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Abs t rac t  - Magnetic resonance techn iques  have been app l i ed  i n  some photo- 
r e a c t i o n s  o r i g i n a l l y  i n v e s t i g a t e d  by  Ciamician and S i l b e r ,  and i n  r e l a t e d  
systems i n s p i r e d  b y  t h e i r  s tud ies .  Some pho to reac t i ons  o f  ketones, 
oximes, and o l e f i n s  a re  discussed. These s tud ies  have conveyed i n s i g h t  
i n t o  mechan is t i c  d e t a i l s  and revea led  t h e  ex i s tence  o f  unique in te rmed i -  
ates.  

Modern molecul  a r  photochemis t ry  o f f e r s  a seemingly 1 i m i t l e s s  v a r i e t y  o f  r e a c t i o n s .  Never- 
t he less ,  t h e  number o f  p r imary  r e a c t i o n  types  i s  s t r i c t l y  l i m i t e d .  I n  t h e  broadest  sense, 
we d i v i d e  p r i m a r y  photochemical  r e a c t i o n s  i n t o  f o u r  genera l  r e a c t i o n  types, two each o f  
un imo lecu la r  and b imo lecu la r  na ture .  The un imolecu la r  r e a c t i o n s  i n c l u d e  rearrangements and 
f ragmen ta t i on  o r  c leavage reac t i ons ,  whereas t h e  b imo lecu la r  ca tegory  i s  comprised o f  cyc lo -  
a d d i t i o n s  and a b s t r a c t i o n  o r  t r a n s f e r  r e a c t i o n s .  Many a b s t r a c t i o n s  and f ragmenta t ions  have 
been shown t o  proceed v i a  r a d i c a l  p a i r ,  b i r a d i c a l ,  o r  carbene in te rmed ia tes .  I n  c o n t r a s t ,  
t h e  i n te rmed ia tes  i nvo l ved  i n  rearrangements and c y c l o a d d i t i o n s  have been more e l u s i v e ,  
l ead ing  t o  specu la t i on  t h a t  these r e a c t i o n s  may be concerted. 

The p ioneer ing  work o f  Giacomo Ciamic ian  and h i s  assoc ia te  Paul S i l b e r  i n  Bologna between 
1900 and 1915 prov ided an e a r l y  i n d i c a t i o n  o f  t h e  r i c h  v a r i e t y  o f  photochemical  r e a c t i o n s .  
I n t e r e s t i n g l y ,  t h e i r  subs t ra tes  were chosen so t h a t  t h e i r  work covered t h e  f u l l  range o f  t h e  
genera l  r e a c t i o n  t ypes  mentioned above. Indeed, many o f  t h e  s p e c i f i c  r e a c t i o n s  i n v e s t i g a t e d  
b y  t h e  Bologna group have remained a t  t h e  focus o f  much a t t e n t i o n ,  a l though t h e  emphasis o f  
t h e  i n v e s t i g a t i o n s  has changed. Cur ren t  i n t e r e s t  i s  cen tered  on mechan is t i c  quest ions,  
p a r t i c u l a r l y  on t h e  na tu re  o f  t h e  p o t e n t i a l  i n te rmed ia tes ,  whereas C iamic ian  and S i l b e r  were 
i n t e r e s t e d  m a i n l y  i n  e x p l o r i n g  t h e  wide range o f  r e a c t i o n s  t h a t  cou ld  be induced b y  exposure 
o f  o rgan ic  compounds t o  sun1 i g h t .  

Magnetic resonance methods are  we l l  s u i t e d  t o  probe t h e  i n te rmed iacy  o f  r a d i c a l s  o r  r a d i c a l  
ions,  r a d i c a l  ( i o n )  p a i r s ,  b i r a d i c a l s ,  o r  carbenes, and have shed new l i g h t  on many o f  t h e  
r e a c t i o n s  exp lo red  by  Ciamician and S i l b e r .  We have chosen r e p r e s e n t a t i v e  r e a c t i o n  t ypes  
s t u d i e d  by  t h e  Bologna group and w i l l  e l abo ra te  c u r r e n t  research, p a r t i c u l a r l y  t h e  app l i ca -  
t i o n  o f  magnet ic resonance techniques, i n  these areas. 

PHOTOINDUCED REACTIONS OF CARBONYL COMPOUNDS 

The f i r s t  pho to reac t i on  i n v e s t i g a t e d  by Ciamician was t h e  pho to reduc t i on  o f  benzoquinone i n  
a l coho l  s o l u t i o n .  He i d e n t i f i e d  hydroquinone and acetaldehyde as complementary p roduc ts  o f  
an o x i d a t i o n - r e d u c t i o n  r e a c t i o n  ( r e f .  1). These s tud ies  were c a r r i e d  ou t  as e a r l y  as 1886, 
b u t  C iamic ian  d i d  no t  con t inue  t h i s  research  because H e i n r i c h  K l i n g e r  had observed t h e  same 
r e a c t i o n  t ype  a few months be fo re  him ( r e f .  2) and had " reserved"  t h e  f i e l d  f o r  h imse l f .  
F i f t e e n  years l a t e r  Ciamician and S i l b e r  re tu rned  t o  carbony l  photochemis t ry  and i n v e s t i g a t -  
ed t h e  i r r a d i a t i o n  o f  benzophenone i n  a l coho l  s o l u t i o n .  They recogn ized t h e  f i r s t  example 
o f  photop inaco l  i z a t i o n  ( r e f .  3 ) .  A thorough i n v e s t i g a t i o n  o f  benzophenone photochemis t ry  
fo l l owed ,  which i nc luded  t h e  r e a c t i o n  w i t h  to luene.  I n  t h i s  system, t h e  f u l l  complement o f  
geminate and f r e e  r a d i c a l  coup l i ng  produc ts  were i s o l a t e d ,  1 ,1 ,2 - t r ipheny le thano l  , and 
benzpinacol  and b ibenzy l  , r e s p e c t i v e l y  ( r e f .  4 ) .  

The pho to reduc t i on  o f  ketones and quinones by  a v a r t e t y  o f  subs t ra tes  s t i l l  i s  an impor tan t  
a rea  o f  photochemical i n v e s t i g a t i o n .  I n t e r e s t  has tu rned  t o  t h e  mechan is t i c  aspects o f  t h e  
r e a c t i o n ,  s p e c i f i c a l l y  t o  t h e  ques t ion  whether t h e  n e t  hydrogen a b s t r a c t i o n  i s  i n i t i a t e d  b y  
an e l e c t r o n  t r a n s f e r  step. Several techn iques  have been brought  t o  bear on t h i s  ques t ion .  
E l e c t r o n  paramagnetic resonance (EPR) has been used t o  c h a r a c t e r i z e  many semiquinone, semi- 
d ione and k e t y l  r a d i c a l  anions, t h e  species r e s u l t i n g  f rom one-e lec t ron  r e d u c t i o n  o f  t h e  
carbony l  mo ie ty .  Time reso lved  EPR and chemica l l y  induced dynamic e l e c t r o n  p o l a r i z a t i o n  
(CIDEP) are  used i n  severa l  l a b o r a t o r i e s  t o  probe t h e  p r i m a r y  s teps  i n  t h e  l i g h t  induced 
r e a c t i o n s  o f  va r ious  carbony l  compounds. 
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The pho to reac t i on  o f  t h e  s imp les t  ketone, acetone, wi th 2-propanol as hydrogen donor i n  t h e  
c a v i t y  o f  an ESR spectrometer g i ves  r i s e  t o  " m u l t i p l e t "  CIDEP induced by  S-T, m i x i n g  i n  t h e  
r e s u l t i n g  r a d i c a l  p a i r .  The involvement o f  an a d d i t i o n a l  p o l a r i z a t i o n  mechanism i s  i n d i c a t -  
ed by  t h e  i n t e n s i t i e s  o f  severa l  l i n e s ,  i n c l u d i n g  t h e  non-zero i n t e n s i t y  o f  t h e  cen te r  l i n e  
( r e f .  5 ) .  The i n t e r p r e t a t i o n  o f  t h e  r e s u l t i n g  e f f e c t s  i s  impeded b y  t h e  involvement o f  two 
i d e n t i c a l  r a d i c a l s  w i t h  d i f f e r e n t  chemical h i s t o r i e s .  However, t h e  p o l a r i z a t i o n  o f  t h e  two 
r a d i c a l s  can be  separated b y  employing d i f f e r e n t  i s o t o p i c a l l y  l a b e l e d  reagents,  e.g. ace- 
tone-d6 w i t h  2-propanol-h8. The r e s u l t i n g  CIDEP spectrum shows two components, a 7 - l i n e  
spectrum w i t h  a s p l i t t i n g  near 18 G, and a more n a r r o w l y  spaced spectrum, presumably a 13- 
l i n e  f e a t u r e  caused by  coup l i ng  t o  s i x  n u c l e i  o f  sp in  1. Both spec t ra  a re  s t r o n g l y  enhanced 
and s u b s t a n t i a l l y  d i s t o r t e d  ( r e f .  6 ) .  For  severa l  o t h e r  ketones n e t  CIDEP e f f e c t s  p rov ide  
i n s i g h t  i n t o  t h e  r a t e s  o f  i n te rsys tem c ross ing  from t h e  e x c i t e d - s i n g l e t  s t a t e  t o  i n d i v i d u a l  
tr i p I e t  sub1 eve I s . 

F i g .  1 C I D E P  spec t ra  r e s u l t i n g  f rom l a s e r  e x c i t a t i o n  o f  acetone i n  
2-propanol ;  l e f t :  acetone-h,; r i g h t :  acetone-d6. 

Chemica l l y  induced dynamic nuc lear  p o l a r i z a t i o n  (CIDNP) e f f e c t s  have proved u s e f u l  i n  prob- 
i n g  t h e  i n i t i a l  s tep  i n  t h e  pho to reduc t i on  o f  ketones and quinones b y  t e r t i a r y  amines ( r e f .  
7-9).  We have found evidence f o r  a two-step mechanism i n i t i a t e d  by  e l e c t r o n  t r a n s f e r  and 
completed by  p r o t o n  t r a n s f e r .  We i l l u s t r a t e  t h e  e f f e c t s  t h a t  may be observed w i t h  f o u r  
spec t ra  o f  v i n y l d i e t h y l  m i n e ,  an uns tab le  p roduc t  formed d u r i n g  t h e  i r r a d i a t i o n  o f  quinones 
i n  t h e  presence o f  t r i e t h y l a m i n e .  Spec t ra  l a  ( s imu la ted )  and I d  can be exp la ined  by  t h e  
involvement o f  t h e  aminium r a d i c a l  c a t i o n  and t h e  aminoa lky l  r a d i c a l ,  r e s p e c t i v e l y .  I n  
c o n t r a s t ,  spec t ra  l b  and l c  r e q u i r e  t h e  coopera t i ve  involvement o f  bo th  species.  I n t e r e s t -  
i n g l y ,  t h e  s i m u l a t i o n  o f  some o f  t h e  observed e f f e c t s  suggests t h a t  t h e  p r o t o n  i s  n o t  t rans -  
f e r r e d  form t h e  aninium r a d i c a l  c a t i o n  t o  t h e  semiquinone counter  i o n  w i t h i n  t h e  geminate 
r a d i c a l  i o n  p a i r .  Rather, a p ro ton  from t h e  m i n i u m  spec ies  i s  t r a n s f e r r e d  t o  t h e  b u l k  o f  
t h e  s o l u t i o n ,  

a- 

F ig .  

ind t h e  semiquinone i o n  i s  p ro tonated  independent ly .  

2. C I D N P  spec t ra  o f  t h e  a- ( l e f t )  and 6-pro tons  ( r i g h t )  
v iny ld imethy lamine,  s imu la ted  f o r  t h e  e x c l u s i v e  involvement o f  t h e  m i n i u m  
r a d i c a l  i o n  (a ) ,  and observed d u r i n g  t h e  r e a c t i o n  o f  benzoquinone w i t h  
t r i e t h y l a m i n e  i n  a c e t o n i t r i l e  (b) and acetone (c ) ,  and o f  anthraquinone 
w i t h  t r i e t h y l  m i n e  i n  acetone ( d ) .  

i, 
o f  

I n  a d d i t i o n  t o  i n te rmo lecu la r  r e a c t i o n s  o f  ketones C iamic ian  and S i l b e r  a l so  observed c leav-  
age r e a c t i o n s  o f  a l i p h a t i c  and c y c l i c  ketones. For example, t h e  p h o t o l y s i s  o f  p inaco lone 
l e d  t o  acetaldehyde and isopropy lene ( r e f .  10) .  They es tab l i shed  t h e  analogous convers ion  
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o f  cyclohexanone t o  5-hexenal ( r e f .  11) and o f  menthone (2-isopropyl-5-methylcyclohexanone) 
t o  3.7-dimethyl-5-octenal  ( r e f .  12). Based on t h i s  example, t h e y  concluded t h a t  t h e  
c leavage occured between t h e  carbonyl  group and t h e  more h i g h l y  s u b s t i t u t e d  a-carbon. The 
i r r a d i a t i o n  o f  camphor produced campholenaldehyde and an unsatura ted  ketone ( r e f .  10); t h e  
former r e a c t i o n  i s  i n i t i a t e d  by  a-cleavage, whereas t h e  l a t t e r  i n v o l v e s  i n t r a m o l e c u l a r  y -  
hydrogen a b s t r a c t i o n  fo l l owed  by  B-cleavage. Thus, Ciamician and S i l b e r  deserve c r e d i t  f o r  
d i s c o v e r i n g  bo th  types  o f  c leavage r e a c t i o n s  ( though t h e y  d i d  no t  f i n d  a k ind  b iographer  who 
would assoc ia te  t h e i r  names w i t h  these r e a c t i o n s ) .  

Fenchone, though c l o s e l y  r e l a t e d  t o  camphor, s u f f e r e d  a seemingly d i f f e r e n t  course o f  photo- 
chemical reac t i on ,  g i v i n g  r i s e  t o  carbon monoxide and an unsatura ted  hydrocarbon ( r e f .  10). 
With t h e  advantage o f  75 years  o f  p rogress  i n  photochemis t ry  i t  i s  obvious t h a t  t h e  two 
r e a c t i o n s  are  i n i t i a t e d  by  t h e  same p r imary  process and d i f f e r  m a i n l y  i n  t h e  ease o f  decar- 
b o n y l a t i o n  o f  t h e  b i r a d i c a l  i n te rmed ia te .  

The s tudy  o f  c y c l i c  ketones i s  c u r r e n t l y  focussed on t h e  c h a r a c t e r i z a t i o n  o f  t h e  o p t i c a l  and 
magnet ic p r o p e r t i e s  o f  t h e  r e s u l t i n g  b i r a d i c a l s  and on t h e i r  r e a c t i o n s  upon e x c i t a t i o n  w i t h  
a second photon ( r e f .  13) .  The b i r a d i c a l  l i f e t i m e s  have been determined f o r  a s e r i e s  o f  
medium-sized a-phenyl-  and a ,a l -d ipheny lcyc loa l  kanones. The in te rsys tem c ross ing  i n  these 
species i s  magnet ic f i e l d  dependent and can be d i ssec ted  i n t o  separate c o n t r i b u t i o n s  due t o  
s p i n  o r b i t  coup l i ng  and e lec t ron -nuc lea r  h y p e r f i n e  coup l i ng .  The r e l a t i v e  importance o f  t h e  
two components v a r i e s  w i t h  r i n g  s i ze .  These s tud ies  f u r t h e r  revea led  t h e  i n t e r e s t i n g  
fo rma t ion  o f  cyclophanes upon p h o t o l y s i s  i n  p o l a r  media ( r e f .  14). T h e i r  f o rma t ion  can be 
r a t i o n a l i z e d  v i a  a-cleavage fo l l owed  by  r a d i c a l  a d d i t i o n  t o  t h e  para  p o s i t i o n  o f  t h e  
aromat ic mo ie ty .  

LIGHT INDUCED CYCLOADDITION REACTIONS OF OLEFINS 

Ciamic ian  and S i  l be r  s tud ied  severa l  d i m e r i z a t i o n  r e a c t i o n s  bo th  i n  t h e  s o l i d  and l i q u i d  
phase and t h e y  were t h e  f i r s t  t o  observe an i n t r a m o l e c u l a r  c y c l o a d d i t i o n ,  t h e  fo rma t ion  o f  
carvone camphor upon i r r a d i a t i o n  o f  carvone (shown below).  The s o l i d  s t a t e  d i m e r i z a t i o n  o f  
c innamic ac id  t o  a - t r u x i l l i c  ac id  had been observed as e a r l y  as 1895 by  Bertram and Kurs ten  
( r e f .  15) and by Liebermann ( r e f .  16) .  In recen t  years  an i n t e r e s t i n g  complement t o  t h i s  
r e a c t i o n  has been observed: i r r a d i a t i o n  o f  a metas tab le  c r y s t a l l i n e  form o f  t h e  ac id  was 
found t o  produce B - t r u x i n i c  ac id  ( r e f .  17) .  Th i s  i s  an i n t e r e s t i n g  m a n i f e s t a t i o n  o f  t h e  
k i n d  o f  s e l e c t i v i t y  t h a t  may be observed i n  s o l i d  s t a t e  photochemis t ry  as a r e s u l t  o f  t h e  
h i g h l y  ordered pack ing  i n  t h e  c r y s t a l  ( r e f .  18). 

The s o l u t i o n  pho tod imer i za t i ons  s tud ied  i n  Bologna inc luded  those o f  s t i l b e n e  and coumarin. 
Var ious mechan is t i c  p o s s i b i l i t i e s  e x i s t  f o r  these reac t i ons ,  i n c l u d i n g  t h e  involvement o f  
e x c i t e d  s i n g l e t  o r  t r i p l e t  s t a t e s .  Cur ren t  i n t e r e s t  i n  t h i s  area i s  focussed on e l e c t r o n  
t r a n s f e r  induced d i m e r i z a t i o n s  and c y c l o a d d i t i o n s  i n  genera l .  We w i l l  d iscuss  severa l  
r a d i c a l  c a t i o n  cyc loadd i t i ons ,  i n c l u d i n g  an i n t r a m o l e c u l a r  c y c l o a d d i t i o n  and a r a d i c a l  
c a t i o n  D i e l s  A lder  r e a c t i o n .  

React ions o f  t h i s  t ype  can be i n i t i a t e d  by  chemical ox ida t i ons ,  f o r  example by  aminium s a l t s  
( r e f .  19),  b y  pu l se  r a d i o l y s i s  o f  r e a c t a n t s  i n  g l a s s y  m a t r i c e s  ( r e f .  20), o r  b y  pho toexc i ta -  
t i o n  o f  an e l e c t r o n  acceptor i n  the  presence o f  t h e  o l e f i n  ( r e f .  21). The mechanism o f  
these c y c l o a d d i t i o n s  i s  o f  g rea t  i n t e r e s t ,  i n  p a r t i c u l a r  t h e  ques t i on  whether t h e  a d d i t i o n  
i s  concer ted  o r  stepwise. Mo lecu la r  o r b i t a l  cons ide ra t i ons  i n d i c a t e  t h a t  such a r e a c t i o n  
may be o r b i t a l  synmetry a l lowed ( r e f .  19) bu t  s t a t e  symmetry fo rb idden  ( r e f .  20). The 
observa t i on  o f  s t e r e o s e l e c t i v e  c y c l o a d d i t i o n s ,  e s p e c i a l l y  t h e  r e t e n t i o n  o f  d i e n o p h i l e  
s te reochemis t ry ,  has been i n t e r p r e t e d  as evidence f o r  a concer ted  mechanism ( r e f .  19) .  On 
t h e  o the r  hand, t h e  ex i s tence  o f  a s i n g l y  l i n k e d  doub ly  a l l y l i c  r a d i c a l  c a t i o n  de r i ved  from 
endo-d icyc lopentad iene might  be viewed as evidence f o r  a s tepwise  mechanism ( r e f .  2 2 ) .  We 
have been ab le  t o  demonstrate t h e  involvement o f  a s i n g l y  l i n k e d  in te rmed ia te  i n  t h e  r a d i c a l  
c a t i o n  D i e l s  A lder  r e a c t i o n  o f  sp i roheptad iene and, thereby ,  e s t a b l i s h e d  a nonconcerted 
component i n  t h i s  c y c l o a d d i t i o n  and t h e  cor respond ing  c y c l o r e v e r s i o n  ( r e f .  23,24). 
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F ig .  3. CIDNP spec t ra  observed loops a f t e r  e x c i t a t i o n  o f  c h l o r a n i l  
s o l u t i o n s  w i t h  t h e  f requency  t r i p l e d  ou tpu t  o f  a Nd/YAG l a s e r .  Le f t :  
s o l u t i o n  c o n t a i n i n g  b i s (  sp i roheptad iene)  , 16 l a s e r  pu lses .  R igh t :  s o l u t i o n  
c o n t a i n i n g  sp i roheptad iene,  64 l a s e r  pu lses .  I n  t h i s  system, enhanced 
abso rp t i on  i n d i c a t e s  t h a t  t h e  cor respond ing  p ro tons  a re  a t tached t o  carbons 
w i t h  p o s i t i v e  s p i n  dens i t y .  

The e l e c t r o n  t r a n s f e r  r e a c t i o n  o f  spiro[2.4]heptadiene w i t h  pho toexc i ted  c h l o r a n i l  r e s u l t e d  
i n  s t rong  nuc lea r  s p i n  p o l a r i z a t i o n  f o r  t h e  r e a c t a n t  and i t s  [4+2] dimer. The monomer 
p o l a r i z a t i o n  i s  compat ib le  w i t h  a b u t a d i e n e - l i k e  r a d i c a l  ca t i on ,  which l acks  apprec iab le  
i n t e r a c t i o n  w i t h  t h e  cyclopropane fragment. The dimer p o l a r i z a t i o n  i s  s i g n i f i c a n t  s ince  i t  
c o n s t i t u t e s  evidence f o r  a r a p i d  r a d i c a l  c a t i o n  D i e l s  A lder  r e a c t i o n .  The p o l a r i z a t i o n  pa t -  
t e r n  unambiguously i d e n t i f i e s  a dimer r a d i c a l  c a t i o n  w i t h  app rec iab le  sp in  d e n s i t y  o n l y  on 
two carbons o f  t h e  d i e n o p h i l e  fragment. Th is  f i n d i n g  e s t a b l i s h e s  t h e  ex i s tence  o f  a doub ly  
l i n k e d  dimer r a d i c a l  c a t i o n  ( D )  i n  which s p i n  and charge a re  l o c a l i z e d  i n  t h e  v i n y l c y c l o p r o -  
pane moie ty .  The same species i s  i m p l i c a t e d  i n  t h e  e l e c t r o n  t r a n s f e r  r e a c t i o n  o f  t h e  dimer.  

However, these r e s u l t s  cannot be cons idered evidence f o r  a concer ted  mechanism because o f  a 
l i m i t i n g  f e a t u r e  i nhe ren t  i n  t h e  C I D N P  techn ique.  Nuclear sp in  p o l a r i z a t i o n  e f f e c t s  r e f l e c t  
t h e  e l e c t r o n  sp in  d e n s i t y  d i s t r i b u t i o n  o f  t h e  i n te rmed ia tes  which are  present  i n  s o l u t i o n  
d u r i n g  the  sp in  s o r t i n g  process, t y p i c a l l y  1-10 ns a f t e r  t h e  genera t i on  o f  t h e  o r i g i n a l  
r a d i c a l  p a i r .  I n  con t ras t ,  t h e  s t r u c t u r e s  o f  s h o r t - l i v e d  r a d i c a l  successors w i l l  no t  be 
r e f l e c t e d  i n  t h e  p o l a r i z a t i o n  o f  t h e  u l t i m a t e  diamagnet ic p roduc ts .  Accord ing ly ,  t h e  above 
r e s u l t s  mere l y  e s t a b l i s h  t h e  ex i s tence  o f  t h e  doub ly  l i n k e d  r a d i c a l  c a t i o n  and t h e  f a c t  t h a t  
i t  s u f f e r s  c y c l o r e v e r s i o n  o r  r e d u c t i o n  b y  t h e  counter  i on .  

An exper iment u t i l i z i n g  pulsed l a s e r  e x c i t a t i o n  a l lows a more d e t a i l e d  i n s i g h t  i n t o  t h e  
mechanism o f  t h i s  c y c l o a d d i t i o n .  Under these c o n d i t i o n s  t h e  r e a c t i o n  o f  t h e  dimer s t i l l  
produces evidence f o r  t h e  involvement o f  D ( F i g u r e  3, l e f t ) .  However, t h e  r e a c t i o n  o f  t h e  
monomer, e s p e c i a l l y  a t  h i g h  monomer concent ra t ions ,  p rov ides  evidence f o r  a d i f f e r e n t  dimer 
r a d i c a l  c a t i o n ,  The na tu re  o f  t h i s  i n te rmed ia te  i s  most c l e a r l y  i n d i c a t e d  by  t h e  enhanced 
abso rp t i on  s i g n a l s  observed f o r  Y and H I ( F i g u r e  3, r i g h t ) ,  which are  c h a r a c t e r i s t i c  f o r  a 
s i n g l y  l i n k e d  r a d i c a l  c a t i o n  ( S ) .  The ?iigh monomer concen t ra t i on  used i n  these exper iments 
f a v o r s  t h e  r a p i d  i n t e r c e p t i o n  o f  monomer r a d i c a l  c a t i o n  and, l i k e w i s e ,  t h e  r a p i d  r e d u c t i o n  
o f  t h e  doub ly  l i n k e d  r a d i c a l  c a t i o n .  On t h e  o the r  hand, t h e  r e d u c t i o n  o f  S t o  form a s i n g l y  
l i n k e d  b i r a d i c a l  o r  z w i t t e r i o n  i s  l e s s  favo rab le ,  caus ing  S t o  be t h e  p o l a r i z a t i o n  de te r -  
m in ing  intermed i ate ,  

An i n t e r e s t i n g  i n t r a m o l e c u l a r  c y c l o a d d i t i o n  was observed d u r i n g  t h e  pho toox ida t i on  o f  
methylenebicyclo~4.2.l]nona-2,4,7-triene ( 6 )  ( r e f .  25). Because o f  t h e  n a t u r e  o f  i t s  HOMO 
i t  i s  reasonab le  t o  assume t h a t  t h i s  system i n i t i a l l y  forms a r a d i c a l  c a t i o n  w i t h  sp in  and 
charge r e s t r i c t e d  t o  t h e  bu tad iene fragment ( B t ) .  This  i n te rmed ia te  undergoes r a p i d  i n t r a -  
mo lecu la r  c y c l o a d d i t i o n  t o  generate a bishomoheptafulvene r a d i c a l  c a t i o n  f o r m a l l y  d e r i v e d  
f rom a h i g h l y  s t r a i n e d  t e t r a c y c l i c  s t r u c t u r e  ( Q ) .  The c y c l o a d d i t i o n  s tep  must be f a s t  even 
a t  -50°C; t h e  b a r r i e r  i s  es t imated  t o  be 5 kca l /mo l .  The ex i s tence  o f  Q+ i s  a l l  t h e  more 
remarkable as t h e  parent  hydrocarbon can be de tec ted  by  NMR o n l y  a t  -5O'C; a t  temperatures 
as low as -20°C i t  rear ranges w i t h i n  seconds t o  B w i t h  a b a r r i e r  near 15 k c a l h o l .  We 
asc r ibe  t h e  r e l a t i v e  s t a b i l i t y  o f  Qt t o  i t s  c y c l i c  con jugated  na tu re  and t o  t h e  f a c t  t h a t  
t h e  inc rease i n  s t r a i n  energy r e l a t i v e  t o  B+ i s  minimized as t h e  two p i v o t a l  cyclopropane 
bonds are  o n l y  p a r t i a l l y  formed ( r e f .  2 5 ) .  
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F i q .  4. Compar 

II 

nona t r i ene  and 
r a d i c a l  ca t i ons .  

son o f  r e 1  a t i v e  energ ies  between methy l  enebicyclo[4.2.1]- 
i t s  q u a d r i c y c l i c  va lence isomer and t h e  cor respond ing  

E l e c t r o n  t r a n s f e r  induced o l e f i n  d i m e r i z a t i o n s  and t h e  reve rse  dimer c leavage have rece ived  
much a t t e n t i o n  i n  recen t  years. Again, t h e  ques t i on  i s  be ing  r a i s e d  whether t h e  a d d i t i o n  i s  
concerted, o r  whether i t  proceeds v i a  a s i n g l y  l i n k e d  in te rmed ia te .  Some dimers, f o r  ex- 
ample t h a t  o f  d imethyl thymine, a re  c leaved w i t h  a h i g h  degree o f  e f f i c i e n c y  ( r e f .  26,27). 
Thus, no evidence was observed f o r  any k i n d  o f  dimer c a t i o n .  I n  o t h e r  systems, however, 
evidence f o r  dimer c a t i o n s  i s  indeed observed. We d i scuss  a system t h a t  shows p a r t i c u l a r l y  
i n t e r e s t i n g  e f f e c t s ,  t h e  e l e c t r o n  t r a n s f e r  induced cleavage o f  t h e  t rans-head-to-head dimer 
o f  d imethy l  indene. 

F i g .  5. CIDNP e f f e c t s  observed d u r i n g  t h e  e l e c t r o n  t r a n s f e r  induced 
cleavage o f  d imethy l  indene dimer ( a )  and s imu la ted  spec t ra  assuming t h e  
involvement o f  a l o c a l i z e d  dimer r a d i c a l  c a t i o n  (b ) ,  a s i n g l y  l i n k e d  dimer 
r a d i c a l  c a t i o n  ( c ) ,  and t h e  coopera t i ve  involvement o f  bo th  spec ies  ( d ) .  

Dur ing  i r r a d i a t i o n  o f  an e l e c t r o n  acceptor  i n  t h e  presence o f  t h i s  dimer t h e  b e n z y l i c  and 
non-benzy l i c  cyc lobutane pro tons  o f  t h e  dimer showed emission w i t h  camparable i n t e n s i t i e s .  
T h i s  p o l a r i z a t i o n  p a t t e r n  i s  seemingly i ncompa t ib le  w i t h  e i t h e r  o f  t h e  " l o g i c a l "  i n te rmed i -  
a tes  one might  e n v i s i o n  f o r  t h e  c y c l o a d d i t i o n .  It seems t o  suggest an i n te rmed ia te  t h a t  
f a i l s  t o  u t i l i z e  any element o f  b e n z y l i c  s t a b i l i z a t i o n .  The observed p o l a r i z a t i o n  can be 
exp la ined,  however, as t h e  sum o f  two c o n t r i b u t i o n s  f rom t h e  doub ly  and s i n g l y  l i n k e d  
r a d i c a l  c a t i o n  i n te rmed ia tes .  Th is  assignment i m p l i e s  an e q u i l i b r i u m  between t h e  two 
spec ies  and r e q u i r e s  t h a t  bo th  have camparable l i f e t i m e s .  The observed e f f e c t s  can be 
s imu la ted  as "coopera t ive"  e f f e c t s  induced i n  consecut ive  r a d i c a l  i o n  p a i r s  ( r e f .  9 ) .  

The dimer r a d i c a l  c a t i o n  de r i ved  from te t ramethy le thy lene  was r e p o r t e d  r e c e n t l y  b y  
Des ros ie rs  and T r i f unac  based on Fluorescence Detected Magnet ic Resonance r e s u l t s  ( r e f .  28). 
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A t  low o l e f i n  concen t ra t i ons  a spectrum w i t h  t h e  s p l i t t i n g  o f  t h e  known monomer r a d i c a l  
c a t i o n  (17 G) was observed. A t  h ighe r  o l e f i n  concen t ra t i ons  a new spectrum w i t h  reduced 
s p l i t t i n g  (8.5 G) appeared, which was assigned t o  t h e  dimer c a t i o n .  The assignment r e s t s  on 
t h e  magnitude o f  t h e  coup l ing ,  as t h e  i n t e n s i t i e s  o f  seven ( o r  n ine )  cen te r  l i n e s  cannot 
d i s t i n g u i s h  a 13- f rom a 2 5 - l i n e  spectrum. 

One o f  t h e  most i n t e r e s t i n g  r a d i c a l  c a t i o n  c y c l o a d d i t i o n s  i s  observed upon one-e lec t ron  
o x i d a t i o n  o f  app rop r ia te  d e r i v a t i v e s  o f  1,5-hexadiene ( r e f .  29,30) and 1,6-heptadiene ( r e f .  
31) .  Photoinduced e l e c t r o n  t r a n s f e r  o f  these d i o l e f i n s  proceeds v i a  s h o r t - l i v e d  monoo le f in  
r a d i c a l  ca t i ons ,  which add t o  t h e  second o l e f i n i c  mo ie ty  i n  i n t r a m o l e c u l a r  f ash ion .  ESR 
r e s u l t s ,  C I D N P  e f f e c t s ,  and t r a p p i n g  exper iments w i t h  oxygen c l e a r l y  e s t a b l i s h  t h e  ex i s tence  
o f  r i n g - c l o s e d  b i f u n c t i o n a l  i n te rmed ia tes  w i t h  sp in  and charge d e n s i t i e s ,  r e s p e c t i v e l y ,  i n  
t h e  2 and 5 ( 2  and 6 )  p o s i t i o n s .  Because o f  t h e  r i n g  s t r a i n  o f  t h e  p o t e n t i a l  b i c y c l i c  p ro-  
duc t  i o n  t h e  c y c l o a d d i t i o n  i s  "a r res ted"  a t  t h e  s t a t e  o f  t h e  monocycl ic b i f u n c t i o n a l  i n t e r -  
mediate.  

The b i f u n c t i o n a l  i n te rmed ia te  i s  o f  spec ia l  i n t e r e s t ,  because o f  i t s  r e l a t i o n  t o  t h e  t r a n s i -  
t i o n  s t r u c t u r e  f o r  t he  Cope rearrangement o f  hexadiene. Here as i n  severa l  o t h e r  systems 
( r e f .  32-34) t h e  r a d i c a l  c a t i o n  p o t e n t i a l  hypersur face  has a minimum a t  a geometry co r re -  
sponding t o  a sadd le  p o i n t  on t h e  hypersur face  o f  t h e  parent  molecule.  I n  p r i n c i p l e ,  t h i s  
e l e c t r o c y c l i c  r e a c t i o n  can be env is ioned v i a  t h r e e  mechan is t i c  extremes: a) a d d i t i o n  migh t  
preceed cleavage; b) c leavage might  preceed add i t i on ;  c )  bond making and bond b reak ing  migh t  
occur  i n  concer ted  fash ion .  Rad ica l  c a t i o n s  cor respond ing  t o  key geometr ies o f  a l l  t h r e e  
mechan is t i c  extremes have been cha rac te r i zed .  For  t h e  s i n g l y  l i n k e d  in te rmed ia te  d e r i v e d  
f rom d icyc lopentad iene,  c leavage i s  achieved w i thou t  app rec iab le  bonding; f o r  t h e  r a d i c a l  
c a t i o n  o f  hexadiene, a d d i t i o n  i s  complete w i thou t  any f ragmenta t ion ;  and f i n a l l y ,  t h e  
r a d i c a l  c a t i o n s  o f  barbara lane d e r i v a t i v e s  rep resen t  i n te rmed ia tes ,  i n  which a d d i t i o n  and 
cleavage are  " f rozen"  a t  a stage p e r m i t t i n g  c y c l i c  d e l o c a l i z a t i o n  o f  f i v e  * -e lec t rons .  

The doub ly  l i n k e d  in te rmed ia tes  have been approached a l so  b y  cer ium ( I V )  and by  photosen- 
s i t i z e d  o x i d a t i o n  o f  2,3-diazabicyclo [2.2.2] oct-2-ene d e r i v a t i v e s  ( r e f .  35,36). Under 
these c o n d i t i o n s  depro tona t ion  and dehydrogenat ion o f  t h e  i n te rmed ia te  i s  observed, l e a d i n g  
t o  o l e f i n i c  and aromat ic p roduc ts .  

LIGHT INDUCED ISOMERIZATIONS 

Geometric i somer i za t i ons  induced by  t h e  a c t i o n  o f  l i g h t  were f i r s t  observed by  Perk in  i n  
1881 ( r e f .  37) and t h e  scope o f  t h e  r e a c t i o n  was expanded by  Liebermann ( r e f .  16) .  The 
Bologna group i n v e s t i g a t e d  severa l  i somer i za t i ons  and de tec ted  even t h e  d i r e c t  i n te rconver -  
s i o n  o f  ma le i c  and fumar ic  ac ids  ( r e f .  38),  which i n  s u n l i g h t  proceeds v e r y  s low ly .  Var ious 
mechanisms have been documented f o r  geometr ic i somer i za t i ons  o f  unsatura ted  mo ie t i es ,  
i n c l u d i n g :  r o t a t i o n  i n  t h e  e x c i t e d  s i n g l e t  s ta te ;  t h e  i n te rmed iacy  o f  a pe rpend icu la r  tri- 
p l e t  s ta te ,  popu la ted  e i t h e r  by  i n te rsys tem cross ing ,  by  t r i p l e t  energy t r a n s f e r ,  o r  by 
recombina t ion  o f  a t r i p l e t  r a d i c a l  i o n  p a i r ;  r o t a t i o n  i n  a b i r a d i c a l  adduct; and r o t a t i o n  i n  
a r a d i c a l  c a t i o n  generated b y  e l e c t r o n  t r a n s f e r  t o  a pho toexc i ted  acceptor  ( r e f .  39) .  
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Many of t h e  pho to i somer i za t i ons  proceeding v i a  e x c i t e d  s i n g l e t  o r  t r i p l e t  s t a t e s  l ead  t o  
p h o t o s t a t i o n a r y  s ta tes .  I n  c o n t r a s t ,  t h e  i somer i za t i ons  o f  r a d i c a l  c a t i o n s  o f t e n  occur as 
one-way i somer i za t i ons  i n  which t h e  more s t a b l e  isomer i s  formed e x c l u s i v e l y .  Th i s  i s  found 
p a r t i c u l a r l y  f o r  t h e  c is - i somers  o f  s t y rene  d e r i v a t i v e s ,  v i z .  anetho le  and l -pheny l - l - p ro -  
pene. I r r a d i a t i o n  o f  an e l e c t r o n  acceptor i n  t h e  presence o f  these o l e f i n s  causes complete 
convers ion  w i t h i n  seconds. The f a c t  t h a t  t h e  i s o m e r i z a t i o n  i s  u n i d i r e c t i o n a l  r e q u i r e s  t h a t  
t h e  b a r r i e r  t o  c i s+ t rans  i s o m e r i z a t i o n  i s  smal l  compared t o  t h e  f r e e  energy d i f f e r e n c e  
between t h e  isomer ic  r a d i c a l  ca t i ons .  The h i g h  e f f i c i e n c y  i s  bes t  exp la ined  by  a r a d i c a l  
i o n  cha in  mechanism i n v o l v i n g  e l e c t r o n  t r a n s f e r  f rom t h e  c i s - s u b s t r a t e  t o  t h e  rear ranged 
( t r a n s - )  r a d i c a l  c a t i o n  ( r e f .  39).  I somer i za t i ons  v i a  t h i s  t ype  o f  mechanism have been 
es tab l i shed ,  f o r  example, f o r  t h e  e l e c t r o n  t r a n s f e r  induced rearrangement o f  Dewar-benzene 
( r e f .  40).  

Another i n t e r e s t i n g  i s o m e r i z a t i o n  s tud ied  by  C iamic ian  and S i l b e r  was t h a t  o f  severa l  
oximes, a r e a c t i o n  t ype  t h a t  was f i r s t  descr ibed b y  Liebermann i n  1895 ( r e f .  16) even b e f o r e  
t h e  c i s - t r a n s  isomerism o f  oximes had been es tab l i shed .  C iamic ian  and S i l b e r  found t h a t  
i r r a d i a t i o n  caused t h e  convers ion  o f  a p h o t o l a b i l e  oxime isomer i n t o  a pho tos tab le  one, 
whereas t h e  reve rse  convers ion  was observed upon hea t ing  ( r e f .  p.38). On t h e  o t h e r  hand, 
i r r a d i a t i o n  o f  oximes i n  s o l i d  m a t r i c e s  g i ves  r i s e  t o  r a d i c a l s ,  For  example, ESR spec t ra  
recorded a f t e r  i r r a d i a t i o n  o f  b iacetylmonoxime a t  5 and 77K show t y p i c a l  powder p a t t e r n s  
w i t h  s p l i t t i n g s  c h a r a c t e r i s t i c  f o r  an im inoxy l  r a d i c a l .  The spec t ra  recorded a t  t h e  two 
temperatures d i f f e r  m a i n l y  b y  t h e  presence o f  f o u r  l i n e s  i n  t h e  spectrum recorded a t  lower 
temperature.  S u b t r a c t i o n  o f  t h e  77K f rom t h e  5K spectrum r e v e a l s  t h e  cor respond ing  
t r a n s i e n t  as t h e  methy l  r a d i c a l  by  t h e  c h a r a c t e r i s t i c  s p l i t t i n g  o f  31  G (F ig .  6). 
Apparent ly ,  t h i s  spec ies  i s  t rapped a t  t h e  lower temperature bu t  ga ins  s u f f i c i e n t  m o b i l i t y  
a t  77K t o  a l l o w  it t o  m i g r a t e  and r e a c t .  The d i f f e r e n c e  between s o l u t i o n  and t h e  g l a s s y  
m a t r i x  must be asc r ibed  t o  t h e  much slower d i s s i p a t i o n  o f  excess energy i n  t h e  l a t t e r .  

F i g .  6. E P R  spec t ra  observed a f t e r  UV i r r a d i a t i o n  o f  b iacetylmonoxime i n  a 
m e t h y l t e t r a h y d r o f u r a n  m a t r i x  a t  5K and 77K ( t o p )  and d i f f e r e n c e  spectrum 
(bo t tom) .  

Whi le t h e  i r r a d i a t i o n  o f  oximes causes syn -an t i  i somer i za t i on ,  t h e  c l o s e l y  r e l a t e d  oxime 
e s t e r s  s u f f e r  bond homolysis ( r e f .  41). Thus, a p p r o p r i a t e l y  s u b s t i t u t e d  biacetylmonoxime 
e s t e r s  have been used as pho to -po lyne r i za t i on  i n i t i a t o r s .  The f ragmen ta t i on  mechanism has 
been fo rmula ted  as i n v o l v i n g  N-0 cleavage fo l l owed  by  l o s s  o f  a c e t o n i t r i l e  and decarbonyla- 
t i o n .  However, E P R  spec t ra  observed upon p h o t o l y s i s  o f  s u b s t i t u t e d  dicarbonylmonoxime 
e s t e r s  i n  r i g i d  m a t r i c e s  f a i l  t o  suppor t  t h e  involvement o f  i m i n y l  r a d i c a l s  and suppor t  o n l y  
t h e  fo rma t ion  o f  t h e  u l t i m a t e  deca rbony la t i on  produc t  ( r e f .  9 ) .  These r e s u l t s  i n d i c a t e  t h a t  
a d d i t i o n a l  decomposi t ion pathways need t o  be cns idered.  

CONCLUSION 

Ciamic ian  and S i l b e r  have l e f t  a r i c h  legacy  o f  i n t e r e s t i n g  photochemical  systems, i n v o l v i n g  
bo th  i n t r a -  and i n t e r m o l e c u l a r  r e a c t i o n s  o f  ketones, oximes, and o l e f i n s .  The a p p l i c a t i o n  
o f  magnet ic resonance techn iques  i n  t h e i r  photochemis t ry  aloows i n s i g h t  i n t o  mechan is t i c  
d e t a i l s  o f  these r e a c t i o n s .  S t i l l ,  t h e  i n f o r m a t i o n  gained i n  some systems remains i n s u f f i -  
c i e n t ;  f u r t h e r  s t u d i e s  and p o o s i b l y  new techn iques  a re  r e q u i r e d  t o  f u l l y  e l u c i d a t e  t h i e r  
mechanisms. 
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