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Abstract - The 9,lO-dicyanoanthracene-sensitized electron-transfer photore- 
a c t i o n s  of 2,5-diaryl-1,5-hexadienes and 3,6-diaryl-2,6-octadienes w e r e  
inves t iga t ed  in o r d e r  t o  prove a cyclohexa-1,4-diyl c a t i o n  r ad ica l  i n t e r m e -  
diate in the cation radical Cope rearrangement. Stereochemical results of 
r e a r r a n g e m e n t s  and oxygenat ion r e a c t i o n s  provided ev idences  t h a t  c a t i o n  
r ad ica l s  of t h e s e  Cope  sys t ems  ini t ia l ly  cyc l i ze  t o  cha i r  cyclohexa-1,4-  
diyl cation radicals, through which the cation radical Cope rearrangements 
stereospecifically occur in  a cyclization-cleavage mechanism. Similar elec- 
t r o n - t r a n s f e r  pho to reac t ions  of 1,4-diarylbicyclo[2.2.0]hexanes f u r t h e r  
supported this mechanism. 

INTRODUCTION 

Elec t ron - t r ans fe r  pho to reac t ions  of acyc l i c  d i enes  (A), in which two  s ty ry l  func t ions  a r e  
linked a t  the c1 position by X, would provide simple but unique intramolecular reactions as 
shown in Scheme I. When photogenerated diene cation radicals (A'') intramolecularly cycli- 
ze ,  we c a n  e x p e c t  gene ra t ion  of var ious types  o f  cyc l i c  1,4-diyl c a t i o n  r ad ica l  i n t e rmed i -  
a tes  (B'), by changing X. Two competitive processes such as cleavage to A +  and reclosure 
t o  c" then would be expected as subsequent reactions of 8''. Among various types of B +  
w e  w e r e  pa r t i cu la r ly  i n t e r e s t e d  in a cyclohexa-1,4-diyl c a t i o n  r ad ica l  i n t e r m e d i a t e  (B'+) 
(X=-CH2CH ), because the reversible processes between A +  and B +  can be formulated as the 
hitherto un!?,own Cope rearrangement which occurs in a cyclization-cleavage mechanism (ref. 
1).  However ,  t h e r e  must  be  expe r imen ta l ly  access ib l e  ev idence  for  a cyclohexa-1,4-diyl  
cation radical intermediate in order to demonstrate a cyclization-cleavage mechanism. W e  
assumed that  the direct capture of B.+ (X=-CH2CH2-) as D by molecular oxygen and investiga- 
tions of stereochemical courses of oxygenation and rearrangement would provide direct  evi- 
d e n c e  for  s t r u c t u r e s  of+ i n t e r m e d i a t e s  because  s t e r e o c h e m i c a l  i n t e g r i t y  ob ta ined  in t h e  
ini t ia l  cyc l i za t ion  of A t o  B +  c a n  be  conse rved  throughout  oxygenat ion and r e a r r a n g e -  
ment. 
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In order t o  uncover a cyclization-cleavage mechanism of the cation radical Cope rearrange- 
men t ,  w e  thus  inves t iga t ed  e l ec t ron - t r ans fe r  pho to reac t ions  of 2,5-diaryl-1,5-hexadienes 
(11, 1,1,6,6-tetradeuterio-2,5-diaryl-1,5-hexadienes ( d 4 - l ) ,  3,6-diaryl-2,6-octadienes (EE-  
2, EZ-2 and ZZ-2) ,  2,5-diaryl-3,4-dimethyl-1,5-hexadienes (d l -3  and meso-3) and 1,4-di- 
aryl-2,3-dimethylbicyclo[2.2.0]hexanes (tBH-4) under  t h e  9,lO-dicyanoanthracene-sensitized 
condi t ions.  The  e l e c t r o n - t r a n s f e r  pho to reac t ions  of 2,6-diaryl-1,6-heptadienes w e r e  a l so  
inves t iga t ed  in o rde r  t o  t e s t  t h e  gene ra l i t y  of a cyc l i za t ion -c l eavage  mechainism through 
B+. The present paper summarizes recent results from our laboratory. 

1. ELECTRON-TRANSFER PHOTOREACTIONS OF 2,5-DIARYL-1,5- 
HEXADIENES 

(A) The degenerate cation radical Cope rearrangement (ref. 2) 
The  t h e r m a l  unimolecular  Cope  r e a r r a n g e m e n t  of 2,5-diphenyl-1,5-hexadiene ( l b )  has  been  
investigated by Dewar and co-workers in terms of the possible intermediacy of a cyclohexa- 
1,4-diyl i n t e r m e d i a t e  ( ref .  3). Although they  found t h e  enhancemen t  of t h e  r e a r r a n g e m e n t  
r a t e  by phenyl s u b s t i t u e n t s  a t  t h e  C-2 and C-5 posi t ions of l b ,  t hey  explained t h a t  t h e  
enhancemen t  is caused  by s ign i f i can t  C-3-C-4 bond weakening in a t r ans i t i on  s t a t e  r a t h e r  
than in a cyclohexa-1,4-diyl intermediate. Similarly, the thermochemical-kinetic arguments 
by Gajewski precluded the possible intermediacy of a cyclohexa-l,4-diyl intermediate in the 
thermal unimolecular Cope rearrangement (ref. 4). However, if a cyclization-cleavage mecha- 
nism operates in the cation radical Cope according to  Scheme I, we expected that electron- 
t r a n s f e r  pho to reac t ions  of 2,5-diaryl-1,5-hexadienes would most  l ikely g e n e r a t e  a s t a b l e  
1,4-diaryl-cyclohexa-!,4-diyl c a t i o n  r ad ica l  i n t e rmed ia t e .  Thus,  we syn thes i zed  t h r e e  2,5- 
diaryl-1,5-hexadiene de r iva t ives  ( la- lc)  and t h e i r  1 ,1 ,6 ,6 - t e t r adeu te r io  de r iva t ives  (d4- 
la-d4-,lc).  T h e  f l u o r e s c e n c e  of  9 , lO-d icyanoan th racene  (DCA)  was e f f i c i e n t l y  quenched in 
acetonitrile and benzene by la-lc as shown in Table 1. 

d4 - l  d4-1*+ d4-5" d4- 1 ' * + d4- l '  

Table 1. Oxidation potentials, fluorescence quenching r a t e  constants and photo- 
stationary ratios 

q 7 2  lOl0kq i r r a d .  
t i m  r a t i o b  m.b. 

s u b s t r a t e  solvent  (V vs  SCE) (W's-') (min)a dn-111' 

2.0 
1.5 
1.0 

0.36 
0.059 

0.24 
0.027 

d4- l b  1.68 1.2 

d4- IC 1.71 1.1 

60 
30 
10 

240 
30 
60 
30 
60 

120 

50150 38 
52/48 63 
50150 93 
49/51 44 
48/52 89 
48/52 92 
49/51 87 
47/53 76 
46/54 100 

athe t ime reached to  a photostationary state.  
'material balance. 

bdetermined by 200 MHz nmr. 

Upon s e p a r a t e  i r r ad ia t ion  (>390-nm) of DCA with d 4 - l a ,  d 4 - l b  or  d 4 - l c  in acetonitri le-ci3,  
dichloromethane-c12 or benzene-$ under Ar, the degenerate Cope rearrangements were observed 
a s  summar ized  in Tab le  1. Signif icant  solvent  and subs t i t uen t  e f f e c t s  w e r e  no t  obse rved  
for photostationary ratios of d4-l  and d4-l'. However, irradiation t ime reached to  a pho- 
tostationary s t a t e  were found to depend on substituents and solvent polarity. If DCA-fluo- 
rescence quenching r a t e  constants a r e  close, the more electron-donative substrates such as 
d 4 - l a  and d 4 - l b  r e a c h  t o  a pho tos t a t iona ry  s t a t e  much f a s t e r  in t h e  less polar  so lven t s  
t han  in ace ton i t r i l e .  In t e re s t ing ly ,  in ace ton i t r i l e ,  t h e  less e l ec t ron -dona t ive  d 4 - l c  
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r e a c h e s  t o  a pho tos t a t iona ry  s t a t e  much f a s t e r  t han  t h e  more  e l ec t ron -dona t ive  d 4 - l a  and 
d4;lb. These facts suggest that  the degenerate Cope may occur prior to separation of ion 
pairs  in t h e  m o r e  polar  a c e t o n i t r i l e  and d i ch lo romethane  and through exc ip l exes  in non- 
polar benzene. The degenerate Cope rearrangement seems to  be most likely explained by a 
sequen t i a l  cyc l i za t ion -c l eavage  mechanism through a cyclohexa-1,4-diyl c a t i o n  r ad ica l  
intermediate (d4-5'+) as shown in Scheme 11. In support of this mechanism was the oxygena- 
tions of 1 leading to  1,4-diaryl-2,3-dioxabicyclo[2.2.0]octanes. 

(6 )  Photooxygenations of 1 under the DCA-sensitized conditions (ref. 2) 
I f  cyclohexa-1,4-diyl c a t i o n  r ad ica l  i n t e r m e d i a t e s  i n t e r v e n e  in t h e  d e g e n e r a t e  Cope  
rearrangements of 1, these would be captured by molecular oxygen as a trimethylenemethane 
cation radical intermediate in the degenerate cation radical methylenecyclopropane rearran- 
gement was captured (ref. 5). Upon irradiation of DCA with la in oxygen-saturated acetoni- 
t r i l e  fo r  5 min, 6a was  quan t i t a t ive ly  isolated.  The i r r ad ia t ion  in oxygen- sa tu ra t ed  dichl-  
oromethane for 5 min gave 6a in 37% yield together with 63% of recovered la, but the irra- 
diat ion fo r  20 min re su l t ed  in t h e  q u a n t i t a t i v e  fo rma t ion  of 6a. The i r r ad ia t ion  in benze -  
ne, however, did not afford 6a a t  all. Neither lb nor lc, likewise la, was oxygenated in 
non-polar benzene. On the other hand, the irradiation of DCA with the less electron-dona- 
t ive lb for 20 min in oxygen-saturated acetonitrile afforded 6b and diketone 7b only in 10 
and 3%, respectively, along with 58% recovered lb. Similarly, lc afforded 6c and 7c in 14 
and 4% yields, respectively, along with 70% recovered lc af ter  20 min irradiation in oxyg- 
e n - s a t u r a t e d  ace ton i t r i l e .  Expe r imen ta l  ev idence  t h a t  oxygenat ion r a t e s  s ign i f i can t ly  
depend on the electron-donative nature of substrates may suggest that  the intramolecular CT 
i n t e r a c t i o n  be tween  t h e  cha rged  and neu t r a l  s ty ry l  units,  namely t h e  cyc l i za t ion  r a t e ,  
d e c r e s e s  wi th  a d e c r e a s e  in t h e  e l ec t ron -dona t ive  n a t u r e  of subs t r a t e s .  Thus,  in t h e  c a s e  
of t h e  more  e l ec t ron -dona t ive  la, t h e  cyc l i za t ion  of [la.' DCA'-] t o  [5a'+ DCA'-] o c c u r s  
much faster than diffusion of [la" DCk-1  to  la*+ and DCA'- in the more polar acetonitri- 
le. Molecular  oxygen then  e f f i c i e n t l y  cap tu res5a '+ .  In  c o n t r a s t ,  in t h e  c a s e  of t h e  less  
e l ec t ron -dona t ive  lc, t h e  cyc l i za t ion  r a t e  of [Ice+ DCA'-] t o  [5c'+ DCA"] d e c r e a s e s  so 
t h a t  t h e  s e p a r a t i o n  t o  lc" f rom [lc" DCA'-] c o m p e t e s  t h a t  t o  5c" f rom [5c'+ DCA'-1. 
Molecular  oxygen c a p t u r e s b o t h  lc" and 5c" t o  give 7c and 6c, respect ively.  In  benzene ,  
1" and 5" a re  reluctant t o  separate from ion pairs and exciplexes, and thereby la-lc are  
not  oxygena ted  a t  all. Observed r e su l t s  in (A) and ( B ) ,  for  t h e  f i r s t  t i m e ,  d e m o n s t r a t e  a 
cyclization-cleavage mechanism through a cyclohexa-1,4-diyl cation radical intermediate. 

Scheme 111 
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2. ELECTRON-TRANSFER PHOTOREACTIONS OF 3,6-DIARYL-2,6- 
OCTADIENES AND 2,5-DIARYL-3,4-DIMETHYL-l,5-HEXADlENES 

(A) Stereochemistry of oxygenation reactions 
The famous studies done by Doering and Roth had concluded that the thermal unimolecular 
Cope r e a r r a n g e m e n t  s t e reospec i f i ca l ly  occur s  through t h e  s ix-membered c h a i r  t r ans i t i on  
s t a t e  ( r e f .  6). However ,  t h e  possible in t e rmed iacy  of a cyclohexa-1,4-diyl is  t h e o r e t i c a l -  
ly s t i l l  con t rove r s i a l  ( r e f .  7) .  In  c o n t r a s t ,  our  s tudy r evea led  t h a t  t h e  c a t i o n  r ad ica l  
Cope rearrangement of 2,5-diaryl-1,5-hexadienes involves a cyclohexa-1,4-diyl intermediate. 
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Theore t i ca l  support  fo r  a cyclohexa-1,4-diyl c a t i o n  r ad ica l  i n t e r m e d i a t e  is  t h e  ca l cu la t ion  
done by Bauld and co-workers which suggested that  the cyclization of 1,5-hexadiene cation 
r ad ica l  t o  cyclohexa-1,4-diyl c a t i o n  r ad ica l  would b e  a low ene rgy  pa thway  ( r e f .  8). In 
addi t ion,  t h e  in i t i a l  cyc l i za t ion  of 1" t o  5" is  cons i s t en t  with t h e  cyc l i za t ion  of t h e  
pa ren t  1 ,s-hexadiene c a t i o n  r ad ica l  t o  cyclohexa-1,4-diyl c a t i o n  r ad ica l  obse rved  in ESR- 
m a t r i x  isolat ion s tud ie s  by Williams and co-workers ,  though t h e  p a r e n t  cyclohexa-1,4-diyl 
cation radical did not undergo the Cope rearrangement in low temperature matrices (ref. 9). 
However, these theoretical and spectroscopic studies could not determine the conformation 
of cyclohexa-1,4-diyl c a t i o n  radical .  Our nex t  s t u d i e s  w e r e  then  d i r e c t e d  toward  t h e  s t e -  
r eochemica l  d e t e r m i n a t i o n  of a 1,4-diarylcyclohexa-1,4-diyl c a t i o n  r ad ica l  i n t e rmed ia t e .  
Because,  a s  men t ioned  previously,  t h e  s t e r e o c h e m i c a l  i n t eg r i ty  ob ta ined  in t h e  in i t i a l  
cyclization s tep can be conserved throughout oxygenation and rearrangement, the oxygenation 
r e a c t i o n s  of t h e  Cope  s y s t e m s  wi th  s t e r e o c h e m i c a l  labels  a r e  e s sen t i a l .  For th i s  purpose,  
w e  syn thes i zed  s t e reochemica l ly  pu re  t h r e e  i somers  of 3,6-diaryl-2,6-octadienes (EE-,  ZZ- 
and EZ-2) by the Wittig reaction of 1,4-diaryl-1,4-butanedione (7). NOE examinations pro- 
vi ded c o r r e c t  s t e r e o c  he  m i c a I a s s ignmen t s  of t h e s e  is0 m e r  s. d 1- 2,5 -D i a r  y 1 - 3,4-di m e t h y 1 - 
1 , 5  -hex ad  i e ne s ( d 1 - 3) w e r e  s i m i I a r 1 y de r ived  from a- 1 , 4  -diary 1 -2,3 -d i m e t h y 1 - 1 , 4  -but an  e di - 
ones prepared according to  the known procedure. The m 3 - i s o m e r s  (meso-3) were successful- 
ly prepared from m~-1,4-diaryl-2,3-dimethyl-1,4-butanediones which were derived from dl- 
isomers  by a base -ca t a lyzed  s imul t aneous  isomerization-crystalization method ,  u t i l i z ing  
poorer solubility of ==-1,4-butanediones than a-butanediones.  

Scheme IV 

Ar % $ A r G A r  - 
Ar Ar g Ar 

EE-2 22-2 tEP-8 dl  -3  

$ Ar - 8 $ B 2 Ar 

Ez- 2 CEP-9 CEP-9 '  mS0-3 

Table 2. Solvent and substituent effects on oxygenation reactions of ZZ-2 
~~ 

y i e l d s  lOl0kq i r r a d .  
t ime (010) 

q 7 2  

s u b s t r a t e  solvent  (V vs SCE) ( K ' s - ' ) ~  (min) tEP-8 d l - 3  22-2 tBH-4 

ZZ-2a al CN 1.11 1.9 1 94 0 0 0 
1.8 5 67 0 33 0 
1.3 10 0 15 43 0 
1.6 1 13 11 36 2 
1.4 5 7 15 12 5 

22- 2b @ 1.46 
22-2c al-I,CN 1.52 

aDCA fluorescence quenching r a t e  constant. 

Upon irradiation (>360-nm) of DCA with EE-2a in oxygen-saturated acetonitrile, tEP-8a rap- 
idly p r e c i p i t a t e d  and w a s  quan t i t a t ive ly  i so l a t ed  a f t e r  i r r ad ia t ion  for  1 min. S imi l a r  
s ens i t i zed  i r r ad ia t ions  o f  ZZ-Pa and dl-3a r e su l t ed  in q u a n t i t a t i v e  fo rma t ions  of t E P - l a .  
On the other hand, oxygenations of EZ-Pa and meso-3a were slow, but both gave a 4:l mixture 
of cEP-9a  and cEP-Sa', in 96 and 89% yields ,  r e spec t ive ly .  The  s t r u c t u r e  of cEP-9  w a s  
unequivocally determined by X-ray crystallographic analysis, and stereochemical assignments 
for tEP-8a and cEP-9a' were obtained by comparisons of the NMR spectrum of cEP-9a with 
those  of tEP-8a  and cEP-9a'. Solvent  and s u b s t i t u e n t s  effects on oxygenat ion r e a c t i o n s  
were investigated for ZZ-2 and results were summarized in Table 2. Yields of tEP-8 decrea- 
sed as the electron-donative nature of substrates decreases. Instead rearrangements of ZZ- 
2 t o  dl-3 and fo rma t ions  of small  amoun t s  of tBH-4 w e r e  obse rved  in a c e t o n i t r i l e  fo r  t h e  
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less e l ec t ron -dona t ive  ZZ-2b and ZZ-2c. As shown in Tab le  2, yields  of tEP-8  d e c r e a s e d  
wi th  a d e c r e a s e  in so lven t  polar i ty .  In t e re s t ing ly ,  in non-polar benzene,  t h e  r ea r r ange -  
ment of ZZ-2a to  dl-3a was a major pathway. These substituent and solvent effects  on oxy- 
genation further supplement previous assumption that  the Cope rearrangement predominantly 
occur s  within ion pa i r s  o r  exciplexes,  while oxygenat ion occur s  a f t e r  s epa ra t ion  of ion 
pairs.  Observed s t e r e o c h e m i c a l  r e s u l t s  c a n  b e  most  l ikely accoun ted  fo r  by t h e  in i t i a l  
stereospecific formations of the chair cyclohexa-1,4-diyl cation radicals as shown in Sche- 
me V. The initial cyclization of EE-2'+ and ZZ-2" give eeC-10'  and a a C - l o + ,  respective- 
ly, while dl-3" could cyclize to  both. Molecular oxygen then captured either eeC-10'  or 
aaC-lO+, giving rise to  the same product tEP-8. However, as we mention later,  eeC-lO" 
which places two methyl groups equatorial seems to  be thermodynamically less stable than 
a a C - l O +  because  of s e v e r e  s n cop lana r  s t e r i c  repulsion be tween  t h e  me thy l  and a ry l  
groups.  Thus,  ZZ-2" and dl-3'' predominant ly  give aaC-lo",  through which oxygena t ions  
occur. EE-Z' initially cyclize to e e C - l o + ,  but oxygenations occur through aaC-!O+ a f t e r  
the conformational change. Similar1 both EZ-2" and meso-3" cyclize to  aeC-10 . Mole; 
cu la r  oxygen c a n  c a p t u r e  aeC-10" a t  four  d i f f e r e n t  s i tes .  
c a p t u r e d  a t  t h e  less h inde red  s i t e ,  i.e., a and/or  b, r ecyc l i zes  t o  give cEP-9  as a major  
p roduc t ,  while  13" c a p t u r e d  a t  t h e  more  h inde red  s i t e ,  i.e., c and/or  d, give cEP-9' a s  a 
minor product. 

Pe roxyca t ion  r ad ica l s  12' 

Scheme V 
EE-2*+ dl-3" Zz-2*+ tEP-8 

CEP- 9 CEP-9' 

12'+ 

+ 

13" 

a: Ar=p-MeOC6H4; b: Ar=C6H5; c: Ar=p-C1C6H4 

(6) Stereochemistry of the cation radical Cope rearrangements 
Because oxygenations of these Cope systems occur through aaC-lO+ or aeC-10' as a common 
intermediate, these Cope systems should stereospecifically interconvert through aaC-10' or 
aeC-lO+ in the Cope rearrangement. The rearrangement of ZZ-2 to  dl-3 observed in oxygena- 
tion reactions is one of expected pathways. W e  further investigated a stereochemical cource 
of t h e  c a t i o n  r ad ica l  C o p e  r e a r r a n g e m e n t  in detai l .  Upon i r r ad ia t ion  of DCA wi th  ZZ-Pa 
under Ar in dichloromethane, ZZ-2a gradually decreased along with the formation of dl-3a 
A f t e r  10 h r s  i r r ad ia t ion ,  a pho tos t a t iona ry  m i x t u r e  including ZZ-2a (42%), EE-2a ( ~ V O )  and 
dl-3a (52%) w a s  fo rmed  wi th  92% m a t e r i a l  balance.  The  i so l a t ed  dl-3a was proved t o  b e  
iden t i ca l  w i th  t h a t  independent ly  synthesized.  S imi l a r  s ens i t i zed  r e a c t i o n  of dl-3a g a v e  
nea r ly  t h e  same pho tos t a t iona ry  m i x t u r e  a f t e r  4 hrs  i r radiat ion.  On t h e  o t h e r  hand,  t h e  
reaction of EE-2a was very slow so that  the reaction did not reached to  a photostationary 
s t a t e  e v e n  a f t e r  20 hrs  as shown in Tab le  3, bu t  t h e  r a t i o  of ZZ-2a and dl-3a was nea r ly  
s a m e  a s  t h a t  in pho tos t a t iona ry  mix tu res  f rom ZZ-2a and dl-3a. Solvent  po la r i ty  did not 
s ign i f i can t ly  change  a pho tos t a t iona ry  r a t i o  of ZZ-2a and dl-3a,  but  a m a t e r i a l  ba l ance  in 



1536 T. MlYASHl eta / .  

the more polar acetonitrile became poor and ZZ-2a formed small amounts of tBH-4a in non- 
polar benzene. Photoreactions of EZ-2a and meso-3a were simple and both gave nearly the 
same photostationary mixture in dichloromethane. Meso-3a from EZ-Pa was also proved to  be 
identical with that independently synthesized. 

dl-3a" = d l -3a  

Table 3. Relative yields of Cope products in a photostationary s t a t e  

10k, i r r a d .  r e l a t i v e  y i e l d s  ' time (010) M. B. 
s u b s t r a t e  solvent  ( M ' s - ' ) ~  ( h r ) b  ZZ-2a EE-2a EZ-2a d l - 3 a  t ~ S 0 - 3 a  (O/O) 

ZZ-2a m3cN 1.9 4 48 0 0 52 0 58 

EZ-2a CD2CI2 1.6 8 0 0 80 0 20 83 

meS0-3a CD2CI2 1.5 10 0 0 80 0 20 77 

CD2C12 1.8 10 42 2 0 55 0 92 
EE-2ad CD2CI2 1.5 20 19 51 0 30 0 57 

d l -3a  CD2C12 1.4 4 40 2 0 57 0 87 

aDCA-fluorescence quenching rate  constant. btime reached to a photostationary 
state.  'material balance.dnot a photostationary mixture. 

Stereochemical results observed in the Cope rearrangements of these systems can be rationa- 
lized by the same mechanism proposed for oxygenation. As shown in Scheme VI, ZZ-2a and EE- 
2 a  c y c l i z e  t o  aaC-lOa.' and eeC-lOa.', respect ively.  However ,  eeC-lOa'+ undergoes t h e  
i r r eve r s ib l e  confo rma t iona l  change  t o  aaC-lOa*'  and dl-3a predominant ly  c y c l i z e s  t o  a a C -  
10a'+.  This is  t h e  r eason  why EE-2a is exc luded  from a pho tos t a t iona ry  m i x t u r e  of ZZ-2a 
and dl-3a The stereochemical result of the cation radical Cope rearrangement from dl-3a 
to ZZ-2a and that of the thermal unimolecular Cope rearrangement from g-3,4-dimethyl-1,5- 
hexadiene t o  (@)-2,6-octadienes ( r e f .  6)  a r e  r eve r sed ,  indicat ing s ign i f i can t  s t e r i c  
repulsion be tween  t h e  me thy l  and p-anisyl groups in eeC-lOa". W e  will f u r t h e r  discuss  
about t h i s  point l a t e r  in e l ec t ron - t r ans fe r  pho to reac t ions  of bicyclo[2.2.0]hexanes.  Simi-  
larly, EZ-Pa and meso-fa cyclize to aeC-lOa", through which the reversible Cope between 
EZ-2a and meso-3a occurs .  Expe r imen ta l  ev idence  for  t h e  in i t i a l  cyc l i za t ion  t o  t h e  c h a i r  
form is cons i s t en t  with t h a t  ob ta ined  from ESR-matr ix  isolat ion s tud ie s  done by Williams 
(ref. 10). 

Major rearrangement pathways of the cation radical Cope can be described as Scheme VI, but 
this mechanism can not explain the formations of small amounts of tBH-4 in the oxygenation 
reactions of ZZ-2b and ZZ-2c as shown in Table 2. I n  fact ,  the DCA-sensitized reaction of 
ZZ-2b in dichloromethane under Ar gave a photostationary mixture of ZZ-2b, dl-3b, and tBH- 
4 b  in 4:64:27 rat io .  One r a t iona le  fo r  t h e  fo rma t ion  of tBH-4 is t h e  in t e rven t ion  of t h e  
boa t  cyclohexa-1,4-diyl ca t ion  r ad ica l  (tB-14") be tween  eeC-10.' and aaC-10". I f  t h i s  
assumption is correct,  a mechanism shown in Scheme VI can be reformed as  Scheme VII. In  
t h i s  mechanism,  tBH-4.' l eaves  and e n t e r s  a Cope  r e a r r a n g e m e n t  channe l  through tB-14". 
The ring cleavage of tB-14'' does not occur because of poor overlap of the C-2-C-3 bond 
wi th  t h e  spin and c h a r g e  o rb i t a l s ,  and  t h e  r ing f l ip  be tween  eeC-10" and tB-14.' is i r r e -  
versible, while that  between tB-14" and aaC-10' is reversible. Under these circumstances, 
if ra tes  of reversible processes between tBH-4" and tB-14'+ are  comparabljle, tBH-4 can sur- 
vive in a photostationary mixture of ZZ-2 and dl-3. The ring cleavage of tBH-4' is assum- 
e d  t o  b e  f a c i l i t a t e d  s ign i f i can t ly  by t h e  e l ec t ron -dona t ive  subs t i t uen t  such a s  t h e  p-ani-  
syl group. This may be the reason why tBH-4a is not included in photostationary mixtures 
from ZZ-2a, while a photostationary mixture from ZZ-2b includes tBH-4b. I n  order for this 
mechanism to  operate,  difference of free-energies between boat and chair cyclohexa-1,4-diyl 
cation radicals must be much smaller than that between boat and chair cyclohexanes so that  
apprec i ab le  amoun t s  of t h e  boat  1,4-diyl c a t i o n  r ad ica l  c a n  be  in equi l ibr ium with t h e  
cha i r  1,4-diyl c a t i o n  radical .  However ,  a t  p re sen t ,  t h e r e  is  no  ava i l ab le  d a t a  t o  e s t i m a t e  
this. For the experimental confirmation of this mechanism, electron-transfer photoreactions 
of ~-1,4-diaryl-2,3-dimethylbicyclo[2.2.O]hexanes were investigated. 
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Scheme Vll 

tEH-4.+ d l  -3" 

II I I  

3 .  ELECTRON-TRANSFER PHOTOREACTIONS OF TRANS-1,4-DIARYL-2,3- 
DIMETHYLBICYCLO 2.2.0 HEXANE 

The independent  gene ra t ion  of tB-14.' is  e s sen t i a l  t o  gain insights  i n t o  t h e  ro l e  of t h e  
boat cyclohexa-1,4-diyl cation radical intermediate in the main Cope rearrangement pathway. 
Three derivatives (tBH-4a, tBH-4b and tBH-4c) were prepared from 1,2-diaryl-cyclobutenes. 
The DCA-sensitized photoreaction of tBH-4a in dichloromethane under Ar gave a photostation- 
a r y  m i x t u r e  of ZZ-2a and dl-3a in 39:61 r a t io ,  which is  nea r ly  t h e  s a m e  r a t i o  as those  in 
pho tos t a t iona ry  mix tu res  f rom ZZ-2a and dl-3a shown in Tab le  3. This  r e su l t  c l e a r l y  indi- 
c a t e s  t h a t  tB-14a.' does  not  c l e a v e  t o  EZ-2a t o  meso-3a,  but  f l ips predominant ly  t o  t h e  
more stable aaC-lOa*+, through which the reversible Cope rearrangement of ZZ-2a and dl-3a 
occurs, supporting a mechanism shown in Scheme VII. 

Table 4. Oxidation potentials, DCA-fluorescence quenching r a t e  constants and 
oxygenations of tBH-4 

lOl0kq i r r a d .  y i e l d s  
Eox time (%I 

s u b s t r a t e  so lven t  ( V  v i ' b )  ( M ' s - ' ) ~  (min) tEP-8 7 22-2 d l - 3  tBH-4 

tEH-4a CD3CN 1 * 00 1 .6  0.25 34 0 0 0 64 
1 100 0 0 0 0 

tEH-4b CD3CN 1.54 1.0 60 4 2  0 3 86 
180 6 8  0 1 46 

t m - 4 c  m3CN 1.59 0.97 180 5 7  0 1 36 

aDCA fluorescence quenching r a t e  constant 

The DCA-sensitized oxygenation reactions of tBH-4 provided experimental evidence for the 
f ac i l i t y  in t h e  r ing c l e a v a g e  of t h e  m o r e  e l ec t ron -dona t ive  tBH-4a. As shown in T a b l e  4, 
t h r e e  de r iva t ives  of tBH-4 s t e reospec i f i ca l ly  gave  tEP-8, through a common  i n t e r m e d i a t e  
aaC-10". However ,  combined yields  of oxygenat ion ( 7  and tEP-8)  and r e a r r a n g e d  (dl-3) 
products from tBH-4b and tBH-4c are  markedly low as compared with that  from tBH-4a This 
result can not be explained by difference in DCA-fluorescence quenching r a t e  constants, but 
should b e  a sc r ibed  t o  d i f f e r e n c e  in t h e  e l ec t ron -dona t ive  n a t u r e  of subs t r a t e s .  S imi l a r  t o  
t h e  in i t i a l  cyc l i za t ion  of 2,5-diaryl-1,5-hexadiene c a t i o n  r ad ica l s ,  t h e  sepa ra t ion  of 
charge and spin due to  the C-1-C-4 bond cleavage of tBH-4" is presumablly facil i tated by 
the more electron-donative p-anisyl group. Although kinetics of other processes in Scheme 
V I I  must  be  t a k e n  in to  accoun t ,  d i f f e r e n c e  in t h e  f ac i l i t y  in t h e  r ing c l e a v a g e  of tBH-4" 
is important for the inclusion of tBH-4 in a photostationary mixture. Thus, the less elec- 
t ron -dona t ive  s u b s t r a t e s  provide t h e  Cope  r e a r r a n g e m e n t  involving t h e  fo rma t ion  of t h e  
bicyclo[2.2.0]hexane system. 

4. ELECTRON-TRANSFER PHOTOREACTIONS OF 2,6-DIARYL-1,6- 
HEPTAD1 ENES 

A cyclization-cleavage mechanism in other systems was tested in electron-transfer photore- 
ac t ions  of 2,6-diaryl-1,6-heptadienes (15).  Upon i r r ad ia t ion  of DCA wi th  15a  (E:T2=1.19 V 
vs  SCE in a c e t o n i t r i l e )  in a c e t o n i t r i l e ,  d i ch lo romethane  or benzene,  17a,  a fo rma l  [2+2]-  
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c y c l o a d d u c t ,  w a s  q u a n t i t a t i v e l y  i s o l a t e d .  U n d e r  s i m i l a r  s e n s i t i z e d  c o n d i t i o n s ,  17a 
1.01 V) did not cyclorevert to 15a However, the DCA-sensitized oxygenations of 15a 

!%%7a quan t i t a t ive ly  gave  18a, indicat ing t h e  in t e rven t ion  o f  cyc lohe  t a  l ,4-diyl c a t i o n  
r ad ica l  16a" a s  an in t e rmed ia t e .  The  less  e l e c t r o n  dona t ive  15b (E0'-{75 V )  and 15c 
(E?T2=1.84 V )  s imilar ly  gave  17b (Eox -1.57 V)  and 17c (Eox -1.651''?, in  quant i ta t ive 
yie  s, r e spec t ive ly ,  in a c e t o n i t r i l e ,  d!c/t?~oromethane or  b e n z e i i f - b u t  17b and 17c did not 
cyc lo reve r t  t o  15b and 15c, r e spec t ive ly ,  in ace ton i t r i l e .  Interest ingly,  ne i the r  15b nor 
15c was  oxygena ted  e v e n  in ace ton i t r i l e .  Observed r e su l t s  suggest  t h a t  t h e  cyc l i za t ion  of 
15" t o  16" and subsequent  r ec losu re  of 16'+ t o  17" rapidly occur  within ion pa i r s  r e -  
gardless of the electron-donative nature of substrates and solvent polarity, but the C-l-C- 
5 bond c l e a v a g e  of 17" t o  16" s ign i f i can t ly  depends on subs t r a t e s .  Although t h e  f a c t  
t h a t  17b and 17c w e r e  not oxygena ted  in a c e t o n i t r i l e  does not necessa r i ly  ind ica t e  t h a t  
17b+ and 17c" do not undergo the C-1-C-5 bond cleavage, the C-1-C-5 bond cleavage of 17" 
is  appa ren t ly  f a c i l i t a t e d  by t h e  e l ec ron-dona t ive  subs t i t uen t  such a s  t h e  p-anisyl group. 
The  t r end  of f ac i l i t y  in t h e  bond c l e a v a g e  of 17" is  t hus  s imi l a r  t o  t h a t  of tBH-4.'. A 
failure of the C-2-C-3 bond cleavage in 16'' should be ascribed to poor overlap of the C-2- 
C-3 bond with the spin with charge orbitals in the most stable twist chair conformer. This 
is  a major  d i f f e r e n c e  be tween  t h e  cha i r  cyclohexa-1,4-diyl and tw i s t  cha i r  cyclohepta-1,4-  
diyl cation radicals. 

Scheme Viii 

CONCLUSION 

Our present study, for the first time, experimentally demonstrates the cation radical Cope 
rearranghement which not only occurs in a cyclization-cleavage mechanism through the chair 
cyclohexa-1,4-diyl c a t i o n  r ad ica l  i n t e r m e d i a t e  but  a lso involves t h e  fo rma t ion  of t h e  bi- 
cyclo[2.2.0]hexane sys t em through t h e  boa t  cyclohexa-1,4-diyl c a t i o n  r ad ica l ,  r evea l ing  al l  
processes shown in Scheme 1. 
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