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1 N'I'IUlDUCTlON 

Tho photochemical behaviour  of a~~r ,matic-N-oxi~I~:s  ha s  becn explo- 

red  e x t e n s i v e l y .  A review a r t i c l c  appeared i n  1970 p e r t a i n i n g  Lo 

a romat ic  N-oxide a s  we l l  a s  t o  a;.uxy comporu~d and n i t r o n e  photo- 
1 

chemis t ry  . 
Aromatic N-oxidcs may be  compared, i n  a  formal  way, t o  t h e  

1 ,3-d ipo la r  n i t r o n e s .  I + - C=N- 
I 
0- 

Exper imenta l ly  some s i m i l a r i t i e s  have indeed been found: 

- both t ypes  of compounds l e a d  t o  1 , s -d ipo l a r  cyc loadd i t i on  reac-  
2 

t i o n s  i n  t h e  ground s t a t e  ; 

- both  l e a d  t o  a tomic oxygen a b s t r a c t i o n  r e a c t i o n s ;  

- both undergo photoinduced i s o m e r i s a t i o n  r e a c t i o n s ,  n i t r o n e s  

l e a d i n g  t o  o x a z i r i d i n e s ,  l ac tams  o r  amides, whereas aromatic  

N-oxides y i e l d  photoisomers  of v a r i o u s  s t r u c t u r a l  t ypes .  

Aromatic N-oxides have never  g iven  t h e  cor responding  o x a z i r i -  

d i n e s ,  a l thnugn  t h e s e  l a t t e r  anne l a t ed  t h r e e  rnnmbcred r i n g  d c r i -  

v a t i v e s  have been u s u a l l y  ~ o s t u l a t e d  a s  be ing  t hc  ~ r i m a r y  photo- 

p roduc t s .  
Therefore  we s h a l l  no longer  compare t h e  photochemical behaviour 

of a romat ic  N-oxides and of n i t r o n e s  and focus  r a t h e r  upon reac-  

t i o n  pathways of v a r i o u s  ~ h o t o e x c i t e d  N-oxides a l l  of which, i n  our  

op in ion ,  have some common f e a t u r e s .  

1 PHOTOPHYSICAL ASPECTS 

Aromatic N-oxides l e a d  t o  photoproducts  whose s t r u c t u r e s  have been 

determined a c c u r a t e l y .  But when it comes t o  mechanis t i c  conside-  

r a t i o n s ,  hypotheses  vary  and on ly  seldom have t hcy  been checked 

o r  d i sproved  by physico-chemical means. To quote  bu t  one example, 

l e t  u s  cons ide r  t h e  de t e rmina t i on  of t h e  t r a n s i t i o n  s t a t e s  which 

a r e  responsi.ble f o r  t h e  pho to i somer i s a t i on  p roce s se s  of py r id ine -  

N-oxi.des . 
I n  some p r e l im ina ry  i n v e s t i g a t i o n s  i n  t h e  g a s  phase,  it was con- * 
eluded t h a t  a n-n t r a n s i t i o n ,  induced by 254 nm l i g h t ,  was r e s -  

X 
pons ib l e  f o r  t h e  deoxygenation whereas an n-n t r a n s i t i o n , ' i n d u -  

3  ced by 326 nm l i g h t ,  l e a d  t o  isomer format ion  . These r e s u l t s  

seemed t o  apply  a l s o  t o  t h e  photochemistry of pyridine-N-oxides 

i n  s o l u t i o n ,  where a  hypsochrornic s h i f t  is observed f o r  t h e  

abso rp t i on  band of lowes t  energy when t h e  s o l v e n t  p o l a r i t y  i nc r ea -  

s e s 4 .  Unfor tuna te ly  such a  s o l v e n t  dependent hypsochromic s h i f t ,  

a l though  q u i t e  v a l i d  f o r  ke tones ,  no 1-onger ho ld s  wi th  py r id ine -  
X 

N-oxides: it could  be shown t h a t  t h e i r  n-n absorp t ion  band under- 

goes hypsochromic s h i f t  wi th  i n c r e a s i n g  s o l v e n t  p o l a r i t y 5 .  This  - 
- 1397 - ' 
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r e s u l t  a l s o  i n d i c a t e s  t h a t  a mi' s t a t e  i s  l e s s  s t a b i l ~ i z e d  i n  a po- 

l a r  medium than  t h e  ground n  s t a t e .  

I n  1968 Evletii reached t h e  conclusion t h a t  t h e  n-n" t r a n s i t i o n  of 
6 pyridine-N-oxide i s  tho  one which appears  a t  h ighes t  wavelength . 

Shor t ly  t h e r e a f t e r  Labhart,  a f t e r  a  careful.  s tudy of t h e  pyridine-  

N-oxide absorpt ion bands i n  d e c a l i n ,  concluded t h a t  tho  two t r an -  

s i t i o n s ,  which appear a t  Amax 320 nm and 280 nm, a r e  of t h e  
A> 7 n-n type  . SCF-MO c a l c u l a t i o n s  seemed t o  i n d i c a t e  t h a t  t h e  lowest 

energy t r a n s i t i o n  of pyridine-N-oxides, a s  observed a t  3.81 oV, 
4 is indeed of t h e  n-n.'' type;  t h e  p r o b a b i l i t y  of f i nd ing  an n-n 

8  t r a n s i t i o n  a t  about 3 e V  is supposed t o  be very smal.1 . I n  agree- 

ment wi th  t h e s e  l a t t e r  p red ic t ions  it was est imated t h a t  t h e  
X >c 

o s c i l l a t o r  f o r c e  r a t i o  f (n-n  / f (n-n")  i s  only 0 . 0 5 ~ .  

Reports about photosens i t ized  r eac t ions  of aromatic N-oxides a r e  

equal ly  conf l ic t ing .The  study of theoxygeneffec t  upon t h e  photo- 
lo-. 

chemistry of quinol ine  isoquinolinel1-  and phtna laz ine12-~-oxi -  

des  l e a d  t o  t h e  conclusion t h a t  an exc i t ed  s i n g l e t  is respons ib le  

f o r  tine deoxygenati on process.  On t h e  cont rary ,  add i t i on  of 

benzophenone, which absorbs more than 90% of t h e  inc iden t  l i g h t ,  

t o  a  so lu t ion  of 2,4,6-triphenylpyridine-N-oxide, dramat ica l ly  in-  

c reases  deoxygenation. From t h i s  l a t t e r  r e s u l t  it was concluded 
13 t h a t  a t r i p l c t  is respons ib le  f o r  t h e  deoxygenation process . 

As f a r  a s  sp in  m u l l i p l i c i t y  oT t i e  exc i t cd  stvi trs  i s  concerned, 

i,t is by now well. e s t ab l i shed  t h a t  f o r  isoquinolinc-N-oxides l 4 , l S  

p y r i d a z i n e - ~ - o x i d e s l ~  and p h t h a l a z i n e - ~ - o x i d e s l ~ ,  t he  t r i p l e t  i s  

responsible f o r  oxygen abs t r ac t ion  whereas an exci ted  s i n g l e t  

l eads  t o  i somer isa t ions  and rearrangements. 

I n  order  t o  expla in  t h e  formation of t h e  var ious  photoisomers, it 

seemed s t ra ight foward  t o  p o s t u l a t e  oxaz i r id ines  a s  being t h e  f i r s t  

formed intermediates.Indeed they have been put  forward by almost a l l  

chemists who a r e  a c t i v e  i n  t h e  f i e l d  of aromatic N-oxide photo- 
1  chemistry . 

Lct us quotc a few Facts  which a r e  more or  l c s s  i n  favour of an 

oxn,.i~,i dinr: i ntermrcli n b r :  

a )  I r r a d i a t i o n  of Z-c;yano-4-1~~ethyl~~~inoli.ne-N-~~~~i~~l~ i n  t h c  pre-  

scnce of anlines l eads  t o  t h e  corresponding N-amino-carbosty- 

r i l s  a f t e r  expulsi.on of t h e  cyano group. By analogy with t h e  

r e a c t i v i t y  of a l i p h a t i c  oxazi r id ines ,  which r c a c t  with secon- 

dary amines and y i e l d  hydrazine d e r i v a t i v e s ,  it was assumed 

t h a t  t h e  amines r e a c t  with in termedia tes  a s  depic ted  i n  

Scheme L 17 



SCHEME 1 
b) UV i r r a d i a t i o n  of acr idine-N-oxides l e a d s  t o  t h e  corresponding 

dibennooxazepines,  <>he o n l y  known s t a b l e  1,2-oxuzepines which 

have e v e r  been ob tu ined l8 .  These l a t t e r  ones r e v o r t  back t o  

t h e  cor responding  N-oxides by thermal  a c t i v a t i o n  i n  a p r o t i c  

s o l v e n t s ,  a p r o c e s s  which is b e s t  ~ x p l a i n e d  hy assuming t h e  

i n t e r m e d i a t e  fo rmat ion  of t h e  o x a z i r i d i n e  derivatives w- 
me). p P - 

N-O 

R=CN R=CI 

SCHEME 2 
'0  

c)Var ious  semi-empi r ica l  quantum-mechanical models have been used 

i n  order  t o  approach t h e  r e a c t i v i t y  of aromatic-N-oxides (LCAO- 

MO; PPP-SCF; tlMO) 19 ,20 ,21 ,22 .  A l l  t h e s e  c a l c u l a t i o n s  + " r i v e  a t  
a common conc lus ion ,  namely t h a t  t h e  i s o m e r i c  o x a a i r i d i n e s  have 

b u t  a minute chance t o  i n i t i a t e  from t h e  ground s t a t e  and a r e  

v e r y  l i k e l y  t o  arise from the f i r s t  e x c i t e d  s i n g l e t  s t a t e .  

None of t h e s e  exper imenta l  r e s u l t s  and t h e o r e t i c a l  c a l c u l a t i o n s  

are convinc ing  ev idence  i n  favour  of an o x a z i r i d i n e  i n t e r m e d i a t e ,  

which h a s  never  been d e t e c t e d  by any p h y s i c a l  means. During t h e  

p h o t o i s o m e r i s a t i o n  of isoquinol ine-N-oxides toward t h e  correspon- 

d i n g  i s o c a r b o s t y r i . l e s  or  t o  the benzoxazepines,  no i n t e r m e d i a t e s  

a t  a l l  have been d e t e c t e d ,  a l though  more t h a n  one must b e  pos tu-  

l a t e d  i n  order t o  account  f o r  t h e  s t r u c t u r e  oE t h e s e  photoproduc ts  

(Scheme 3)14>''. 

During t h e  p h o t o l y s i s  of 3,6-diphenylpyridazine-N-oxide, which 

l e a d s  t o  a mix ture  of 2 , s -d iphenyl furan  and of  3-bensoyl-5-phenyl- 
1 6  

p y r r a e o l c , t h e  u n s t a b l e  d iazoke tone  h a s  c l e a r l y  been i d e n t i f i e d  . 
(Scheme 4 ) .  It h a s  been shown, by means of nanosecond f lash-photo-  
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SCHEME 3 
l y s i s , t h a t  ad j azoke tone  i s  t h e  primary photoproduct, i .e .  t h a t  no 

i n t e rmed ia t e  occurs  on t h c  pathway which l e a d s  from t h e  e x c i t e d  

. ~. 
SCHEME 4 

o x a z i r i d i n e  does n o t  form a t  a l l ,  t h e  geometry of t.he exc i t ed -  

s t a t e  hypersur face  bee ing  such t h a t  no minimum corresponding t o  

t h e  s t a b l e  g round-s ta te  o x a z i r i d i n e  appears16; t h i s  l a t t e r  s t r u c -  

t u r e  i s  comple t e lybypas sed .  Such a conclusion,  which i s  we l l  sub- 

s t a n t i a t e d ,  may seem puzz l i ng  s i n c e  t h e  o v e r a l l  geometry undergoes 

q u i t e  a  change on i t s  pathway from t h e  N-oxide t o  t h e  diazoketone.  
2  3 Never the less  it seems t o  f i t  wi th  quanto-chemical p r e d i c t i o n s  . 

S i m i l a r  conc lus ions  have been reached by means of f l ash-photo ly-  

s e s  wi th  p h e n a z i n e - ~ - o x i d e s ~ ~ . ~ o r < e v e r  it remains t o  be seen  how 

gene ra l  t h e y  a r e .  

2 PRIMARY PHOTOPRODUCTS 

S t r u c t u r e  and d i s t r i b u t i o n  of t h e  produc ts ,  i s o l a t e d  du r ing  t h e  

photochemical t r e a tmen t  of a romat ic  N-oxides, depend on i r r a d i a -  

t i o n  cond i t i ons  and t h e  t y p e  of s o l v e n t s  used. Although some of 

t h e s e  photoproducts  d e r i v e  from one o r  s e v e r a l  u n s t a b l e  interme- 

d i a t e s ,  we s h a l l  s i m p l i f y  m a t t e r s  and c a l l  them pr imary  photo- 

p roduc ts .  Produc ts  which can be  de r i ved  i n  s e p a r a t e  experiments  

from s t a b l e  i n t e r m e d i a t e s  s h a l l  be r e f e r r e d  t o  a s  secondary pho- 

t op roduc t s  ( s e e  chap t e r  3 ) .  There a r e  f o u r  t y p e s  of pr imary pho- 

toproduc ts :  

- aromat ic  amines which stem from a p h o t o l y t i c  N-0 bond c leavage  

- i somer i c  6-lactame 

- 1,2-oxazepines i n  some v e r y r a r e  c a s e s  

- 1,3-oxazepines.  Both 1,2- and 1,3-oxazepines occur  through 

s k e l e t a l  rearrangement of t h e  s t a r t i n g  N-oxides. 

2-1 Aromatic Amines. 

P h o t o l y t i c  N-O bond c leavage  ha s  been de sc r i bed  f o r  tine f i r s t  ti- 

me wj th  pyridine-N-oxide i n  1961 i n  t h e  g a s  phase: an oxygcrl atom i s  

- 1395 - 



a b s t r a c t e d  and t h c  p a r e n t  pyr i r l in , .  is o b ~ a i n s d ~ " ~ .  Such pho to ly -  

t i c  p r o c e s s e s  have  been found witis a l l  aromatic-N-oxides.  Tney 

seem t o  i n i t i a t e  from e x c i t e d  t r i p l e t  s t a t e s ,  a s  h a s  been demons- 

t r a t e d  i n  a  Few c a s e s  ( s e e  c h a p t e r  I ) ,  whereas  e x c i t e d  s i n g l e t  

s t a t e s  seem t o  b e  r e s p o n s i b l e  f o r  t h e  i s o m e r i s a t i o n  and r e a r r a n -  

gement p r o c e s s e s .  

It c o u l d  be shown i n  some s e r i e s  t h a t  t h e  y i e l d  of  oxygen a b s t r a c -  

t i o n  p r o d u c t s  depends  upon t h e  wavelength  of t h c  i n c i d e n t  l i g h t ,  

t h e  n a t u r e  of  t h e  s o l v e n t  and t i e  pH of  t h e  r e a c t i o n  medium: gaseous  

p h o t o l y s i s  of pyr idine-N-oxide  a t  326 nm (87 .3  ~ c a l / a o l . c )  and 254nm 

(117 Kcalmole) l e a d s  t o  p y r i d i n e  a s  t h e  main p r o d u c t  i n  bo th  c a s e s .  

However t h e r e  e x i s t s  a r emarkab le  d i f f e r e n c e  i n  t h e  r e l a t i o n  b e t -  

ween t h e  quantum y i e l d  of  p y r i d i n e  produced and t h e  t e m p e r a t u r e .  I n  

t h e  c a s e  of 326 nm i r r a d i a t i o n  t h e  quantum y i e l d  of p y r i d i n e  i n c r e a -  

s e s  s t e e p l y  a t  t e m p e r a t u r e s  g r e a t e r  t h a n  809C, which means t h a t  an  

a c t i v a t i o n  energy  would b e  r e q u i r e d  f o r  t h e  p r o d u c t i o n  of p y r i d i n e .  

The quantum y i e l d  of p y r i d i n e  p roduced  w i t h  254 nm i r r a d i a t i o n  is 

n e a r l y  independen t  of  t h e  t e m p e r a t u r e .  These  r e s u l t s  a r e  i n  good 

agreement  w i t h  t h e  N-0 bond energy  which h a s  been e s t i m a t e d  a t  
26 

110 Kcal/mole from I R  s t u d i e s  andd ipo lemoment  c o n s i d e r a t i o n s  . 
S i m i l a r l y  i n  benzene s o l u t i o n  2,3,5,6-tetra~hen~lpyridine-N-oxide 

l e a d s  t o  t h e  deoxygenated p r o d u c t  when i r r a d i a t e d  w i t h  UV l i g h t ;  

b u t  y i e l d s  a r e  q u i t e  d i f f e r e n t  and a g a i n  wave leng th  dependent  (11% 

a t  350 nm; 25% a t  254 nm)13. The y i e l d  of  oxygen a b s t r a c t i o n  p ro -  

klucts u s u a l l y  d e c r e a s e s  w i t h  i n c r e a s i n g  s o l v e n t  p o l a r i t y .  A l l  o t h e r  

c o n d i t i o n s  b e i n g  e q u a l ,  t h e  p h o t o c h e m i s t r y  of pyr idine-N-oxide  

l e a d s  t o  30% oxygen a b s t r a c t i o n  i n  e t h e r  and t o  2% o n l y  i n  w a t e r  

l 9 jZ7 .  S i m i l a r ,  a l t h o u g h  l e s s  pronounced e f f e c t s ,  a r e  obse rved  w i t h  

qu ino l ine -10  and phenan th r id ine -N-ox ides  28 ,29 ,30 .  ~n our  o p i n i o n  

t h e s e  r e s u l t s  a r e  cquite l o g i c a l  s i n c e  t h e  a b s o r p t i o n  s p e c t r a  of t h e  

s t a r t i n g  m a t e r i a l  a r e  s o l v e n t  dependent  (hypsochromic s h i f t ) ,  where- 

a s  t h e  UV lamps a lways  have  t h e  same e m i s s i o n  spec t rum i n  a g i v e n  

s e t  of s o l v e n t  dependent  e x p e r i m e n t s .  

A c i d i t y  of  t h e  r e a r t i o n  nredia a l s o  p l a y s  a  r o l r  a s  h a s  been shown 

i r r  one j n s t a n c o .  IViLh pyr id inc -N-or id r  l o w e r i , , ~  of p I I  i c a d s  t o  an 

i n c r e a s e  i n  oxyflcn a b s t r a c t i o n 1 9 .  No c l e a r a u t  e x p l a n a t i o n  h a s  hccn 

p u t  f o r w a r d  t o  accoun t  f o r  t h c s e  o b s e r v a t i o n s .  

The q u e s t i o n  a r i s e s  t h e n  a s  t o  t h e  f a t e  of t h e  oxygen atoms which 

have been a b s t r a c t e d .  It i s  d o u b t f u l  t h a t  t h e y  occur  a s  f r e e  a tams 

i n  t h e  r e a c t i o n  medium. S t i l l  t h e y  a r e  h i g h l y  r c a c c i v e  s i n c e  

a t o m i c  oxygen t r a n s f e r  r e a c t i o n s  - from t h e  p a r c n t  a r o m a t i c  

N-oxides toward s o l v e n t  molecu les  - a r e  obse rved .  I n  benzene s o -  



HETEROCYCLES, V o l  4, No. 8,  1976 

lrnt,ion pyridinc-N-oxido p h o t o l y t i r a l l y  l e a d s  t o  pyvidi.nc and t o  

phenol31. I n  a s i m i l a r  way pyridazine-N-oxides t r a n s f e r  i n  good 

y i e l d  t h e i r  oxygen atom t o  s a t u r a t e d  hydrocarbon s o l v e n t s  when 

e x c i t e d  by UV l igh t3 ' .  Mcthylene c h l o r i d e  s o l u t i o n s  of pyr idaz ine-  

N-oxides i n  t h e  presence  of v a r i o u s  o l e f i n s  l e a d  t o  photoinduced 
3  3 

oxygorl t r a n s f e r  whereby t h e  corresponding epoxides  a r e  ob ta ined  . 
The very  f i r s t  epoxy d e r i v a t i v e  i n  t h e  a romat ic  s e r i e s  ha s  been 

ob t a ined  by photoinduced atomic oxygen . t rans fe r  from pyr id ing-  

N-oxide toward nap i~ tha l cne ,  whereby 1,Z-epoxy naphthalene is i s o l a -  

ted34.  This  means t h a t  oxygen t r a n s f e r  may occur i n  two d i f f e r e n t  

ways: e i t h e r  i n s e r t i o n  i n t o  C-H bonds o r  a d d i t i o n  t o  double bonds. 
3 5 I n  competing r e a c t i o n s  t h e  i n s e r t i o n  process  is being favoured  . 

Formation of phenol w i th  benzene probably s tems from a  two-step 

mechanism, l e a d i n g  f i r s t  t o  oxepin which may tinen r ea r r ange  t o  

phenol from i ts b i c y c l i c  va l ence  tautomer.  

2-2 Lactams (w) 
Photoinduced i somer i s a t i on  of aromatic-N-oxides t o  t h e  correspon-  

d ing  6-lactam,s seems t o  be  f a i r l y  g e n e r a l  and h a s  been observed 

wi th  qu ino l ine- ,  i soquino l ine- ,  phenanthr idine- ,  quinoxal ine- ,  

pyr id ine- ,  pyraz ine- ,  quinazoline-,naphthiridine-, pu r ine -  and 

ovr imid ine-N-oxids . In  view of k i n e t i c  d a t a  ob ta ined  wi th  some of 
A "  

t h e  s t a r t i n g  ~ - o x i d e s l ~ ' ~ ~  and s i n c e  o t h e r  photoproducts  do no t  

seem t o  i somer i s e  t o  t h e  corresponding l a c t ams  ( f o r  example 1,3- 

loxazepines do no t  r e a r r ange  t o  lac tam^^^), t h e s e  l a t t e r  compounds 

a r e  p o s t u l a t e d  a s  be ing  pr imary photoproducts .  Th i s  t ype  of i s o -  

m e r i s a t i o n o b v i o u s l y  occurs  through a  1,Z-sigmatropic s h i f t  of t h e  

a s u b s t i t u e n t  which can be  a hydrogen atom (Scheme 5) 

SCHEME 5 dl 
I f  one of t h e  a s u b s t i t u e n t s  i s  a  hydrogen atom it p r e f e r e n t i a l l y  

undergoes migra t ion .  Pyrimidine-N-oxide d e r i v a t i v e s  seem t o  be- 

have i n  a d i f f e r e n t  manner; pho to - exc i t a t i on  of 4,6-dimethyl- and 

4-phenyl-6-methyll~yrimidine-N-oxides l e a d s  on ly  t o  1 , 6  diiiydro- 

1,4-dimethyl-6-oxopyrimidine and l,h-dihydro-I-s~nti:yl-4-phe~1yl- 

6-oxopyrimidine r e a p c c l ; . i . , ~ ~ 7 ~ ~ ~  . Some quinoline-N-oxides l e a d  
- 1397- 



Lactarn y i e 1 . d ~  a r e  s t r o n g l y  dependent  upon s o l v c n t  p o l . a r i t y  and 

a r e  u s u a l l y  h i g h e r  i n  t h e  more p o l a r  s o l v e n t s .  'Therefore  raccha- 

n isms r h i c h  wcro f i r s t  p u t  C o r ~ a r d ~ ~ , ~ ~  had t o  ho  r c v i s c d  i n  

o r d e r  t o  accounL f o r  s o l v e n t  p o l a r i t y  e f f e c t s .  S t a r t i n g  from t h c  

h y p o t h e t i c a l  o x a z i r i d i n e s  Duchardt p r o p o s e s  z w i t t c r i ' o n i c  intormc- 

d i a t e s  which would b e  f a v o u r e d  i n  p o l a r  s o l v e n l s  (Scheme 6 )  10 ,42 ,43  

R2 R2 or R3=H 
SCHEME 6 l!l 

More r e c e n t  r e s u l t s ,  i n  t h e  f i e l d  of  i s o o u i n o l i n e - l 4  and ~ h e n a z i -  

n e - ~ - o x i d e s ~ ~  seem t o  b e  c o n f l i c t i n g  w i t h  t h e  e x i s t e n c e  of oxaz i -  

r i d i n e  i n t e r m e d i a t e s .  Fur the rmore  it was shown t h a t  i s o c a r b o s t y r i l  

y i e l d s  a r e  pli i n d e p e n d e n t  e x c e p t  i n  r a t h e r  s t r o n g  a c i d i c  medium of 

pH 3; t h e s e  f i n d i n g s  a r e  i n  c o n t r a d i c t i o n  w i t h  z w i t t e r i o n i c  i n t e r -  
15 n ted ia tes  . 

Var ious  p r i m a r y  pho to i somers  c o u l d  o r i g i n a t e  from a common N-oxi- 

d e  e x c i t e d  s t a t e ,  whcreby r a t e  c o n s t a n t s  s h o u l d  be a f f e c t e d  t o  a  

v a r i a b l e  d e g r e e  by s o l v e n t  p o l a r i t y ,  depending upon t h e  i s o m e r s  
14 formed . 

I n  t o o  a c i d i c  mcrliuln qu ino l ine -N-ox ides  1,s) and i s o q u i n o l i -  

no-N-oxides (p11 3 . 0 )  no l o n g e r  p h o t o i s o m c r i s c  t o  Lhc cor respon-  

d i n g  6 - l a c t a w s  , a  r e su l twh . i ch  is o b v i o u s l y  duc  Lo p r o t o n a t i o n  on 

oxygen 15,44.  

Quantum y i e l d  measurements and k i n e t i c  d a t a  f a v o u r  an e x c i t e d  s i n -  

g l e t  s t a t e  a s  b e i n g  r e s p o n s i b l e  f o r  t h e  p R o t o i s o ~ ~ i c r i s a t i o n  of i s o -  

quinol ine-N-oxide  toward i s o c a r b o s t y r i l ' ' .  I n  ngreemcnt w i t h  t h c s c  

c o n c l u s i o n s ,  it was found  t h a t  a  l o w e r i n g  of ptl i n c r e a s e s  t h c  

phosphorescence  quantum y i e l d  and d r a s t i c a 1 l . y  r e d u c e s  t h e  j.someri- 

v a t i o n  p r o c e s s  d u r i n g  t h e  e x c i t a t i o n  of  q u i n o l i n c - ~ - o x i d e 4 4 .  
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TABLE 1 : LACTAM FORMAT I O N  

I 
- 1 1 From QUIN0I.TNC-N-OXIDES 
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TAIILE 1 continued 

- 2 1 From I.'OOl!l NO1,lNE-N-OII DES 
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- 6 1 From PYRIDI:NII-N-OXIDES 
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2-3 1,3-Oxaznpines (Table  2 )  

, . Pncl structure of 1,3-oxa7er,incs, <.I,Lai.nrd f o r  t h v  First. t imc by 

Kanrko  d u r i n c  Lhr 1JV r i t  I aromat;i r : - N - r , ~  idcssO'  5 4 ,  6 c ' 3 6 1 ,  

7 6 3 4 0 .  , ,.?-ll~2,7<:,, Lnc- has  I X Y V  c s t a b l  i shrv l  tmiunh iguously in 1906'  

photoproducts  a r e  ob ta ined  From quino l inc- ,  isoquirrol ine- ,  p y r i ~ -  

dine- ,  cp inoxa l ine- ,  qu inazo l ine- ,  phenanthr id ine- ,  phenuxine- 

and arr idine-N-oxidcs .  

S t a r t i n g  front t h e  h y p o t h e t i c a l  o x a z i r i d i n e  i n t e rmed ia t e s ,  two d i f -  

f e r e n t  mechanis t i c  pathways have been p o s t u l a t e d  i n  t h e  f i r s t  p,a- 

ce  i n  o rder  t o  account  f o r  t h e  format ion  of 1,3-oxazepines (Schc- 

nle 7)  
a )  vi.a a  2,3-epoxyquinolinc which is formed from t h c  correspon-  

d ing  o x a z i r i d i n e  by a [1 ,5 !  s igma t rop i c  s h i f t  and fo l lowed by 

a d i s r o t a t o r y  va l ence  tautomerism 4 3  

b)  v i a  a  z w i t t e r i o n i c  pathway which accounts  s imul taneous ly  f o r  

t h e  format ion  of c a r b o s t y r i l s  and benzo-1,3-oxazepines 49,62 

- CARBOSTYRIL 

H 
SCHEME 7 

So lven t  p o l a r i t y  be ing  wi thout  any app rec i ab l e  e f f e c t  upon t h e  

pho to i somer i s a t i on  toward 1,3-oxazepine, pathway h )  ha s , been  d i s -  

carded.  

The l a s t  s t e p ,  which h a s  been p o s t u l a t e d  a s  be ing  a  va lence  t a u t o -  

merism, seems t o  be we l l  e s t a b l i s h e d :  1,3-oxazepines l e a d  e a s i l y  

t o  tine i somer i c  3-hydroxypyridines o r  -qu ino l ines ,  t h e  fo rmat ion  

of which is accounted f o r  by an a c i d  o r  base  c a t a l y s e d ,  o r  t h e r -  

mal i s o m e r i s a t i o n  of t h e  cor responding  oxaz i r anes  61,63,64,65 

1,3-Oxazepines a r e  n o t  very  s t a b l e  compounds and l e a d  e a s i l y  by 

a c i d  o r  base  c a t a l y s i s  t o  v a r i o u s  p roduc t s  which occur a l s o  du- 

r i n g  p h o t o l y s i s  of t h e  p a r e n t  N-oxides. They can be  kep t  i n  apo- 

l a r  and a p r o t i c  s o l v e n t s  and a r e  somewhat s t a b i l . i s e d  by e l e c t r o n  

withdrawing s u b s t i t u e n t s  a t t a c h e d  a t o  t h e  n i t r o g e n  atom50361. 

We b e l i e v e  1,3-oxazepines t o  be pr imary photoproducts  s i n c e  t h e  

o t h e r  photoproduc ts  which a r e  i s o l a t e d  du r ing  t h e  p h o t o l y s i s  of 

aromatic-N-oxides cannot  be conver ted  i n t o  them. Furthermore f l a s h  

p h o t o l y t i c  s t u d i e s  of isoquinoline-N-oxidesshow t h a t  t h e y  l e a d  d i -  
14 r e c t l y  t o  1,3-benzoxazepines . 
- 1404 - 
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T A B L E  2  I ,  3 - O X A Z 1 : P I N I S  

- 1 F r o m  Q U I N O 1 , L N C - N - O X I D E S  

R -CN R =Me 2  3 I M e C O M e  

;& 8 I 
0 - 

R .  -CN 2 

R 2 = P h  

R = p - B r - C  11 2  6 4 

R = P h  
3 

Solvent 

M c O l l  
M e C O M e  

M c O l l  
E t O l l  

M c C O M c  

' b H 6  
E t O H  

M e C O M e  

R = C N  R = M e  2 4 

R2-CN R6-Me 

R 2 = C N  R 6 = 0 M e  

Me011 
M e C O M e  

M e C O M e  

M e C O M e  

R2=CN R = C 1  
4 

R =Ph R = M e  2 3 

R = P h  R =Me 2 4 

R 2 - P h  R6=Me 

R - - P h  R 6 = B r  2- 

Y i e l d  

% 

'6"6 
M e C O M e  

M e C O M e  

E t O l l  
M e C O M e  

'gH6 

M e C O M e  

R 2 = p - B r - C  H 6 4 R6= B r  

R = C N , R  =Mc,  2 4 
R6=OMe 

R - R  = ( -CH - )  
2 3 2 4 

R = H , C l , M e , P h ,  4 
C 0 2 M e  

h i g h  
90 

h i  gir 
78 
90 
61  

8 5 

( ? I  

70 

85  
90 

95 

9 0  

80 

9 0  

90 

56 
90 
5 6 

65 

80 

65 

astable 
n t h e  
resenct 
f r n o i s .  
t u r e  

M e C O M e  

M e C O M e  

'6"6 



Solvcn 

CI12C12 

Cl12C12 

EioOll 
McCOMe 

1:1:011 
hlrCOhle 

'6116 

C6H6 

'6"6 

C61I6 

'gH6 

't?' 6 

C6116 



HEJEROCYCIES, Vol  4, No. 8, 7976 

5 From QUINAZOLINE-N-OXIDES 
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- 8 1 From ACRIDINE-N-OXIOLS 
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2-4 1,Z-Oxazcpincs (.L.;rl,le) 

1 ,Z-0xazep i .n~s  are u n s t a b l e  o x a - a ~ ~ . > l o g s  of  t h r  lknmm (1-11)- 1 ,2 -  

d i a z e p i n c s  which c a n  e a s i l y  I,c o b t a i n e d  t h r o u g h  I N  ir.radi.aL.io~l of 

I - in~inopyri .d ini lml  y ~ i d e s ~ ~ ' ~ ~ ' ~ ' .  The N-0 1,ond c n - v ~ y  compares un -  

f a v o r a b l y  w i t h  t h e  e n c r g y  o f  the N-N bond79 and a c c o u n t s  f o r  t h e  

f a c t  t h a t  1 ,Z-oxazcp ines  c o u l d  b e  i s o l a t e d  :in o n l y  onc  i n s t a n c e ,  

a l t h o u g h  t h e y  a r c  u s u a l l y  p o s t u l a t e d  a s  i n t e r m e d i a t e s  i n  t h e  pho- 

t o i n d u c e d  r e a r r a n g e m e n t  o f  s i x  inembered a r o m a t i c  N-oxides ( l e a -  

d i n g  t o  a c y l p y r r o l c  d e r i v a t i v a s ) .  Only lo-cyeno-and 10-ch lo ro -  

a c r i d i n e - N - o x i d e s  were r e p o r t e d  t o  l e a d  t o  t h e  c o r r e s p o n d i n g  d i -  

b e n z o - I ,  2 -oxazep ines  (Scheme 8 )  25 ,80  

" X 

h o XzCN 

0- 

SCHEME 8 
10-Methylamidine-N-oxide l e a d s  t o  a s i m i l a r  1 ,2 -oxazep ine  b u t  t h i s  

l a t t e r  one c a n n o t  be i s o l a t e d  and  undergoes  a second p h o t o i n d u c e d  

c l e c t r o c y c l i s a t i o n  t o  t h e  i s o m e r i c  b e n z i s o x a z o l i n e  (Scheme 8 ) .  
It i s  r e a s o n a b l e  t o  assume t h a t  1 ,Z-oxazep ines  occur a s  i n t e r m e -  

d i a t e s  each  t i m e  an a r o m a t i c  N-oxidc p h o t o c h e n ~ i c v l l y  l e a d s  t o  a 

2 - a c y l p y r r o l e  d e r i v a t i v e .  Recen t  photochemical .  s t u d i e s  p e r f o r -  

med w i t h  pyr id ine -N-ox ides  i n  t h e  p r e s e n c e  of co],per I1 s a l t s  

s u g g e s t  t h a t  2 - a c y l p y r r o l e s  o r i g i n a t e  f rom 1 ,Z-oxazep ines  r a t h e r  

t h a n  from 1, 3-oxazcpines19. 

S o l v e n t  

0 - % 



3  s ~ : c o ~ o , \ ~ u  l~llo'rtil~~ol)u::rs - ~. 
W c  s h a l l  d i s c u s s  i n  L h i s  c h a p t c r  t i le  f o r s a t j o r ~  01.' t.c:;nat.icm l,r.uducLs 

which a r e  u s u a l l y  o b t a i n e d  i n  two d i f f e r e n t  ways: 

- by d i r e c t  i r ~ a d i a t i o n  of a r o m a t i c  N-oxides (-! 
- by roarrangoment  of a p r imary  photoprmduct  ( S R )  

O n e  f u r t h e r  p o i n t  s h o u l d  bo s t r e s s e d :  o n l y  1,2- and 1 , 3 - o n a m p i n e s  

l e a d  t.0 rca r rangemeut  p r o d u c t s ;  l a c t a m s  are u s u a l l y  s t a b l e  p ro-  

d u c t s .  

3-1 8 - H y d r ~ x y ~ y r i d i r r e s  and a n a l o g s  (-4) 

3-Hydroxy der iva t ivcs  have been found i n  two s e r i e s  on ly :  w i t h  py- 

r i d i n e -  and w i t h  qu ino l ine -N-oxides .  It is  reasonable t o  assume 

t h a t  3 - h y d r o ~ y p y r i d ~ n e s  o r i g i n a t e  from t h e  c o r r e s p o n d i n g  2,3-epo- 

x y p y r i d i n e s  which a r e  a l s o  i n  t a u t o m e r i c  e q u i l i b r i u m  w i t h  1,3-oxa- 

z e p i n e s  (Scheme 9 ) .  S e v e r a l  6 -hydroxypyr id ines  a re  o b t a i n e d  v i a  

Q = 

SCHEME 9 

r o u t e  A b u t  o n l y  one  example is known w i t h  quinol ine-N-oxidess0.  - 
T h i s  i s  due  t o  t h e  g r e a t e r  s t a b i l i t y  of benao-1,3-oxazepines  a s  

compared t o  1 ,3-oxazcpines:  t h e  d r i v i n g  f o r c e  which pushes  2,3-  

epoxyquinol inr :  (non-a romat ic  ) toward  1,3-benzoaxepinc ( i n  p a r t  

a r o m a t i c )  i s  o b v i o u s l y  g r e a t e r  81 ,82  t h a n  t h e  one which l e a d s  from 

2 ,3 -epoxypyr id ine  t o  1 ,3-oxazepine.  1,3-Benzoxaac7,.incs and 1,3-oxa- 

z e p i n c s  b o t h  i s o m e r i s e  v i a  route t o  t h c  corresponding 8-hydroxy 

d e r i v a t i v c s .  

3-2 I-Acy1-2-hydroxy-2,3-dihydropyr~~~10~ (-5) 

1-Acyl-2-hydruxy-2,3-~Ijjhydropy~ro1e d e r i v a t i v e s  havc been i s o l a -  

t e d  w i t h  p y r i d i n e -  and qu ino l ine -N-oxides .  These h e n ~ i a m i n v l s  may 

e q u i l i b r a t e  w i t h  t h e  i s o m e r i c  open c h a i n  aminoaldehydes.  T h e i r  f o r -  

mat ion  is b e s t  e x p l a i n e d  by assuming h y d r o l y t i c  r i n g  open ing  of t h o  

1 ,3 -oxazep ines  t o  t h e  amino a l d e h y d e s  f o l l o w e d  hy ( r e v e r s i b l e )  

r i n g  c l o s u r e  (Scheme 1 0 ) ~ ~ ' ~ ~ .  

Dehydrat ion of t h c  hemiaminnls  o c c u r s  e a s i l y  t o  thc c o r r e s p o n d i n g  

N-acy lpyr ro les .  
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r e a c t i o n  

cond i t i ons  

C F ~ C O O W ,  200 

C l l  C O C l  2 0 °  
~ a u t e  B  

CF3  COOfi,  20' 

B r 2  C H 2 C 1 2  

CII C 0 C 1 , 2 O 0  3 
R o u t e  B 

B C 1 3  C6116 

R o u t e  B 

R e f  crcnccs 

- 
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- 1 I From QUZNOLINE-N-OXIDES 

5 4 ;a+: E o i r r n t  and 

r e a c t i o n  
8 I 
0- c o n d i t i o n s  

R' 
U n s u b s t i t u t e d  I EL20 I U n s u b s t i t u t e d  

Pie CO Me _ 
'gH6 
Route A 

.Z=Me H20 R=Me 

'6116 
Route A 

2 =Ph 
'61i6 R=Ph 

Route A 

4=Me 'gH6 R =Me 
R 

" 
Route A 

&=Me Et20 R =Me 
? 

Route A R =F 

,=C1 Me CO Me R6=C1 

Route A I 
3=Me Me CO Me R7= de 

Route A 
2=R4=Me C6H6, H 2 0  R=R =Me 

3 
- 

2=Ph,R =Me 
C6H5 

4 
EtOR 96% R=Ph R =Mc 

Route A 3 

Yield  

% 

- 
S O  

41 

17 

Refe rences  



So lvcn~ ,  and 

Y + 

rcaction 

0- conditions 

:=ti 
'6"6 

xi-11 

:=ME C6N6 %=Me 

:+I>,, C61I6 x = m  
.=-c1 C61J6 x:- c.1 
.=COZMe "ii16 X=C02Me 

Route A 

- 3 From 1,3-BENZOXAZEPINES 

I 

Solvent and 

reaction 

I conditions 
dil.H2S0 

EtOH,H20 

Route B 

EtOH,B20 

By column 
chromato- 
graphy 

- 4 1 From PYRIDINE-N-OXIDES 
4 

Qz 
I + 
0- 

Solvent and 

rcaction 

conditions 

I 
CHO 

Yi cJ 

% 
Rdcrenccs 
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'32 

SCHEME 10 

3-3 N-Acylpyrrulc d c i , i v a t i v e s  ( T a h l c  6 )  

.N-Acylpyrroll: da r ivaLi .ves ,  which were i s o l a t e d  f o r  t h c  f i r s t  

t i m e  i n  1965 d u r i n g  t h e  p h o t o l y s i s  of quir~a:ldinc-N-oxidc4') ,  a r c  

a l s o  r e p o r t e d  t o  form d u r i n g  UV i r r a d i a t i o n  of quino.l.Lnc-, p y r i -  

d i n e - ,  q u i n n z o l i n c - ,  q u i n o x a l i n e - ,  phenant i r r id ine- , .  phcnnz inc-  

a n d  acri.dix~e-N-oxicles. Al though it was shown thal; 1 ,3-oxazcpines  

r e a r r a n g e  i n t o  N-acy lpyr ro le s ,  a g r c v t  many mcciranisms can be 

proposed  t o  accoun t  f o r  t h e i r  f o r m a t i o n .  

t r i m s f o r i n a t i o n  oC <loitlol.ine-N-oxides i n t o  N-acy l indo les ,  as 

proposed  by ~ u c h a r r l t ~ ~ ,  is d e p i c t e d  i n  Schcmc 11 .Quinoline-N- 

o x i d e s ,  b e i n g  f r e q u e n t l y  h y d r a t e d  s p e c i e s ,  even i r r a d i a t i o n  i n  

, i - n 2  
SCHEME 11 

a b s o l u t e  e t h a n o l  l e a d s  t o  f o r m a t i o n  of d ihydrohydroxyindo-  
85 l e s  . 

b )  The non-aroma ti.^ p y r a z o l e n i n e s  i s o m e r i s e  e a s i l y  t o  t h e  c o r r c s -  

ponding p y r a z o l c s  by means of [ l , S ~ s i g r n a t r o p i . e s  by a n a l o g y  

w i t h  p y r a z o l e n i n e s a 8  and 5 , s - d i s u b s t i t u t e d  c y c l o p e n t a d i e n e s j  

i n  t h e s e  l a t t e r  s e r i e s  it was shown t h a t  a forntyl  g roup  undcr-  
8 9  

g o e s  r l , 5 ! s i g m a t r o p i c  s h i f t  100 t i m e s  f a s t e r  tiinn hydrogen . 
Appl ied  t o  t h e  quinol ine-N-oxide  s e r i e s  . s u c h  a mechanism would 

be  a s  shown i n  Schemc 1 2 .  
- 1415 



SCHEME 12 0 O&iR 

r )  Valence  tau t .oo~cr~ ism o f  1 , 3 -oxazep ine s  Collorvcd by a  complcx r , i ng  

con t r ac t i . on  t o  a z i ~ , i d i n c  and t w o  consecutive [ 1 , 3 ] s i g m a t r o p i r  

s h i f t s 9 '  (Scheme 1 3 ) .  Such a  mechanism would s e e m - u n l i k e l g  

P o  N=( 

Ph 

w i t h  qu ino l ine-N-oxides  and p o l y c y c l i c  a r o m a t i c  N-oxides. 

d) T a y l o r  and Spenco p roposed  a r a d i c a l  Lype mechanism i n  t h e  phe-  

nanthr i .dine-N-oxide series, assuming  t h e  o x a z i r i d j n e  a s  t h e  
2 9 p r ima ry  pho top roduc t  (Scheme 1 4 )  . 

SCHEME 14 
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.- 

'TABLE 6  N-ACYLPYIII~0LESPYRAZOI.IjS and -tMIDA%OI.liS 

4 

QQ+; 
I 
0 - 

U n s u b s t i t u t e d  

idvent:  and 

r e a c t i o n  

c o n d i t i o n s  

MeOB 

Me CO Me 

Et20 

~ b s .  EtOll 

'hH6 
Route A 

CB30H 

'gH6 
Route A 

C6116, 
Roato A - 

hlcOll 

EtOll 
Route A 

- 2 1 From N-ACYL-INDOLINOI 

U n s u b s t i t u t e d  

R=H 

- 

- 
- 

c o n d i t i o n s  

R=Mc 

Unsubs t i t u t c d  
r e f l u n  i n  t u t e d  

Routs  R 

medium 20- 
Route B 

CO-Me 

Yield 

% 
- 

2.5 
3 

2- 5 
1 

16 

- 
10 

l o w  

l o w  



- 3 1 From PYRIDINE-N-OXIDES 

Unsubstitutcd MeOR 

EtOH 
Route A 

Route A I 
- 4 ( From 1,3-OXAZEPINES 

Yj cld 

% 

Solvrnt and 23; 
1Y Y i e l d  

reaction 

conditions % 

-."--.-" a1 48 R2=Ph 

C6M6, 450" R2=Ph 14 

Route B 

* R  =R =R =R 2N HCI 20' R=R =R =R 
2 4 5 7  2 3 5 

58 

= Ph Route B = Ph 

Rcfcrenccs 

References 

- 5 1 From OUINAZOLINE-N-OXIDES 
I - 

.- -- 

&AMe Route C6H6 A Ro;: 7 2 

Y + \ 
0- COMe 

I 
- 6 From 2-OXA(1,4)-UENZODIAZEPINES 

ph 

Roube A 

I 
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T A B L E  6 c o n t i n u e d  

- 7 F r o m  PHENANTHRIDINE-N-OXIDES  

R o u t e  A  
- K & F  - 

P H E N A Z I N E - N - O X I D E S  

i o l v e n t  and 

r e a c t i o n  

c o n d i t i o n s  

R o u t e  A L 

-- 

Y i e l d  

% 
R e f e r e n c e s  



3-4 3-Acylpyrr.olcs.  ('r;ll,I r. 7 )  

3 -Acy lpyr ro le s  al ,c fot,mod tlcu~:i.t~g t h e  p h o t o l y s i s  i i -  py- 

d i -  pyr imjdi .ne- ,  phcnaz.i.n~:-, and ac r id in r -N- r ,x idcs  anrl a r c  

Lrsually t h o u g h t  as being f ormcd rrom 1,3-urazcp i ncs. :In 

o u r o p i n i o n  3-acytpyl,r.oLes can b e  formed accor t l ing  L O  mochan i . s t i c  

Scheme 15  which a c r o u n t s  f u r  example for. t h e  fcwmal.i.on of 2-me- 

thy l -3 -Pormylpyr ro le  d u r i n g  t h e  p h o t o l y s i s  of 3 -mc thy lpyr id ine -  

 o ox id el^. U n P o r t u n a t e l y  such  a s t r a i g h t f o r w a r d  mechanism canno t  

@ [I ,3] 

W H O  N 
- dCHO Y 

H 
SCHEME 15 

e x p l a i n  t h e  formati .on of a l l  3 - a c y l p y r r o l . c s 2 7 ;  therefore  ot,hcr 

m e c h a n i s t i c  pathways  awaj.t t o  b c  proposed, F o r ,  rxsmijl.c t h e  c m c  

d e p i c t e d  i n  Scheme t 6  which would p r o c e e d  v i a  an N - a c y l p y r r o l ~ c  

and a  w e l l  documented d o u b l c  [ I  ,3 ]s igmatrop. ic  h i i ' t  i nduced  Lhev- 

m a l l y  o r  by u . v . l i g h t  90 ,92,93,94 

P 

0 - 

SCHEME 16 

3-5 2 - A c y l p y r r o l c s  (Tai l lc  8 )  

Al though 2 - a c y l p y r r o l e s  h a v c  n a v c r  been ol , tai!>nd . r c c o ~ ~ ~ l . i w  t o  

typc r e a c t i o n  we bcJ . ievc  LRat (,,hey occtw l'i.om 1,2-oxn- 

z c p i n e s .  The fo l loxi . r lg  N-oxides l e a d  t o  2 - n c y l p y r r o l c  d c r i v a t j -  

v e s :  p y r i d i n e - ,  pyra7,ine-,  p y r i d a z i n e - ,  pyrimidine- and a c r i d i n c -  

N-oxides. S e v e r a l  rncci~anisrns h a v e  been p roposed  i n  o r d e r  t o  ac -  

coun t  f o r  t h e  f o r m a t i o n  of 2 - a c y l p y r r o l e s :  

a )  It h a s  been p o s t u l a t e d  a  s i m u l t a n e o u s  i ~ o w o l y L i c  c l c a v a g c  of  

two bonds  i n  t h e  o x a z i r i d i n e  i n t e r m e d i a t e  which ].ends t o  an  

open c h a i n  n i t r c n c .  I n t r a m o l e c u l a r  c y c l i s a t i o n  of t h e  l a t t e r  

one  g i v e s  a p y r r u l c n i n e  and e v e n t u a l l y ,  by mcans of a [ l . ,5!  

- 1420 -- 
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F r o m  QU1NOL:LNE-N-OXIDES v i a  R o u t e  A 

P-'--l- 

U n s u b s t i t u t e d  m 
d v o n t  a m  

~ w a c t i o n  

c o n d i t i o n s  

K c f e r e n c c s  

I - 2 I From 1 , 3 - B E N Z O X A Z E P I N E S  v i a  R o u t e  B 

S o l v e n t  an< 

c o n d i t i o n s  

abs .  E t O l I  
rep lux  

E t O H  70% 

abs.  E t O l I  
r c f l u x  

R  =C II . R  =Mc a b s .  E t O H  
2 6 5 ' 4  rcf l  ux 

Y i e l d  

% 

- 
60 

30 

1 0 0  

R e f e r e n c e s  



- 3 I F r o m  FYRIUTNE-N-OXIDES v j d  R a u t c  A 

c o n d i t i o n s  

C6H6, h ea t  R=II R2=C H 

R=I[ R  =c 11 -'I-- A , ,  2 4 0 °  K=R, ZR ;-I< 

2N' I I C l ~ ,  LILOII ==C6li5 

2 N  Na011,EIOIi  

- 4 

- 5 1 F r o m  PYRIMLDINE-N-OXIDCS via R o u t c  A 

F r o m  I , 3 - O X A Z E P I N E S  via R o u t e  B 

S o l v e n t  an< 

r e a c t i o n  

c o n d j  L i o n s  
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u n s u b s t i t u t r d  

ElrOR R -R -Me 

8 From ANNULATED 3 - O X A - 1 , 5 - D I A Z E P I N E S  7- 

- 9 1 F r o m  A C R I D I N E - N - O X I D E S  
I * S o l v e n t  and 

r o a c t i o n  

c o n d i t j  o n s  

0- 

CgHg 

Route A 1 - 



I TABLE 7 continurd I .. 
- 10 From ANNULATED 1,2-0XAZEP.lNES 

Column 
7 3  

X=Cl; CN Routc B X 4 1 ;  CN 
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s i g m a t r o p i c  hydrogen s h i f t ,  t h r  2 -acy lpyr ro l t :  (Schvme 1 7 ) 2 2 ~ 4 3  

CHO CHO 
SCHEME 17 

b) l lomolyt ic  n i t rogan-oxygcn  bond c l e a v a g c  oi:curs at. Lhc 1,Z-oxa- 

z r p i n c  s t w e  I c n t l i n ~ .  thc?n  t o  t h e  same b y  o n i t r c n r  svi7ich we 

have e n c o u n t e r e d  almve. We f a v o u r  t 'n is  l a t t r r  ~ ~ c c h a n i s r n  s i n c c  

s i m i l a r  r e s u l t s  have  been found  w i t h  antRrani.:Ls which open ur, 

t h e r m a l l y  l e a d i n g  t o  [3 -HI -azep ines  v i a  an  o r t h o  b e n z o y l n i t r c -  

n e  (Scheme 1 8 ) ~ ~ , ~ ~ ~ .  

y$ R3 A .dR1 R3 \ N: .. 

o H%c=o 

-%)Ty% - D E t 2  

R3 N '32 
SCHEME 18 R3 

c )  A s  a second  a l t e r n a t i v e ,  2 - a c y l p y r r o l e s  cou ld  a l s o  be  formed 

s t a r t i n g  w i t h  N - a c y l p y r r o l e s  s i n c e  t h e s e  compounds r e a r r a n g e  

~>hoLochc!t~i<:;r.l.l? as w c l  l as 1:hcrsa l ly  t o  it imi x l : u r c  of 2- and 

3 -ucy l l , y r ro l . r s  (Schcme 1 9 ) .  Wc do n u b  i.:tvour mccharrism c )  

CHO CHO 



- 2 1 From P Y R I D I N C - N - O X I D E S  

olvent:  and 

r e a c t i o n  

c o n d i t i o n s  

ti2 O  

ROH 

EtZO 

n, o 
& 

- 
E t 2 0  

H 2 0  

?e CO Me 

1120 

HZ 0 

H 2 0  

1120 
E t 2 0  

H 2 0  

l i 2 0  

1120 

l lZ l l  

1 i 2 0  

C t 2 0  

C  . T I .  
0 0 

E t 2 0  

C H 2 C 1 2  

E t 2 0  
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K = R  = R  = M e  1 E t , 2 0  
2  4 6 I R-R =K ;=Me 1 1.5 

3 5 

- 3 From P Y R A Z I N E - N - O X I D E S  

I I I I 

- 4 From P Y R I D A Z I N E - N - O X I D E S  

3 = C I ;  R -Mc 6- M e O H  &;Me; R  =CI 
5 4 1 

3 = 0 M e ;  R  --Me 6- M e O H  R=Mc;  R  = O M e  5 C 1 

3=R6=C6115 M c  CO M e  R=R S C  11 
5 6 5  50 

- 5  From P Y R I M I D I N E - N - O X I D E S  

2=Mc C6116 R=H. R - = M ~  ' 2 
L = O M e  CH3CN R = f l ; R  2 - 0 M c  

b - R 6 = M ~  M c O l l  R = M e ;  R  =Me 2 
= C  B ; R  =Mc 

A 6 s  6 
M c O l l  R=Mc; R  = C  H 4 6 5  

R e f e r e n c e s  

Y i e l d  R o f c r c n c e s  
% 



TABLE 8 c o n t i n u e d  

- 6 From ACRIDINE-N-OXIDES 

% 

< 1 

40 

RZ=R -Me 8- 
- 

1 9 8  
- 

R e f e r e n c e s  

98 

98 

0- 

.R ..R -Me 
2 7 MeOH 

'6"6 
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i n  v i e w  o f  t h c  Cnc2 that.  UV i r r a d i a t i o n  o f  4-s t tbs t . i tu te t l  p y r i d i n e -  

N-oxidos ' Lcn< ls  t o  2-fot"niy1-pyrr.01.c~ and  n o t  at. a l l  1;" 3-Torinyl- 

p y r r o l c s  I I ) .  

3-6 N o n  c a z ~ l , ~ ~ n y l i ~ L o d  1 'yrrol .c  d o r i v n t i v e s  ( T a b l o  0 )  

Pyr ,~ .o lc  dcr iv i t l , ivc ts ,  whosr  f o r t n a t i o n  i s  o b s e r v e d  d u r i n g  t h c  phoLo- 

p ~ ~ ~ ~ ~ d s  ; r r c  k u i w n  . 1 y  c n s i l y  w i t h  nc.id a t .  l,;.t+c Lo  L i l a  
I ( 14  

< ~ # , ! ~ ~ ~ ~ s l ~ < m c l i  11:: l , y ~ , t . < ! l  ,,s . S i # > ~ ~ ~ . ' l . t a r ~ c : < ~ t ~ s  f ' o r ~ n > ; t l  i < > r $  or : ~ - r y a n < > -  

3-iliaLi>y! i ~ ~ d ~ l l e  a n d  R-nlcLhy L i n d o l e  rluri nr: Lhc l ~ i r ~ ~ L n l  y s i s  of  2- 

cyano-4-~ncLhyl.~uinolina-N-oxide is h c s t  cxp1.ained by  thc mecha- 
60 

n i s t i c  pa thways  a s  d c p j c t e d  i n  Scheme 2 0  . 

I 



I 

CHO 
QCN 

CHO 

SCHEME 21 
O C N  Y 

3-7 Openchain p h o t o p r o d u c t s  
H 

Openchain p h o t o p r o d u c t s  a r c  v e r y  l i k e l y  t o  a c c u l  v i a  1 , 3 -  a n d  1 , 2 -  

o x a a e p i n e s .  

31-7-1 From g u i c ~ o l i i ~ c - N - o x i d c s  ----- ----------------- 
We have  a l r e a d y  s e c n  t i ~  t h e r m a l  equj . : l ibr~iun bet.rur-rn cycl  :i c hcmi- 

a m i n a l s  a n d  t h c  c o r r e s p o n d i n g  keto-amides .  I n  some r;wr cases  

N-acy l indo les  a r e  also o x i d i z e d  i n  t h e  p r e s c n c r  oi' d i r ,  ior cxaln- 

p l e  t o  or tho-amidophononcs  (schenie 22)  when s u h s t i l ; u t e d  q u i n o l i ~ l e -  

N-oxides a r e  i r r a d i a t e d  10,42 

NH 
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'TAI1I.I' 9 NUN CARIIONYI.A'I'C1 PYIU<OLI:S . - - - .. --- 
v.ia R o u t e  A  

U n s u b s t i  t u t cd  

- 
U n s u b s t i  t u t e d  

- 2 1 From 1 , 3 - B E N Z O X A Z E P I N E S  v i a  R o u t e  B  

Y i a l d  

c o n d i t i o n s  

- 3 1 From P Y K I D I N E - N - O X I D E S  v i a  R o u t e  A  

R e f e r o n c e  

R e f e r e n c e :  

4 3 

5 0 2  Y i e l d  

F;' % 
H 



From 1,s-OXAZEPINCS v i a  R o ~ t Z e  n 

I I I I 
From PYRAZINE-N-OXIDES via Route A 

From CINNOLINE-N-OXIDES via Routc A 

I I I I 
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SCHEME 23 

3-7-3 From Phenanthridine-N-oxides. ............................ 
Photoproducts which are isolated during phcnnnt,hridine-N-oxide 

photochemistry are analogous td the ones described with isoqui- 

n o l i n e - ~ - n x i d e s ~ ~ ' ~ ~ ( ~ c h e m e  24) . 

SCHEME 24 

3-7-4 From quinoxaline-N-oxides. .......................... 
UV excitation of 3-phenylquinoxaline-N-oxide leads to N-formyl- 

NI-benzoyl-o-phenylenediamine, a compound which is also obtaincd 

via hydrolysis of the corresponding henzoxadiazepino60(~cheme 2 5 ) .  

__C 

NHCHO 

SCHEME 25 

Here once more an open-chain and conjugated diamide is bcing ob- 

tained, probably via a 1,3,6-oxadiazcpinc which cannot hc isolated 

56(~chemo 26) . 

CH 

CH3 
NHCHO 

SCHEME 26 



3 - 7 - 6  Efp?-pyrk>i<i~"!=g~id$gL 

UX.i r ~ , a d i a t i  un ol' ~psrt~n i.d i nc-N-UY i d c s  l c a h  1.0  < , l > c r ~ - c h x  i r~ rw,iw+ 

t c d  r ~ . i L r i l v s ,  l . 1 ~  <.yam<> n ~ > d  ar#b.id<~ r u n c L i w s  1wi11:: t a s~aa l lv  a v i 5  

cotlCigur.ati  ou " " U 6 ,  "". 1 , 2 , 6 - ~ 1 x ~ ! ~ i i a ~ . ~ : ~ ~ i 1 ~ c s  ; X G . V  l r l  i < ~ \ , c d  I <, lw 

t h c  m e c h a n i s t i c  i . n l . c r~ncd i ;~Les  which Lhcn opon ty' I'y h&sc cnLaly-  

s is  (ScBemc 2 7 ) .  - - 

SCHEME 27 

Two c lassesofopen-cha in  compounds h a v e  been d e s c r i b e d  d u r i n g  p y r i -  

d ine-N-oxide p h o t o c h e m i s t r y :  

- pyr id ine -N-ox idc  i t s e l f ,  when o x c i t e d  i n  t h c  p r c s c n c e  of N , N ' -  

c l in l e thy l t ryp tan l i~ le  l e a d s  t o  a 1-cyano-4-nn1irtol,nLa~lieoa v h o s c  

f o r m a t i o n  i s  b c s t  e x p l a i n e d  by a s s ~ u n i n g  E o ~ v ~ a t i o n  oC tAr i n L c r -  
108 

m e d i a t e  a l d e h y d e  (Schcme 2 8 )  . 

0-6 
N-0 CN CHO 

dimethyltryptamine 

SCHEME 28 

- UM i r r a d i a t i o n  o f  pon tach lo ropyr id ine -N-ox ic le  l e a d s  t o  an  open- 

c h a i n  i s o c y a n a t e  whose f o r m a t i o n  is b e s t  accounted f o r  by assu- 

ming the i n t e r m e d i a t e  o c c u r e n c e  of a s ix -mcnhc~ .cd  1uct ;m.  a s  

shown i n  Schcmc 29 109. 

CI 

-C 

I r r a d i a t i o n  of phonazine-N-oxide l e a d s  by an  uniinowrr imcchanism t o  
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SCHEME 3 0  0- + stereoisomers 

3-8 Pho to i somers  oC v a r i o u s  s t r u c t u r a l  ty l ,cs .  

3-8-1 From isoclicinoli~,c-N-oxirlrs. .......................... 
1?3-Uen7oaxcpinns,  obtained b y  UV i r r a d i a t i n n  o< i noqu ino l inc -N-  

o x i d e s ,  may undergo ] , i ~ o t o i n d u c c d  e l e c l r o c y c : l . i s ; ~ l i r ~ r l  Lo t irc c o r r e s -  

ponding azacyc lobu tenc  i s o m e r s  (Schrmr 31)  52,106, a phoL<wcac t ion  

t y p c  which is w e l l  known i n  t h e  c y c l o h c g t a t r i c n r :  s o r i . e s l l O .  These 

x2 qfXL 0 N\t 

0- 0-5 
x i  

SCHEME 31 
x1 

a z u c y c l o b u t e n c s  a r e  r a s i l ~ y  hydr 'olysed,  even by s i inp lc  rh rumatogra -  

phy o v e r  s i 1 j c j . c  a c i d ,  and l e a d  a E t e r  el.i.mi.nation oC an\smnia t o  
5 2 b e ~ ~ z o f u r a n s  . 

3-8-2 From uc r id ine -N-ox idcs .  ...................... 
A s i m i l a r  pi loto-cl .~:c t rocycl isat ion h a s  bccn d c s c r i b r t l  i n  t i ~ c  a c r i -  

dine-N-oxide s e r i e s  (ScRcmc 3 2 )  whereby a cyc:l .ob~rtene i s  o b t a i n e d  

7 5 ' 8 0 ~ 9 8  via annr1al;ed oxcp ine  which is a s t n b l r  compound. 
R 

0 - 
SCHEME 32 

3-8-3 From Phenazinc-N-oxides .  ........................ 
Ily ana logy  , phenazinr-N-oxjdn J c a d s  t o  t h o  i . s r m c ~ . i c  o x r p i n e  and 

c y c l o b u t e n e  d e r i v a t i v e  (Schone 3 3 ) ;  t h i s  l a t t e r  cnspound r c v c r t s  

back t o  t h e  oxpp inc  by t h e r m a l  a c t i v a t i o n ,  a  r c a c ( . i o n  pathway which 

canno t  be  a  c o n c e r t e d  one,  a c c o r d i n g  t o  t h e  Woodward-lloffmann ru- 
les24,73 

I + 

0- 
SCHEME 33 - 1435 - 



3-8-4 From q u i n o x i l l i n c  d i -N-oxidcs  ............................ 

attention y e t .  S t  i1.l qujnoxalitro-1lj.s-N-oxi.<lcs I c a d  P . 0  a n  j n tcr? .s -  

3 - 9  P h o t o c h e m i s t r y  of aromat ic-N-oxidcs  i n  r e l a t i o n  w i t h  t h e  

r e a c t i o n  medium. 

UV i r , . a d i a t i o n  o f  pyridine-N-oxi.des i n  a l c o h o l s  I c a d s  t o  N-f or'ovl- 

p y r r o l  c a c e k a l s  (Sci~cntc 35)  .. Although no i n t e r m e d i  a les  hnvc Ixen  

i s o l a t e d ,  it, is b e l i e v e d  t h a t  s o l v o l y s i s  o c c u r s  ;$L so lne  i n l c r m c -  
101 

d i a t e  s t e p  . 

fi - ROH 0 - N 
N + I 
1 
0 - .  

CH (OCYR):! 

SCHEME 35 

C u p r i c  s a l t s  p l a y  an i m p o r t a n t  r o l e  i n  t h e  p i u ~ f . o c h ~ : ~ n i s t r y  or lpyri- 

d ine-N-oxides .  D i r c c t  i r r a d i a t i o n  of py r jd inc -N-ox idcs  by 1JV li.ghL 

i n  o r g a n i c  s o l v c n t s  o r  i n  w a t e r  so lu t i . on  Scads  I:,, v a r i o u s  pho to -  

p r o d u c t s ,  a l h c i t  i n  v c r y  low y i e l d s  ( v i d c  s u p ~ a ) .  In t h c  p r e s c n c c  

of coppcr  s u l f a t o  or p c r c h : l o r a t e  and i r k  water.  srll!rt.i.on, most C Z v  

t y p e  i~yr i .d ine-N-oxj .drs  ].cad t o  t h c  c o r r e s p o n d i n c  ~phr~i.oi,roducl;s i l l  

I ~ r c l , a r a t i . v c  y i  c.l.rls. F o r  cxnmple pyrjdinc-N-ox i 111. I r ~ ;<ds  t o  2-1'01.- 

m y l p y r r o l e ,  . i n  2% y i c l d  j n  t h e  abscncc,and i n  40f: y i c l d  i n  t h r  

p r e s e n c e  of  copper  s a l t s  ' I 3 '  ' I 4 .  I t  is 1 ,c l icvod I . i~nt  a r rvc r s i . l , l . c  

REDOX mechanism is i n v o l v e d  a t  t i l e  pos tu . l a t ed  , t i  tl .cnr: i n L ~ n n c d i a L o  

s t a g e  which d c r i v r s  f rom t h e  h y p o t h e t i c a l .  i ,2-ox; tzcpinc  l O , l l S  

3-9-2 Quinul i l tc -N-oxj  d r s .  2-Cyanoquinol iirle-N-mx i d e s ,  i r r n d i n i r d  ------------------- 
i n  v a r i o u s  ul.coh01.s a n d  i n  t h e  p r e s c n c c  oC h y ~ l r ~ ~ ~ : h l o r j ~  a r i d ,  

Scad Lo a m i x t u r r  o f  6-chl oro-, 6-hydioxy- and 6-;ti iiuvy 2-cyartoqu i - 

nol.j.ncs t h e  d i s t r i l , u i . i o n  oC wi?i.ah is a  CrmcLi rm or i.lio n a l u r c  of.' 

- 1436 - 
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t l ic  a l coho l  and of t h e  a c i d  concen t r a t i on  (Schcmo 36) . I n  concen- 

t r a t e d  s u l f u r i c  a c i d  f o r  example t i le  6-alkoxy d e r i v a t i v e  i s  t h e  
116 major product  . 

R' R ' 
a )  X = Cl 

ROH b) X = OH 
I 
0 - c) X =OR 

SCHEME 36 

Alkoxy d e r i v a t i v e s  have a l s o  been de sc r i bed  du r ing  UV i r r a d i a t i o n  

of 2 ,3- te t ramethylene &noline-N-oxides, in.;nqtnanul and e thano l  
66 whereby a l coho l  molecules  add t o  C-4 i n  good t o  e x c e l l e n t  y i e ld s ,  

probably a f t e r  t h e  rearrangement  s t e p  t o  t h e  s p i r o l a c t a m s  (e 

SCHEME 37 
3-9-3 Pyridazine-N-oxides. Photoinduced 4-hydroxymethylation and .................... 
concomitant oxygen a b s t r a c t i o n  have been observed w i th  3,6-disub- 

s t i t u t e d  pyridazino-N-oxides i n  methanol s o l u t i o n ,  a l b e i t  i n  very  

low y i e l d ;  a r a d i c a l  t y p e  mechanism has  been proposed i n  o rde r  t o  
102 account  f o r  1.hi.s cnrhon-carbon bond f o ~ m a t i o n  (Scheme 38) . 

h v n"-- 
R' + y  CH301i R' 

- 0 - 

SCHEME 38 
3-9-4 Acridine-N-oxides. Two types  of a l koxy l a t i ons  occur when ----------------- 
acr idine-N-oxides  a r e  i r r a d i a t e d  i n  a l coRo l i c  so lven t s :  

- a lkoxy l a t i on  a t  C-9 wi thout  rearrangement ,  a  zwi . t ter ion being 

p o s t u l a t e d  a s  an i n t e rmed ia t e  (Scheme 39)'17; 

- a lkoxy l a t i on  a t  C-9 wi th  concomitant rearrangement  t o  a  d ihydro  

di benzo-1,4-oxazepjne (Schcme 39) 90,98,118 



OH 0- 
SCHEME 39 

4  PUOTOCIIEM[STRY 01"IX-MRMD1:RRD CYCl ,IC AKOMATIC AZINE-N-OXIDES 

P ~ r i d a z i n e - ,  p h t h a l a z i n e - ,  c i n n o l i n e -  and bcnzo t r i az ine -N-ox ides  

undergo pecu l i a r .  pho tochemica l  r e a c t i o n s ,  u s u a l l g  wi th  l o s s  of a 

n i t r o g e n  molecu le ,  l e a d i n g  t h e r e b y  t o  '1 n o n c l a s s i c a l  p h o t o p r o d u c t s . "  

4-1 Pyridazine-N-oxi rlcs 

Although p h o t o e x c i t e d  pyr idaz ine -N-ox ides  l c a d  20 a tomic  oxygen 

t r a n s f e r  on a p r e p a r a t i v e  s c a l e ,  t h e y  a l s o  undergo i n L e r e s L i n g  r i n g  

c o n t f . a c t i o n s ' t o  c y c l o l > r o p e n y l k e t o n e s  and f u r n n s  v i a  d i a z o k e t u n c s  

which l o o s e  a n i t r o g e n  molecu le .  (Scheme 40) 119,120,121.  din-  

zoke tones ,  which a r e  r a t h e , ,  u n s t a b l e  and c o l o u r e d  s p e c i e s ,  c o u l d  

- 

Ph 

SCHEMF 40 
4-2 Phthalazinc-N-oxides .  

Ph 

Phthaluzine-N-oxides l e a d  s i m i l a r l y  to n o n c l a s s j c a l  p h o t o p r o d u c t s .  

For  example 1,4-diphenyl-phthalazine N-oxjde l e a d s  v i a  a  d iazoke-  

t o n e  t o  1 ,3 -d ipheny l  i s o b e n z o f u r a n  I 2 ' l 6  (Scheme 4 1 ) .  

Ph Ph Ph 

Ph Ph Ph 

SCHEME 41 
4-3 Cinnoline-N-oxides 

P h o t o e x c i t e d  4-methyl-2-oxocinnol ine  l e a d s  t o  3-methyl-benzo- 

f ~ r r a n  which is s u p p o s r d  t,o occur  v i a  a  3-formyl.-(311)-indazole 
- 1438 - 
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SCHEME 42 0- 

4-4 Benzotriazine-N-oxides 

Photoexc i ted  3-oxobcnzot r iaz ines  l o o s e  a n i t r ogen  molecule and 

l e a d  t o  a n t h r a n i l s  and t o  benz isoxazoles  (Scheme 43) 122 

SCHEME 43 

5 PHOTOINDUCED REACTIONS OF AROMATIC-N-OXIDE SIDE CHAINS 

I n  some p e c u l i a r  i n s t a n c e s  t h e  photochemistry of a romat ic  N-oxides 

4eads on ly  t o  chemical mod i f i c a t i on  on s i d e  cha in s  t o  N-0 bond 

c leavage .  

5-1 With N i t ro -Subs t i t uen t s  

4-Nit ropyridine-N-oxides  undergo photoreduc t ion  of tine n i t r o  group 

l e a d i n g  i n  a l c o h o l i c  s o l u t i o n  e i t h e r  t o  t h e  correspondjng hydro- 

xylamines o r  t o  t h e  hydroxycompounds 5191231124.  I n  aqueous alcoho- 

l i c  s o l u t i o n s  quantum y i e l d  and F lash-photo lys i s  measurements 

sugges t  t h a t  t h e  photoreduc t ion  i n i t i a t e s  from an e x c i t e d  t r i p l e t  

s t a t e  of t h e  N-oxide which p i c k s  up a  hydrogen atom from t h e  a l -  

cohol  1 2 5 , 1 2 6 ~ 1 2 7 ( ~ c h e m e  44) . 

SCHEME 44 
- 1439 - 



5-2 W i t h  N i t r o s o - S u b s t i t u e n t s .  

4-Nitrosopyridine-N-oxirle i s  redu<.e:d p h o t o c h e m i c a l l y  i n  a 1 c o h o l . i ~  

s o l u t i o n ,  i n  the p r e s e n c e  and i n  i h c  absence  of' oxypcn, t o  yic1.d 
1 2 4  

t h e  Rydroxy lan in r  dcr,.Lvativc . 
5-3 With Rydroxylaminc s u b s t i t u e n t s  

4-l-lydroxylaminopY~~i~I.i~~c-N-~~x:ide i s  p h o t o o x i d i z e d  t o  t h e  c o r r c s -  
124 

ponrling 4-nitropyr,idinc-N-oxide . 

s e ,  l e a d  t o  azoxy compounds o r  t o  a m i n o - d e r i v a t i v e s ,  depending upon 

t h e  r e a c t i o n  c o n d i t i o n s  which al-c u s e d  (Scrlcmc 45 )  128,129 

in absence in presence 
r?, of oxygen w"-' 

in absence in presence 
SCHEME 45 of proton donor 
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