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Redox-photosensitised Reactions. Bart 6.' Stereospecific Ring 
Cleavage of I - Phenoxy-l,2,2a,3,4,8b- hexa hydrocyclobuta [a] naphthalene- 
8b-carbonitrile and its 2-Methyl Derivatives by Redox-photosensitisation 

By Tetsuro Majima, Chyongjin Pac," and Hiroshi Sakurai, Institute of Scientific and Industrial Research, 
Osaka University, Suita, Osaka 565, Japan 

Ring cleavage of endo-1 -phenoxy-1,2,2a,3,4,8b-hexahydrocyclobuta[a] naphthalene-8b-carbonitrile (1 a) occurs 
to give phenyl vinyl ether and 3,4-dihydronaphthalene-1 -carbonitrile in a 1 : 1 ratio upon the selective photo- 
excitation of phenanthrene, naphthalene, or triphenylene at 31 3 nm in  the presence of p-dicyanobenzene in  
acetonitrile. With the cis- and trans-2-methyl derivatives of (1 a), the photosensitised ring cleavage is stereo- 
specific. The key mechanistic pathway is suggested to be the formation of a n-complex between the cyclobutanes 
and the cation radicals of the arenes, in which the phenoxy-group of the cyclobutanes plays important roles. It is 
speculated that the ring cleavage reaction proceeds by means of a concerted-like mechanism via the x-complex 
without complete hole transfer. 

THE stereochemistry of olefin formation from cleavage 
of cyclobutane rings has received much interest from 
both theoretical and practical points of view. In the 
excited singlet state, splitting of the cyclobutane ring 
occurs ~tereospecifically.~~~ On the other hand, losses of 
stereointegrity have been observed in both thermal 2-7 

and triplet-photosensitised reactions, although the 
former usually more or less favour stereoretention de- 
pending on the stereoelectronic structure of the cyclo- 
'L>~tane.~*~)8 In previous papers, we reported the redox- 
photosensitised chain cycloreversions of indene cyclo- 
butane dimers l s 9  and of the cis-cisoid-dimer of NN'- 

these have been demonstrated to 
be catalysed by the cation radical of aromatic hydro- 
carbons (S+*) which form x-complexes with the cyclo- 

photosensitisation can be applied to ring cleavage of 
endo-l-yhenoxy-l,2,2a,3,4,8b-hexahydrocyclobuta[a]- 
naphthalene-8b-carbonitrile (la) and its cis- and trans-2- 
methyl derivatives ( lb  and lc), which give stereospeci- 
fically the corresponding enol ethers and the dihydro- 
cyanonaplithalene (3) (Scheme 2). 
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dimethylthymine ; lo 3 
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butanes (Scheme 1). 
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S: Aromatic hydrocarbon 
DCNB : p - Dicyanobenzene 

SCHEME 1 

a;  R 2 =  R 3 =  H 
d ;  R2=  Me, R3 = H 

I H , R 3 =  Me 

SCHEME 2 

Irradiation of dry acetonitrile solution containing (la), 
phenanthrene (P), and 9-dicyanobenzene (DCNB) at 313 
nm gave phenyl vinyl ether (2a) and compound (3) in a 
1 : 1 ratio. At low conversion (<lo%) no other pro- 
ducts were detected. However, over-irradiation led to 
the formation of head-to-head cyclobutane dimers of 
(2a) l4 which appear to arise from redox-photosensitised 
dimerisation of the initially formed (2a).t The epimer 
of (la) was not detected even at relatively high con- 
version either by g.1.c. of the photolysate or by the n.m.r. 
spectrum of the recovered (la). The amounts of re- 
covered P and DCNB did not significantly change even at 

- 

high conversion. 
absence of either 

give l-phenoxypropenes (2b) and (2ct and compound (3) 
in : ratios. The degree of stereoretention in the olefin 

t It was confirmed that irradiation of an acetonitrile solution 

1,2-diphenoxycyclobutanes in a 1 : 1 ratio in 26% isolated yields. 

It was confirmed that irradiation in the Ring cleavage reactions involving cation radicals of 

reported.ll-ls Redox-photosensitised cycloreversions on 
the other hand do not actually involve a discrete cation 
radical, and, as they thus provide a new route for 

their stereochemical features. w e  found that redox- 

or DCNB results in no reaction. 
'Om' cYclobutane have PreviouslY been Similarly, ring cleavage of (1b) and ( 1 ~ )  occurred to 

Of cyclobutane rings, it was Of interest to study containing (za), P, and DCNB at  313 nm afforded cis- and trans- 
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formation is very high at  low conversion and decreases 
with irradiation time (Figure 1). Extrapolation to zero 
irradiation time reveals that stereoretention reaches 
100% in both cases, thus confirming the stereospecific 
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FIGURE 1 Dependence of stereoretention on irradiation time in 
the olefin formation from redox-photosensitised ring cleavage 
of (ib) (0) and (lc) (a); degassed acetonitrile solutions; 
[(la, b)] O . ~ M ,  [PI 0.01h1, [DCNB] 0.1111; irradiation at  313 nm 

nature of the reaction. The loss of stereointegrity during 
the irradiation must be caused by the redox-photo- 
seiisitised stereomutation of the initially formed (2b) or 
(2c), as reported.15 It was again confirmed that the 
epimers of (lb) and (lc) are not formed. 

Triphenylene (TR) and naphthalene (N) can be 
effectively used in place of P for the photosensitised re- 
actions of (la-c), whereas chrysene (CR) effects only 
the reaction of (lb). Quantum yields for the formation 
of (2a-c) (+(2,) for each effective S were determined at less 
than 1% conversion where the dimers of (2a-c) are not 
formed, and stereoretention in the formation of (2b,c) is 
over 95%. Figure 2 shows a typical plot of +(2)-1 7)s. 

- 4 6v 
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FIGURE 2 Plots of 4(2)-1 us. [(la)]-l: degassed acetonitrile solu- 
tions; irradiation at  313 nm with light intensities of 4.1 x 
lo4 (0) and 8.9 x (a) einsteiti min-l; [I?] 0 . 0 1 ~ ~  [DCNB] 
0 . 1 M  

reciprocals of concentration of (la) which is linear ancl 
independent on the intensity of the incident light. In 
the other cases, similar linear plots were again obtained. 
The Table lists the intercepts and slopes of the linear 

J.C.S. Perkin I 
plots and the limiting quantum yields (+(2)4)) together 
with the oxidation potentials of (la-c) and S. 

In contrast, the related l-methoxy-compounds (Id) 
and (le) were entirely unreactive to redox-photo- 
sensitisation using any S, starting materials being almost 
quantitatively recovered even after long irradiation 
times . 

It was confirmed that the cyclobutanes (la-c) neither 
quench the fluorescence of S nor can be cleaved by triplet 
photosensitisation using benzophenone, whose triplet 
energy is higher than that of any S used.16 We pre- 
viously reported that the fluorescence of S is quenched by 
DCNB at a diffusion-controlled rate in acetonitrile and 
that the calculated free energy changes associated with 
electron transfer from the excited singlet state of S 

Slopes and intercepts of Stern-Volmer plots for redox- 
photosensitisecl ring cleavage of (la<) * 

(E,,20X*) V )  (E1,BoX./ V )  C rnol 1-l Intercept 4t2)a 

(la) { N (1.22) 5.37 3.54 0.28 
P ( 1 . 1 7 )  6.03 3.97 0.25 

2.16 1.58 0.63 
2.44 1.72 0.58 
2.89 2.02 0.50 

CR (1.05) 15.8 6.08 0.16 
3.09 2.10 0.48 
3.66 2.32 0.43 

P 4.00 2.47 0.41 

Cyclobu tanes S b  los Slope/ 

TR (1.29) 4.74 3.25 0.31 
(1.50) 

(1.48) ( 1 1)) { ?  
(Ic) { (1.4%) 

"Values at 313 nm; [S] = 0.01h1, and [DCNB] = 0 . 1 ~  in 
degassed acetonitrile. TK = Triphenylene, N = naph- 
thalene, P = phenanthrene, and CR = chrysene. C Half- 
peak potentials vs. Ag/Ag+ in acetonitrile measured by cyclic 
voltammetry. 

(IS*) to DCNB are substantially negative.17 Therefore, 
electron transfer from lS* to DCNB is responsible for the 
initiation process of redox-photosensitisation ; the 
cation radical of S (Sf') and the anion radical of UCNB 
(DCNB-') are thus formed. 

The values of +(z>oo and the slopes depend slightly, but 
significantly, on the oxidation potentials of S, strongly 
suggesting that an interaction of S+' with (la-c) should 
be involved as a key mechanistic pathway. The 
phenoxy-group of (la-c) appears to be important in the 
interaction with S+', since both (Id) and (le) have a 
higher oxidation potential (1.60 V) compared with those 
of (la-c) and are unreactive to redox-photosensitisation. 

With reghrd to mechanistic elucidation, it should be 
noted that the oxidation potentials of (ia-c) are con- 
siderably higher than those of s. For example, the 
difference between the oxidation potentials of (lb) [or 
(lc)] and P is 0.31 V (30 kJ mol-l). Therefore, com- 
plete hole transfer from S+' to (la-c) appears to be con- 
siderably endothermic, and is perhaps unlikely to occur. 
Moreover, the stereospecific nature of the redox-photo- 
sensitised ring cleavage of (lb,c) is not compatible with a 
mechanism involving the intermediacy of the discrete 
cation radicals of (lb,c). If (lb,c)+' were the reaction 
intermediate, it should form the cation radical of (2b,c) 
by ring cleavage, i.e. (lb,c)+' - (2b,c)+' + (3). Since 
the cation radical of cis-but-2-ene is known to undergo 
rapid isomerisation to the trans-isomer,18 (2h) +' would 
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lose stereointegrity before receiving electrons froni S, 
DCNB-', and others. Therefore, this mechanism can 
not be accepted. 

As was discussed for the redox-photosensitised cyclo- 
reversion of indene cyclobutane dimers,lyg the x-complex 
of S+' with (la-c), [S*(la-c)]+*, is again suggested to be 
the key intermediate, by way of which the cyclobutanes 
(la-c) undergo ring cleavage without complete hole 
transfer. The independency of rj5c2> on the light in- 
tensity (Figure 2) demonstrates that  charge neutralis- 
ation between cation radicals and DCNB-' is not import- 
ant in the olcfin formation. In  a previous paper, we 
reported that the limiting quantum yield for the form- 
ation of P i  * from lP* and DCNB is 0.2.l Therefore, the 
+(2)m values for the P:(la-c) pairs indicate the occur- 
rence of short chain reactions, thus demonstrating the 

[S. (la-c)j+* 
[ S o  (la-c) I+* 
[5* (la-c)]+* + S 
[S. (la-c)j+' + X 

- S+' + (2a-c) + ( 3 )  
--j S and/or others 

S,+* + (la-c) 
S + (la-c) and/or others 

(X = impurities involving water) 
SCHEME 3 

validity of Scheme 1 in the present reactions. However, 
deactivation of the n-complex appears to compete with 
the ring cleavage reactions at similar rates, as is shown in 
Scheme 3. 

In the x-complex, the positive charge probably 
develops partially on the phenoxy-group of (1 a-c), 
depending on AEox ( [ E , / , O ~  of (la-c)] - (E1/20~ of S)}. 
This would lead to weakening of the C-1-C-8b bond and, 
perhaps also to a lesser extent of the C-2-C-2b bond, thus 
causing the stereospecific cleavage of the cyclobutane 

fiR2 OPh 

CN 

cyclobutanes, which possess a lower oxidation potential 
(1.40 V), were not cleaved at  all by redox-photosensitis- 
ation using any S. The bicyclic structure might be 
another factor. Moreover, steric repulsion between the 
substituents should also be taken into consideration. 
For example, chrysene is effective in the ring cleavage of 
( lb) ,  but not in that of ( lc),  although both ( lb)  and (lc) 
possess identical oxidation potentials; ( lb)  is the most 
strained because of its a l l 4  configuration. 

EXPERIMENTAL 

Spectrograde acetonitrile was distilled three times froni 
P,O, and then from CaH, before use. The aromatic hydro- 
carbons and 9-dicyanobenzene were recrystallised from 
methanol and benzene, respectively, and sublimed in  vacuo. 
Phenyl vinyl ether,lR l-phenoxypropene,20 and 3,4-dihydto- 
naphthalene- 1-carbonitrile (3) 21 were prepared by known 
methods. cis- and tvans-1-Phenoxypropenes were separ- 
ated by preparative g.1.c. 

M.p.s were taken on a Kofler hot-stage apparatus. 
Analytical g.1.c. was carried out on a Shimadzu GC-3BF 
machine with flame ionisation detectors using a 75 cm x 
8 mm (id.)  stainless steel column packed with 25% Ucon 
Oil LB-550X on Neopak-1A a t  120 "C for quantitative 
analyses of (2a-c) and (3) ; n-tridecane was used as internal 
standard. G.1.c. analyses of the cyclobutanes, the aromatic 
hydrocarbons, and P-dicyanobenzene were carried out: with 
75 cm x 8 mm columns of 5O/, SE-30 on Shimalite W and 
lOyo PEG-20M on Shimalite W. 

Oxidation potentials were measured for N,-saturated 
acetonitrile solutions ( M )  us. an Ag/Ag+ reference 
electrode by cyclic voltammetry. Tetraethylanimonium 
tetrafluoroborate ( 0 . 1 ~ )  was used as supporting electrolyte. 
The scan speed was 0.2 V s-l and the temperature was kept 

t s" 

ring; tile smaller the values of AEoX, the faster the ring at 23 f 0.1 "C. N o  cyclic voltamniob.ratiis slrowecl re- 
cleavage reactions from the n-COmpleX. Thus, develop- 
merit of the positive charge on the side of (1a-c) migllt 

versible cathodic peaks corresponding to reduction of cation 
radicals. Therefore, the half-peak values (< kO.015 V) 

lower activation barriers for cOncer ted-like cleavage of 

redox-photosensitised ring cleavage disfavours the inter- 
vention of such long-lived intermediates as 1,4-biradicals. 

I t  should, however, be noted that while AEox is im- 
portant, it is not the only factor in the ring cleavage 
reactions. For example, cis- and trans-1 ,%diphenoxy- 

were employed as oxidation potentials. 
ments were identical to those described previously. 

Details of niensure- 

the cYclobutane ring' The stereospecific nature Of the N.m.r. spectra were taken for solutions in deuterio- 
on a JEoL JNM-60 spectrometer at 60 nlHz and 

on a JEOL J N M - P S - ~ ~ O  spectronletor at hlHz using 
tetramethylsilane as internal standard. I .r. spectra were 
obtained with a Shimadzu 113-400 spectrometer and mass 
spectra with a Hitachi RMU-6E instrument. 
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Quantum Y i e l d  Measurements.-All volumetric A. asks and 

pipettes were dried before use in a desiccator in vacuo; 
irradiation tubes (Pyrex, 8 mm i d . )  were heated under high 
vacuum before use. Aliquots (3 cm3) of solutions of samples 
and hexan-2-one actinometer 22 were introduced into the 
Pyrex tubes, degassed by freeze-pump-thaw method (five 
cycles) to  a reduced pressure < 5  x Torr, and then 
irradiated with an Eikosha PIH-300 high-pressure mercury 
lamp using a ' merry-go-round ' apparatus immersed in 
water at 20 f 1 "C. Potassium chromate solutions of 
different concentration in a Pyrex vessel were used to  isolate 
the 313 nm light and change the intensity of the incident 
light. 

Nitriles (la-e) .-The photocycloadducts of l-cyano- 
naphthalene to  phenyl vinyl ether,23 cis- and trans-l- 
phenoxypropene~,~~ and G ~ S -  and trans- l-methoxypropenes 25 

were hydrogenated in methanol over 5% palladium-carbon. 
The cyclobutanes (la-e) were obtained in 95% yields and 
purified by recrystallization from methanol or by fractional 
distillation under high vacuum. endo-l-Phenoxy-l,2,2a,3,- 
4, 8b-hexahydvo~ycZobut[a]naplzt~alene-8b-carbonitrile (la) 
had m.p. 73-74 "C; vmax. (CCl,) 2 220 and 1 220 cm-l; 6 
1.63-2.24 (m, 3 H), 2.30-2.68 (m, 2 H) ,  2.70-3.24 (m, 
2 H) ,  5.09 (cld, J 9.6 and 8.3 Hz, 1 H) ,  and 6.7-7.5 (m, 
9 H ) ;  Yn/e 275 ( M i )  (Found: C, 82.6; H, 6.1; N, 4.95. 
CL,H17N0 requires C, 82.88; H ,  6.22; N, 5.09%) ; endo-2- 
methyl-endo-l-phenoxy-l,2,2a,3,4,8b-hexahydrocyclobuta[a]- 
na~hthalene-8b-carbonitrile (lb) had m.p. 4 G 4 8  "C ; v,,,,. 
(CCl,) 2 220 and 1220 cm-l; 6 0.96 (d, J 6.9 Hz, CH,), 
1.67-2.18 (m, 2 H), 2.20-2.71 (m, 2 H), 2.66-3.65 (m, 
2 H ) ,  5.22 (dd, J7 .0and2.6Hz,  lH) ,and6.5-7 .5(m,gH);  
m/e 289 ( M + )  (Found: C, 82.6; H ,  6.4; N, 4.65. C,,H,,- 
NO requires C, 83.01; H, 6.62; N, 4.84%); exo-2-methyl- 
endo- 1 -phenoxy- 1,2,2a, 3,4,8b-hexahydrocyclobuta[a]na~hthaZ- 
ene-8b-curbonitrile (lc) had m.p. 67-67.5 "C; v,,, (CC1,) 
2 220 and 1 225 cm-l; 6 1.23 (d, J 6.1 Hz, CH,), 1.68-2.17 
(m, 2 H), 2.20-2.63 (m, 2 H), 2.65-3.08 (m, 2 H) ,  4.67 
(d, J 8.0 Hz, 1 H), and 6.7-7.5 (m. 9 H ) ;  mle 289 (M+)  
(Found: C, 82.85; H, 6.5; N, 4.6. C,,H,,NO requires C, 
83.01 ; H,  6.62; N, 4.84%) ; endo-l-methoxy-endo-2- 
vnethyl-l,2,2a,3,4,8b-hexahydrocyclobuta[a]naphthalene-8b- 
carbonitrile (Id) was a colourless oil; vmax. (CCl,) 2 230 and 
1 160 cm-l; 6 0.87 (d, J 7.7 Hz, CH,), 1.67-2.16 (m, 2 H) ,  
2.10-2.58 (m, 2 H), 2.61-3.42 (m, 2 H) ,  3.20 (s, OCH,), 4.26 
(d, J 8.0 Hz, 1 H), and 6.9-7.5 (m, 4 H);  m/e 227 (M') 
(Found: C,78.9; H, 7.35; N, 6.1. C,,H,,NOrequiresC, 79.26; 
H, 7.54; N, 6.16%) ; endo-l-methoxy-exo-2-methyl-l,2,2a,3,4,- 
8b-hexal~~~drocyc~obutu[a] naphthalene-8b-carbonztrile ( le)  had 

m.p. 57-58 "C; vmx. (CCI,) 2 240 and 1 150 cm-l; 6 1.20 
(d, J 6.3 Hz, CH,), 1.66-2.06 (m, 2 H) ,  2.16-2.33 (m, 
2 H), 2.37-2.88 (m, 2 H), 3.46 (s, OCH,), 3.86 (d, J 8.2 Hz, 
1 H) ,  and 6.9-7.5 (m, 4 H);  m/e 227 ( M + )  (Found: C, 
79.0; H, 7.55; N, 6.15. Cl,Hl,NO requires C, 79.26; H, 
7.54; N, 6.16%). 
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