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BIMOLECULAR SOLID-STATE PHOTOREACTIONS 

YOSHIKATSU IT0 
Department of Synthetic Chemistry, Faculty of Engineering, 
Kyoto University, Kyoto 606, Japan 

(Received August 6, 1991) 

Abstract We have studied bimolecular photoreactions between 
(a) I-methyl-2,4,5-triphenylimidazole and benzophenones, (b) 
indole and naphthalene or phenanthrene, and ( c )  6-cyano-I, 3- 
dimethyluracil and acenaphthylene or phenanthrene, both in the 
solution and solid phases. Different products (or product 
distributions) were obtained in the two phases and the reactions 
were usually more selective in the solid state than in  solution. 

Keywords: Solid-state Photoreactions, Bimolecular Solid-state Photoreactions, Hydro- 
gen abstraction, Quantum yield, Porphyrin 

INTRODUCTION 

Among various applications of the solid state to organic photoreac- 
tions, I have been studying four aspects: (A) bimolecular solid-state 
photoreactions, 1-3 (B) sol id-state hydrogen abstraction by excited 
carbonyl  compound^,^^ 5, 10 (C) estimation of approximate sol id-state 
quantum y i e l d ~ , ~ - l ~  and (D) photocatalysis by silica gel-supported 
metalloporphyrins. Here I would like to describe our results concern- 
ing the first topic. 

Solid-state photoreactions between two different organic compounds 
are little studied. In contrast, photoreactions in solution are 
thoroughly studied. 
photoreactions i s  to discover novel reactions with chemo-, regio-, and 
stereoselectivities, which are quite different from those in solution. 
Solid-state photoreactions we have found are (a) oxetane formation from 
benzophenone and l-methyl-2,4,5-triphenylimidazole, (b) addition o f  

indole to naphthalene or phenanthrene, and (c) [ 2  + 21 cycloaddition of 

6-cyanouracils with acenaphthylene or phenanthrene. 

Our purpose of studying bimolecular solid-state 
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Before d e s c r i b i n g  t h e  above r e a c t i o n s ,  I w i l l  b r i e f l y  d e s c r i b e  o u r  

From t h e  s t u d i e s  o f  o u r  own s t u d i e s  d e a l i n g  w i t h  t h e  t o p i c s  (B) - (D). 
and o t h e r  ~ o r k e r s , ~ * 5 1 ~ , ~ 0  

c r y s t a l l i n e  s t a t e  can move t o  a c o n s i d e r a b l e  degree and consequent ly  

t h e  s o l i d - s t a t e  p h o t o r e a c t i v i t y  w i l l  depend on b o t h  looseness of  

c r y s t a l  pack ing  and r e a c t i o n  tempera ture  i n  a d d i t i o n  t o  c r y s t a l  

s t r u c t u r e . 1 °  

s o l i d - s t a t e  hydrogen a b s t r a c t i o n  b y  e x c i t e d  c a r b o n y l  groups as 

w e l l  as v i o l a t i o n  o f  S c h m i d t ' s  c r i t e r i a 1 3  f o r  s o l i d -  s t a t e  a l k e n e  

p h o t o d i m e r i z a t i o n  i s  n o t  s u r p r i s i n g .  

quantum  yield^.^^^ The procedure  i s  v e r y  s imple:  d i s s o l v e  a sample 

w i t h  e t h e r  o r  methy lene c h l o r i d e  i n  a Pyrex tube, evapora te  t h e  s o l v e n t  

t o  l e a v e  a coated  c r y s t a l l i n e  f i l m  whose s u r f a c e  a r e a  i s  a d j u s t e d  t o  be 

c o n s t a n t  as p r e c i s e l y  as p o s s i b l e ,  and t h e n  i r r a d i a t e  a f t e r  degass ing 

on a merry-go-round apparatus.  The o b t a i n e d  quantum y i e l d s  may n o t  be 

v e r y  p r e c i s e  because o f  t h e  problems a s s o c i a t e d  w i t h  i m p e r f e c t  c r y s t a l  

s t r u c t u r e ,  r e f l e c t i o n  o f  l i g h t  f r o m  t h e  c r y s t a l  s u r f a c e  and v a r i a b l e  

s u r f a c e  area. But, we have found t h a t  t h e  method g i v e s  r e s u l t s  w i t h  

s a t i s f a c t o r y  r e p r o d u c i b i l i t i e s  ( u s u a l l y  f 5 2 ) .  Furthermore,  t h e  

observed quantum y i e l d  f o r  t h e  p h o t o d i m e r i z a t i o n  o f  t rans-c innamic  a c i d  

(0.59)8 i s  n o t  v e r y  d i f f e r e n t  f r o m  t h e  p r e v i o u s l y  r e p o r t e d  v a l u e  (0.7). 
We have a p p l i e d  t h e  p r e s e n t  method f o r  s t u d y i n g  r e a c t i o n  mechanisms o f  

s e v e r a l  s o l  i d - s t a t e  p h o t o r e a c t i o n s .  5-10 

For  example, we n o t i c e  t h a t ,  i n  t h e  case o f  t h e  homologous 

I have i n d i c a t e d  t h a t  a mo lecu le  i n  t h e  

I n  t h i s  c o n t e x t ,  v i o l a t i o n  o f  S c h e f f e r ' s  c r i t e r i a 1 2  f o r  

We have proposed a c o n v e n i e n t  method t o  e s t i m a t e  s o l i d - s t a t e  

compounds, t h e  lower -mel t ing  c o u n t e r p a r t  has p r o b a b l y  l o o s e r  c r y s t a l  

p a c k i n g  and t h u s  has g r e a t e r  s o l i d - s t a t e  p h o t o r e a c t i v i t y  t h a n  t h e  

h i g h e r - m e l t i n g  0 n e . ~ 9 ~ ,  lo 

e n o l  i z a t i o n  o f  2 .4 .6 - t r i  i s o p r o p y l  benzophenone i n  t h e  s o l  i d  s t a t e  occurs  

t h r o u g h  t h e  i n t r a m o l e c u l a r  hydrogen a b s t r a c t i o n  f r o m  t h e  ~ 1 . 7 ~ ~  e x c i t e d  

s t a t e  r a t h e r  t h a n  f rom t h e  n,?r" e x c i t e d  ~ t a t e . ~ l l ~  

It i s  a l s o  i n f e r r e d  t h a t  t h e  benzocyc lobut -  

Cat i on i c water -so l  u b l  e porphyr  i ns, [ meso-tet r a  k i  s(  1 -methy l  -4- 

p y r i d i n i u m y l  ) p o r p h y r i  n a t o ]  i r o n (  111) and i t s  d e r i v a t i v e s ,  b i n d  v e r y  

s t r o n g l y  t o  s i l i c a  g e l .  

c o n d i t i o n s ,  t h e s e  s i l i c a  ge l - immobi l i zed  i r o n  p o r p h y r i n s  can v e r y  much 

promote a u t o o x i d a t i o n  o f  benzhydry l  e t h e r s  and p h o t o o x i d a t i o n  o f  

s t i  1 bene and cyc looc tene.  

We have found t h a t  under  t h e  d r y  r e a c t i o n  
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BIMOLECULAR SOLID-STATE PHOTOREACTIONS [479]/31 

l-METHYL-2,4,5-TRIPHENYLIMIDAZOLE AND BENZOPHENONESI 

We have found t h a t  l-methyl-2,4,5-triphenylimidazole (1 )  produced 

s t a b l e  oxetane photoadducts 3_b - & w i t h  good e f f i c i e n c y  upon 

i r r a d i a t i o n  i n  t h e  presence o f  l a r g e  excess o f  var ious  benzophenone 

d e r i v a t i v e s  2_a - ge i n  a c e t o n i t r i l e  s o l u t i o n  under bubb l i ng  o f  n i t r o g e n  

(Scheme I ) .  Dehydrocyc l i za t ion  i n t o  t h e  phenanthrene r i n g  42 - 4_d a l s o  

occurred as a minor  reac t i on .  

cyc lo reve rs ion  b y  a c i d  c a t a l y s i s  o r  by heat ing.  

fo rmat ion  f rom 4,4'-dimethoxybenzophenone (3 )  was ascr ibed t o  

e f f i c i e n t  t r i p l e t  energy t r a n s f e r  quenching o f  i t s  t r i p l e t  s t a t e  by t h e  

ground s t a t e  o f  1. 
thermorevers ib le  photoreact ions,  which may serve as model systems f o r  

photochromic i n fo rma t ion  storage and s o l a r  energy storage, s o l i d - s t a t e  

i r r a d i a t i o n s  o f  mix tu res  o f  

- 

These oxetanes r e a d i l y  underwent 

The l a c k  o f  oxetane 

Since t h e r e  i s  an i nhe ren t  i n t e r e s t  i n  

and 2," - 2," were c a r r i e d  out.  

Y 

4 -.. 3 
u 2 

u 

Y a; X = Y = MeOC 0 54 x 
b. X = Y = MeC 53 9 -' 
c ;  X = MeC, Y = HC 5 9  6 
$; X = Y = HC 64 3 
e; X = HC, Y = N 85 0 

..0 

- 
SCHEME I Photoreac t ion  o f  1 and 2 i n  so lu t i on .  

Y 

A mixed s o l i d  sample f o r  t h e  i r r a d i a t i o n  was prepared e i t h e r  by 

g r i n d i n g  a m ix tu re  o f  c r y s t a l s  in an agate mor ta r  o r  by m e l t i n g  a 

m ix tu re  o f  c r y s t a l s  fo l l owed  by r e s o l i d i f y i n g  t h e  melt .  

gave s i m i l a r  r e s u l t s .  

Both samples 
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Figure  1 shows t h e  apparatus f o r  p r e p a r a t i v e  s o l i d - s t a t e  

pho to l ys i s .  

i s  pressed by  means o f  a Pyrex p l a t e  and a c o t t o n  packing t o  f i x  it. 

By us ing  t h i s  apparatus, we have c a r r i e d  o u t  i r r a d i a t i o n s  under i n e r t  

atmosphere and a t  v a r i a b l e  temperatures. 

A s o l i d  sample i s  spread on t h e  i n s i d e  o f  t h e  face  A and 

hv + 

s amp 

C 

I B 

l i p  

lOOmm 

FIGURE 1 Apparatus f o r  s o l i d - s t a t e  pho to l ys i s .  

We have found t h a t ,  upon p h o t o l y s i s  o f  a mixed s o l i d  o f  l a n d  

(1 : 6 molar r a t i o )  under a n i t r o g e n  atmosphere, t h e  oxetane i s  formed 

o n l y  from benzophenone (2cJ) (Scheme 11). 
c l i z a t i o n  produc t  o f  phenanthrene t y p e  %was n o t  produced and, instead, 

an o x i d a t i o n  product 5- was produced. 

methylbenzophenone (G) ,  a s i n g l e  photoproduct was formed. 

t h a t  on l y  a mixed s o l i d  o f  benzophenone (2c.J) and l -methyl-2,4,5-tr i -  

phenyl imidazole (I-) can take  a mutual mo lecu la r  geometr ic arrangement 

t h a t  i s  s u i t a b l e  f o r  t h e  oxetane fo rmat ion  t o  occur. 

Furthermore, t h e  dehydrocy- 

Except f o r  t h e  case o f  4 ,4 ' -d i -  

It appears 
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BLMOLECULAR SOLID-STATE PHOTOREACTIONS [481]/33 

Ph 
I 

e 

Me 
hv (Pyrex) 

s o l i d  
N-COPh 

I * Me 

2 
Y 

3 
u 6 

ry 
5 
e 

a *  X = Y = MeOC 0 15 - %  2 
a.' b* X * Y = MeC 0 1 15 
c '  X = MeC, Y = HC 0 8 - 
-8 

00' d *  X = Y = H C  47 (2218 O(0)d - 
e* X = HC, Y = N 0 6 - 
00' 

'At -20 OC in parentheses 

SCHEME I 1  Photoreaction of 1 and 2 in the solid state. - - 

INDOLE AND NAPHTHALENE OR PHENANTHRENE~ 

Irradiation of a mixed solid of indole (L )  and naphthalene (5) (1 : 3 
molar ratio), which was prepared by resolidifying the melt, gave an 
addition product, 1-(1,4-dihydro-I-naphthyl)indole (I:) as a single 
photoproduct (Scheme 111). In acetonitrile, methanol, or benzene 
solution, uncharacterized byproducts were also obtained. This result 
as well as the results for l- and 
bimolecular photoreaction may occur more selectively in the solid 
state than in solution, as is often observed with crystals of pure 
materials. 
intermolecular interactions in mixed solids. 

(Schemes I and 11) suggest that a 

This may imply the presence of certain regular patterns o f  

Similar irradiation of a 1 : 3 mixed solid of indole (7 )  and - 
phenanthrene (2) gave also a single photoproduct, 1-(9,1O-dihydro-9- 
phenanthry1)indole (lJ), whereas no reaction occurred in solvents 
(Scheme 111). This solid-state reaction may be an example o f  the case 
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t h a t  c lose  j u x t a p o s i t i o n  o f  reagents i n  s o l i d s  may promote t h e  

photoreact ion.  

hw ( 2 5 4  nm) a naphthalene 

solid solid 
7 ',o d 

/ \  
11 - 

2 + others d :no reaction 
solution solution 

SCHEME I11 Bimolecular pho to reac t i on  o f  i ndo le .  

6-CYANO-1,3-DIMETHYLURACI L AND ACENAPHTHYLENE OR PHENANTHRENE3 

A h igher  s e l e c t i v i t y  i n  a b imo lecu la r  photoreac t ion  a t t a i n e d  by  t h e  

s o l i d - s t a t e  ( v ide  supra) was a l s o  observed i n  t h e  f o l l o w i n g  examples. 

Thus, i r r a d i a t i o n  o f  a 1 : 2 mixed s o l i d  o f  6-cyano-1,3-dimethyluracil 
(1:) and acenaphthylene (I?), which was prepared by r e s o l i d i f y i n g  t h e  

mel t ,  gave a c i s  [ 2  + 21 adduct 12 as t h e  s o l e  p roduc t  (Scheme I V ) .  

When the  r e a c t i o n  was done i n  a c e t o n i t r i l e ,  methanol o r  benzene, t h e  

Mxw 0 M e C  N H 

M2$L* 12 rv y solid '3 
+ 

12 + dimers of 12 
1 3  
cv 

SCHEME I V  Photoreac t ion  o f  12 and acenaphthylene. 
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BIMOLECULAR SOLID-STATE PHOTOREACTIONS [483]/35 

t r a n s  and c i s  photodimers o f  acenaphthylene (12) were ob ta ined i n  

a d d i t i o n  o f  t he  c i s  [ Z  + 21 adduct 13. 

m e t h y l u r a c i l  (12) and phenanthrene ( 9 )  gave a c i s  [ 2  + 21 adduct 12 
(Scheme V). When t h e  r e a c t i o n  was done i n  benzene, t h e  c i s  [ 2  + 23 
adduct 12 and 6-(9-phenanthryl)-l,3-dimethyluracil (16) were obtained. 

S i m i l a r  i r r a d i a t i o n  o f  a 1 : 2 mixed s o l i d  o f  6-cyano-1.3-di- 

.., 

- 

.., 9 @ 1 5  
N 

+ 
Me 

SCHEME V Photoreac t ion  of 12 and phenanthrene. 
v 

CONCLUSION 

B imolecu la r  photoreac t ions  between two d i f f e r e n t  compounds may o f t e n  

occur more s e l e c t i v e l y  i n  t h e  s o l i d  s t a t e  than i n  so lu t i on ,  as i s  o f t e n  

observed w i t h  c r y s t a l s  o f  pure ma te r ia l s .  
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