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964 BARTON ET A L .  

I n  t r o d  tic t i o n  

M e c h a n i s t i c  s t u d i e s  of t h e  G i f - o x i d a t i o n  s y s t e m  h a v e  b e e n  

b a s e d  on e x t r e m e l y  d i v e r s e  s p e c t r o m e t r i c  m a t e r i a l  ( 1 - 4 ) .  I n  

t h e s e  s t u d i e s  t ,he  GC-MS h a s  p l a y e d  a n  i m p o r t a n t  r o l e .  T h e  d e t e r -  

m i n a t i o n  o f  t .h r  s t r u c t u r e  o f  m a i n  o x i d a t i o n  p r o d u c t s ,  a s  w e l l  a s  

t h e  i n v e s t i g a t i o n  of  s e c o n d a r y  a n d  r e a g e n t  o r i g i n a t e d  p r o d u c t s ,  

e q u a l l y  i m p o r t a n t  f o r  m e c h a n i s t i c  c o n s i d e r a t i o n s ,  h a v e  b e e n  p e r -  

f o r m e d  u s i n g  t h i s  t e c h n i q u e .  I n  t h i s  l a t t e r  a r e a ,  t h e  s t u d y  o f  

b i -  o r  h i g h e r  p o l y m e r i c  p y r i d i n e s  a n d  of  p y r i d i n e  o r  b i p y r i d i n e  

c o u p l e d  t o  . h y d r o c a v h o n s  and , ’or  t h e i r  o x i d a t i o n  p r o d u c t s .  some o f  

t h e m  b c i n g  o n  t h e  t r a c e  c o n c e n t r a t i o n  l e v e l ,  l e a d s  t o  s e v e r a l  

i n t e r e s t i n g  o b s e r v a t i o n s .  

- 

W e  w o u l d  l i k e  t o  r e p o r t  h e r e  t w o  GC-MS s t u d i e s  o f  

. l .  b i p y r i d i n e s  o b t a i n e d  d u r i n g  t h e  G i f - o x i d a t i o n ,  a n d  

2 .  c r o s s o v t ’ r  e x p e r i m e n t s  ( p r o t i o - d e u t e r i o )  o n  h y d r o c a r b o n  

o x i d a t i o n  c o m p o u n d s  a n d  t h e  c o m p o u n d s  r e s u l t i n g  f r o m  

c o u p l i n g  t o  p y r i d i n e .  

B i p y r i d  i n e  S t u d i e s  

T h e  o x i d a t i o n  of c y c l i c  h y d r o c a r b o n s  w i t h  t h e  G i f - o x i d a t i o n  

s y s t e m  ( 1 )  ( i r o n  c a t a l y s t ,  o x y g e n - z i n c ,  o r g a n i c  a c i d  a n d  s o l v e n t )  

l c a d s  t o  a l c o h o l s  a n d  k e t o n e s .  An i n t i . i g u i n g  s c l e c t i v i t y  f o r  

t h i s  o x i d a t i o n  was  o b s e r v e d .  F o r  e x a m p l e ,  i n  t h e  c a s e  of  a d a m a n -  

t a n e ,  o x i d a t i o n  o n  t h e  s e c o n d a r y  c a i , b o n  t o  g i v e  t h e  k e t o n e  h a s  

b e e n  o b s e r v e d  t o g e t h e r  w i t h  a n  e q u a l  a m o u n t  o f  t h e  c o u p l i n g  p r o -  

d u c t  b e t w e e n  t h e  t e r t - a d a m a n t y l  r a d i c a l  a n d  p y r i d i n e .  The  p r e -  

c e d i n g  s t u d y  ( 3 , 4 )  h a s  s h o w e d  t h a t  a l t h o u g h  s e v e r a l  o r g a n i c  a c i d s  

may r e p l a c e  t h e  a c e t i c  a c i d ,  t h e  p y r i d i n e  i s  a b s o l u t e l y  n e c e s s a r y  

f o r  t h e  G i f - s y s t e m  o x i d a t i o n  t o  o c c u r .  T h e  o x i d a t i o n  of a d a m a n -  

t a n e ‘ s  m e t h y l e n e  l e a d s  t o  b o t h  a l c o h o l  a n d  k e t o n e  ( w h i c h  is b y  
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GC-MS STUDY OF GIF-OXIDATION SYSTEM 965 

2'- , 4'-, 3'- 2: 4'- 
t 

far the main pi.oduct). The presence of several isomeric hipyr,i- 

dines, mass 1 5 6 ,  in this rr.action was observed and the formation 

of 2,2'-, 4,4'- and 2,4'- hipyridines under these conditions can 

be rationalised by the following scheme (Scheme 1 ,  2 ) .  

The presence of ( 3  or  3 ' )  related bipyridines, which 

cannot be explained by the above-mentiQned mechanism, is a cru- 

cial point in a search f o r '  a mechanistic overview of the reac- 

tion. F o r  instance, the bonded bipyridines o r  their deriva- 

tives could he explained by following mechanism (Scheme 3 ,  4). 

The radical coupling between meta carbons leads to 3 , 3  

bipyridine. Or, in the presence of previously formed and stab 

lised 2 -  and 4-pyridyl radicals, the formation of 3 , 2 ' -  o r  3 , 4  

bipyridines takes place via radical or  ionic mechanism. 

The GC of  the products of  the oxidation of adamantane by the 

Gif I V  system mixture displays the presence of  several bipyri- 

dines. Apart from the highly retained and easily identified 
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966 BARTON ET AL. 

RADICAL COUPLING 

SCHEME 1 

FORMATION OF 12 AND 3 

1 A RADICAL w -  
w -  

- 

2 Q LWJPLING - H 
2.EOXIMTION 

;I 
- RADICAL- PROTONATED PYRIDINE COUWNG 

0.9. 1 

SCHEME 2 

H 

FORMATION OF 4,s AND 6 

SCHEME 3 
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4 META RADICAL COUPLING 

AS WELL AS 2 AND 5 

- B META IOMC COUPLING (FOR 2 A N D s  ONLY) 

- 
HPLC 

G C  - N> 

A 

m / z  

- 

__ 

1 j h  

FORMATION OF4,Z AND 5 

SCHEME 4 

T A B L E  1 

Bipvridines ( r  ) t 

160 

1 b d  

3 2 . 0  1 8 . 8  2 0 . 2  1 7 . 5  1s .s  1 5 . 0  

1 . j '  0 . 9 3  1.00  0 . 5 7  0 . 9 3  0 . 7 4  

h;O 7 2 0  7 3 7  7 5 3  7 4 7  7 5 6  

0 . i ;  0 . 0 7  1 . 0 0  1 . 0 2  1 . 0 1 5  1 . 0 2 5  

7 2 '  7 4 ;  7 4 7  

1 .00 1 . 0 2  1 . 0 :  

71': 7 3 3 7 4 .: 

1 .00 1 . 0 2  1 . 0 ; j  

2.J'-hipyr-idine-d h a s  h e e n  normalised to 
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974 BARTON ET AL. 

? . : ' - b i p y r i d i n e  (1) and  t h e  2 , 4 ' -  and  4 , 4 ' - b i p y r i d i n e s  ( ( 2 ,  and 

( 3 )  r e s p e c t i v e l y )  t h e  p r e s e n c e  of meta c o u p l e d  b i p y r i d i n e s  was 

o h s e r v e d  ( T a b l e  1 )  a n d  i d e n t i f i e d  by c o m p a r i s o n  t o  a v a i l a b l e  

s t a n d a r d s .  The q u a n t i t i e s  of meta c o u p l e d  b i p y r i d i n e s  a r e  s m a l l  

a n d  t h e i r  o c c u r r e n c e  s h o u l d  b e  r e l a t e d  t o  a c t i v a t i o n  of  t h i s  

p o s i t i o n  o f  t h e  h e t e r o c y c l e  a s  p r o p o s e d  i n  Scheme 3 .  The o r i g i n  

o f  t h e  meta r a d i c a l - c a t i o n  i s  u n c e r t a i n .  The complex 

G i f - o x i d a t i o n  s y s t e m  c o u l d  r e a c t  w i t h  t h e  p y r i d i n e  and  t h e n  a l l o w  

t h e  r e d u c e d  p y r i d i n e  r a d i c a l - c a t i o n  t o  d i m e r i s e  ( e . g .  3 , 3 ' )  o r  t o  

r e a c t  w i t h  t h e  o r t h o  o r  para r a d i c a l - c a t i o n s  (Scheme 1)  t o  fo rm 

t w o  r e m a i n i n g  b i p y r i d i n e s  ( 2 , 3 '  and 3 , 4 ' ) .  I n  o r d e r  t o  i n v e s -  

t i g a t e  t h i s  mechan i sm,  some c r o s s - o v e r  e x p e r i m e n t s  ( d e u t e r i o -  

p r o t i o )  have  been  p e r f o r m e d  ( F i g .  l a ,  I b ) .  

The G i f - o x i d a t i o n  p e r f o r m e d  i n  d e u t e r a t e d  p y r i d i n e  l e a d s  t o  

s i x  i s o m r r , i c  b i p y r i d i n r s  o f  m a s s e s  I 6 4  which r e t e n t i o n  t i m e  r t  

can be compared  t o  t h e  c o r r e s p o n d i n g  p r o t i o  a n a l o g s  ( s m a l l e r  r t  

h a s  been  o b s e r v e d  f o r  c o r r e s p o n d i n g  d e u t e r i o  b i p y r i d i n e s  

( T a b l e  1 )  ( F i g .  2 a - d ) .  

0 

a n d  p y r i d i n e  - d -  also l e a d s  t o  s i x  mixed b i p y r i d i n e  p r o d u c t s  

h a v i n g  f o u r  d e u t e r i u m s  and  m a s s e s  o f  m/z 1 6 0 .  

A s i m i l a r  r e a c t i o n  i n  a n  e q u i m o l a r  m i x t u r e  o f  p y r i d i n e  -d 

3 

The Gi f  - o x i d a t i o n  o f  a d a m a n t a n e  p e r f o r m e d  i n  p - r d e u t e r a t e d  

p y r i d i n e  a s  s o l v e n t  i n  t h e  p r e s e n c e  o f  a p r o t i o  b i p y r i d i n e  f r a c -  

t i o n  1 - 3  ( o r  some i n d i v i d u a l  b i p y r i d i n e s  L - 3 )  d o e s  l e a d  t o  

G C - d e t e c t a b l e  amount o f  t h e  mixed p r o t i o - d e u t e r i o  b i p y r i d i n e s  

(Scheme 5 ) .  

T h i s  d o e s  n o t  mean t h a t  t h e  &' a c t i v a t i o n  i s  r e l a t e d  t o  

t h e  p r e s e n c e  o f  b i p y r i d i n e s  wh ich  c o u l d  be  fo rmed  i n  a p a r a l l e l  

manner  b e c a u s e  t h e  mixed p r o t i o - d e u t e r i o  b i p y r i d i n e s  h a v e  

n o t  been  o b s e r v e d .  The meta b i p y r i d i n e s  a r e  m i n o r  p r o d u c t s  i n  
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PY RIDYL- 
A DAM AN TAN ES, 
ADAMANTOLS r 
ADAMANTONE, 

d4 I d8,dO 

PYRl DYLA DAMANTONE, 
BlPY RlDlNES 

GIF 
ADAMANTANE - 

BlPY RIDINES-do 

SCHEME 5 

t h i s  r e a c t i o n .  The  r e v e r s i b i l i t y  o f  t h e  b i p y r i d i n e - p y r i d i n e  

s y s t e m ,  h o w e v e r ,  h a s  b e e n  c o n f i r m e d .  

C r o s s o v  c r E x p  e r i me n t s 

I t  h a s  a l s o  b e e n  s h o w n  t h a t  t h e  G i f  o x i d a t i o n  r e a c t i o n  p e r -  

f o r m e d  i n  a 5 0 : 5 0  m i x t u r e  of p y r i d i n e - d o  a n d  d 5  c l e a r l y  d i s p l a y s  

t h e  p r e s e n c e  o f  a s e r i e s  o f  b i p y r i d i n e s - d y ,  d a n d  d o .  a s  w e l l  a s  

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

h y d r o c a r b o n  (or i t s  o x i d a t i o n  p r o d u c t s ) .  

4 

One more c r o s s o v e r  r e a c t i o n  h a s  b e e n  p e r f o r m e d  o n  a s e r i e s  

of  p r o t i o  o r  p e r d e u t e r a t t A d  c y c l o a l k a n e .  When r e a c t e d  i n  t h e  G i f -  

o x i d a t  i o n  s y s t e m  t h e  G G M 5  1 . 1 r ’ a r l y  d i s p l a y s  b o t h  d e u t e r a t e d  a n d  

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

d u c t s  t o  b o t h  c y c l o a l k a n e s  when m i x e d  50:sO ( T a b l e  2 ) .  

F o r  i n s t a n c e  t h e  o x i d a t  i o n  of e q u i m o l a r  q u a n t i t y  of  c y c l o -  

h e x a n e s  d o  and d I 2  w i t h  G i f  O x i d a t i o n  S y s t e m  I V  l e a d s  t o  n i c e l y  

s e p a r a t e d  c y c  l o h e x a n o n e s  d lc, a n d  d o  a s  w e l l  

a n d  do. The T I C  r u n  f o r  t h i s  r e a c t i o n ,  p r e s e n t e d  i n  R e f .  a n d  

T a b l t -  2 ,  s h o w s  t h e  u t i l i t y  o f  GC-P1S i n  s u c h  a c r o s s o v e r  s t u d y .  

d l l  
a s  c y c l o h e x a n o l s  

T h e  p y r i d i n e  c o u p l e d  to o x i d i z e d  c y c l o a l k a n e  p r o d u c t s  h a v e  

b e e n  e a s i l y  i d e n t i f i e d  u s i n g  t h e  G C - M S  t e c h n i q u e .  T h e  s e a r c h  f o r  
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T A B L E  2 

Cyclohexane Oxidation 

Cyclohexane 1-01 1 -one 

d12 

1.00'; 

0 . 9 6  

0 . 6 0  

0 . 5 7  

': rt of 3.14 min has been normalised to 1.00.  

secondary oxidation products reveals the presence of several 

pyridine coupled to cyclohexane compounds which were easily 

identified using CC-MS. F o r  instance, when equimolar quantities 

of cyclohexane do and d12 are oxidised, three isomeric (masses 

161-do and 172-dll respectively) pyridyl cyclohexanes are 

observed (Table 3 )  in both series (dll o r  do). 
- 

The same reaction run in the presence of pyridine -d5 leads 

d4) to the perdeuterated coupling products of masses 176 (dll + 

or using cyclohexane -do in pyridine -d5 of  masses 165 ( d o  + d4). 

In all above-mentioned series, the major products are the 2' 

pyridyl cyclohexane followed by 4'-pyridyl and traces of  3cpyridyl. 

A l l  three of them however do not exceed 3% of  total pyridyl radi- 

cal containing compounds. 

, A  similar experiment has been designed for adamantane oxida- 

tion leading to t w o  distinctive pyridyl adamantanes: 2ypyridyl 

1-adamantane and 4Lpyridyl I-adamantane i n  a ratio of 2:I 

(Table 4 ) .  Several minor isomeric coupling products are present 

however t h e i r  identification is difficult because of the lack of 

model compounds. A l l  cross reactions described above, when 
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T A B L E  3 

977  

Pyridyl cyclohexanes 

rt ( % ) '  

Cyclohexane Pyridine m / z  L -  .?' 4' 3'- 
- 

161 0 . 7 1  ( 1 . 6 )  1.00 ( 0 . 6 )  1 . 0 2  ( 0 . 0 5 )  

d 1 2  172 0 . 7 1  ( 1 . 2 )  1 . 0 0  ( 0 . 4 )  1 . 0 2  ( 0 . 0 3 )  

176  0 . 7 2  ( 1 . 1 )  1 . 0 0  ( 0 . 7 )  1 . 0 3  ( 0 . 0 2 )  

1 6 5  0 . 7 0  ( 1 . 0 )  1 . 0 0  ( 0 . 3 )  1 . 0 2  (0.01) 

d12  d 5  

5 d 

I 
i'. r of 4-pyridyl cyclohexane -do 1 9 . 1  min has been normalised to 

l!OO, % of total oxidation products. 

TABLE 4 

I 

I 
I 

I 
I 

I Pyridyl adamantane (rt) 

3 ' - ( 7 )  4 I - :i ( rn/z)  1 2 ' -  

4 1 5  

1 . 0 0  

1 .00  

416  

4 6 2  

1 . 1 1  

1 . 1 0 5  

4 6 0  

r of 1-(4'-pyridyl)-adanantane h a s  been normalised to 1 . 0 0  
2 v  and 4'-compounds have totalised 95% of pyridyl adamantanes). 
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BlPYRlDlKS =INTERMEDATES = PY RlDlNE 
\ / 

\,_12H8,-2S ,' , - _ - -  

e.g. 

S C H E M E  6 

deuterated and nondeuterated compounds are used, display an 

extremely good sensitivity for detection of these products via 

GC-MS and provide us with qualitative and quantitative data 

conct.t'ning cycloalkane oxidation products and ~ in n very 

spectacular way, the bipyridincs. 

The oxidation of adamantane i n  pyr,idine-d in the p r ' e s e n c e  

of bipyridine-d 3 ( 4 . 4 ' )  does lead to three essential mixed 

bipvridines-d4 ( 4 , 4 ' ,  2 , f t  and 2 . 2 ' ) .  This result means thdt 

under the Gif-IV oxidation conditions the reversible bipyridine- 

pyridine reaction is effectively performed. The presence of two 

other major d pyridines - 2 and -1 has also been observed (Scheme 

2 .  6 ) .  Ilowrvcr, the GC detection of bipyridine L which has always 
been laborious (the large base peak on  both columns used) was not 

confirmed. 

5 

o -  

- 
I n  all this work, the GC-MS experiments have been performed 

using E I  ionisation and capillary columns. The use o f  methane CI 

instead of  more popular EI ionisation technique leads to less 

spnsitive detection of  bipyridinrs and that of their coupled pro- 
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d u c t s  i n  s p i t e  of t h e i r  w e l l - d e f i n e d  b a s i c  c h a r a c t e r .  T h e  s i t u a -  

t i o n  i s  s i m i l a r  when ammonia C I  is a p p l i e d .  

T h e  ser ies  o f  e x p e r , i m t z n t s  d e s c r i b e d  h e r e  c l e a r l y  s h o w  t h e  

p o t e n t i a l  a n d  p r a c t i c a l  u t i l i t y  of  t h e  GC-MS f o r  m e c h a n i s t i c  s t u -  

d i e s .  An i m p o r t a n t  numbel '  o f  d e t a i l s  t o  B a r t o n ' s  ( 5 )  p r o p o s a l  

r'o17 t h e  G i f - o x i d a t i o n  s y < t  em m e c h a n i s m  h a v e  b e e n  a s c e r t a i n e d  

u s i n g  CC-P1S t e c h n i q u e .  

C x p e r . i m r n t a l  

G e n e r a l  t e c h n i q u e s  of p u r i f i c a t i o n  a s  w e l l  a s  w o r k - u p  p r - o c e -  

d u r e s  a n d  o x i d a t i o n  m e t h o d  a r e  t h e  s a m e  a s  i n  R e f e r e n c e  1 .  T h e  

G i f  I C  s k s t e m  o x i d a t i o n  t y p i c , a l  p r o c e d u r e  i s  a s  i n  R e f e r e r i c c  3 .  

Mass s p c c t  rornetric. e-xpt*i'imr.nt.s w e r e  p e r f o r m e d  u s i n g  a R i b e r  

K - I O I d  q u a d r u p o l e  m a s s  s p c c t  rometer ( N r r m a g .  F r a n c e )  (11' w i t h  a \'G 

7 0 - j d E  . s p e < , t r o m e t e r  ( C G .  I ' K )  b o t h  i n  t h e  p o s i t i v e  i o n i s a t  i o n  

mode. S p r c t r a  were r eco r ,d t%d  a n d  c a l c u l a t e d  o n  a P D P  8M c o m p u t e r -  

c o u p l e d  t o  t h e s e  s p e c t r o m e t e r s .  T y p i c a l  GC-MS a n a l y t i c a l  c o n d i -  

t i o n s  were f o r  E . I .  : 70 eV, d i r e c t  p r o b e  t e m p e r a t u r e  7 0  - 200°C,  

C a r b o w a x  57 C B  o r  OV-17 c a p i l l a r y  c o l u m n s  ( 2 5  m x 0 . 3 2  mm O D ) ,  

t e m p e r a t u r e  p r o g r a m m e  70  ~ 2 0 0 ° C ,  s0./ 'min a n d  f o r  C . I . :  s o u r c e  

t e m p e r a t u r e  200  - ? 2 0 ° C ,  t h e  5 mm f i l a m e n t  ( t u n g s t e n  w i r e  60 p m ,  
9 t u r n s )  w a s  h e a t e d  from 300 - 800°C i n  4 0 s  ( c u r r e n t  p r o g r a m m e d  

f r o m  2 0 0  - bO0 m A ,  10 m.4 s ) .  The s o u r c e  was  i n d i r e c t l y  h e a t e d  

b y  a f i l a m e n t  ( v a r i a t . i o n  o f  - + l O ° C )  f o r  t h i s  r e a s o n  t h e  d i r e c t  

p r o b e  was  r r m o v e d  a t  t h e  < .nd  o f  t h e  p r o g r a m m e .  T h e  p r e s s u r e  t s i  

r e a g e n t  g a s e s  ( C H J  0 1 '  NH 1 ,  m c a s u r e d  a t  t h e  s e c o n d a r y  vac.uclm 

g d L 1 g C ' .  w a s  T o r r .  A c o n s t a n t  a l i m e n t a t i o n  o f  b u f f e r  g a s  ( H e )  

w a s  m a i n t a i n e d .  F o r  r e a g e n t  gases  t h e  i n i t i a l  p r e s s u r e  w a s  c a .  3 

T o r r  a n d  t h e  mean e l e c t r o n  e n e r g y  was m a i n t a i n e d  a t  S O  r V .  The 

r e a g e n t  g a s e s  ammonia  a n d  m e t h a n e  were o b t a i n e d  from A i r  L i q u i d e  

- 1  

.1 
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( A l p h a  G a a ,  F i ’ a n c e ) .  An a l i q u o t  ( 1 . 0  m l )  w a s  t r e a t e d  a c c o r d i n g  

t o  p r o c e d u r e  d r s c r i b e d  i n  R e f e r e n c e  4 ( b a s i c  f r a c t i o n  e x t r a c t e d  

h i t h  e t h e r  t h e n  a n a l y s e d  b y  GC-MS). 

A c k n o w l c d g c m e n t s  

hie w i s h  t o  t h a n k  t h e  C E N  d e  S a c l a y  €o r  u s e  of  t h e i r  

f a c i l i t i r b - . ,  t h e  FLSR C o u n c i l  ( U  d e  M )  f o r  g e n e r o u s  s u p p o r t  of  

t h i y  h o r k  ,atid H r > r i r  1 birelizier f o r  t e c h n i c a l  help a n d  h e l p f u l  

d i s c u s s i o n s .  
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