using Weller equation4 show that the free energy 

changes (AG ) for ET from 1 to lDCA* are cxothermic by -O.KS, -0.40, and -0.27 cV for la, 1 b, and f c, 

respectively. In accord with this, LXA fluorescence can be efficiently quenched by la-c with rate constants of 

near diffusion controlled. As summarized in Table 1, steady-state photolyscs of 10 ml acetonitrile solutions of I 

and DCA resulted in clean reactions to afford bicycloheptanes Za-c with excellent material balance. The 

strucfum of 2 was determined by the spectral data. 5 For confirmation, 2c was independently synthesized 

according to a litemture method.” Bicyclohcptanes 2 were stable under the photolysis conditions and apparently 

the transformation from 1 lo 2 occurs irreversibly. In fact no formation of 1 could be observed when 2 were 

photolyzxd in argon-saturated acctonitile with DCA. 

In order to assess the efficiency of the reactitq quantum yields of the photocyclc&ditir of 1 we= mea- 

sured. As shown in Fig. 1, linear relation was observed between the reciprocal quantum yield and the reciprocal 

concentration of 

1 2 3 4 5 

a: Ar = 4MeO-C,H,, b: Ar = 4Me-C,H+ t: Ar = c,HS 
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slope values of 3.61 x 10-z. 9.27 x IO-3 and 1.38’~ I@2 M for la, lb. and lc, respectively. The inter- 

cept/slope ratios (I/S) were 207, 186, and 137 M-l for la, I b, and I c. respcctivcly, which are in good 

agreement with the k,z values obtained from the DCA tl uomscence quenching experiments (Table I). From the 

intercepts, the limiting quantum yields of 0.13.0.58, and 0.53 were obtained for 1 a, 1 b; a@d I c, rcspcctively. 

It is remarkable that dienes 1 can undergo cyclization upon p~noinduced EX with such high efticiency.7 

Insight into the reaction mechanism was provided by similar DCA-sensitized photoreactions d I in oxy- 

Table 1. Data of DCA Phtorescence Quenching and Results of the DCA Sensitized Photoreaction of I in 

Acetonitrile.’ 

&IX’ AGd A- -_!c-- time ,Y icld I % usf 
substrate 

VW. SCE ev M-G-’ M-’ min. 2 recov. 
@lime ---$ 

la +I.19 -0.83 1 .7x10’” 260 30 53 45 0.13 2u7 
lb +I.62 -0.40 1.4xlo’” 215 30 So 16 0.58 186 
le +1.75 -0.27 1. 1xlo’o 162 30 76 14 0.53 137 

a Dctcnnined by steady-state fluorescence quenching in acetottitrile. ’ A IO ml argon-saturated solution 

containing 1.0 x lo-’ M of I and 5 x lo4 M of DCA was photolyred by using a 2 kW xenon lamp (ti360 

nm). ‘Oxidation potentials of 1 measured by cyclic voltammetry in acetonitrile . d Free energy change for 

ET from 1 to ‘DCA*. c Limiting quantum yield. f Intercept/Slope ratio obtained from Fig. I. 

Table 2. Sensitized Photooxygenation Reaction 

ofDienes I and Bicyloheptanes 2 in Acetonitrilc. 

lrrad. 
Sub- Sensi- time 

yield I ‘36 

strate tizer - min. 4 g 2 1 

la 

la 

lb 

lb 

lc 

le” 

28 

k 

2b 
2b 

k 

2ea 

DCA 
TeCA 

DCA 

TeCA 
DCA 
DCA 

DCA 

TcCA 

DCA 
DCA 

DCA 
DCA 

5 

10 

10 

10 
30 

30 

5 
5 

60 
180 

180 
300 

980 0 0 

95 0 0 trace 

37 0 21 21 

18 0 7 75 

0 0 72 0 

11 5 53 0 

96 0 0 0 

97 0 0 0 

0 0 loo 0 

4 0 92 0 

0 0 98 0 

10 0 79 0 

A 10 ml oxygen-saturated solution of a substrate 

(1.0x 1U2M) and ascnsitiTcr(5x 1U4M) was 

photolyr& with a 2 kW xenon lamp (ti360 nm). 

a Pbotolysis with 0.1 M of Mg(CIO,),. 
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Fig. I. Stem-Volmer plot for the DCA-sensitized pho- 

torcaction of la ( o ), lb ( l ), and lc ( q ) in acetoni- 

trile. irradiations were cartied out by using a 500 W 

xenon-Hg lamp equipped with an aqueous CuSO, filter 

and an interference filter (366 nm). Photolysates were 

analyzed by HPLC. 
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gcn-saturated acekmitrile. As summarized in Tat& 2, photooxygenittion of 1 a led to the formation of hicydic 

perotide 4a as a sole pmduct in 9tt% yield. This oheervation strongly suggests that the cyd+~tion proco& in 

a stepwise mannerand l.~ddrcptylenecation3acan,bcproduccd~sanimermediateby~initialcyclilation 

of I a’+ at the terminals We found Ihal 2,6,P,lO_te trsquwwhwcne (TeCA) was also effekhve for the pho- 

tooxygenation. Since TeCA does not ptoduoz super oxide anion 02 &, its involvement in the reaction is not net- 

essary. Thus a mechruism inkdving tiiticm of gmund stak 9 to 3a followed by hack ET from a sensiti=r 

anion radical is feasible. Simitar photooxygenation of I b also led to the formation of peroxide 4b together with 

ticydokptane 2b. In the case of 1 c, the formation of tc was prevalent. Howcvcr, pkoxkie 4c was obtained 

in 11% yield together with Zc (53%) and diketone Se (5%) when 0.1 M of Mg(ClO& was used.* 

It should he noted thst no oronly a small amount of diketone 5 was fixrned in these reactions though dec- 

tron-rich alkenes tend to be oxidatively cleaved under similar DCA-sensitizd conditions.g This seems to indi- 

cate that the steady-state concentrationoffrcecationladical I’+’ is too low owing to the expected fast cyclization. 

As shown in Scheme 1, l’+ in photogenerated ion pairs [lo+, DCA’-] would undergo cyclizittion (kc@) in 

competition with the hack ET der@vation (kb) and dissociation into free ion radicals (k,&. Limiting quantum 

yields (Qim) experimentally ohtained above anz expressed by eq. 1. Modification of eq. I leads to eq. 2, by 

which evaluation of kc+ is parsihle if k, and kh are known. 

qim = kcYcl+ kscP 

&I + &cl + ksep 
--- (I) k cyc1+ ksep = * be1 --- (2) 

Inl 

While k, of 5 x ld s-l may be assumed as a constanl valuc,~t” the values of km for the 1 -DCA 

systems are not available at present. However. an estimate can he made based on the reported data for photoin- 

duced ET mactions of atone-p~lycyanounthn systems. 10 For example. the free energy change of beck Ef 
(Act,,& for the pentamethylhenzene~+ -TeCA’- pair is -2.15 eV and its kM is determined to be 1.38 x lOto s-r. 

Since AGho for the la**- DCA’- pair is -2.14 CV and is almost the same. the corresponding kM value should 

he cu. 1.38 x lOlo s-1. Thus, k,d can he estimated to he M. 1.6 x 16 s-t according to eq. 2. Similarly, k& 

for 1 b’+ and 1 cm+ can be. estimated to he. cu. 4.5 x log and I .3 xlOg s-r, respectively. based on the kb values 

d the o-xylem?+ -TeCA’- pair and the durene’+- DCA’- pair (3.60 x Id and 1.59 x 109 s-r, respectively). 

The estimate suggests thst cydization of the cation radicals I’+ is inked 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 

ahove, no reversion of 2 to 1 was observed upon photolysis with DCA in argon-saturated acetonitrilc. 

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 4c were obtained from 2b and 2c 

hy prolonged irradiation or photolysis in the presence of Mg(ClO&. 

Scheme 1 

1 +DCA I’++ DCA’- 

13, DCA’-1 v ]2’+, DCA’-] N k, 2+tDCA* 

2+DCA 
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Thcsc results suggest that 3a can exist in cquilihrium with 2a*+ but the rcvcrsion of 3a to la’+ dots not 

wxur (Schcmc I). The rev&& formation of 3b and 3c from 2b’+ and 2c’+. rcspcctively. is also possible 

hut in only a limited dcgrec. Evidcnlly, electron-donating substituents on the hcnznc rings .scem to have some 

stabilizing effccl on the ring-opened form 3. Thus 3a may stay in equilibrium with 2a*+ as a fret cation radiclll 

with n.&Ucly longer lit’ctimc while the lifetimes of 3b and 3c arc shorter owing to the limikxl formation from 

tb’* and 2c’*, rcspcctively, and the efficient secondary cycli7titm proccsscs, 3b, c + 2b. c**. 
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