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ABSTRACT.

The d e c o m p o s i t i o n  o f  p e n t a f l u o r o b e n z o y l  p e r o x i d e  i n  

c a r b o n  t e t r a c h l o r i d e  and  a l s o  i n  h e x a f l u o r o b e n z e n e , e i t h e r  

a l o n e  o r  i n  t h e  p r e s e n c e  o f  n i t r o g e n  d i o x i d e  (1 5  “ 230 f o l d  

m o l a r  e x c e s s ) ,  h a s  b e e n  s t u d i e d .  I n  a l l  r e a c t i o n s ,  e x c e p t  

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

f l u o r i d e  i o n  and p e n t a f l u o r o b e n z o i c  a c i d  w e re  f o r m e d .

E v i d e n c e  was o b t a i n e d  t o  s u g g e s t  t h e  p r e s e n c e  o f  p e n t a f l u o r o -  

b e n z o i c  a n h y d r i d e  a s  an  i m p o r t a n t  r e a c t i o n  p r o d u c t ,  a l t h o u g h  

t h i s  e v i d e n c e  was l a c k i n g  i n  t h e  c a s e  o f  t h e  r e a c t i o n  i n  

h e x a f l u o r o b e n z e n e . I n  r e a c t i o n s  c a r r i e d  o u t  i n  t h e  p r e s e n c e  

o f  n i t r o g e n  d i o x i d e ,  t h e  f o r m a t i o n  o f  p e n t a f l u o r o b e n z o y l  

n i t r a t e  i s  c o n s i d e r e d  t o  be  an  i m p o r t a n t  s t e p  i n  t h e  r o u t e  

t o  p e n t a f l u o r o b e n z o i c  a c i d .  P e n t a f l u o r o b e n z o y l  n i t r a t e  may 

a l s o  l e a d  i n d i r e c t l y  t o  t h e  p r o d u c t i o n  o f  f l u o r i d e  i o n  

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

o f  w h i c h  may d e p e n d  on an  i n t r a m o l e c u l a r  r e a r r a n g e m e n t  o f  

t h e  n i t r a t e .  O t h e r  r e a c t i o n  p r o d u c t s  w e re  n i t r o p e n t a f l u o r o -  

b e n z e n e ,  p e n t a f l u o r o p h e n y l  p e n t a f l u o r o b e n z o a t e  and d e c a f l u o r o -  

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

o u t  i n  t h e  p r e s e n c e  o f  n i t r o g e n  d i o x i d e ;  w h e r e a s ,  i n  c a r b o n  

t e t r a c h l o r i d e  i n  t h e  a b s e n c e  o f  n i t r o g e n  d i o x i d e ,  t h e  

p r e d o m i n a n t  r e a c t i o n  was a b s t r a c t i o n  o f  c h l o r i n e  f r o m  t h e  

s o l v e n t  w i t h  f o r m a t i o n  o f  c h l o r o p e n t a f l u o r o b e n z e n e .

The k i n e t i c s  o f  t h e  d e c o m p o s i t i o n  o f  p e n t a f l u o r o -  

p h e n y l a z o t r i p h e n y l m e t h a n e  i n  a r o m a t i c  s o l v e n t s  h a v e  b e e n  

s t u d i e d .  The s y n t h e s i s  o f  t h i s  new a zo - co m p o u n d  i s  d e s c r i b e d .  

The r a t e  o f  t h e  d e c o m p o s i t i o n  r e a c t i o n  h a s  b e e n  m e a s u r e d  by 

c o l l e c t i n g  t h e  volume o f  n i t r o g e n  e v o l v e d  w i t h  t i m e  a t



c o n s t a n t  p r e s s u r e ,  and a l s o  by  o b s e r v i n g  t h e  c h a n g e  i n
_ j

o p t i c a l  d e n s i t y  a t  2 3 ,8 0 0  cm . The f i r s t  m e th o d  s u f f e r e d  

f ro m  p h y s i c a l  s o u r c e s  o f  e r r o r  and  l e d  t o  a n o m a l i e s  i n  t h e  

r e s u l t s ,  w h i l e  t h e  s e c o n d  i n d i c a t e d  t h a t  t h e  r e a c t i o n  was a  

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

t r i p h e n y l m e t h y l  r a d i c a l s  and n i t r o g e n .  A c t i v a t i o n  p a r a m e t e r s  

have  b e e n  c a l c u l a t e d  and  t h e s e  s u g g e s t  f o r  p e n t a f l u o ro p h e n y l -  

a z o t r i p h e n y l m e t h a n e  a  h i g h e r  s t a b i l i t y  and a  g r e a t e r  d e g r e e  

o f  s o l v a t i o n  t h a n  f o r  p h e n y l a z o t r i p h e n y l m e t h a n e . T r i p h e n y l -  

m e th a n e  and  p e n t a f l u o r o b i p h e n y l  h a v e  b e e n  i s o l a t e d  a s  two 

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

p h e n y l a z o t r i p h e n y l m e t h a n e  i n  b e n z e n e .
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I  N T R O D U G T I O N ,



G e n e r a l  i n t r o d u c t i o n ,

The e s s e n t i a l  p r o c e s s  o f  any  r e a c t i o n  i s  t h e  making  

and b r e a k i n g  o f  b o n d s  a n d ,  h e n c e ,  bond  c l e a v a g e  i s  a  f u n d a 

m e n t a l  p r o c e s s  i n  c h e m i s t r y .  C o n s i d e r  t h e  m o l e c u l e ,  A-B; 

t h e  bond may be  b r o k e n  s y m m e t r i c a l l y :

A - B -------------> A- + B*

or  u n s y m m e t r i c a l l y :

A - B  ------ > A"*" + :B~

and t h e  f i s s i o n  may be  c l a s s i f i e d  a s  h o m o l y s i s  o r  h e t e r o 

l y s i s  r e s p e c t i v e l y .  F r e e  r a d i c a l s ,  t h e  p r o d u c t s  o f  h o m o l y s i s ,

may be d e f i n e d  a s  p a r t i c l e s  c o n t a i n i n g  an odd number  o f

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

s u c h  a s  NO and NOp. Many o f  t h e  r e a c t i o n s  o f  t h e s e  compounds 

a r e ,  i n  f a c t ,  f o u n d  t o  b e  o f  t h e  f r e e  r a d i c a l  t y p e .  The 

two t y p e s  o f  bond  f i s s i o n  d i f f e r  e n e r g e t i c a l l y ;  i n  b o t h  t h e  

bond  d i s s o c i a t i o n  e n e r g y  h a s  t o  be  o v e rc o m e ,  b u t  i n  t h e  

h e t e r o l y t i c  s y s t e m  t h e  c h a r g e d  p a r t i c l e s  m us t  be  s e p a r a t e d  

a g a i n s t  a c o u lo m b ic  a t t r a c t i o n  w h i l s t  t h e r e  i s  no  s u c h  f o r c e  

b e t w e e n  r a d i c a l s .  The p r e s e n c e  o f  a c o u l o m b i c  t e r m  i n  

h e t e r o l y s i s  m ig h t  be  e x p e c t e d  t o  make i t  a  l e s s  f a v o u r e d  

p r o c e s s  com pared  w i t h  t h e  l e s s  e n e r g e t i c a l l y  dem an d in g  

h o m o l y s i s .  T h i s  a rg u m e n t  i s  v a l i d  i n  t h e  c a s e  o f  i s o l a t e d  

m o l e c u l e s  ( e . g .  i n  t h e  g a s  p h a s e )  b u t  i n  f a i r l y  good i o n i s i n g  

s o l v e n t s  t h e  c h a r g e d  p a r t i c l e s  c a n  be  s o l v a t e d  ( w i t h  w h i c h  

p r o c e s s  t h e r e  i s  a s s o c i a t e d  a  g r e a t  d e a l  o f  e n e r g y )  and t h i s  

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

a d v a n t a g e  o f  h o m o l y s i s .

F r e e  r a d i c a l  c h e m i s t r y  h a s  a l o n g  h i s t o r y  s t a r t i n g



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

by ivolbe and F r a n k l a n d  ( 1 ) .  The h i g h  r e a c t i v i t y  o f  t h e s e  

i n t e r m e d i a t e s  p r e v e n t e d  t h e i r  c h a r a c t e r i s a t i o n .

R a d i c a l - c o m b i n a t i o n  r e a c t i o n s  r e q u i r e  l i t t l e  o r  no  

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

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

t h e r m i c  and t h e  o n l y  r e s t r i c t i o n s  a r e  t h e  s t a t i s t i c a l  p r o b 

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

T h e i r  k i n e t i c s  a r e  u s u a l l y  d i f f u s i o n  c o n t r o l l e d  ( 2 ) .

The e x i s t e n c e  o f  o r g a n i c  r a d i c a l s  was d e m o n s t r a t e d  by 

Gomberg i n  1900 ( 3 ) .  H e x a p h e n y l e t h a n e ,  a c o l o u r l e s s  s o l i d ,  

g a v e  a y e l l o w  s o l u t i o n  i n  b e n z e n e .  The l a t t e r  was  f o u n d  t o  

r e a c t  i n s t a n t l y  w i t h  o x y g e n ,  i o d i n e  o r  n i t r i c  o x i d e .  Gomberg 

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

r a d i c a l s  a r i s i n g  f rom  t h e  h e m o l y t i c  d i s s o c i a t i o n  o f  h e x a -  

p h e n y l e t h a n e :

Ph jC -C P h^  --------->  2 *CPh^

I n  1934 G r i e v e  and Hey ( 4 , 3 )  s t u d i e d  t h e  r e a c t i o n s  o f  

sod ium  b e n z e n e d i a z o a t e ,  n i t r o s o a c e t a n i l i d e , b e n z o y l  p e r o x i d e  

and p h e n y l a z o t r i p h e n y l m e t h a n e . They a l l o w e d  t h e s e  s u b s t a n c e s  

t o  decom pose  i n  a r o m a t i c  s o l v e n t s  and t h e  i d e n t i f i c a t i o n  o f  

t h e  p r o d u c t s  fo rm ed  l e d  them t o  s u g g e s t  t h e  i d e a  o f  

" a m p h o t e r i c  a r o m a t i c  s u b s t i t u t i o n "  and  t o  p o s t u l a t e  t h e  

e x i s t e n c e  o f  a  s p e c i e s ,  C g H ^ ' ,  i n  o r d e r  t o  e x p l a i n  t h i s  

phenom enon .  The t e r m  a m p h o t e r i c  was u s e d  t o  d e s c r i b e  a 

p r o c e s s  w h i c h  v/as n e i t h e r  e l e c t r o p h i l i c  n o r  n u c l e o p h i l i c .

The c h e m i s t r y  o f  f r e e  r a d i c a l s  i s  now e x t e n s i v e  and 

f i r m l y  e s t a b l i s h e d  and two b r o a d  c l a s s e s  o f  o r g a n i c  r a d i c a l s  

may b e  d e f i n e d .
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( a )  L o n g - l i v ed y r e s o n a n c e  s t a b i l i s e d r a d i c a l s  s u c h  a s  t h e  

t r i a r y l m e t h y l  r a d i c a l s  ( e . g .  t r i p h e n y l m e t h y l ,  w h e re  t h e  

s t a b i l i s a t i o n  e n e r g y  i s  a p p r o x i m a t e l y  160 KJ mole""* ( 6 ) ) .

O t h e r  i m p o r t a n t  r a d i c a l s  p o s s e s s i n g  a h i g h  d e g r e e  o f  s t a b i l i t y  

a r e  2 , 3 * , 3 * , 6 - t e t r a - ( t - b u t y l ) - 4 ' - p h e n o x y - L - m e t h y l e n e - 2 , 3 -  

c y c l o h e x a d i e n e - 1 - o n e  ( ’’g a l v i n o x y l ” ) and 2 , 2 - d i p h e n y l - 1 - p i c r y l -  

h y d r a z y l  ( "DPPH** ) .  S t r u c t u r e s ,  f o r  t h e  l a s t  two a r e  shown 

b e l o w .

0

OH

0 .

N - N NO

DPPH owes i t s  s t a b i l i t y  t o  t h e  p r e s e n c e  i n  t h e  m o l e c u l e  

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

e v e n  i n  t h e  s o l i d  s t a t e .  I n  g a l v i n o x y l  t h e  odd e l e c t r o n  

a p p e a r s  on t h e  oxygen  a tom .  The h i g h  d e g r e e  o f  s t a b i l i t y  

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

g r o u p s  t o w a r d s  d i m é r i s a t i o n  a t  t h e  2 , 6 -  p o s i t i o n s .  In  a d d i t i o n  

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

r e s o n a n c e  b e tw e e n  t h e  two s u b s t i t u t e d  b e n z e n e  r i n g s .  B o th  o f  

t h e  above  m e n t i o n e d  r a d i c a l s  a r e  v i o l e t - b l a c k  s o l i d s .  They may 

be  u s e d  a s  r a d i c a l  s c a v e n g e r s  and t h e i r  c o l o u r  may be  u s e d  t o
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e s t i m a t e  t h e  r a t e  o f  r e a c t i o n s  i n  w h i c h  r a d i c a l s  a r e  

p r o d u c e d  ( 7 , 8 , 9 , 1 0 ) .

( b ) S h o r t - l i v e d  r a d i c a l s  s u c h  a s  p h e n y l  (C^H^*) and m e t h y l  

(CH^“ ) .  R a d i c a l s  w h i c h  b e l o n g  i n  t h i s  c a t e g o r y  a r e  n o t  

n e c e s s a r i l y  i n h e r e n t l y  u n s t a b l e ;  t h a t  i s ,  i f  a  s i n g l e  p h e n y l  

r a d i c a l  w ere  i s o l a t e d  i t  w ou ld  n o t  n e c e s s a r i l y  b r e a k  up  o r  

r e a r r a n g e  i n  any way. An e x c e p t i o n  t o  t h i s  s t a t e m e n t  may be  

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

c o n d i t i o n s .  However ,  t h i s  i s  a  s p e c i a l i s e d  c a s e  s i n c e ,  u s u a l l y ,  

l a r g e  a m oun ts  o f  e n e r g y  h a v e  b e e n  i m p a r t e d  t o  t h e s e  s p e c i e s  as  

a r e s u l t  o f  e l e c t r o n  i m p a c t  i n  t h e  i o n  s o u r c e .  S h o r t - l i v e d  

r a d i c a l s  a r e ,  h o w e v e r ,  e x t r e m e l y  r e a c t i v e ;  t h e y  h av e  l i t t l e  

o r  no  r e s o n a n c e  s t a b i l i s a t i o n  a n d ,  t h e r e f o r e ,  i n  o r d e r  t o  

a t t a i n  a s t a b l e  s t a t e ,  t h e y  mus t  com bine  w i t h  s o m e t h i n g  e l s e ,  

o f t e n  a n o t h e r  r a d i c a l .  Such  r a d i c a l s  a r e  d i f f i c u l t  t o  d e t e c t  

i n  s o l u t i o n  b e c a u s e  o f  t h e i r  I oŷj c o n c e n t r a t i o n s ,  a  c o n s e q u e n c e  

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

be  i n f e r r e d  f rom  t h e i r  r e a c t i o n s .  How ever ,  i t  i s  p o s s i b l e  

s o m e t im e s  t o  d e t e c t  f r e e  r a d i c a l s  by  t h e  t e c h n i q u e s  o f  

e l e c t r o n  s p i n  r e s o n a n c e  s p e c t r o s c o p y  an d  GIDNP. A d e t a i l e d  

a n a l y s i s  o f  t h e  co m plex  k i n e t i c s  i n v o l v e d  and  a  k n o w le d g e  o f  

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

t h i s  e n d .

The r e a c t i o n s  o f  f r e e  r a d i c a l s  may be  b r o a d l y  c l a s s i f i e d  

a s  f o l l o w s :

( i )  Idme r i S t a t i o n , t h a t  i s  r e a c t i o n  b e t w e e n  l i k e  r a d i c a l s .

2 R* -------- > R-R

e . g .  2 C^H^ ^  GgH^-CgH^



1 2

( i i )  C o m b in a t io n ^  t h a t  i s  r e a c t i o n  b e t w e e n  u n l i k e  r a d i c a l s

R* + R ^  R-R '

e . g .

( i i i )  D i s p r o p o r t i o n _ a t io n , f o r  e x a m p l e ,  m u t u a l  h y d r o g e n a t i o n  

and d e h y d r o g e n a t i o n  o f  two r a d i c a l s .

2 RCHg-CHg RCH^CHg 4- R CH g-C H j

e . g
H

>  CgHç-CgH^ + CgH5-CgH^

Of c o u r s e ,  d i s p r o p o r t i o n a t i o n  may a l s o  o c c u r  b e t w e e n  u n l i k e  

r a d i c a l s .

( i v )  R a d i c a l  t r a n s f e r , t h a t  i s  r e a c t i o n  b e t w e e n  a  r a d i c a l  and 

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

w h ic h  i s ,  i t s e l f ,  a f r e e  r a d i c a l .  Exam ples  o f  r a d i c a l  t r a n s f e r  

p r o c e s s e s  a r e :

( a )  A r o m a t i c  s u b s t i t u t i o n .

R

R

e . g .

^ 6^ 5 ' +

+ H

O' -  com plex

( b ) HydroKen a b s t r a c t i o n .

R- + R 'H  ------- >  RH + R ' -
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e . g .  Cl* + CH^ -------->  HCl + CHj"

( c ) A d d i t i o n t o  m u l t i p l e  b o n d s .

R" + C = C ------------- >  G -  C"X \ X \
Rg \  Bg R^

e . g .  CH^CH2GH=GH2 + G l '  ---------->  CH^CHgCH-CH^Cl

The r a d i c a l  p r o d u c e d  i n  any o f  t h e s e  r a d i c a l  t r a n s f e r  

p r o c e s s e s  may go on ,  p r o d u c i n g  a  t h i r d  r a d i c a l ,  w h ic h  may be  

t h e  same as  e i t h e r  t h e  f i r s t  o r  s e c o n d  o n e .  I f  t h i s  i s  t h e  

c a s e ,  a  c h a i n  r e a c t i o n  h a s  b e e n  s e t  u p .  E v e n t u a l l y ,  t h e  c h a i n  

must be  t e r m i n a t e d  by c o m b i n a t i o n  o r  d i s p r o p o r t i o n a t i o n ,  b o t h  

o f  w h i c h  a r e  r a d i c a l  d e s t r o y i n g  p r o c e s s e s .  I n  s o l u t i o n  

r e a c t i o n s  w i t h  t h e  s o l v e n t  p r e d o m i n a t e  and t h e s e  a r e  r a d i c a l  

t r a n s f e r  r e a c t i o n s .  I f  a  r a d i c a l  c h a i n  h a s  b e e n  e s t a b l i s h e d ,  

e v e n t u a l l y  one o f  t h e  r a d i c a l s  must  c o l l i d e  w i t h  a n o t h e r ,  

t h u s  e f f e c t i n g  c h a i n  t e r m i n a t i o n .  I n  t h e  g a s  p h a s e  t h e r e  a r e  

no  s o l v e n t  m o l e c u l e s  f o r  t h e  r a d i c a l s  t o  r e a c t  w i t h  and 

c o l l i s i o n s  b e t w e e n  two r a d i c a l s  a r e ,  t h e r e f o r e ,  much more 

common t h a n  i s  t h e  c a s e  i n  s o l u t i o n .

As f r e e  r a d i c a l s  a r e  e l e c t r i c a l l y  n e u t r a l  e n t i t i e s  

t h e y  a r e  n o t  s u b j e c t ,  i n  c h e m i c a l  r e a c t i o n s ,  t o  t h e  same 

"laws'* a s  a r e  h e t e r o l y t i c  r e a g e n t s .  The l a t t e r  a r e  o f  two 

k i n d s :  e l e c t r o p h i l i c  and n u c l e o p h i l i c .  The m a j o r i t y  o f  

a r o m a t i c  s u b s t i t u t i o n  r e a c t i o n s  i n  w h i c h  i s  u s u a l l y  

r e p l a c e d  a r e  e f f e c t e d  by  e l e c t r o p h i l e s ;  f o r  e x a m p l e ,  n i t r a t i o n ,  

h a l o g é n a t i o n ,  s u l p h o n a t i o n  and  d i a z o - c o u p l i n g  w h e re  t h e  

r e a g e n t s  may be  NOg^, X"̂  (X = C l ,  B r ,  I ) ,  SO^H*^ and Arh-N 

r e s p e c t i v e l y  ( 1 1 ) .  H ow ever ,  e l e c t r o p h i l i c  s u b s t i t u t i o n  may
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a l s o  o c c u r  w i t h  s u l p h u r  t r i o x i d e  and w i t h  m o l e c u l a r  h a l o g e n  

( 1 1 ) .  G roups  a l r e a d y  p r e s e n t  i n  an a r o m a t i c  r i n g  e x e r t  a  

d i r e c t i n g  i n f l u e n c e  on an in c o m in g  e l e c t r o p h i l e . F o r  i n s t a n c e ,  

f u r t h e r  n i t r a t i o n  o f  n i t r o b e n z e n e  g i v e s  p r e d o m i n a n t l y  ( 9 3 ^ )  

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

w i t h d r a w s  e l e c t r o n s  f rom  t h e  r i n g ,  t h u s  d e a c t i v a t i n g  a l l  

p o s i t i o n s ,  b u t  i n  p a r t i c u l a r  t h e  o r t h o -  and  p a r a ~ p o s i t i o n s ,  

t o  e l e c t r o p h i l i c  a t t a c k  ( 1 2 ) ,

+

+

T h u s ,  i t  may b e  s e e n  t h a t  t h e  n i t r o n i u m  i o n  (NOg^) w i l l  

s u b s t i t u t e  p r e f e r e n t i a l l y  i n  t h e  met a -  p o s i t i o n .

The n i t r a t i o n  o f  p h e n o l  g i v e s  o-  and p - n i t r o p h e n o l .

The oxygen  atom i n  p h e n o l  h a s  two u n s h a r e d  p a i r s  o f  e l e c t r o n s  

w h i c h  c a n  i n t e r a c t  w i t h  t h e  d e l o c a l i s e d  ^ - o r b i t a l s  o f  t h e  

n u c l e u s ,  t h e  s o - c a l l e d  m e so m er i c  e f f e c t .  A l t h o u g h  t h e  

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

d i r e c t i o n  t o  i t s  m e so m er i c  e f f e c t ,  t h e  o v e r a l l  e f f e c t  i s  t h a t  

o f  e l e c t r o n  d o n a t i o n  a n d ,  h e n c e ,  i n  p h e n o l  a l l  p o s i t i o n s  i n  

t h e  n u c l e u s ,  b u t  i n  p a r t i c u l a r  t h e  o r t h o -  and  p a r a -  p o s i t i o n s ,  

a r e  a c t i v a t e d  t o w a r d s  e l e c t r o p h i l i c  a t t a c k .  The a c t u a l  

m echan ism  o f  n i t r a t i o n  i n  t h i s  c a s e  i n v o l v e s  i n i t i a l  a t t a c k  

by t h e  n i t r o s o n i u m  i o n  (NO'*’ ) and  s u b s e q u e n t  o x i d a t i o n  o f  t h e  

n i t r o s o p h e n o l  so  o b t a i n e d  t o  n i t r o p h e n o l  ( 1 3 ) «
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G r i e v e  and Hey ( k )  s t u d i e d  t h e  r e a c t i o n s  o f  o - n i t r o -  

t o l u e n e  w i t h  sod ium  b e n z e n e d i a z o a t e  (CgH^N=NO*"Na'^) i n  one c a s e  

and w i t h  N - n i t r o s o a c e t a n i l i d e  (CgH^N(NO)CO.CH^) i n  t h e  o t h e r .  

The p r o d u c t  i n  b o t h  c a s e s  was U - n i t r o - 3 ~ m e t h y l b i p h e n y l , No

3 - n i t r o - 4 - m e t h y l b i p h e n y l ,  t h e  p r o d u c t  e x p e c t e d  f o r  an  i o n i c  

m echanism  s u c h  a s  t h a t  f o r  t h e  n i t r a t i o n  r e a c t i o n s  d e s c r i b e d  

a b o v e ,  was d e t e c t e d .  The a u t h o r s  assum ed  t h a t  b o t h  r e a c t i o n s  

p r o c e e d e d  by a  s i m i l a r  m echan ism  and p o s t u l a t e d  a  common 

i n t e r m e d i a t e ,  n a m e l y  t h e  f r e e  p h e n y l  r a d i c a l .  S u b s e q u e n t l y  

Hey ( 5 ) ,  i n  s e p a r a t e  e x p e r i m e n t s ,  a l l o w e d  b e n z o y l  p e r o x i d e  

((C^H^GOg)^)  and  p h e n y l a z o t r i p h e n y l m e t h a n e  ( PAT) ( CgH^N=NCPh^) 

t o  decom pose  i n  c h l o r o b e n z e n e  and n i t r o b e n z e n e .  i i - C h l o r o -  

b i p h e n y l  was fo r m ed  f r o m  b o t h  t h e  r e a c t a n t s  w i t h  c h l o r o b e n z e n e ;  

an e l e c t r o p h i l i c  r e a c t i o n  w o u ld  a l s o  h av e  p r o d u c e d  t h e  2 -  and 

I4.- i s o m e r s .  H ow ever ,  i n  t h e  c a s e  o f  n i t r o b e n z e n e ,  b o t h  t h e  2 -  

and  U - n i t r o b i p h e n y l s  w e re  fo rm ed  w i t h  b e n z o y l  p e r o x i d e  

a l t h o u g h ,  i n  t h i s  c a s e  t h e  3 -  i s o m e r  w o u ld  be  e x p e c t e d  f rom  

an e l e c t r o p h i l i c  p r o c e s s .  No b i a r y l s  c o u l d  be i s o l a t e d  f rom  

PAT and n i t r o b e n z e n e ;  h o w e v e r ,  when i t  was a l l o w e d  t o  decompose  

i n  b e n z e n e ,  t h e  _az_o~ compound y i e l d e d  b i p h e n y l  a s  one o f  t h e  

p r o d u c t s .  B i p h e n y l  was a l s o  d e t e c t e d  i n  t h e  r e a c t i o n s  o f  

sod ium  b e n z e n e d i a z o a t e ,  N - n i t r o s o a c e t a n i l i d e  and b e n z o y l  

p e r o x i d e  w i t h  b e n z e n e  ( 4 , 5 ) .  P h e n y l  r a d i c a l s  w e r e ,  t h e r e f o r e ,  

c o n s i d e r e d  t o  be  i n t e r m e d i a t e s  i n  a l l  t h e s e  r e a c t i o n s .
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S o u r c e s  o f  a r y l  r a d i c a l s .

T h e re  a r e  s e v e r a l  m e th o d s  a v a i l a b l e  f o r  t h e  g e n e r a t i o n  

o f  a r y l  r a d i c a l s .  A l l  t h e s e  w i l l  be  d i s c u s s e d  w i t h  s p e c i a l  

e m p h a s i s  on two p a r t i c u l a r  r a d i c a l  s o u r c e s :  d i a r o y l  p e r o x i d e s  

and a r y l a z o t r i a r y l m e t h a n e s .

( i )  D i a r o y l  p e r o x i d e s  and r e l a t e d  s u b s t a n c e s .

A r y l  r a d i c a l s  a r e  fo rm ed  by  t h e  d e c o m p o s i t i o n ,  w h ic h  

may be  t h e r m a l  o r  p h o t o l y t i c ,  o f  d i a r o y l  p e r o x i d e s  s u c h  a s  

b e n z o y l  p e r o x i d e  an d ,  i f  t h e  d e c o m p o s i t i o n  i s  c a r r i e d  o u t  

i n  an  a r o m a t i c  s o l v e n t  w h ic h  i s  a l s o  t h e  s u b s t r a t e ,  b i a r y l s  

a r e  fo r m e d  i n  v a r i a b l e  y i e l d s  i n  f a i r l y  c l e a n  r e a c t i o n s .

I n  1925 G e l i s s e n  and  Hermans  ( I k )  showed t h a t ,  a s  w e l l  

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

a r o i c  a c i d  d e r i v e d  f rom  t h e  p e r o x i d e .  C o n s i d e r a b l e  am ounts  

o f  h i g h - b o i l i n g  r e s i n o u s  m a t e r i a l ,  whose  s i g n i f i c a n c e  was 

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

i n  g e n e r a l ,  t h e  b i a r y l s  fo rm ed  a r e  t h o s e  i n  w h i c h  one a r y l -  

g r o u p  i s  d e r i v e d  f ro m  t h e  p e r o x i d e  and  t h e  o t h e r  f rom  t h e  

s u b s t r a t e  h a s  b e e n  amply  c o n f i r m e d  by t h e  a c c u m u l a t e d  

e v i d e n c e  o f  t h i s  and l a t e r  w o rk ,  and i n  1934  Hey ( 5 )  p o i n t e d  

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

t h e s e  b i a r y l s  w e re  fo r m ed  by t h e  a t t a c k  o f  an  a r y l  r a d i c a l  

on t h e  s u b s t r a t e .  I t  a l s o  f o l l o w s  (1 5 )  t h a t  h y d r o g e n  

a b s t r a c t i o n  f rom  t h e  n u c l e u s  o f  t h e  s u b s t r a t e  d o e s  n o t  o c c u r

and t h a t  b i a r y l s  a r e  n o t  fo rm ed  i n  t h e  f o l l o w i n g  way:

Ar • + A r ' - H  ----- > Ar-H + A r ' "

Ar • + Ar ’ *  >  A r - A r  ’

s i n c e  t h i s  w o u ld  l e a d  t o  t h e  p r o d u c t i o n  o f  t h e  s y m m e t r i c a l  

b i a r y l s ,  A r -A r  and A r ’- A r ’ .
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However,  i n  1 950 ,  b i p h e n y l  was i s o l a t e d  a s  one o f  t h e  

p r o d u c t s  o f  t h e  d e c o m p o s i t i o n  o f  b e n z o y l  p e r o x i d e  in, n i t r o 

b e n z e n e  ( 1 6 ) .  P r e v i o u s l y ,  t h e  s y m m e t r i c a l  b i a r y l  h a d  n o t  b e e n  

d e t e c t e d  i n  s u c h  an e x p e r i m e n t ,  b u t  i n  t h i s  c a s e  b i p h e n y l  

was f o u n d  t o  be  p r e s e n t  i n  a t  l e a s t  3~U-% y i e l d .  The a u t h o r  

s u g g e s t e d  t h a t  t h e  p r o d u c t  may h av e  b e e n  fo r m ed  by  t h e  

c o u p l i n g  o f  two p h e n y l  r a d i c a l s  o r  by an i n d u c e d  d e c o m p o s i t i o n  

o f  t h e  p e r o x i d e  by p h e n y l  r a d i c a l s :

i . e .  2 CgHçV------->

o r  + (CgH^C0 . 0 ) 2 ------ > + CgH^GO.O' + GOg

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

o f  p h e n y l  r a d i c a l s  w i t h  n i t r o b e n z e n e :

 > C^H^-CsH^ + "NOg

T h i s  w o u ld  o c c u r  i n  c o m p e t i t i o n  w i t h  t h e  p r o c e s s  w h i c h  g i v e s  

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

CgH^- + GgH^NOg -------- >  GgH^-CgH^NO^ + H*

The e x t e n t  t o  w h i c h  e a c h  r e a c t i o n  o c c u r s  d e p e n d s  on t h e  

r e l a t i v e  e a s e  o f  l o s s  o f  an  H* or  NOg" r a d i c a l  f ro m  t h e  

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

n i t r o b i p h e n y l s  makes them t h e  more p r o b a b l e  p r o d u c t s .

S m a l l  q u a n t i t i e s  o f  p h e n o l i c  e s t e r s  h av e  b e e n  d e t e c t e d  

i n  t h e  p r o d u c t s  o f  r e a c t i o n s  i n v o l v i n g  a r o y l  p e r o x i d e s  ( 1 7 ) .

I t  may, t h u s ,  be  d e d u c e d  t h a t  a r o y l o x y  r a d i c a l s  a r e  i n t e r 

m e d i a t e s  i n  t h e  f o r m a t i o n  o f  a r y l  r a d i c a l s :

A r . C O . O . O . C O . A r  > 2 Ar.CO.O*

A r . C O . O " --------- > Ar* + COg



The a r y l a t i o n  o f  a r o m a t i c  compounds d o e s  n o t  show a 

k i n e t i c  i s o t o p e  e f f e c t  when t h e  s u b s t r a t e  i s  d e u t e r a t e d  o r  

t r i t i a t e d  ( 1 8 , 1 9 ) .  E l i e l  and M eyerson  (2 0 )  i n  196O r e p o r t e d  

an a p p a r e n t  i s o t o p e  e f f e c t  f o r  t h e  d e c o m p o s i t i o n  o f  a 

number  o f  p e r o x i d e s  i n  d e u t e r a t e d  b e n z e n e  m i x t u r e s .  They 

h av e  n o t  g i v e n  a  c o n c l u s i v e  e x p l a n a t i o n  o f  t h e  r e s u l t s ,  b u t  

have  s t a t e d  t h a t ,  on t h e  b a s i s  o f  t h e i r  f i n d i n g s ,  t h e  

a r y l a t i o n  r e a c t i o n  must be c o n s i d e r a b l y  more c o m p lex  t h a n  was 

h i t h e r t o  e n v i s a g e d .  The a c c e p t e d  p a t t e r n  o f  s u b s t i t u t i o n ,  

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

t o  t h e  s u b s t r a t e  n u c l e u s  t o  fo rm  a  c r -c o m p le x .  T h i s  t h e n  

u n d e r g o e s  d e h y d r o g e n a t i o n  i n  a s u b s e q u e n t  f a s t  s t a g e .  The 

e x i s t e n c e  o f  c r -com plexes  may be  i n f e r r e d  f rom  p r o d u c t s  o f  

t h e i r  d i m é r i s a t i o n  or  d i s p r o p o r t i o n a t i o n ,  w h i c h  a r e  b e s t  

s t u d i e d  i n  r e a c t i o n s  a t  h i g h  d i l u t i o n s .  Under  s u c h  c o n d i t i o n s  

a  d i h y d r o b i p h e n y l  h a s  b e e n  shown t o  be  p r e s e n t  among t h e  

p r o d u c t s  o f  t h e  d e c o m p o s i t i o n  o f  b e n z o y l  p e r o x i d e  i n  b e n z e n e  

( 2 1 ) .  A scheme f o r  t h e  f o r m a t i o n  o f  t h i s  p r o d u c t  by t h e  

d i s p r o p o r t i o n a t i o n  o f  t h e  p h e n y l c y c l o h e x a d i e n y l  r a d i c a l  i s  

shown be lo w :

ojqtjio-  c a n o n i c a l  
fo rm  o f  c r -com plex .
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H H

p a r a -  c a n o n i c a l  
fo rm  o f  c r-complex .

The c r -co m p lex  may d i m e r i s e ,  u n i o n  o c c u r r i n g  a t  e i t h e r  t h e

2-  o r  4 -  p o s i t i o n s  b e c a u s e  o f  t h e  d e l o c a l i s a t i o n  o f  t h e

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

c o n s i d e r a t i o n  h e r e  w o u ld  be  t h e  i s o m e r i c  t e t r a h y d r o q u a t e r -

p h e n y l s  These  compounds a r e  t h e  m ain

c o n s t i t u e n t s  o f  t h e  h i g h  b o i l i n g  r e s i d u e s  fo r m e d  i n  t h i s

r e a c t i o n  ( 2 2 );

A number o f  o t h e r  s u b s t a n c e s  a r e  known t o  g i v e  r i s e ,  

u n d e r  s u i t a b l e  c o n d i t i o n s ,  t o  a r y l  r a d i c a l s  by  way o f  a r o y l o x y
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r a d i c a l s .  Exam ples  a r e  l e a d  t e t r a b e n z o a t e  (P b ( O .C O .C ^ H ^ ) ^ ) , 

p h e n y l  i o d o s o b e n z o a t e  (C ^HcdfO .CO.C^H^)^)  and  s i l v e r  h a l i d e  

d i b e n z o a t e s ,  n o t a b l y  t h e  i o d i d e  ( (C^H^CO.0 ) 2A g I ) .  These  

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

f o l l o w i n g  r e a c t i o n  s ch em es :

P b(O .C O .C gH ^)^  ■— -5-'^30 ^  P b ( 0 .C 0 .C g H ^ ) 2  + 2 CgH^CO.O*

o ( 2 3 )
C g H ^ l (0 .C 0 .C g H ^ )2  - ^ 5  '130 ^ C g H p  + 2 C g H ^ C 0 . 0 ‘ ( 2 2 , 2 4 )

(CgH^C0.0)2AgI  ------ ------------- >  Agi  + 2 CgH^CO.O' ( 2 5 )

The p h e n y l  i o d o s o b e n z o a t e  r e a c t i o n  i s  b e l i e v e d  t o  be  more 

c o m p le x .  A h i g h e r  y i e l d  o f  t h e  e s t e r ,  p h e n y l  b e n z o a t e ,  i s  

fo r m ed  t h a n  i s  g i v e n  w i t h  b e n z o y l  p e r o x i d e  a n d ,  i n  t h e  e s t e r ,  

t h e  p h e n y l  p o r t i o n  was shown t o  be  d e r i v e d  e x c l u s i v e l y  f rom  

t h e  i o d o b e n z e n e  p a r t  o f  t h e  p h e n y l  i o d o s o b e n z o a t e  m o l e c u l e .

A c h a i n  m echan ism  was d e d u c e d  f ro m  k i n e t i c  s t u d i e s  and  t h e  

f o l l o w i n g  a d d i t i o n a l  p r i m a r y  r e a c t i o n  was p o s t u l a t e d :

* C g H ^ l ( 0 .C 0 .C g H ^ ) 2 ----- >  S'CgH^O.CO.CgH^ + CgH^CO.OI

The i o d i n e - c o n t a i n i n g  p r o d u c t  was c o n s i d e r e d  t o  t a k e  p a r t  

i n  a c h a i n  r e a c t i o n .

In  t h e  a f o r e s a i d  r e a c t i o n s  b e n z o y l o x y  r a d i c a l s  

decom pose  t o  g i v e  p h e n y l  r a d i c a l s .  The r a t i o  o f  i s o m e r i c  

b i p h e n y l s  fo rm ed  by p h é n y l a t i o n  o f  n i t r o b e n z e n e  w i t h  l e a d  

t e t r a b e n z o a t e  o r  p h e n y l  i o d o s o b e n z o a t e  i s  c l o s e  t o  t h a t  

o b t a i n e d  w i t h  b e n z o y l  p e r o x i d e  u n d e r  s i m i l a r  c o n d i t i o n s  ( 2 2 , 

25 ,  2I4 ) .  A s i m i l a r  r e s u l t  i s  o b t a i n e d  when i s o m e r  r a t i o s  

a r e  c om pared  f o r  t h e  p h é n y l a t i o n  o f  c h l o r o b e n z e n e  w i t h  s i l v e r  

i o d i d e  d i b e n z o a t e  ( a t  1 5 2 ° )  and  b e n z o y l  p e r o x i d e  ( a t  8 0 ° )

( 2 5 ) .  From t h i s  i t  may be  i n f e r r e d  t h a t  a n a l o g o u s  m echan ism s
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l e a d i n g  t o  p h e n y l  r a d i c a l s  e x i s t  f o r  t h e  d e c o m p o s i t i o n  o f  

t h e  f o u r  compounds d i s c u s s e d .

A n o t h e r  s o u r c e  o f  p h e n y l  r a d i c a l s  i s  t h e  e l e c t r o l y s i s  

o f  b e n z o a t e s  i n  p y r i d i n e  ( 2 6 ) ,  The t h r e e  i s o m e r i c  p h e n y l -  

p y r i d i n e s  a r e  fo rm ed  i n  t h e  same r a t i o  a s  i n  t h e  c a s e  o f  t h e  

p h é n y l a t i o n  o f  p y r i d i n e  w i t h  b e n z o y l  p e r o x i d e ,  l e a d  t e t r a 

b e n z o a t e  o r  p h e n y l  i o d o s o b e n z o a t e .

A r y l  r a d i c a l s  may a l s o  be  g e n e r a t e d  by  t h e  o x i d a t i o n  

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

p e r o x i d e  and a  c a t a l y t i c  amount o f  c o b a l t o u s  n a p h t h e n a t e  ( 2 7 ) ,  

o r  u s i n g  p e r o x o d i s u l p h a t e  i o n  ( 2 8 ) .  T h i s  r e a c t i o n ,  when 

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

a  s y n t h e s i s  o f  b i a r y l s .

( i i )  A z o -  and d i a z o -  compoun d s .

The u s e  o f  a z o -  and d i a z o -  compounds a s  f r e e  r a d i c a l  

s o u r c e s  i s  w e l l  known (U, 29 ,  3 0 ,  3 1 ,  3 2 ,  3 3 ) .  These  compounds 

a r e  g e n e r a l l y  t h e r m a l l y  u n s t a b l e  and  l i b e r a t e  n i t r o g e n  on 

d e c o m p o s i t i o n .

A c l a s s  o f  compounds w h i c h  h a s  p r o v e d  t o  be  a  r e a d y  

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

a r y l a z o t r i a r y l m e t h a n e s .  Such  compounds decompose  s l o w l y  a t  

room t e m p e r a t u r e  and  more r a p i d l y  on h e a t i n g  t o  p r o d u c e  a r y l  

r a d i c a l s ,  t r i a r y l m e t h y l  r a d i c a l s  and  n i t r o g e n  ( 1 3 ):

A r . N = N . G A r ' j ----------> Ar" + "CAr

The s u g g e s t i o n  t h a t  f r e e  r a d i c a l s  a r e  p r o d u c e d  may be  

s u p p o r t e d  by t h e  a b i l i t y  o f  t h e s e  compounds t o  i n i t i a t e  t h e  

p o l y m e r i s a t i o n  r e a c t i o n s  o f  s t y r e n e  and m e t h y l  m e t h a c r y l a t e .  

When a r y l a z o t r i p h e n y l m e t h a n e s  w ere  u s e d  f o r  t h i s  p u r p o s e ,  

a r y l  and t r i p h e n y l m e t h y l  g r o u p s  w e re  i n c o r p o r a t e d  i n  t h e
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p o l y m e r s  ( 3 4 ) .

The d e c o m p o s i t i o n  r e a c t i o n  h a s  b e e n  t h e  s u b j e c t  o f  

many p u b l i c a t i o n s ;  i n  p a r t i c u l a r ,  much w ork  h a s  b e e n  done 

on t h o s e  compounds i n  w h ic h  A r ’ = and Ar = C^H^, m- and

_p-X-phenyl  w here  X i s  a s u b s t i t u e n t  i n  t h e  a r o m a t i c  n u c l e u s  

( f o r  exam ple  X = C l ,  B r ,  NOg, OGH^, OH). The s i m p l e s t  member 

o f  t h e  c l a s s  i s  p h e n y l a z o t r i p h e n y l m e t h a n e  (PAT) i n  w h ic h  

Ar = A r '  = I t  h a s  b e e n  v e r i f i e d  e x p e r i m e n t a l l y  t h a t  PAT

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

m e t h y l  r a d i c a l s .  The l a t t e r  w e re  i d e n t i f i e d  s p e c t r o s c o p i c a l l y  

when t h e  r e a c t i o n  was c a r r i e d  o u t  i n  l i g r o i n  ( p e t r o l e u m  

s p i r i t )  ( 3 5 ) .  The p r e s e n c e  o f  p h e n y l  r a d i c a l s  was c o n f i r m e d  

i n  an  e a r l y  i n v e s t i g a t i o n  by  o b s e r v a t i o n  o f  t h e  a p p a r e n t l y  

a n o m a lo u s  p r o d u c t s  fo rm ed  d u r i n g  t h e  d e c o m p o s i t i o n  o f  PAT i n  

n i t r o b e n z e n e  and  c h l o r o b e n z e n e ;  t h e s e  w ere  4 - n i t r o -  and  

4 - c h l o r o - b i p h e n y l  ( 5 ) .  T h i s  w ork  i s  an  e x t e n s i o n  o f  t h a t  

d e s c r i b e d  on p ag e  15 w h e re  t h e  r e s u l t s  w e re  d i s c u s s e d  i n  an  

h i s t o r i c a l  c o n t e x t .  F u r t h e r  e v i d e n c e  f o r  t h e  r a d i c a l  s p e c i e s  

a r i s e s  f rom  t h e  f o r m a t i o n  o f  a l l  t h r e e  i s o m e r i c  p h e n y l -  

p y r i d i n e s  when PAT i s  a l l o w e d  t o  decom pose  i n  p y r i d i n e  ( 3 6 ,  

3 7 ) .  The i s o m e r  r a t i o s  o f  t h e s e  p r o d u c t s  w e re  s i m i l a r  t o  

t h o s e  o b t a i n e d  f rom  t h e  p h é n y l a t i o n  o f  p y r i d i n e  w i t h  b e n z o y l  

p e r o x i d e ,  l e a d  t e t r a b e n z o a t e  and  p h e n y l  i o d o s o b e n z o a t e .  The 

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

T h i s  r e s u l t  was n o t  i m m e d i a t e l y  a p p a r e n t  s i n c e  t h e  y i e l d  o f  

t h e  2 -  i s o m e r  f rom  t h e  PAT r e a c t i o n  was l o w e r  t h a n  t h a t  

o b t a i n e d  i n  t h e  o t h e r  t h r e e  c a s e s .  T h i s  a p p a r e n t l y  low y i e l d  

o f  t h e  2 -  i s o m e r  was r e p o r t e d  i n  1949 by Adams, Hey, Mamalis  

and P a r k e r  ( 3 6 )  b u t  no  e x p l a n a t i o n  o f  t h e  r e s u l t  was g i v e n .  

H ow ever ,  i n  19 5 5 ,  Hey, S t i r l i n g  and  W i l l i a m s  (3 7 )  i s o l a t e d
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f rom  t h e  r e a c t i o n  o f  PAT i n  p y r i d i n e  a  compound o f  f o r m u l a  

^30^23^*  2 1 3 ° ;  i n  28^  y i e l d .  The i n f r a r e d  s p e c t r u m

showed a  band  a t  842 cm c h a r a c t e r i s t i c  o f  a  p a r a -  

d i s u b s t i t u t e d  b e n z e n e  n u c l e u s ,  and  bands a t  1272 and 1185 cm"^ 

The l a t t e r  w e re  shown a l s o  t o  be  p r e s e n t  i n  t h e  i n f r a r e d  

s p e c t r a  o f  2 - ,  3 -  and 4 - p h e n y l p y r i d i n e . Each  band i n  t h e  

s p e c t r u m  o f  t h e  compound ( e x c e p t  842 cm"^) c o u l d  be  a c c o u n t e d  

f o r  by t a k i n g  t h e  s p e c t r u m  o f  2 - p h e n y l p y r i d i n e  i n  c o n j u n c t i o n  

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

n o t  be  a c h i e v e d  by s u b s t i t u t i n g  t h e  s p e c t r u m  o f  e i t h e r  3 -  o r  

4 - p h e n y l p y r i d i n e  f o r  t h a t  o f  th e  2 -  i s o m e r .  The r a t i o  o f  

i s o m e r i d e s  w as, th e r e fo r e ,  r e c a l c u l a t e d  on th e a s s u m p t io n ,  

t h a t  t h e  p h e n y l p y r i d i n e  consumed i n  t h e  fo rm a tio n  o f  t h e  

compound m .p .  2 1 5 ^ ,  was th e  2 -  i s o m e r .  The a u t h o r s  s u g g e s t  

t h a t  t h e  p r o d u c t  may be  n -2 -p y r id ^ lte tra p h en y lm eth a n e  b u t  t h e  

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

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

b e n z o y l  p e r o x i d e ,  l e a d  t e t r a b e n z o a t e ,  p h e n y l  i o d o s o b e n z o a t e  

and  PAT w i t h  p y r i d i n e  w ere  s i m i l a r .  On t h i s  b a s i s  PAT a l s o  

d e co m p o se s  t o  g i v e  p h e n y l  r a d i c a l s .

T h e r e  a r e  two  m echan ism s  by w h i c h  t h e  p r o d u c t s  o f  

p h é n y l a t i o n  by  PAT may be  fo rm ed  when one o f  t h e  r e a c t a n t s  

i s  t h e  s o l v e n t .  I n  one c a s e  t h e  p h e n y l  r a d i c a l s  may d i f f u s e  

f r e e l y  i n  t h e  s o l u t i o n  t o  r e a c t  a t  a d i s t a n c e  f rom  t h e i r  

p o i n t  o f  o r ig in ;  i n  t h e  o t h e r  t h e  r a d i c a l s  r e a c t  i n  a  s o l v e n t  

c a g e .  I n  t h e  l a t t e r  c a s e  t h e  ^ - c o m p l e x  a r i s i n g  f ro m  a t t a c k  

o f  a  p h e n y l  r a d i c a l  on t h e  s o l v e n t  m o l e c u l e  w o u ld  be  s u b 

s e q u e n t l y  d e h y d r o g e n a t e d  by a  t r i p h e n y l m e t h y l  r a d i c a l  d e r i v e d  

f ro m  t h e  same m o l e c u l e  o f  PAT.

P h é n y l a t i o n  by b en zo y l p e r o x i d e  h a s  b e e n  shown t o
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p r o c e e d  by t h e  f o r m e r  t y p e  o f  m echan ism ,  t h a t  i s  i n v o l v i n g  

" f r e e ’* p h e n y l  r a d i c a l s ,  w h e r e a s  a  c a g e  m echan ism  was 

o r i g i n a l l y  t h o u g h t  t o  be  i m p o r t a n t  d u r i n g  t h e  p h é n y l a t i o n  

r e a c t i o n s  o f  N - n i t r o s o a c e t a n i l i d e  ( 3 8 ,  3 9 ) .  However ,  i n  19 6 4 ,  

E l i e l  and S a h a  ( 4 0 )  d i s c o v e r e d  t h a t  t h e  d e c o m p o s i t i o n  o f  

N - n i t r o s o a c e t a n i l i d e  i n  b e n z e n e  c o n t a i n i n g  i o d i n e  i n  low 

c o n c e n t r a t i o n  r e s u l t e d  i n  a  h i g h  y i e l d  o f  i o d o b e n z e n e ,  t h u s  

a " f r e e "  p h e n y l  r a d i c a l  was i n d i c a t e d  and a  c a g e  mechanism  

was r u l e d  o u t .  The mechanism o f  t h e  d e c o m p o s i t i o n  o f  

N - n i t r o s o a c e t a n i l i d e  h a s  r e c e n t l y  b e e n  shown t o  be  much more 

co m p le x  t h a n  was h i t h e r t o  e n v i s a g e d  and i s  d i s c u s s e d  f u l l y  

i n  a r e v i e w  by Cadogan  ( 4 1 ) .  The r a t e  d e t e r m i n i n g  s t e p  i n  

a r y l a t i o n  r e a c t i o n s  w i t h  t h i s  compound i s  i t s  r e a r r a n g e m e n t  

t o  t h e  t j p a n ^ - d i  a zo  a c e t a t e  and t h e  s u b s e q u e n t  s t e p  i s  t h a t  

o f  h e t e r o l y s i s  o f  t h e  l a t t e r  i n t o  i o n s :

PhN(NO) .CO.CH^ > PhH=NO.CO.CH^ > PhNg+ + “O.CO.CH^

The e v i d e n c e  s u p p o r t i n g  a  c a g e  m echan ism  i n  p h é n y l a t i o n  

r e a c t i o n s  u s i n g  PAT i s  i n a d e q u a t e ;  c o n c l u s i o n s  w e re  b a s e d  on 

t h e  d i s s i m i l a r i t y  o f  t h e  p r o d u c t s  f r o m ,  and  t h e  k i n e t i c s  o f  

p h é n y l a t i o n  r e a c t i o n s  o f  PAT and d i a r o y l  p e r o x i d e s  ( 3 9 ) .

T hese  d i s s i m i l a r i t i e s  w e re  a l s o  e v i d e n t  when t h e  r e a c t i o n s  

o f  N - n i t r o s o a c e t a n i l i d e  and d i a r o y l  p e r o x i d e s  w e re  c om pared  

( 3 8 ) a n d ,  s i n c e  t h e  n i t r o s o -  compound was t h e n  t h o u g h t  t o  

r e a c t  by way o f  a  c ag e  m e ch a n ism ,  i t  was p r o p o s e d  t h a t  t h e  

a z o -  compound r e a c t e d  i n  t h e  same way.

The a d d i t i o n  o f  s m a l l  am oun ts  o f  r a d i c a l  s c a v e n g e r s  

( i o d i n e ,  c a r b o n  t e t r a b r o m i d e ) t o  a  r e a c t i n g  m i x t u r e  l e d  t o  

t h e  c a p t u r e  o f  p h e n y l  r a d i c a l s  w i t h  30% e f f i c i e n c y  ( 4 2 ) .

The i n v e s t i g a t o r s  fo u n d  i t  d i f f i c u l t  t o  e x p l a i n  t h i s  r e s u l t
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i n  t e r m s  o f  p e n e t r a t i o n  o f  s o l v e n t  c a g e s .  The same w o r k e r s  

a l l o w e d  PAT t o  decom pose  i n  t o l u e n e  and  o b t a i n e d  b e n z e n e  i n  

50^  y i e l d .  T h e i r  f i r s t  a s s u m p t i o n ,  t h a t  t h e  b e n z e n e  r e s u l t e d  

f rom  a t t a c k  by p h e n y l  r a d i c a l s  on t h e  m e t h y l  g r o u p  i n  t o l u e n e ,  

v/as b a s e d  on t h e  o b s e r v a t i o n  t h a t  o n l y  y i e l d s  o f  b e n z e n e  

w e re  fo rm ed  when t h e  s o l v e n t  was c h l o r o b e n z e n e . The s e c o n d  

a s s u m p t i o n  was t h a t ,  by a n a l o g y  w i t h  s i m i l a r  a b s t r a c t i o n  

r e a c t i o n s  e n c o u n t e r e d  i n  c h e m i s t r y ,  s u c h  p r o c e s s e s  do n o t  

r e q u i r e  t h e  j o i n t  a c t i o n  o f  two o r  more r a d i c a l s .  A l l  

r e a s o n i n g  h e r e  i s  p r e s u m p t i v e ;  e v e n  i f  b e n z e n e  i s  fo rm ed  i n  

t h e  way d e s c r i b e d ,  f o r  w h ic h  p o s t u l a t e  no  e v i d e n c e  i s  

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

c o u l d  t a k e  p l a c e  w i t h i n  a  s o l v e n t  c a g e .

P e r h a p s  t h e  m os t  c o n v i n c i n g  e v i d e n c e  f o r  t h e  e x i s t e n c e  

o f  t h e  ’’f r e e "  r a d i c a l  m echanism  i s  t h e  f o r m a t i o n  o f  " c r o s s e d "  

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

d i f f e r e n t l y  s u b s t i t u t e d  p h e n y l a z o t r i p h e n y l m e t h a n e s  i n  b e n z e n e .  

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

fo rm ed  f rom  t h e  tvm s u b s t i t u t e d  a z o -  com pounds .  The p r o d u c t s  

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

r a d i c a l s  ( t h e  u s u a l  cr-complex e x p e c t e d  f o r  t h e  a r y l a t i o n  o f  

b e n z e n e )  fo rm ed  f rom  one a z o -  compound w i t h  t h e  t r i a r y l m e t h y l  

r a d i c a l s  f rom  t h e  o t h e r  ( 3 8 , U-3).

The m echan ism  o f  t h e  d e c o m p o s i t i o n  h a s  b e e n  l o n g  

d i s p u t e d  a s  i t  i s  p o s s i b l e  f o r  b o t h  C-N b o n d s  t o  b r e a k  

s i m u l t a n e o u s l y  o r  f o r  one t o  b r e a k  b e f o r e  t h e  o t h e r :

i . e .  GgHgN=NC(GgH^ ) 2 ------------- >  + Mg + 'G (C g H ^ ) j

o r  CgH^N=NC(CgH^ ) 2   >  CgH^N=N‘ + 'G (CgH^)^

GgH^N=N*  > CgH^' + Ng
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B e n z o y l a z o t r i p h e n y l m e t h a n e  (C^H^CO,N=NCPh^) d eco m p o se s  t o  

g i v e  b e n z o y l t r i p h e n y l m e t h a n e  i n  up  t o  70% y i e l d  ( 4 4 ) .  A s m a l l  

amount  o f  b e n z o y l h y d r a z i n e  i s  a l s o  p r o d u c e d  and t h e  y i e l d  o f  

n i t r o g e n  i s  n o t  q u a n t i t a t i v e  ( 4 5 ) .  The o n ly  s o u r c e  o f  b e n z o y l 

h y d r a z i n e  i s  t h e  r a d i c a l  s p e c i e s  C^H^CO.N=N' an d ,  h e n c e ,  i t  

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

m e th a n e  p roceed s by way o f  a  t w o - s t a g e  mechanism and  t h a t  t h e  

N-CPh^ bond  i s  t h e  f i r s t  t o  b r e a k .

The o r d e r  o f  s t a b i l i t i e s  o f  t h r e e  a r o m a t i c  a z o -  

compounds i s  a s  f o l l o w s :

CgH^N=NCgH^ >  CgH^CO.N=NCgH^ >  CgH^CO.N=NCO.CgH^

T h i s  s u g g e s t s  t h a t  t h e  Ph-N bond  i n  a z o b e n z e n e  i s  s t r o n g e r  

t h a n  t h e  C^H^CO-N bonds i n  b en zoy lazob en zen e and  a z o d i b e n z o y l . 

T h i s  o b s e r v a t i o n ,  t o g e t h e r  w i t h  t h e  e v i d e n c e  t h a t  b e n z o y l 

a z o t r i p h e n y l m e t h a n e  d eco m p o ses  i n  tv/o s ta g e s ,  l e a d s  one t o  

e x p e c t  t h a t  PAT d eco m p o se s  i n  a  s i m i l a r  m a n n e r ,  t h e  N-CPh^ 

bond  b r e a k i n g  f i r s t .  However ,  n i t r o g e n  e v o l u t i o n  i n  t h i s  

r e a c t i o n  h a s  b e e n  fo u n d  t o  be  q u a n t i t a t i v e  and no  p r o d u c t s  

d e r i v e d  f ro m  t h e  r a d i c a l  C^H^N=N* have  b e e n  i s o l a t e d  ( 4 6 ) .

I t  may be  s u g g e s t e d  t h a t  t h e  s e c o n d  s t a g e  o f  t h e  d e c o m p o s i t i o n  

i s  v e r y  r a p i d  a n d ,  h e n c e ,  i t  i s  t h e  f i r s t  s ta g e  w h i c h  i s  r a t e  

d e t e r m i n i n g  ( 4 6 ) .

Under  t h e  h e a d i n g  o f  a z o -  compounds a s  s o u r c e s  o f a r y l  

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

a c i d s  and d i a z o -  e s t e r s ,  i n  a r o m a t i c  s o l v e n t s  ( t h e  Gomberg 

r e a c t io n )  ( 2 9 , 3 0 ) ,  t h e  d eco m p o sitio n  o f  1 - a r y l - 3 , 3 - & i m e t h y l -  

t r i a z e n e s  i n  t h e  p r e s e n c e  o f  d r y  h y d r o g e n  c h l o r i d e  ( 3 2 ) and 

t h e  r e a c t i o n  a t  e l e v a t e d  t e m p e r a t u r e s  o f  a r o m a t i c  a m in e s  w i t h  

p e n t y l  n i t r i t e  i n  a r o m a t i c  s o lv e n t s  ( 3 3 ) .
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The k i n e t i c s  o f  t h e  d e c o m p o s i t i o n  o f  a z o -  compounds 

o f  t h e  t y p e  d i s c u s s e d  h e r e  w i l l  be  c o n s i d e r e d  i n  a  s e p a r a t e  

s e c t i o n .

( i i i )  O th e r  s o u r c e s  o f  a r y l  r a d i c a l s .

O th e r  m e th o d s  f o r  t h e  p r o d u c t i o n  o f  a r y l  r a d i c a l s  

i n c l u d e  t h e  f o l l o w i n g :

( a )  P h o t o l y s i s  o f  a r y l  i o d i d e s  ( 4 7 ,  4 8 )  o r  r a d i o l y s i s  o f  

c e r t a i n  a r o m a t i c  compounds  s u c h  a s  b ro m o b e n z en e  ( 4 9 ) and 

b i p h e n y l  ( 5 0 ) .

(b )  P y r o l y s i s  o f  a r o m a t i c  s u l p h o n y l  h a l i d e s  ( 5 1 ,  52)  o r ,  

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

compounds ( 5 3 ) .

( c )  The a d d i t i o n  o r  r e m o v a l  o f  an e l e c t r o n  t o  o r  f rom  an  

i o n  by means o f  a t r a n s i t i o n  m e t a l ,  f o r  exam ple  t h e  r e a c t i o n  

o f  G r i g n a r d  r e a g e n t s  i n  t h e  p r e s e n c e  o f  c o b a l t o u s  s a l t s  ( 5 4 ) .  

The p e n t a f l u p r o p h e n y l  r a d i c a l .

P o l y f l u o r o - o r g a n i c  c h e m i s t r y  h a s  b e e n  o f  c o n s i d e r a b l e  

i n t e r e s t  i n  r e c e n t  y e a r s  and a r o m a t i c  a s p e c t s  o f  i t  h a v e  b e e n  

s t u d i e d  e s p e c i a l l y  i n  t h i s  c o u n t r y .

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

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

compounds i s  e x p e c t e d  t o  d i f f e r  g r e a t l y  f ro m  t h a t  o f  b e n z e n e  

and i t s  d e r i v a t i v e s .  An i n s i g h t  i n t o  t h e  f u n d a m e n t a l  

d i f f e r e n c e s  b e t w e e n  t h e  two s e r i e s  o f  compounds c a n  be 

o b t a i n e d  by  o b s e r v i n g  t h e i r  t e n d e n c i e s  t o w a r d s  e l e c t r o p h i l i c  

and n u c l e o p h i l i c  s u b s t i t u t i o n .

The b e n z e n e  n u c l e u s  i s  n o t a b l y  s u s c e p t i b l e  t o  e l e c t r o 

p h i l i c  a t t a c k  and  i s  r e a d i l y  s u b s t i t u t e d  by  t h e  i n c o m in g  

e l e c t r o p h i l e  ( e . g .  NOg^, X’*’ (X = 0 1 ,  B r ,  I ) ,  8 CyH^) ( 1 1 ) .

I n  t h e  c a s e  o f  h e x a f l u o r o b e n z e n e , on t h e  o t h e r  h a n d ,  n o t  o n ly
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i s  t h e  n u c l e u s  h i g h l y  d e a c t i v a t e d  t o w a r d s  t h i s  t y p e  o f  a t t a c k  

b u t ,  i n  o r d e r  t o  c o m p l e t e  s u b s t i t u t i o n ,  f l u o r i n e  h a s  t o  be 

rem oved  a s  P'*'. T h i s  i s  a  v e r y  u n l i k e l y  s i t u a t i o n  b e c a u s e  o f  

t h e  e x t r e m e  e l e c t r o n e g a t i v i t y  o f  f l u o r i n e .  I n  t h e  c a s e  o f  

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

t y p e  o f  r e a c t i o n  i s  n o rm a l  f o r  p e r f l u o r o a r o m a t i c  com pounds .  

B e n z e n e ,  i t s e l f ,  i s ,  o f  c o u r s e ,  n o t  n o r m a l l y  s u s c e p t i b l e  t o  

n u c l e o p h i l i c  a t t a c k .

The main  s y n t h e t i c  r e a c t i o n s  f o r  p e r f l u o r o a r o m a t i c  

compounds  t h u s  i n v o l v e  r e p l a c e m e n t s  by n u c l e o p h i l e s  s u c h  as  

OH , OMe , NH^, NH^NHg, SH and R ~ . The l a s t  may be  o b t a i n e d  

from a l k y l - l i t h i u m  o r  G r i g n a r d  r e a g e n t s .  A t y p i c a l  r o u t e  t o  

p e n t a f l u o r o n i t r o b e n z e n e  may t h u s  be  ( 5 5 , 5 6 ) :

NH. CP.GO.H

F r e e  r a d i c a l s  e x h i b i t  much l e s s  m arked  e l e c t r o p h i l i c  

o r  n u c l e o p h i l i c  t e n d e n c i e s  and s i n c e  t h e  f o r m a t i o n  o f  F* 

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

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

i n  t h e  p e r f l u o r o a r o m a t i c  n u c l e u s  o f f e r s  an a t t r a c t i v e  method  

f o r  t h e  s y n t h e s i s  o f  some d e r i v a t i v e s  o f  h e x a f l u o r o b e n z e n e . 

P o l y f l u o r o a r y l  r a d i c a l s  c a n  a l s o  be  u s e d  a d v a n t a g e o u s l y  i n  

b r i n g i n g  a b o u t  a  number o f  s y n t h e t i c a l l y  u s e f u l  r e a c t i o n s .

P e n t a f l u o r o p h e n y l  r a d i c a l s  h ave  b e e n  p r o d u c e d  by t h e  

f o l l o w i n g  m e th o d s :

( a )  D e c o m p o s i t i o n  o f  p e n t a f l u o r o b e n z o y l  p e r o x i d e  ( 5 7 ,  5 8 ) .

( b )  I r r a d i a t i o n  o f  h e x a f l u o r o b e n z e n e  w i t h  1 . 5  Mev e l e c t r o n s

( 5 9 ) .

( c )  O x i d a t i o n  o f  p e n t a f l u o r o p h e n y l h y d r a z i n e  ( 5 5 ) .
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( d )  H ig h  t e m p e r a t u r e  p y r o l y s i s  o f  p e n t a f l u o r o b e n z e n e -  

s u l p h o n y l  c h l o r i d e  ( 5 1 ) .

( e )  P h o t o l y t i c  and t h e r m a l  d e c o m p o s i t i o n  o f  p e n t a f l u o r o -  

h a l o g e n o b e n z e n e s  ( 6 0 , 6 l ) and b i s ( p e n t a f l u o r o p h e n y l ) m e r c u r y  

( 6 2 ) .

( f )  R e a c t i o n  o f  p e n t a f l u o r o a n i l i n e  w i t h  p e n t y l  n i t r i t e  ( 6 3 ) .

I t  may be  n o t e d  t h a t  m e th o d s  ( a ) ,  ( d ) ,  ( e )  ( h a l o g e n o -  

b e n z e n e s  o n l y )  and ( f )  w ere  m e n t i o n e d  p r e v i o u s l y  w i t h  

r e f e r e n c e  t o  t h e  g e n e r a t i o n  o f  p h e n y l  r a d i c a l s  ( s e e  p a g e s  1 6 , 

26 and  2 7 ) .  P h e n y l  r a d i c a l s  c a n  a l s o  be  o b t a i n e d  by  m ethod  ( c )  

f rom  p h e n y l h y d r a z i n e  ( 3 3 ) .

P e r h a p s  one o f  t h e  e a s i e s t  and  c l e a n e s t  m e th o d s  o f  

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

d e c o m p o s i t i o n  o f  p e n t a f l u o r o b e n z o y l  p e r o x i d e .  The l a t t e r  

d e co m p o se s  i n  b e n z e n e  a t  8 0 *̂ t o  g i v e  p e n t a f  l u o r  o b i p h e n y l  

( 0 . 6 l m o le s  p e r  mole  o f  p e r o x i d e ) ,  p e n t a f l u o r o b e n z o i c  a c i d  

( 0 . 8 2  m o le s  p e r  mole  o f  p e r o x i d e )  and  a  h i g h  b o i l i n g  r e s i d u e  

( 5 8 ) .  P e n t a f l u o r o p h e n y l  r a d i c a l s  a r e  t h e r e f o r e  fo r m e d  by  t h e  

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

t o  t h e  f o r m a t i o n  o f  p h e n y l  r a d i c a l s  f rom  b e n z o y l  p e r o x i d e ;

(G^F^CO.O)^ ----------- >  2 G^F^CO.O"

GgF^GG.Q- -^  C^F^ '  + COg

However ,  t h e  d e c o m p o s i t i o n  o f  p e n t a f l u o r o b e n z o y l  p e r o x i d e  

i n  c h l o r o b e n z e n e  and  i n  b ro m o b e n z en e  d i d  n o t  g i v e  t h e  

e x p e c t e d  p e n t a f l u o r o p h e n y l  d e r i v a t i v e s ,  b u t  gave  i n s t e a d ,  

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

b e n z o a t e  ( 5 8 ) .  T h i s  compound must  h a v e  b e e n  fo rm ed  by 

s u b s t i t u t i o n  a t  t h e  1-  p o s i t i o n  o f  t h e  h a l o g e n o b e n z e n e s  by 

p e n t a f l u o r o b e n z o y l o x y  r a d i c a l s .  The c o r r e s p o n d i n g  r e a c t i o n
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i n  n i t r o b e n z e n e  gave  m a i n l y  t h e  e x p e c t e d  i s o m e r i c  p e n t a f l u o r o -  

p h e n y l  d e r i v a t i v e s  o f  n i t r o b e n z e n e  ( 5 8 ) ,  t o g e t h e r  w i t h  a b o u t  

o f  p h e n y l  p e n t a f l u o r o b e n z o a t e .  I t  a p p e a r s ,  t h e r e f o r e ,  t h a t  

i n  t h e  h a l o g e n o b e n z e n e s  p e n t a f l u o r o b e n z o y l o x y l a t i o n  o c c u r s  

p r e f e r e n t i a l l y ,  and a t  t h e  1 -  p o s i t i o n ,  w h e r e a s  i n  b e n z e n e  

and  n i t r o b e n z e n e  p e n t a f l u o r o p h e n y l a t i o n  a t  t h e  2 - ,  3 -  and

4 -  p o s i t i o n s  i s  t h e  p r e f e r r e d  r e a c t i o n .  These  r e s u l t s  c a n  be  

a c c o u n t e d  f o r  i f  i t  i s  assumed t h a t  p e n t a f l u o r o b e n z o y l o x y  

r a d i c a l s  a r e  s t a b i l i s e d  i n  some way i n  t h e  h a l o g e n o b e n z e n e s .

I t  i s  s u g g e s t e d  t h a t  t h i s  s t a b i l i s a t i o n  o c c u r s  b e c a u s e  o f  t h e  

f o r m a t i o n  o f  a  c h a r g e - t r a n s f e r  com p lex  w i t h  t h e  h a l o g e n  (X) 

o f  t h e  s o l v e n t :

CgP^CO.O .........+x

T h i s  may r e a r r a n g e  t o  t h e  c r -com plex  f o r  s u b s t i t u t i o n  i n  t h e  

1 -  p o s i t i o n :

G^F^CO.O

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

( 5 8 ) .  T h i s  p r o c e s s  o c c u r s  by way o f  a t t a c k  on t h e  p e r o x i d e  

by t h e  com plex  g i v i n g  a n o t h e r  p e n t a f l u o r o b e n z o y l o x y  r a d i c a l  

and  p e n t a f l u o r o b e n z o y l  h y p o h a l i t e  (C^P^GO.OX) w h ic h  r e a c t s  

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

b e n z o i c  a c i d  and h y d r o g e n  h a l i d e .

No c o n c l u s i v e  e v i d e n c e  was p r e s e n t e d  f o r  t h e  e x i s t e n c e  

o f  t h e s e  c h a r g e - t r a n s f e r  c o m p le x e s  and no e x p l a n a t i o n  g i v e n  

f o r  t h e  f o r m a t i o n  o f  p h e n y l  p e n t a f l u o r o b e n z o a t e  i n  ^0% y i e l d  

i n  n i t r o b e n z e n e .
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The n e c e s s i t y  f o r  p o s t u l a t i n g  s u c h  co m p lex  f o r m a t i o n  

a l s o  a r o s e  when t h e  r e a c t i o n s  o f  b e n z o y l  p e r o x i d e  i n  t h e  

h a l o g e n o b e n z e n e s  w ere  i n v e s t i g a t e d  ( 6 4 ) .  C o n s i d e r i n g  t h e  

f o l l o w i n g  t e r m i n a t i o n  r e a c t i o n :

(T-complex + P h . 0 0 .0 *  -------->  Ph.CO.OH + P h - P h

i t  was f o u n d  t h a t  i n  f l u o r o b e n ze n e  t h i s  t e r m i n a t i o n  s t e p  i s  

v i r t u a l l y  a b s e n t ,  w h e r e a s  i n  b ro m o b en zen e  i t  c o n s t i t u t e d  t h e  

s o l e  c h a i n - e n d i n g  p r o c e s s  ( 3 8 ) .  I n  t h e  f o r m e r  c a s e  t h e  l a c k  

o f  t h i s  r e a c t i o n  was a t t r i b u t e d  t o  a low c o n c e n t r a t i o n  o f  

b e n z o y l o x y  r a d i c a l s ,  w h e r e a s  i n  b ro m o b e n z en e  a  r e l a t i v e l y  

h i g h  c o n c e n t r a t i o n  o f  t h e  s p e c i e s  was t h o u g h t  t o  be b r o u g h t  

a b o u t  t h r o u g h  s t a b i l i s a t i o n  by c h a r g e - t r a n s f e r  c o m p l e x i n g .

The l e s s e r  t e n d e n c y  f o r  com plex  f o r m a t i o n  i n  f l u o r o b e n z e n e  

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

The e v i d e n c e  f o r  c h a r g e - t r a n s f e r  com plex  f o r m a t i o n  

w i t h  t h e  h a l o g e n o b e n z e n e s ,  t h u s ,  a p p e a r s  t o  be  r e a s o n a b l e .

The l a c k  o f  e v i d e n c e  s u p p o r t i n g  s u c h  a  m echanism  f o r  t h e  

d e c o m p o s i t i o n  o f  p e n t a f l u o r o b e n z o y l  p e r o x i d e  i n  n i t r o b e n z e n e ,  

h o w e v e r ,  i s  n o t  c o n s i s t e n t  w i t h  t h e  h y p o t h e s i s .  I t  may be  

a r g u e d ,  t h o u g h ,  t h a t  t h e  f o r m a t i o n  o f  a  cr-complex b e tw e e n  

p e n t a f l u o r o b e n z o y l o x y  r a d i c a l s  and n i t r o b e n z e n e  f o r  

s u b s t i t u t i o n  i n  t h e  1 -  p o s i t i o n  w i l l  be  an e n e r g e t i c a l l y  

u n f a v o u r a b l e  p r o c e s s ,  s i n c e  l o s s  o f  " s t a b i l i s a t i o n  t h r o u g h  

r e s o n a n c e "  w i l l  o c c u r ;  i n  t h e  n i t r o b e n z e n e  m o l e c u l e  t h e r e  

i s  r e s o n a n c e  b e tw e e n  t h e  a r o m a t i c  r i n g  and t h e  n i t r o -  g r o u p  

and t h i s  r e s o n a n c e  s t a b i l i s a t i o n  w i l l  be  l o s t .  T h i s  a s s u m p t i o n  

d o e s  n o t  p r e c l u d e  com plex  f o r m a t i o n  and t h e  s m a l l  y i e l d  o f  

p h e n y l  p e n t a f l u o r o b e n z o a t e  and 2 , 3 , 4 , 3 , 6 - p e n t a f l u o r o b i p h e n y l  

( t o t a l  1 0 ^ )  (5 8 )  s u g g e s t s  t h a t  some a d d i t i o n  t o  t h e
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1-  p o s i t i o n  f o l l o w e d  by d e n i t r a t i o n  o f  t h e  c j -complex  d o e s  

o c c u r  i n  t h i s  s o l v e n t .

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

b e n z o y l  p e r o x i d e  w i l l  be  m e n t i o n e d  i n  a  l a t e r  s e c t i o n .

The o t h e r  s o u r c e s  o f  p e n t a f l u o r o p h e n y l  r a d i c a l s  ( ( b ) -  

( f )  a b o v e )  w i l l  o n ly  be  d i s c u s s e d  i n  o u t l i n e  h e r e  a s  t h e y  

a r e  n o t  r e l e v a n t  t o  t h e  work  d e s c r i b e d  i n  t h i s  t h e s i s .

R a d i o l y s i s  e x p e r i m e n t s  have  b e e n  c a r r i e d  o u t  on a 

number o f  h i g h l y  p u r i f i e d  c y c l i c  f l u o r o c a r b o n s ,  i n c l u d i n g  

h e x a f l u o r o b e n z e n e  ( 3 9 ) .  I r r a d i a t i o n s  w ere  done  u s i n g  n i c k e l  

c e l l s  and a  *1 .5  Mev Van d e r  G r a a f  e l e c t r o n  beam. A r o m a t i c  

f l u o r o c a r b o n s  u n d e r  i r r a d i a t i o n  y i e l d e d  p o l y m e r i c  m a t e r i a l  

a l m o s t  e x c l u s i v e l y .  Only t r a c e s  o f  g a s e o u s  and  low m o l e c u l a r  

w e i g h t  compounds w ere  fo rm ed  and no f r e e  f l u o r i n e  was 

d e t e c t e d .  The a u t h o r s  s u g g e s t  a f r e e  r a d i c a l  mechanism and 

s u b s e q u e n t  r e a c t i o n s  by r a d i c a l s  w i t h  t h e  s t a r t i n g  m a t e r i a l  

t o  g i v e  p o l y m e r s .

P e n t a f l u o r o p h e n y l  r a d i c a l s  have  b e e n  o b t a i n e d  by  t h e  

o x i d a t i o n  o f  p e n t a f l u o r o p h e n y l h y d r a z i n e  ( 5 3 ) .  When t h e  l a t t e r  

i s  t r e a t e d  w i t h  s i l v e r  o x i d e  i n  a  l a r g e  e x c e s s  o f  b e n z e n e  

a t  0 -  1 0 ° ,  an a l m o s t  q u a n t i t a t i v e  e v o l u t i o n  o f  n i t r o g e n  

o c c u r s  and c r y s t a l l i n e  2 , 3 , 4 , 5 , 6 - p e n t a f l u o r o b i p h e n y l  i s  

p r o d u c e d  i n  6 3 ^  y i e l d .  When b l e a c h i n g  powder  i s  u s e d  a s  t h e  

o x i d i s i n g  a g e n t  a  74^  y i e l d  o f  t h e  b i a r y l  i s  o b t a i n e d .  The 

a u t h o r s  s u g g e s t  t h a t  t h e  f o r m a t i o n  o f  t h e  p e n t a f l u o r o p h e n y l

r a d i c a l  p r o b a b l y  t a k e s  p l a c e  t h r o u g h  t h e  d ia z o - c o m p o u n d :
AgnO o r  . AgpO o r

CrP.NH.NHo ----  ^ GfFr.N.NHp-------- > CgP = .N:NH
6 5 2 CaOGlg ^ ^ CaOClg ^

or  d i s p r o p o r 
t i o n a t i o n

GgP^.N:NH ---- > GgP^' + Ng + H ‘



33

The r e a c t i o n  o f  n i c k e l  c a r b o n y l  w i t h  p e n t a f l u o r o -  

h a l o g e n o b e n z e n e s  a l s o  l e a d s  t o  t h e  p r o d u c t i o n  o f  p e n t a f l u o r o -  

p h e n y l  r a d i c a l s  ( 6 1 ) .  When t h e  r e a c t i o n  o f  n i c k e l  c a r b o n y l  

w i t h  p e n t a f l u o r o i o d o b e n z e n e  was c a r r i e d  o u t  i n  d i m e t h y l -  

f o r m a m id e ,  t o l u e n e  and e x c e s s  n i c k e l  c a r b o n y l  a s  s o l v e n t s ,  

d e c a f l u o r o b i p h e n y l ,  d e c a f l u o r o b e n z o p h e n o n e  an d  p e n t a f l u o r o 

b e n z e n e  w ere  i s o l a t e d  a s  t h e  o n l y  r e a c t i o n  p r o d u c t s .  The 

f o l l o w i n g  m echanism was p o s t u l a t e d ;
1

GgPgl + Ni(CO)^ > [CgP^.CO.Ni(CO)J + (3-n) CO
I

[ C g P ^ . C O . N y c O ) ^ ]  — >  CgPç/ + [ N i l ( C O ) ^ ^ J  

CgPg- + RH -- >  CgP^H + R*

2 CgP^- — ^  CgP^-CgP^

+ [ g o ]  — ^  GgP^CO"
I

GgPg- + [ C g P ^ . C O . N i C c O j  ---- >  CgP5.CO.CgP5 + [ N i l ( C O ) ^ ]

CgP^CO- + CgP^' — ^  CgP5.CO.CgP5

P e n t a f l u o r o b r o m o b e n z e n e  v/as fo u n d  t o  be  l e s s  r e a c t i v e .  W i t h  

d i m e t h y l f o r m a m i d e  a s  s o l v e n t  74^  was r e c o v e r e d  u n c h a n g e d  

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

b i p h e n y l  and d e c a f l u o r o b e n z o p h e n o n e  i n  t h e  r a t i o  1 : 2 . 3 ,  

w h i l e  w i t h  e x c e s s  n i c k e l  c a r b o n y l  a s  s o l v e n t  a com bined  

y i e l d  o f  l e s s  t h a n  10^  was o b t a i n e d .

P e n t a f l u o r o p h e n y l  r a d i c a l s  have  a l s o  b e e n  o b t a i n e d  

f rom  t h e  p h o t o l y s i s  o f  p e n t a f l u o r o i o d o b e n z e n e  ( 6 0 ) .  P e n t a -  

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

b e n z e n e  and  t o l u e n e  t o  g i v e  h i g h  y i e l d s  o f  b i p h e n y l s ;  f o r  

e x a m p l e ,  w i t h  t o l u e n e ;



3k

hv

CH

+

CH. CH.

3

20 ^

Oldhamj W i l l i a m s  and W i l s o n  ( 6 3 )  have  c a r r i e d  o u t  t h e  

r e a c t i o n  o f  p e n t a f l u o r o a n i l i n e  w i t h  p e n t y l  n i t r i t e  a t  a b o u t  

80°  i n  a r o m a t i c  s o l v e n t s .  I n  b e n z e n e  t h e y  o b t a i n e d  2 , 3 , 4 , 3 , 6 -  

p e n t a f l u o r o b i p h e n y l  i n  ^8% y i e l d .  The a u t h o r s  s u g g e s t  t h e  

f o l l o w i n g  m echanism :  t h e  d i a z o - e t h e r  i s  fo rm ed  ( l )  and  u n d e r 

g o e s  h o m o l y s i s  t o  g i v e  p e n t a f l u o r o p h e n y l  and p e n t y l o x y  (PeO")  

r a d i c a l s  ( r e a c t i o n  i ) .  A d d i t i o n  o f  t h e  f o r m e r  t o  b e n z e n e  

( r e a c t i o n  2)  and  d e h y d r o g e n a t i o n  o f  t h e  r e s u l t i n g  c r-complex  

( I I )  by r e a c t i o n  w i t h  t h e  l a t t e r  ( r e a c t i o n  3 )  c a n  l e a d  t o  

t h e  o b s e r v e d  p r o d u c t s .

C^P^NîNOPe

( I )

^  CgP • + N; •OPe

H
( I I )

II + PeO’ ^  CgP5.GgIl5 + PeOH

The a u t h o r s ,  i n  f a c t ,  s u g g e s t  t h a t  t h e  r e a c t i o n  may be  

more com p lex  t h a n  e n v i s a g e d  i n  t h e  above  scheme b u t  do n o t
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go i n t o  any d e t a i l s  c o n c e r n i n g  t h i s .

P e n t a f l u o r o p h e n y l  r a d i c a l s  may be g e n e r a t e d  by  t h e  

p h o t o l y t i c  o r  t h e r m a l  d e c o m p o s i t i o n  o f  b i s ( p e n t a f l u o r o 

p h e n y l  )m ercu ry  ( 6 2 ) ;  u n d e r  n e u t r a l ,  n o n - o x i d i s i n g  c o n d i t i o n s .

(CgFç^gHg -------> 2 CgP^- + Hg

Such  compounds a r e  e x t r e m e l y  u s e f u l  i n  t h e  p r e p a r a t i o n  o f  

p o l y f l u o r o a r o m a t i c  compounds s i n c e  t h e y  can  be u s e d  t o  a r y l a t e  

compounds  w h ic h  a r e  s e n s i t i v e  t o  o x i d a t i o n ,  s u c h  a s  b e n z y l  

a l c o h o l ,  o r  compounds l i k e  b e n z o i c  a c i d ,  w h e re  b a s i c  

s u b s t a n c e s ,  s u c h  a s  p e n t a f l u o r o p h e n y l h y d r a z i n e ,  w ou ld  t e n d  

t o  g i v e  a s a l t  w i t h  t h e  c a r b o x y l i c  a c i d .

The h i g h  t e m p e r a t u r e  p y r o l y s i s  o f  p e n t a f l u o r o b e n z e n e -  

s u l p h o n y l  c h l o r i d e  l e a d s  t o  t h e  p r o d u c t i o n  o f  p e n t a f l u o r o 

p h e n y l  r a d i c a l s  ( 3I ) .  I t  was fo u n d  t h a t  s e v e r a l  m e t a l s  and 

t h e i r  s a l t s  e x e r t e d  a marked  c a t a l y t i c  e f f e c t  on t h e  

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

o f  0 .1  mole  p e r  c e n t  ( b a s e d  on s u l p h o n y l  h a l i d e )  o f  c u p r o u s  

c h l o r i d e  e n s u r e d  more r a p i d  r e a c t i o n .  The f o l l o w i n g  t h r e e  

i n i t i a t i o n  r e a c t i o n s  w ere  s u g g e s t e d :

C^P^.SOgCl -------> C^P^ '  + "SOgCl

C gP^ .S 02Cl  ------->  CgP^.SOg* + C l -

C6P 5 -SO2 '  > + SOg

A n o t h e r  p o t e n t i a l  s o u r c e  o f  t h e  p e n t a f l u o r o p h e n y l  

r a d i c a l  i s  t h e  a zo -com pound ,  p e n t a f l u o r o p h e n y l a z o t r i p h e n y l -  

m e th a n e  ( p e n t a f l u o r o - P A T ) .  T h e r e  a r e  no r e p o r t s  o f  t h i s  

compound i n  t h e  l i t e r a t u r e  b u t  i t  was c o n s i d e r e d  t h a t  i t  

c o u l d  r e p r e s e n t  a  c o m p a r a t i v e l y  c l e a n  s o u r c e  o f  t h e  r a d i c a l .  

The f i v e  f l u o r i n e  a tom s i n  p e n t a f l u o r o - P A T  w ould  t e n d  t o
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a t t r a c t  t h e  7 t - e l e c t r o n s  o f  t h e  a r o m a t i c  r i n g  and a l s o  t h o s e  

o f  t h e  a z o -  g r o u p  an d ,  t h u s ,  t h e  C^P^-N bond  w o u ld  a c q u i r e  

a  d e g r e e  o f  d o u b l e - b o n d  c h a r a c t e r .  T h i s  w o u ld  r e n d e r  t h e  

p e n t a f l u o r o - P A T  m o l e c u l e  l e s s  l i k e l y  t o  l o s e  n i t r o g e n  an d ,  

i n  t h i s  r e s p e c t ,  i t  s h o u l d  be  more s t a b l e  t h a n  PAT. T h i s  

e x p e c t e d  h i g h e r  s t a b i l i t y  o f  p e n t a f l u o r o - P A T  a s  com pared  

w i t h  PAT s h o u l d  be r e f l e c t e d  when t h e  k i n e t i c s  o f  

d e c o m p o s i t i o n  a r e  e x a m i n e d .  A s e c t i o n  o f  t h i s  t h e s i s  i s  

d e v o t e d  t o  d e s c r i b i n g  t h e  p r e p a r a t i o n  o f  and k i n e t i c  m e a s u r e 

m e n ts  on t h i s  new compound.

Up t o  t h i s  p o i n t  t h e  r e a c t i o n s  o f  f r e e  r a d i c a l s  have  

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

f rom  g r o u p s  w h i c h  a r e  Imown t o  d i r e c t  t h e  p a t t e r n  o f  

s u b s t i t u t i o n  o f  a r o m a t i c  compounds  by  e l e c t r o p h i l i c  r e a g e n t s .  

T h i s  model  was d e s c r i b e d  by Hey i n  1934  ( 5 )  a s  one o f  

’’a m p h o t e r i c ” a r o m a t i c  s u b s t i t u t i o n .

T h i s  may be  i l l u s t r a t e d  by c o n s i d e r a t i o n  o f  t h e  i s o m e r  

y i e l d s  f o r  t h e  p h é n y l a t i o n  and  p e n t a f l u o r o p h e n y l a t i o n  o f  

c h i o r 0- ,  b rom o-  and  n i t r o - b e n z e n e .  The d a t a  a r e  shown i n  

t a b l e  1 ( 6 3 )  t o g e t h e r  w i t h  c o r r e s p o n d i n g  r e s u l t s  f o r  t h e  

p h é n y l a t i o n  o f  c h i o r o -  and b r o m o - p e n t a f l u o r o b e n z e n e  ( 6 5 ,  6 6 ,  

6 7 ) .  I t  i s  i m m e d i a t e l y  a p p a r e n t  f rom  t h e  t a b l e  t h a t  t h e  

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

c o r r e s p o n d  t o  an e q u a l  p r e f e r e n c e  f o r  t h e  o - , m- and £ -  

p o s i t i o n s  by  e i t h e r  p h e n y l  o r  p e n t a f l u o r o p h e n y l  r a d i c a l s .  

N o r m a l ly  a r o m a t i c  s u b s t i t u t i o n  o c c u r s  by  way o f  a t t a c k  on 

a  b e n z e n e  n u c l e u s  by  an e l e c t r o p h i l i c  r e a g e n t ;  b e n z e n e  t h u s  

a c t s  a s  a  n u c l e o p h i l e .  T h i s  n u c l e o p h i l i c  c h a r a c t e r  s h o u l d  

be  r e t a i n e d  by t h e  p h e n y l  r a d i c a l ;  t h e  h o m o l y s i s  o f  a  C-H 

bond  i n  b e n z e n e  s h o u l d  n o t  d e p l e t e  t h e  % - e l e c t r o n  s y s t e m
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and t h e  + I  e f f e c t  o f  h y d r o g e n  s h o u l d  i n d u c e  a d i p o l e ,  t h e  

r a d i c a l  end  a p p e a r i n g  n e g a t i v e .

T a b l e  1 .

R a d i c a l S u b s t r a t e

o r t h o

I s o m e r s  

me t a

{%)

p a r a

R a t i o
o + p 

m

CgH^Cl 5 6 . 9 2 5 . 6 1 7 . 4 2 . 9

C6»5 ' CgH3Br 5 5 . 7 2 8 . 8 1 5 . 5 2 . 5

C 6»5 ' CgH5N02 6 2 . 5 9 . 8 2 7 . 7 9 . 2

CgH3Cl 6 4 . 7 2 0 . 6 1 4 . 7 3 . 9

C6?5" CgH3Br 6 1 . 6 2 6 . 3 12.1 2 . 8

CgH3N02 2 0 . 8 53.1+ 2 5 . 8 0 . 9

^ 6 ^ 5  ■ CgPgCl 4 7 . 9 3 3 . 7 1 8 . 4 2 . 0

C6%5'
CgPgBr 4 5 . 2 37.1+ 1 7 . 4 1 .7

In t h e c a s e  o f  t h e p e n t a f l u o r o p h e n y l  r a d i c a l  t h e  - I

e f f e c t  o f t h e f i v e  f l u o r i n e  a toms l e a d s  t o  a d e p l e t i o n  o f

e l e c t r o n d e n s i t y  f rom  t h e p o s i t i o n c a r r y i n g t h e  l o n e

e l e c t r o n . The r a d i c a l  must have  a  s u b s t a n t i a l  d i p o l e moment,

t h e  r e a c t i v e s i t e  b e a r i n g a p a r t i a l p o s i t i v e c h a r g e . T h u s ,

t h e  p e n t a f l u o r o p h e n y l  r a d i c a l  o u g h t  t o  be  more e l e c t r o p h i l i c  

t h a n  t h e  p h e n y l  r a d i c a l .

L o o k in g  once  more a t  t a b l e  1 ,  t h e  p r e d o m i n a n c e  o f  t h e  

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

w i t h  n i t r o b e n z e n e  s u p p o r t s  t h e  e l e c t r o p h i l i c  c h a r a c t e r  o f  

C^P^* .  T h i s  f a c t  i s  shown more c l e a r l y  when one c o n s i d e r s  

t h e  r a t i o  o f  o- + 2 “ t o  m- i s o m e r s .  The c o r r e s p o n d i n g
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p r o d u c t s  r a t i o  f o r  t h e  p h é n y l a t i o n  o f  n i t r o b e n z e n e  i n d i c a t e s  

t h a t  t h e  p h e n y l  r a d i c a l  i s  much l e s s  e l e c t r o p h i l i c  t h a n  

p e n t a f l u o r o p h e n y l .  The p r e d o m i n a n c e  o f  o r t h o -  and p a r a -  

s u b s t i t u t i o n  i n  t h e  p h é n y l a t i o n  o f  n i t r o b e n z e n e  may be 

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

o f  t h e  odd e l e c t r o n  i n  t h e  cr-complex fo r m ed  i n  t h e  i n i t i a l  

s t a g e s  o f  s u b s t i t u t i o n .  I t  i s  e v i d e n t  t h a t  o n l y  i n  t h e  c a s e s  

o f  o-  and 2 -  s u b s t i t u t i o n  i s  t h e  n i t r o - g r o u p  c a p a b l e  o f  

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

H
‘H

The r e s u l t s  f o r  t h e  p h é n y l a t i o n  and p e n t a f l u o r o 

p h e n y l  a t  i o n  o f  c h i o r o -  and b r o m o - b e n z e n e  a r e  s i m i l a r ,  and 

no  m arked  d i r e c t i n g  e f f e c t  o f  t h e  s u b s t i t u e n t  i s  a p p a r e n t  

i n  e i t h e r  c a s e .

So f a r  t h e  a t t a c k  o f  p e n t a f l u o r o p h e n y l  r a d i c a l s  on 

a  m o n o - s u b s t i t u t e d  b e n z e n e  n u c l e u s  h a s  b e e n  c o n s i d e r e d .  A 

s i m i l a r  s e r i e s  o f  r e a c t i o n s  c a n  o c c u r  when t h e  s u b s t r a t e  i s  

h e x a f l u o r o b e n z e n e  o r  i t s  d e r i v a t i v e s .  The d e c o m p o s i t i o n  o f  

b e n z o y l  p e r o x i d e  i n  h e x a f l u o r o b e n z e n e  h a s  b e e n  s t u d i e d  ( 6 7 ) .  

The r e a c t i o n s  o f  p h e n y l  r a d i c a l s  w i t h  t h e  s u b s t r a t e  f o l l o w  

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

s u b s t i t u t i o n ,  t h a t  i s ,  t h e  f o r m a t i o n  o f  an  i n t e r m e d i a t e  

c r -com plex  f o l l o w e d  by an e l i m i n a t i o n  o r  d i m é r i s a t i o n  s t e p  

( s e e  p ag e  1 8 ) .  T h u s ,  2 , 3 , 4 , 5 , 6 - p e n t a f l u o r o b i p h e n y l  h a s  b e e n  

i s o l a t e d  f rom  t h e  r e a c t i o n  m i x t u r e  i n  q u e s t i o n ;  t h i s  a r i s e s
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t h r o u g h  t h e  l o s s  o f  P* f rom  t h e  c r-complex ;

-P'

V

A l t e r n a t i v e l y ,  I f  t h e  com plex  d i m e r i s e s ,  a  d o d e c a f l u o r o -  

t e t r a h y d r o q u a t e r p h e n y l , a n a l o g o u s  t o  t h e  t e t r a h y d r o q u a t e r -  

p h e n y l s  e n c o u n t e r e d  p r e v i o u s l y ,  i s  e x p e c t e d ;

P P P P P

2 P

D i m é r i s a t i o n  c a n  t a k e  p l a c e  b e tw e e n  t h e  two 2- p o s i t i o n s ,  

t h e  2 -  and  k -  p o s i t i o n s  and t h e  two U- p o s i t i o n s  ( a s  shown 

a b o v e )  o f  t h e  r a d i c a l s .  T hese  p r o d u c t s  h av e  a l s o  b e e n  i s o l a t e d  

a f t e r  b e n z o y l  p e r o x i d e  h a s  b e e n  a l l o w e d  t o  decompose  i n  

h e x a f l u o r o b e n z e n e  ( 6 7 ) .  I t  h a s  b e e n  s u g g e s t e d  i n  a  r e c e n t  

c o m m u n i c a t i o n  ( 6 8 )  t h a t  t h e  d e f l u o r i n a t i o n  o f  t h e  c r -com plex ,  

fo rm ed  i n  t h e  r e a c t i o n  o f  b e n z o y l  p e r o x i d e  w i t h  h e x a f l u o r o 

b e n z e n e ,  o c c u r s  by means o f  i t s  r e a c t i o n  w i t h  b e n z o i c  a c i d ,  

w h i c h  i s  a l s o  fo rm ed  i n  t h e  d e c o m p o s i t i o n  o f  b e n z o y l  p e r o x i d e  

i n  t h i s  s o l v e n t  ( 6 8 ) .  The f i r s t  s t a g e  i n  t h e  p r o p o s e d  i n i t i a l  

f o r m a t i o n  o f  b e n z o i c  a c i d  is ,  t h e  f o l l o w i n g  r e a r r a n g e m e n t ;

The s e c o n d  s t a g e  i s  an i n d u c e d  d e c o m p o s i t i o n  o f  t h e  p e r o x i d e
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by I :

I + (CgHp^Og)^ --- > o-F.CgH^.CgP^ + CgH^CO.OH
+ CgH^CO.O'

2 j, 2 ' j, 3p -̂s 5s 6 - H e x a f  l u o r  Ob i p h e n y l  h a s  b e e n  i s o l a t e d  a s  a  

p r o d u c t  o f  t h e  r e a c t i o n  o f  b e n z o y l  p e r o x i d e  w i t h  h e x a f l u o r o 

b e n z e n e  ( 6 7 , 6 9 ) .  D u r i n g  t h e  c o u r s e  o f  t h e  r e a c t i o n  a  lo w ,  

t h o u g h  s u f f i c i e n t ,  c o n c e n t r a t i o n  o f  b e n z o i c  a c i d  may be  

m a i n t a i n e d  a s  a r e s u l t  o f  i t s  r e g e n e r a t i o n  by r e a c t i o n  o f  

h y d r o g e n  f l u o r i d e  w i t h  t e r t i a r y  b e n z o a t e  e s t e r s  fo r m ed  a s  t h e  

u l t i m a t e  p r o d u c t s  o f  b e n z o y l a t i o n  p r o c e s s e s ;

O.CO.Ph
P P

+ HP

C^H^CO.OH +

P P

C o n s i d e r  now t h e  p h é n y l a t i o n  o f  c h l o r o -  and  b rom o-  

p e n t a f  l u o r o b e n z e n e  ; t h e  i s o m e r  r a t i o s  f o r  t h e s e  r e a c t i o n s  

a r e  g i v e n  i n  t a b l e  1 .  I t  i s  a p p a r e n t  t h a t  t h e  p r o p o r t i o n s  

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

c h l o r o -  and  b r o m o - b e n z e n e ;  t h u s ,  i t  may b e  s u g g e s t e d  t h a t  t h e  

m ech an ism s  f o r  t h e  p h é n y l a t i o n  o f  b o t h  s e r i e s  o f  compounds  

s h o u l d  b e  s i m i l a r .  I t  i s  f o u n d  t h a t  t h e  r e a c t i v i t y  o f  t h e  

p h e n y l  r a d i c a l  t o w a r d s  b e n z e n e  d o e s  n o t  d i f f e r  much f r o m  t h a t  

t o w a r d s  h e x a f l u o r o b e n z e n e ,  t h e  l a t t e r  b e i n g  l e s s  r e a c t i v e  by  

a  f a c t o r  o f  0 . 8  ( 6 5 , 6 6 ) .  T h i s  e v i d e n c e  s u g g e s t s  t h a t  t h e  

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

Ki n e t i c  m e a s u r e m e n t s .

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

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

e x t r e m e l y  r e a c t i v e  and  c o n s e q u e n t l y ,  i n  many i n s t a n c e s ,  a 

s u f f i c i e n t l y  h i g h  c o n c e n t r a t i o n  o f  t h e  s p e c i e s  i s  n o t  p r e s e n t  

t o  e n a b l e  them t o  be  d e t e c t e d  ( e . g .  M f o r  d e t e c t i o n  by

e l e c t r o n  s p i n  r e s o n a n c e  s p e c t r o s c o p y  ( 7 0 ) ) .  I n  s u c h  c a s e s  

e v i d e n c e  f o r  t h e i r  p r e s e n c e  can  be  i n f e r r e d  f rom  p r o d u c t  

a n a l y s i s  and k i n e t i c  s t u d i e s .  S i n c e  f r e e  r a d i c a l s  c a n  r e a c t  

w i t h  e a c h  o t h e r  or  w i t h  s u b s t r a t e  m o l e c u l e s  i n  a  v a r i e t y  o f  

ways w h i c h  may a l s o  i n v o l v e  t h e  s e t t i n g  up  o f  c h a i n  

m e c h a n i s m s ,  i t  i s  e a s y  t o  p r e d i c t  t h a t  t h e  k i n e t i c s  o f  

p r o c e s s e s  i n v o l v i n g  s u c h  r e a c t i o n s  w i l l  be c o m p le x .  Some 

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

i n  t h i s  t h e s i s  a r e  o u t l i n e d  i n  t h i s  s e c t i o n .

A l l  k i n e t i c  s t u d i e s  on r e a c t i o n s  i n  w h i c h  t h e  r a t e  

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

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

t h e  a s s u m p t i o n  t h a t  once t h e  r e a c t i o n  i s  u n d e r  way t h e  r a t e  

a t  w h i c h  a p a r t i c u l a r  r a d i c a l  s p e c i e s  i s  b e i n g  fo rm ed  i s  

e q u a l  t o  i t s  r a t e  o f  d e s t r u c t i o n .  Thus  t h e  c o n c e n t r a t i o n  o f  

t h e  s p e c i e s  w i l l  r e m a i n  c o n s t a n t  t h r o u g h o u t  t h e  r e a c t i o n ,  and  

t h e  p r i n c i p l e  i s  known a s  B o d e n s t e i n ’ s s t e a d y  s t a t e  h y p o t h e s i s

( 7 1 ) .

C o n s i d e r i n g  an e a r l y  d e t a i l e d  a c c o u n t  o f  t h e  k i n e t i c s  

o f  t h e  d e c o m p o s i t i o n  o f  b e n z o y l  p e r o x i d e  i n  a  number  o f  

s o l v e n t s  ( 7 2 ) ,  t h e  p r i m a r y  r e a c t i o n  w h ic h  g i v e s  r i s e  t o  

r a d i c a l s  i s  t h e  h o m o l y s i s  o f  t h e  p e r o x i d e  t o  fo rm  b e n z o y l o x y  

r a d i c a l s  ;
k .

(G6H^C0.0)2  ---------2 CGH^CO.O"
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w here  d e n o t e s  t h e  r a t e  c o n s t a n t  f o r  t h e  c h a n g e .  The 

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

p h e n y l e t h a n e , p e n t a p h e n y l e t h a n e  o r  t e t r a p h e n y l h y d r a z i n e ) 

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

o f  r a d i c a l  s c a v e n g e r s  ( e . g .  m - d i n i t r o b e n z e n e , p i c r i c  a c i d ,  

h y d r o q u i n o n e ,  ^ “ t - b u t y l c a t e c h o l  o r  oxygen )  s lo w s  i t  down.

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

was i n d u c e d  by f r e e  r a d i c a l s .  I t  was c o n s i d e r e d  t h a t  b e n z o y l 

oxy r a d i c a l s  fo rm ed  i n  t h e  p r i m a r y  r e a c t i o n  c o u l d  f u n c t i o n  

i n  t h i s  way:

k
G^H^CO.O" + (G g H ^ C 0 .0 )2  ------^  G^H^CO.OCgH^ + GO2

+ G^H^GO.O"

P h e n y l  b e n z o a t e  was i d e n t i f i e d  a s  a  r e a c t i o n  p r o d u c t .  An 

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

r e a c t i o n  o f  b e n z o y l o x y  r a d i c a l s :

k ,2 CgH^CO.O' ----2— ^  CgH^GO.OCgH^ + GOg

A p p l y i n g  t h e  s t e a d y  s t a t e  a p p r o x i m a t i o n  t o  b e n z o y l o x y  

r a d i c a l s :

[p ]  -  k j  [ b z O ' ] ^  =  0   (1 )

Where P i s  t h e  p e r o x i d e  and Bz r e p r e s e n t s  t h e  b e n z o y l - g r o u p .  

The r a t e  o f  l o s s  o f  p e r o x i d e  i s  g i v e n  by:

_ d H  = k  [p ]  + kg  p z o ' ]  [ d
at

U s i n g  e q u a t i o n  1 :

_ d H  = k ^ p ]  + k ' [ p ] ^ / ^ ,
at

±
w h ere  k '  = ^ ^ ( k ^ / k ^ ) ^
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T h i s  r a t h e r  s i m p l e  a p p r o a c h  g i v e s  an an sw er  w h ic h  i s  

i n  good a g r e e m e n t  w i t h  e x p e r i m e n t a l  r e s u l t s  u n d e r  some 

c o n d i t i o n s .  However,  i t  d o e s  n o t  t a k e  i n t o  a c c o u n t  t h e  

p o s s i b i l i t y  o f  o t h e r  r a d i c a l  s p e c i e s  b e co m in g  i n v o l v e d ,  

once  t h e  r e a c t i o n  i s  u n d e r  way; p a r t i c u l a r l y  t h e  i n d u c e d  

d e c o m p o s i t i o n  o f  t h e  p e r o x i d e  by c r - c o m p le x es  fo r m e d  d u r i n g  

t h e  r e a c t i o n  o f  r a d i c a l s  w i t h  s o l v e n t  a s  s u g g e s t e d  by  W i l l i a m s  

and  c o w o r k e r s  i n  more r e c e n t  k i n e t i c  s t u d i e s  ( 6 4 ,  73 ,  74 ,  75 ,  

7 6 ) ,  N e i t h e r  d o e s  t h i s  s i m p l e  t r e a t m e n t  e x p l a i n  t h e  f o r m a t i o n  

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

W i l l i a m s  and c o w o r k e r s  c o n s i d e r e d  t h a t  i n  b e n z e n e  and i n  a 

v a r i e t y  o f  s u b s t i t u t e d  b e n z e n e s  (CgH^X, X = a l k y l ,  P ,  C l ,  B r ,  

I )  a s  s o l v e n t ,  t h e  m a j o r  p a r t  o f  t h e  i n d u c e d  r e a c t i o n  ( c h a i n  

p r o p a g a t i o n )  p r o c e e d s  by t h i s  r o u t e :

X X

R
P  + (GgH^C0.0)2   > + CgH^CaOH

+ CgH^CO.O'

(R = p h e n y l  o r  b e n z o y l o x y )

C h a i n  t e r m i n a t i o n  c an  o c c u r  i n  two w ays :  e i t h e r  by 

c o m b i n a t i o n  o f  u n l i k e  r a d i c a l s ,

c r - c o m p l e x  + CgH^CO.O* ^  b i a r y l  + C^H^CO.OH

o r ,  by d i m é r i s a t i o n  o r  d i s p r o p o r t i o n a t i o n  o f  l i k e  r a d i c a l s .

t e t r a h y d r o q u a t e r p h e n y l s

d i m é r i s a t i o n

2 c r-complex
d i s p r o p o r t i o n a t  i  on

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

w here  t h e  above  c h a i n  t e r m i n a t i o n s  o c c u r ,  i t  may be  shown 

t h a t  t h e  r a t e  l aw  t e rm  f o r  t h e  i n d u c e d  r e a c t i o n  i s  o f  t h e  

f i r s t  o r d e r  w i t h  r e s p e c t  t o  p e r o x i d e  when c o m b i n a t i o n  o f  

u n l i k e  r a d i c a l s  p r e d o m i n a t e s ,  and i s  o f  3 / 2  o r d e r  w i t h  

r e s p e c t  t o  t h e  r e a c t a n t  when d i m é r i s a t i o n  o r  d i s p r o p o r t i o n 

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

r e a c t i o n  have  b e e n  e n c o u n t e r e d  f o r  t h e  d e c o m p o s i t i o n  o f  

b e n z o y l  p e r o x i d e  i n  b ro m o b e n z e n e ,  f o r  e x a m p l e ,  a r i s i n g  f rom 

an  i n c r e a s e d  s t a t i o n a r y  c o n c e n t r a t i o n  o f  b e n z o y l o x y  r a d i c a l s  

a s  a  r e s u l t  o f  c h a r g e - t r a n s f e r  com plex  f o r m a t i o n  ( s e e  p ag e  

3 1 ) .  Oldham and W i l l i a m s  (5 8 )  p r o p o s e d  a s i m i l a r  m echanism  

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

b e n z e n e .  B o l t o n ,  Coleman and W i l l i a m s  ( 6 9 ) s u b s e q u e n t l y  

c o n f i r m e d  t h a t  t h e  i n d u c e d  d e c o m p o s i t i o n  p r o c e e d e d  by way 

o f  i n t e r a c t i o n  b e t w e e n  p e n t a f l u o r o p h e n y l c y c l o h e x a d i e n y l  

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

d i s c u s s e d  a b o v e .

I n  c o n t r a s t ,  t h e  k i n e t i c s  o f  t h e  d e c o m p o s i t i o n  o f  

a r y l a z o t r i a r y l m e t h a n e s  (AAT) obey a s i m p l e  f i r s t  o r d e r  r a t e  

lav/ ( 4 6 ) :

-  â L M î l  = k .  [ a a t J
d t

and s u g g e s t  t h a t  t h e  r a t e  i s  u n a f f e c t e d  by t h e  n a t u r e  o f  

s u b s e q u e n t  r e a c t i o n s  u n d e rg o n e  by t h e  f r e e  r a d i c a l s  p r o d u c e d ,  

and  t h e  r a t e  d e t e r m i n i n g  s t e p  m u s t ,  t h e r e f o r e ,  be  h e m o l y t i c  

d i s s o c i a t i o n  i n t o  f r e e  r a d i c a l s  and n i t r o g e n .

T h r e e  m e th o d s  h ave  b e e n  a d o p t e d  f o r  f o l l o w i n g  t h e  

c o u r s e  o f  t h e  d e c o m p o s i t i o n  r e a c t i o n ;  one i n v o l v e s
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m e a s u re m e n t  o f  t h e  vo lume o f  n i t r o g e n  e v o l v e d  w i t h  t im e  ( 4 6 ) ,  

w h e r e a s  a  s p e c t r o p h o t o m e t r i c  m ethod  i s  a l s o  a v a i l a b l e  f o r  

t h e s e  h i g h l y  c o l o u r e d  r e a c t a n t s  (Amax = 420 nm f o r  PAT) ( 7 7 ) .  

The r a t e  o f  l o s s  o f  c o l o u r  due t o  added  DPPH t o  t h e  r e a c t i o n  

m i x t u r e  h a s  a l s o  been u s e d  a s  a m e a s u re  o f  t h e  e x t e n t  o f  

r e a c t i o n  ( 7 8 ) .  A c t i v a t i o n  p a r a m e t e r s  d e r i v e d  by  t h e s e  t h r e e  

t e  c l i n i q u e s  w ere  i n  good a g r e e m e n t  w i t h  e a c h  o t h e r .

The r a t e s  o f  d e c o m p o s i t i o n  o f  a number o f  s u b s t i t u t e d  

a r y l a z o t r i a r y l m e t h a n e s  have  b e e n  m e a s u r e d  i n  a  v a r i e t y  o f  

s o l v e n t s  a t  a  number o f  t e m p e r a t u r e s  ( 4 6 ,  77 ,  78 ,  7 9 ) .  The 

e f f e c t s  w i l l  be  d i v i d e d  i n t o  t h o s e  o f  t h e  s o l v e n t  and  t h o s e  

a r i s i n g  f rom  t h e  s u b s t i t u e n t .

The f o r m e r  e f f e c t  i s  b e s t  i l l u s t r a t e d  by c o n s i d e r i n g  

t h e  a c t i v a t i o n  p a r a m e t e r s ,  t h a t  i s  t h e  e n t h a l p y  (AH*) and  

en trop y  (AS*) o f  a c t i v a t i o n ,  f o r  t h e  d e c o m p o s i t i o n  o f  PAT 

i n  a  r a n g e  o f  s o l v e n t s  o f  d i f f e r e n t  d i e l e c t r i c  c o n s t a n t  

( a n d  s o l v a t i n g  a b i l i t y ) ,  f o r  exam ple  c y c l o h e x a n e ,  b e n z e n e ,  

t o l u e n e ,  m a l o n i c  e s t e r ,  n i t r o b e n z e n e ,  c h l o r o b e n z e n e ,  a n i s o l e ,  

b e n z o n i t r i l e ,  p r o p a n - 1 - o l  and  n i t r o m e t h a n e . I t  was o b s e r v e d  

t h a t ,  e x c e p t  f o r  an a nom alous  r e s u l t  i n  t h e  c a s e  o f  p r o p a n -  

1 - o l ,  t h e  a c t i v a t i o n  p a r a m e t e r s  i n c r e a s e  w i t h  in c r e a s in g  

d i e l e c t r i c  c o n s t a n t  o f  t h e  s o l v e n t .  I t  was n o ted , t o o ,  t h a t  

t h e  r a t e  o f  in c r e a s e  i n  AH* b e a r s  a  l i n e a r  r e l a t i o n s h i p  t o  

a  c o r r e s p o n d i n g  i n c r e a s e  i n  AS* ( 7 7 ) .  T h i s  type o f  dependence  

h a s  a l s o  b e e n  e n c o u n t e r e d  f o r  a  number o f  p r o c e s s e s  w here  

d e s o l v a t i o n  o f  s t a r t i n g  m a t e r i a l s  i s  known t o  o c c u r .  I t  i s  

a l s o  o f  some i n t e r e s t  t h a t  t h e  e n t h a l p y  o f  a c t i v a t i o n  f o r  

t h e  d e c o m p o s i t i o n  o f  PAT i n  c h l o r o b e n z e n e ,  n i t r o b e n z e n e ,  

b e n z e n e  and  c y c l o h e x a n e  p a r a l l e l s  t h a t  o f  f u s i o n  o f  t h e s e  

s o l v e n t s  ( 7 7 ,  8 0 ) ,  a f a c t  w h ic h ,  t h e  a u t h o r s  p o i n t  o u t ,
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s t r o n g l y  s u g g e s t s  t h a t  t h e  p r o c e s s  o f  a c t i v a t i o n  i n v o l v e s  

d e s o l v a t i o n .

The t r e n d  i n  AH* and AS* w i t h  d i e l e c t r i c  c o n s t a n t  i s  

c o n s i s t e n t  w i t h  a mechanism w h ic h  p o s t u l a t e s  a  l e s s  p o l a r  

t r a n s i t i o n  s t a t e  ( a c t i v a t e d  co m p lex )  t h a n  t h e  p a r e n t  a z o -  

compound; d e s o l v a t i o n  o f  t h e  l a t t e r  c o u l d ,  t h e r e f o r e ,  be  

an i m p o r t a n t  p r o c e s s  i n  t h e  s l o w e s t  s t e p  o f  t h e  r e a c t i o n .

The r a t e  o f  d e c o m p o s i t i o n  i n  t o l u e n e  o f  some 

s u b s t i t u t e d  a r y l a z o t r i a r y l m e t h a n e s  h a s  a l s o  b e e n  m e a s u r e d  

( 4 6 ,  7 9 ) .  I n  t h e  c a s e  o f  2 -X-C^H^N=NCPh^ (X = CH^, C l ,  B r ,

NOg, OCHj, OH, GH^CO.NH), and m-X-C^H^N=NGPh^ (X = GH^, G l ,  

NOg), i t  h a s  b e e n  fo u n d  t h a t  f o r  a l l  s u b s t i t u e n t s ,  X, w h e t h e r  

t h e y  be  e l e c t r o n  a t t r a c t i n g  o r  r e p e l l i n g ,  t h e  r a t e  o f  

d e c o m p o s i t i o n  r e l a t i v e  t o  PAT i s  d e c r e a s e d .  A s i m i l a r  

r e s u l t  was o b t a i n e d  f o r  t h e  d e c o m p o s i t i o n  o f  p-HO-G^H^N=NGPh^ 

i n  a c e t i c  a c i d  and p y r i d i n e  ( 7 9 ) .  I t  h a s  a l s o  b e e n  shown t h a t  

t h i s  d e c r e a s e  i n  r a t e  i s  more m arked  i n  t h e  c a s e  o f  e l e c t r o n  

a t t r a c t i n g  g r o u p s .

I n o r g a n i c  f r e e  r a d i c a l s .

By d e f i n i t i o n  any s p e c i e s  c o n t a i n i n g  an  u n p a i r e d

e l e c t r o n  may be  c l a s s e d  a s  a f r e e  r a d i c a l .  T h u s ,  t h e  n e u t r a l

m o l e c u l e s  NO, NOg, e a c h  c o n t a i n i n g  one u n p a i r e d  e l e c t r o n ,
— 2"

a r e  r a d i c a l s .  C e r t a i n  i o n i c  s p e c i e s ,  s u c h  a s  80^  and  NOg , 

a r e  a l s o  r a d i c a l s  f o r  t h e  same r e a s o n .  The l a t t e r  a r e  o f t e n  

r e f e r r e d  t o  a s  r a d i c a l  a n i o n s .  I n  t h i s  s e c t i o n  some p r o p e r t i e s  

o f  t h e  n i t r o g e n  d i o x i d e  r a d i c a l  w i l l  be  d i s c u s s e d .

At room t e m p e r a t u r e ,  n i t r o g e n  d i o x i d e  e x i s t s  m a i n l y  

a s  t h e  d im e r  ( b . p .  2 1 , 1 5 ° )  ( 8 1 ) .  The u n u s u a l l y  l o n g

N-N bond  ( 1 . 7 5  S. i n  t h e  g a s  p h a s e ,  c om pared  w i t h  1 . 4 8  S. i n  

h y d r a z i n e )  i s  i n  a c c o r d a n c e  w i t h  t h e  r e a d y  h o m o l y s i s  o f  t h e
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d i m e r  ( 8 2 ) .  At 100°  d i s s o c i a t i o n  o c c u r s  t o  t h e  e x t e n t  o f  

90% ( 8 3 ) .

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

d i r e c t l y  r e l e v a n t  t o  t h i s  w ork  and a r e  b e s t  d e s c r i b e d  i n  a  

r e c e n t  r e v i e w  ( 8 4 ) .

E . s . r ,  s t u d i e s  on t h e  r a d i c a l  i n d i c a t e  t h a t  t h e  odd 

e l e c t r o n  r e s i d e s  t o  t h e  e x t e n t  o f  48% on t h e  n i t r o g e n  a tom ,  

l e a v i n g  52% t o  be s h a r e d  b e tw e e n  t h e  oxygens  ( 8 3 ) .  The 

r e a c t i o n s  o f  n i t r o g e n  d i o x i d e  a r e , t h e r e f o r e ,  e x p e c t e d  t o  

p r o c e e d  i n  two w ays ,  t h a t  i s  t h r o u g h  e i t h e r  o f  t h e  r a d i c a l  

c e n t r e s  f o r m i n g  n i t r o -  d e r i v a t i v e s  o r  o r g a n i c  n i t r i t e s  w i t h  

s u i t a b l e  s u b s t r a t e s .  T h i s  may be  i l l u s t r a t e d  by p a s s i n g  

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

e t h a n e ,  when b o t h  n i t r o t r i p h e n y l m e t h a n e  and t r i p h e n y l m e t h y l  

n i t r i t e  a r e  f o r m e d ,  t h e  l a t t e r  b e i n g  most  a b u n d a n t  a t  low 

t e m p e r a t u r e s  ( 8 4 ) .  T h i s  exam ple  i s  p o s s i b l y  one o f  t h e  

e a r l i e s t  f r e e  r a d i c a l  r e a c t i o n s  o f  n i t r o g e n  d i o x i d e .

The r e a c t i o n s  o f  n i t r o g e n  d i o x i d e  a r e  t y p i c a l  o f  a 

m o d e r a t e l y  r e a c t i v e  f r e e  r a d i c a l .  As w e l l  a s  u n d e r g o i n g  

d i m é r i s a t i o n ,  i t  co m b in es  w i t h  o t h e r  f r e e  r a d i c a l s ,  a b s t r a c t s  

h y d r o g e n  f ro m  s a t u r a t e d  h y d r o c a r b o n s ,  a d d s  t o  u n s a t u r a t e d  

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

s u b s t i t u t e  h y d r o g e n  i n  a r o m a t i c  n u c l e i ,  f o r  e x am p le :

X  X X X

"NO
- 2 - ^

o2 ' NO,
H -HONO) ^2

'H ^NO

N i t r o b e n z e n e  may be p r e p a r e d  by t h e  r e a c t i o n  o f  p h e n y l  

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

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

( y i e l d :  0 . 1 4  -  0 , 1 9  m o le s  p e r  mole  o f  p e r o x i d e )  ( 8 5 ) ,  T h i s  

r e a c t i o n  was s t u d i e d  i n  g r e a t e r  d e t a i l  by Rees  ( 8 6 )  who 

e x t e n d e d  t h e  work  t o  i n c l u d e  s u b s t i t u t e d  p e r o x i d e s .

I t  i s  n o t  u n r e a s o n a b l e  t o  assume t h a t  a s  n i t r o g e n  

d i o x i d e  r e a c t s  w i t h  p h e n y l  r a d i c a l s  t o  g i v e  n i t r o b e n z e n e  i t  

may a l s o  r e a c t  i n  a s i m i l a r  manner  w i t h  p e n t a f l u o r o p h e n y l  

r a d i c a l s  y i e l d i n g  n i t r o p e n t a f l u o r o b e n z e n e . The r e a c t i o n  

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

may c o n s t i t u t e  a c o n v e n i e n t  and c h e a p  method f o r  t h e  

p r o d u c t i o n  o f  t h i s  compound, and a p a r t  o f  t h i s  t h e s i s  i s  

d e v o t e d  t o  s t u d y i n g  t h e  f o r m a t i o n  o f  n i t r o p e n t a f l u o r o b e n z e n e  

when p e n t a f l u o r o b e n z o y l  p e r o x i d e  i s  a l l o w e d  t o  decompose  i n  

t h e  p r e s e n c e  o f  n i t r o g e n  d i o x i d e .
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In  t  i^oduc  t  i  o n .

The c a s e  f o r  t h e  s y n t h e s i s  o f  n i t r o p e n t a f l u o r o b e n z e n e  

by t h e  s p e c i f i c  r e a c t i o n  b e tw e e n  p e n t a f l u o r o p h e n y l  r a d i c a l s  

and n i t r o g e n  d i o x i d e  h a s  b e e n  s t a t e d  p r e v i o u s l y  ( s e e  p ag e  1+8). 

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

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

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

d i o x i d e .

The s o l v e n t  c h o s e n  f o r  t h e  r e a c t i o n s  was c a r b o n  t e t r a 

c h l o r i d e ;  t h e  o n l y  i m p o r t a n t  s i d e  r e a c t i o n  w h ic h  c a n  o c c u r  i n  

t h i s  c a s e  i s  t h a t  o f  c h l o r i n e  a b s t r a c t i o n  by  r a d i c a l  e n t i t i e s .  

A l t h o u g h  R ees  ( 8 6 )  o b t a i n e d  a p p r e c i a b l e  y i e l d s  o f  c h l o r i n a t e d  

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

t e t r a c h l o r i d e / n i t r o g e n  d i o x i d e  ( e . g .  a b o u t  10^ y i e l d  o f  

c h l o r o b e n z e n e  f o r  t h e  r e a c t i o n  i n v o l v i n g  b e n z o y l  p e r o x i d e )  

i t  was  c o n s i d e r e d  t h a t  s u c h  p r o d u c t s  w ou ld  l e a d  t o  t h e  

f o r m a t i o n  o f  s m a l l e r  amounts  o f  i n v o l a t i l e  r e s i d u e s  t h a n  t h e  

p r o d u c t s  fo rm ed  w i t h ,  s a y ,  an  a r o m a t i c  s o l v e n t .  Rees  (86 )  

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

Under  t h e s e  c o n d i t i o n s  t h e  y i e l d  o f  n i t r o -  compound was 

n e a r l y  d o u b l e d .  However,  t h e  n a t u r e  o f  t h e  p r o d u c t s  s u g g e s t e d  

a  h e t e r o l y t i c  e l e c t r o p h i l i c  n i t r a t i o n  m echan ism ,  p r e s u m a b ly  

i n v o l v i n g  b e n z o y l  n i t r a t e .  I t  may be  e x p e c t e d  t h a t  s i n c e  t h e  

e l e c t r o p h i l i c  r e a c t i o n  would  be n o n - e x i s t e n t  i n  p e r f l u o r o -  

a r o m a t i c  s y s t e m s  th e  l a s t  method would  o f f e r  a more s u i t a b l e  

p r e p a r a t i o n  o f  n i t r o p e n t a f l u o r o b e n z e n e  by f r e e  r a d i c a l  

i n t e r a c t i o n .  I t  w as ,  h o w e v e r ,  c o n s i d e r e d  t h a t  i f  s u f f i c i e n t l y  

l a r g e  q u a n t i t i e s  w ere  u s e d  t o  make t h e  t e c h n i q u e  w o r t h w h i l e  

a s  a p r e p a r a t i v e  method f o r  n i t r o p e n t a f l u o r o b e n z e n e  

c o n s i d e r a b l e  h a z a r d s  would  be  i n c u r r e d  a s  a c o n s e q u e n c e  o f
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h e a t i n g  p e n t a f l u o r o b e n z o y l  p e r o x i d e  i n  an  a n h y d r o u s  s t a t e .

.of .

( i  ) .PGf&af I j io f  o b e n z o y l  p e r  oxi_de.

P e n t a f l u o r o b e n z o y l  p e r o x i d e  was p r e p a r e d  by  t h e  m ethod  

o f  W i l l i a m s  and c o w o r k e r s  (8 7 )  by r e a c t i o n  o f  p e n t a f l u o r o 

b e n z o y l  c h l o r i d e  w i t h  a l k a l i n e  h y d r o g e n  p e r o x i d e .  The s t a r t i n g  

m a t e r i a l  was made a s  f o l l o w s :  P e n t a f l u o r o b e n z o i c  a c i d  (25  g,  

0 . 1 2  m o le )  and t h i o n y l  c h l o r i d e  (200  cm^) w ere  h e a t e d  u n d e r  

r e f l u x  f o r  48 h o u r s ,  when a y e l l o w  s o l u t i o n  r e s u l t e d .  E x c e s s  

o f  s o l v e n t  ( b . p .  7 7 ° )  was removed by d i s t i l l a t i o n  t h r o u g h  a 

s h o r t  D u f t o n  co lumn;  t h e  r e s i d u e  was t r a n s f e r r e d  t o  a s m a l l e r  

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

f r a c t i o n  b o i l i n g  b e tw e e n  1 58 -  16 0 °  ( l i t .  159°  ( 8 8 ) ) .  Y i e l d  o f  

p e n t a f l u o r o b e n z o y l  c h l o r i d e :  92%.

Sodium h y d r o x i d e  (20 cm^, 50% aq)  and h y d r o g e n  p e r o x i d e  

(40 cm^, 30%) w ere  mixed  a t  0 °  and p l a c e d  i n  a  500 cm^ r o u n d -  

b o t t o m e d  f l a s k  im mersed  i n  an i c e - s a l t  f r e e z i n g  m i x t u r e .  The 

v e s s e l  was  s h a k e n  m e c h a n i c a l l y  w h i l s t  a  s o l u t i o n  o f  p e n t a 

f l u o r o b e n z o y l  c h l o r i d e  (25  g ,  0 .11  m o le )  i n  c h l o r o f o r m  

( 2 5  cm^) was added  d r o p w i s e  f rom a b u r e t t e .  V^hen t h e  a d d i t i o n  

was c o m p l e t e  t h e  f l a s k  was sh a k e n  f o r  a  f u r t h e r  90 m i n u t e s ,  

t h e  s u s p e n s i o n  was f i l t e r e d  and t h e  w h i t e  s o l i d  was c o l l e c t e d .  

A f u r t h e r  q u a n t i t y  o f  t h e  p r o d u c t  was o b t a i n e d  by a d d i n g  i c e -  

c o l d  m e t h a n o l  (100 cm^) t o  t h e  c h l o r o f o r m  l a y e r  o f  t h e  

f i l t r a t e .  The two y i e l d s  w ere  com bined .

C rude  p e n t a f l u o r o b e n z o y l  p e r o x i d e  was r e c r y s t a l l i s e d  

by  d i s s o l v i n g  i n  a s m a l l  volume o f  c h l o r o f o r m  a t  room 

t e m p e r a t u r e ,  f i l t e r i n g  t o  remove s u s p e n d e d  m a t e r i a l  and 

a d d i n g  t w i c e  i t s  volume o f  i c e - c o l d  m e t h a n o l .  The m i x t u r e  was 

c o o l e d  i n  i c e - s a l t ,  when c r y s t a l s  s e p a r a t e d .  The p r o d u c t  was
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d r i e d  i n  a s t r e a m  o f  n i t r o g e n  and f i n a l l y  ^  v a c u o  o v e r  

c a l c i u m  c h l o r i d e .  Y i e l d  o f  p e n t a f l u o r o b e n z o y l  p e r o x i d e  : 35%, 

m .p .  79 -  7 9 . 5 °  ( l i t .  79 -  7 9 . 5 °  ( 8 7 ) ) .

( i i  ) N i t r ogen  d i o x i d je .

N i t r o g e n  d i o x i d e  was p r e p a r e d  by t h e  p y r o l y s i s  o f  l e a d  

n i t r a t e .  The s a l t  (100  g r e a g e n t  g r a d e  P b ( N 0 ^ )2 )  was  h e a t e d  

s t r o n g l y  i n  a  c o m b u s t io n  t u b e .  The g a s  e v o l v e d  was p a s s e d  

o v e r  p h o s p h o r u s  p e n t o x i d e  s u s p e n d e d  on g l a s s  wool  and 

c o n d e n s e d  i n  a  t r a p  c o o l e d  i n  a  s o l i d  c a r b o n  d i o x i d e / c h l o r o -  

fo rm  f r e e z i n g  m i x t u r e .  Care  was t a k e n  t o  p r e v e n t  t h e  d e l i v e r y  

t u b e  f rom  becom ing  b l o c k e d  w i t h  s o l i d  d i n i t r o g e n  t e t r o x i d e .  

S i l i c o n e  r u b b e r  c o n n e c t i o n s  w ere  em ployed  t h r o u g h o u t  and t h e  

u s e  o f  g r e a s e  was a v o i d e d .

The p r o d u c t  was r e d i s t i l l e d  by g e n t l y  w arm ing  t h e  t u b e  

and  i t s  c o n t e n t s  i n  a b e a k e r  o f  w a t e r  and c o l l e c t i n g  t h e  

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

o f  b l u e  i n  t h e  n e a r l y  w h i t e  s o l i d  was a t t r i b u t e d  t o  t h e  

p r e s e n c e  o f  s m a l l  amounts  o f  d i n i t r o g e n  t r i o x i d e  (N^O^) .  The 

s o l i d  was m e l t e d  and d i s p e n s e d  i n t o  g l a s s  a m p o u le s ,  e a c h  

c o n t a i n i n g  4 - 5  cm^, w h ic h  w ere  i m m e d i a t e l y  s e a l e d .

A c y l i n d e r  o f  n i t r o g e n  d i o x i d e  was l a t e r  o b t a i n e d  

( f r o m  B . O . C . ,  Morden, S u r r e y )  and t h e  g a s  was u s e d  w i t h o u t  

f u r t h e r  p u r i f i c a t i o n  o t h e r  t h a n  p a s s i n g  i t  t h r o u g h  p h o s p h o r u s  

p e n t o x i d e  on g l a s s  w o o l .  S o l i d  d i n i t r o g e n  t e t r o x i d e  was 

c o l l e c t e d  i n  a c o o l e d  t r a p ,  a s  b e f o r e ,  and s t o r e d  i n  s e a l e d  

a m p o u l e s .

( i i i )  P u r i f i c a t i o n  o f  c a r b o n  t e t r a c h l o r i d e .

’’A n a l a P ” g r a d e  c a r b o n  t e t r a c h l o r i d e  was d i s t i l l e d  

t h r o u g h  a  h e l i x  p a c k e d  column ( 1 . 5  x 2 . 3  cm) c o l l e c t i n g  

t h e  f r a c t i o n  b o i l i n g  i n  t h e  r a n g e  7 6 . 8  -  7 7 . 0  . T r a c e s  o f
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m o i s t u r e  w ere  removed by d r y i n g  o v e r  p h o s p h o r u s  p e n t o x i d e  

and  t h e  s o l v e n t  r e d i s t i l l e d  f rom f r e s h  q u a n t i t i e s  o f  t h e  

d r y i n g  a g e n t ,  t a k i n g  p r e c a u t i o n s  t o  e x c l u d e  m o i s t u r e  f rom  

t h e  a p p a r a t u s ;  b . p .  7 6 . 8  -  7 7 . 0 °  ( l i t .  7 6 . 7 4 °  ( 8 9 ) ) ,

1 .4 6 1 3  ( l i t .  1.4631 ( 8 9 ) ) .  The p r o d u c t  was s t o r e d  i n  a 

d a r k  g l a s s  c o n t a i n e r  o v e r  m o l e c u l a r  s i e v e  ( t y p e  3A).  

E x p e r i m e n t a l  p r o c e d u r e .

( i  ) The r e a c t i ^ o n .

A l l  r e a c t i o n s  w ere  c a r r i e d  o u t  a t  80°  i n  s e a l e d ,  t h i c h -  

w a l l e d  g l a s s  v e s s e l s  ( C a r i u s  t u b e s )  o f  100 cm^ c a p a c i t y  t o  

w i t h s t a n d  t h e  h i g h  p r e s s u r e  due  t o  e x p a n s i o n  o f  n i t r o g e n  

d i o x i d e  a t  t h i s  t e m p e r a t u r e  and t o  t h e  c a r b o n  d i o x i d e  e v o l v e d  

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

n i t r o g e n  d i o x i d e  was w e ig h ed  a c c u r a t e l y  and c a r e f u l l y  l o w e r e d  

i n t o  t h e  r e a c t i o n  v e s s e l ,  t h e  n e c k  o f  w h i c h  was s u b s e q u e n t l y  

d raw n  o u t  t o  f a c i l i t a t e  s e a l i n g  l a t e r .  A s o l u t i o n  o f  a known 

c o n c e n t r a t i o n  o f  p e n t a f l u o r o b e n z o y l  p e r o x i d e  ( p r e p a r e d  by 

w e i g h t  a s s u m in g  a  p u r i t y  o f  100%) i n  c a r b o n  t e t r a c h l o r i d e  was 

t h e n  i n t r o d u c e d  a v o i d i n g  c o n t a m i n a t i o n  o f  t h e  n e c k  o f  t h e  

t u b e .  The r e a c t a n t s  were  f r o z e n  i n  an a c e t o n e / s o l i d  c a r b o n  

d i o x i d e  m i x t u r e  and t h e  v e s s e l  s e a l e d .  The c o n t e n t s  w ere  

a l l o w e d  t o  m e l t  and t h e  ampoule o f  n i t r o g e n  d i o x i d e  was 

b r o k e n  by v i g o r o u s  s h a k i n g  o f  t h e  t u b e .  T h i s  was p l a c e d  i n  

a  s t e e l  j a c k e t  t a k i n g  c a r e  n o t  t o  s c r a t c h  t h e  o u t s i d e  o f  t h e  

g l a s s  v e s s e l .  The j a c k e t  was c l o s e d ,  by means o f  a s c r e w - o n  

c a p  i n  w h i c h  t h e r e  was a s m a l l  h o l e  t h r o u g h  w h ic h  g a s e s  c o u l d  

e s c a p e  i n  c a s e  o f  e x p l o s i o n ,  and p l a c e d  i n  an o i l  b a t h  whose 

t e m p e r a t u r e  was c o n t r o l l e d  t o  -  0 . 5  f o r  72 h o u r s .  T h i s  

t e c h n i q u e  was a d o p t e d  f o r  a l l  b u t  two r e a c t i o n s .  I n  one o f  

t h e s e  n i t r o g e n  d i o x i d e  was o m i t t e d ,  w h i l e  i n  t h e  o t h e r  t h e
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s o l v e n t  was h e x a f l u o r o b e n z e n e .

When t h e  r e a c t i o n  was c o m p le t e  t h e  t u b e  was rem oved  

f rom i t s  s t e e l  j a c k e t ,  t h e  c o n t e n t s  f r o z e n  a s  b e f o r e  and  t h e  

s e a l  b r o k e n .  On r e m e l t i n g ,  t h e  r e a c t e d  m i x t u r e  was f i l t e r e d  

and f r a g m e n t s  o f  t h e  b r o k e n  ampoule  r e c o v e r e d  and  w e ig h e d  i n  

o r d e r  t o  d e t e r m i n e  th e  amount o f  n i t r o g e n  d i o x i d e  p r e s e n t  a t  

t h e  b e g i n n i n g  o f  t h e  e x p e r i m e n t ;  t h e  f i l t r a t e  was r e t a i n e d  f o r  

a n a l y s i s .  At t h i s  s t a g e  i t  was o b s e r v e d  t h a t  e t c h i n g  o f  t h e  

s u r f a c e  o f  t h e  g l a s s  r e a c t i o n  v e s s e l  and o f  t h e  b r o k e n  ampoule  

had  o c c u r r e d  i n  a l l  c a s e s  e x c e p t  t h e  r e a c t i o n  i n  w h ic h  no 

n i t r o g e n  d i o x i d e  was p r e s e n t .  I n  a d d i t i o n  t o  p i e c e s  o f  g l a s s  

a  f i n e l y  d i v i d e d  w h i t e  s o l i d  r e m a i n e d  on t h e  f i l t e r  p a p e r  and 

t h i s  was a l s o  r e t a i n e d  f o r  a n a l y s i s .

( i i ) S u b s equ e n t  t r e a t m e n t  o f  r e a c t i o n  m i x t u r e .

Dry n i t r o g e n  g a s  was b u b b l e d  t h r o u g h  t h e  f i l t r a t e  f o r  

a b o u t  h a l f  an h o u r  t o  remove u n r e a c t e d  n i t r o g e n  d i o x i d e .  At  

t h e  end  o f  t h i s  t im e  t h e  c o l o u r l e s s  s o l u t i o n  was e x t r a c t e d  

w i t h  s a t u r a t e d  a q u eo u s  sodium h y d r o g e n  c a r b o n a t e  s o l u t i o n  

(10  X 20 cm^) t o  remove a c i d i c  c o m p o n e n t s .  These  e x t r a c t s  

w e re  com bined  and s h a k e n  w i t h  c a r b o n  t e t r a c h l o r i d e  

(3  X 10 cm^) t o  e n s u r e  t h e  a b s e n c e ,  i n  t h e  a q u e o u s  f r a c t i o n ,  

o f  compounds  n o t  f o r m i n g  s a l t s  w i t h  sodium h y d r o g e n  c a r b o n a t e  

w h i c h  may h ave  d i s s o l v e d  by p a r t i t i o n  b e tw e e n  t h e  s o l v e n t s  

i n  t h e  f i r s t  e x t r a c t i o n .  The c a r b o n  t e t r a c h l o r i d e  e x t r a c t s  

w ere  t h e n  added  t o  t h e  main  o r g a n i c  f r a c t i o n  w h i c h  was 

s u b s e q u e n t l y  w ashed  w i t h  w a t e r  and d r i e d  o v e r  f u s e d  c a l c i u m  

c h l o r i d e .  The com bined  a q u eo u s  e x t r a c t s  w ere  a c i d i f i e d  w i t h  

c o n c e n t r a t e d  h y d r o c h l o r i c  a c i d  and t h e  o r g a n i c  a c i d s  p r e s e n t  

w e re  e x t r a c t e d  w i t h  d i c h i o r o m e t h a n e  (3  x 50 cm ) .  T h i s  

f r a c t i o n  was washed  w i t h  w a t e r  and d r i e d  o v e r  c a l c i u m  c h l o r i d e
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R e a c t i o n
m i x t u r e

NaHGO

aqueous  
( a c i d s )

o r g a n i c

001

aqueous  
( a c i d s ) o r g a n i c combine

1 , HOI
( a c i d i f y )

2 .  Ch!,C1,

o r g a n i co r g a n i c a queous

OaOl

main
o r g a n i c

f r a c t i o n

combine aqueouso r g a n i c a queous

a n a l y s i s
f o r

f l u o r i d e

CaCl

main
CHpOlp

f r a c t i o n

i o n

Fi£ure__L.

Work up p r o c e d u r e  f o r  r e a c t i o n  mixture^s
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A n a l y s i s  o f  r e a c t i o n  m i x t u r e s .

( i  m a t e r i a l  r e c o v e r e d  f rom  r e a c t i o n  m i x t u r e s .

The f i n e l y  d i v i d e d  w h i t e  s o l i d s  f i l t e r e d  o f f  f rom  

r e a c t i o n  m i x t u r e s  w ere  f o u n d  t o  be r e f r a c t o r y  and i n s o l u b l e  

i n  w a t e r ,  and a  f l a m e  t e s t  on t h e  m a t e r i a l  c l e a r l y  i n d i c a t e d  

t h e  p r e s e n c e  o f  sod ium.

The i n f r a r e d  s p e c t r a  o f  t h e s e  p r o d u c t s  w e re  r e c o r d e d  

f ro m  p o t a s s i u m  b rom ide  d i s c s  ( g r a p h  1) and  w e re  d i f f e r e n t  

f rom  t h e  s p e c t r u m  o f  th e  g l a s s  o f  t h e  ampoule  c o n t a i n i n g  

n i t r o g e n  d i o x i d e .  The f o r m a t i o n  o f  t h i s  s o l i d  seemed t o  d ep en d  

upon  t h e  p r e s e n c e  o f  n i t r o g e n  d i o x i d e  s i n c e  none  was d e t e c t e d  

i n  t h e  e x p e r i m e n t  i n  w hich  t h e  l a t t e r  was a b s e n t .  A l s o ,  s i n c e  

t h e  g l a s s  o f  t h e  r e a c t i o n  v e s s e l  was n o t  e t c h e d  i n  t h i s  c a s e  

i t  i s  p o s s i b l e  t h a t  t h i s  w h i t e  m a t e r i a l  i s  a s s o c i a t e d  w i t h  

and may be  a p r o d u c t  o f  t h e  e t c h i n g  p r o c e s s .

B a d a c h h a p e ,  H u n t e r ,  McCory and M argrave  ( 9 0 )  have  

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

s i l i c a t e s :  (MH^^gSiPg, L i g S i F g . a i g O ,  N a^S iF g ,  GufHgOÏgSiFg,  

AggSiPg, Zn(H20)gSiPg, GdfHgOjgSiPg, Mn(H20)gSiFg,
C o (H 2 0 )g S iP g  and N i ( H 2 0 ) g S i P g . For a l l  t h e  compounds t h e r e  

w e re  two s t r o n g  i n f r a r e d  a b s o r p t i o n  b a n d s  i n  t h e  r e g i o n  o f  

A90 and 740 cmT^ w h ic h  were  a s s i g n e d  t o  fundamental v i b r a t i o n s  

( s t r e t c h i n g  and b e n d i n g  r e s p e c t i v e l y )  o f  t h e  h e x a f l u o r o -  

s i l i c a t e  i o n ,  8iF^^~, assuming i t  h a s  o c t a h e d r a l  sym m etry .

I n  t h e s e  compounds f o r  a l l  e x c e p t  t h e  l i t h i u m  and sod ium 

s a l t s  t h e  490 cm  ̂ band  i s  a s h a r p  p e a k ;  t h e  sod ium s a l t  

shows a  b r o a d e r  s t r o n g  band  e x t e n d i n g  f rom 450 t o  540 cm 

w i t h  p e a k s  a t  477 ,  4 8 5 ,  498 and 522 cm . T h i s  s p l i t t i n g  i s  

t h o u g h t  t o  be c o n n e c t e d  w i t h  t h e  c r y s t a l  s t r u c t u r e  o f  sodium 

h e x a f l u o r o s i l i c a t e  w h ich  c o n t a i n s  S iP ^  i n  two d i f f e r e n t
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e n v i r o n m e n t s .

I n  a d d i t i o n  t o  t h e  two b an d s  a l r e a d y  m e n t i o n e d  t h o s e  

compounds  c o n t a i n i n g  w a t e r  m o l e c u l e s  i n  t h e  c r y s t a l  a l s o  

showed i n t e n s e  a b s o r p t i o n s  a ro u n d  1620 and 3400 c m ~ \  

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

m o l e c u l e .

T a b l e  2 l i s t s  t h e  b a n d s  o b s e r v e d  i n  t h e  s p e c t r a  shov/n

i n  g r a p h  1 t o g e t h e r  w i t h  t h o s e  r e c o r d e d  by B ad ach h ap e  and

c o w o r k e r s  f o r  t h e  i n f r a r e d  s p e c t r u m  o f  sod ium  f l u o r o s i l i c a t e .

I n  t h e  c a s e  o f  t h e  unknown s o l i d s  t h e  two m ain  f r e q u e n c y

b a n d s  a s s o c i a t e d  w i t h  t h e  h e x a f l u o r o s i l i c a t e  i o n  a r e  p r e s e n t ;

t h e  s p l i t t i n g  o f  t h e  low f r e q u e n c y  band  i s  o b s e r v e d  and  t h e
— *1h i g h  f r e q u e n c y  band  a p p e a r s  a t  a b o u t  730 cm . T h e re  a r e  a l s o  

two b a n d s  a t  1630 and 3400 cm w h ic h ,  a c c o r d i n g  t o  B ad ach h ap e  

and  c o w o r k e r s ,  o n ly  o c c u r  i n  h y d r a t e d  s a l t s .  The c o n c l u s i o n  

drav/n h e r e  i s  t h a t  t h e  w h i t e  s o l i d  c o u l d  be  sod ium f l u o r o -  

s i l i c a t e  and  t h a t  t h e  s am p le s  a n a l y s e d  may h ave  b e e n  

c o n t a m i n a t e d  by t r a c e s  o f  m o i s t u r e .

( i i )  A n a l y s i s f o r  f l u o r i d e  i o n .

The phenomenon o f  e t c h i n g  o f t e n  i n v o l v e s  f l u o r i d e  i o n  

o r  r e a c t i v e  f l u o r i n e  compounds w h ic h  may be h y d r o l y s e d  t o  

f l u o r i d e  i o n  u n d e r  t h e  c o n d i t i o n s  e n c o u n t e r e d  d u r i n g  t h e  

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

t h e r e f o r e ,  a n a l y s e d  f o r  f l u o r i d e  i o n .  The m i x t u r e s  i n v e s t 

i g a t e d  i n  t h i s  v/ay were  t h e  r e s i d u e s  f rom  t h e  a q u e o u s  

e x t r a c t s ,  t h a t  i s ,  t h e  l a y e r  r e m a i n i n g ,  i n  e a c h  c a s e ,  a f t e r  

e x t r a c t i o n  w i t h  d i  c h i  o r  ome t h a n e  and a l l  w a s h i n g s  w i t h  w a t e r  

w e re  a d d e d  t o  t h i s  s o l u t i o n  ( s e e  f i g *  1 ) .  "the p r e s e n t  

w o rk  b a s e  was u s e d  d u r i n g  t h e  w o r k in g  up  o f  r e a c t i o n  m i x t u r e s  

i n  o r d e r  t o  m i n i m i s e  p a r t i t i o n  o f  c o v a l e n t  h y d r o g e n  f l u o r i d e
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b e t w e e n  t h e  o r g a n i c  and a queous  p h a s e s .

( a )  Gen e r a l  An_cjL_nj ê .

F l u o r i d e  i o n  may be d e t e r m i n e d  i n  s o l u t i o n  by t i t r a t i o n

w i t h  t h o r i u m  n i t r a t e ,  v / i t h  a l i z a r i n  r e d  S a s  i n d i c a t o r .  The

h i g h  c h a r g e  on Th^"^ makes i t  s u s c e p t i b l e  t o  com plex  f o r m a t i o n

a n d ,  i n  s o l u t i o n  w i t h  a n i o n s ,  complexed s p e c i e s ,  w h i c h  may

a d d i t i o n a l l y  be p a r t i a l l y  h y d r o l y s e d  and p o l y m e r i c ,  a r e

f o r m e d .  A l i z a r i n  r e d  S fo rm s  a c o l o u r e d  dye ( p i n k  l a k e )  w i t h

t h o r i u m  i o n s ,  b u t ,  a s o l u t i o n  o f  f l u o r i d e  i o n s  w i t h  t h e

i n d i c a t o r  g i v e s  no p i n k  c o l o u r  w i t h  Th^^ u n t i l  a l l  t h e

f l u o r i d e  i s  c o m p le x ed .  The r e s u l t s  o f  t h e  p r e s e n t  e x p e r i m e n t s

i n d i c a t e  t h a t  e x a c t l y  f o u r  m o le s  o f  f l u o r i d e  i o n  a r e  r e q u i r e d

p e r  mole  o f  t h o r i u m  i o n s  i n  o r d e r  t o  c o n v e r t  i o n i c  t h o r i u m

i n t o  c o v a l e n t  t h o r i u m .  However,  t h i s  d o e s  n o t  n e c e s s a r i l y

mean t h a t  "ThF^" i s  t h e  c o v a l e n t  s p e c i e s ;  t h e  r e a l  com plex

may w e l l  be  a p o l y m e r i c  s p e c i e s  o r  p o s s i b l y  a more com plex
2 —a n i o n  s u c h  as  ThXgF^ " ,  where  X may be  any o t h e r  a n i o n  p r e s e n t  

i n  s o l u t i o n .

A l i z a r i n  r e d  S i s  a l s o  an a c i d - b a s e  i n d i c a t o r  and i s  

m a g e n t a  i n  a l k a l i s ,  so  t h e  s o l u t i o n  must be b u f f e r e d .  I n  

a d d i t i o n ,  t h o r i u m  ( IV)  fo rm s  a  s e r i e s  o f  b a s i c  s a l t s  and 

u n d e r g o e s  e x t e n s i v e  h y d r o l y s i s  i n  a queous  s o l u t i o n s  a t  pH ) 3 .  

F o r  t h e s e  r e a s o n s  t h e  pH o f  t h e  medium must  l i e  on t h e  a c i d  

B ide  and t h e  b u f f e r  must n o t  c o n t a i n  a n i o n s  w h ic h  com plex  

w i t h  t h o r i u m  ( I V ) .  A sodium c h l o r o a c e t a t e / c h l o r o a c e t i c  a c i d  

b u f f e r ,  pH 3 ,  i s  fo u n d  t o  be  s a t i s f a c t o r y ,

( b ) P r e p a r a t i o n  o f  r e a g e n t s .

S o l u t i o n s  v/ere p r e p a r e d  a s  f o l l o w s ;  sod ium  f l u o r i d e  

(AR),  p r e v i o u s l y  d r i e d  a t  120°  f o r  s e v e r a l  h o u r s ,  and  t h o r i u m  

n i t r a t e  h e x a h y d r a t e  (AR) were d i s s o l v e d  i n  w a t e r  and made up
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t o  t h e  mark  i n  s e p a r a t e  v o l u m e t r i c  f l a s k s .  The b u f f e r  

c o n s i s t e d  o f  m o n o c h l o r o a c e t i c  a c i d  (9 .A 5  g) and sodium 

h y d r o x i d e  ( 2 . 0 0  g )  i n  v /a te r  (100 cm^).

( c )  S t a n d a r d i s a t i o n  o f  t h o r i u m  n i t r a t e .

S t a n d a r d  sodium f l u o r i d e  s o l u t i o n  (25 cm^, 0 . 0 5 0 0  M) 

was p i p e t t e d  i n t o  a  250 cm^ c o n i c a l  f l a s k  and 8 d r o p s  o f  

a l i z a r i n  r e d  8 ( 0 . 0 5 ^ )  a d d ed .  The s o l u t i o n  was n e u t r a l i s e d  

w i t h  so d iu m  h y d r o x i d e  (10%) fo l lo v /e d  by h y d r o c h l o r i c  a c i d  

( a p p r o x .  0 ,5%) u n t i l  t h e  p i n k  c o l o u r  was j u s t  d i s c h a r g e d .

C h l o r o a c e t a t e  b u f f e r  (1 cm^) was added and t h e  c o n t e n t s  o f  t h e  

f l a s k  w e re  t i t r a t e d  w i t h  t h o r i u m  n i t r a t e  ( 0 .0 2 5  M), t h e  end  

p o i n t  b e i n g  i n d i c a t e d  by t h e  f i r s t  a p p e a r a n c e  o f  a  p i n k  

c o l o u r a t i o n .

(d ) I ^ e t e r  r n i n a t i  on o f  f l u  or id e  i  o n .

The a q u e o u s  e x t r a c t  was made up t o  500 cm^ and 25 cm^ 

w e re  t i t r a t e d  f o r  f l u o r i d e  i o n  w i t h  t h o r i u m  n i t r a t e  a s  

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

s u m m a r i s e d  i n  t a b l e  3 w h ic h  a l s o  shows t h e  am ounts  o f  

i n s o l u b l e  m a t e r i a l ,  d e s i g n a t e d  a s  ’’e t c h i n g  p r o d u c t ” , r e c o v e r e d  

f ro m  r e a c t e d  m i x t u r e s .

T a b le  3 .

A n a l y s i s  f o r f l u o r i d e i o n .

2
10 X Moles
(C g P^ C O P g

0.93 1 .11 0.99 0.80 0.30 0.10*

Moles  NOg 0.18 0.16 0.17 0.00 0 . 1 7 0 .25

F l u o r i d e  * 60 .4 55.1 72.4 0 . 0 47.9 97.5
E t c h i n g  
p r o d u c t  (mg) 3.0 V s m a l l 1 5 .0 0 . 0 27.0 V s m a l l

* Mole % f l u o r i d e  i o n  p e r  mole o f  p e r o x i d e

I  T h i s  r u n  was c a r r i e d  o u t  i n  h e x a f  l u o r o b e n z e n e  a s  s o l v e n t
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( i i i )  A n a l y s i s  f o r  c a r b o x y l i e  a c i d s .

I n  r e a c t i o n s  w i t h  b e n z o y l  p e r o x i d e  and  n i t r o g e n  

d i o x i d e  t h e  main  r o u t e  f o r  t h e  p r o d u c t i o n  o f  b e n z o i c  a c i d  

i s  by h y d r o l y s i s  o f  b e n z o y l  n i t r a t e  fo r m ed  by t r a p p i n g  o f  

b e n z o y l o x y  r a d i c a l s  by n i t r o g e n  d i o x i d e  ( 8 6 ) .  I n  t h e  p r e s e n t  

r e a c t i o n  p e n t a f l u o r o b e n z o i c  a c i d  c o u l d  be  fo rm ed  i n  an 

a n a l o g o u s  manner  by t h e  h y d r o l y s i s ,  d u r i n g  t h e  w ork  up 

p r o c e d u r e ,  o f  p e n t a f l u o r o b e n z o y l  n i t r a t e . T h i s  s e c t i o n  

d e s c r i b e s  t h e  q u a l i t a t i v e  and q u a n t i t a t i v e  a n a l y s i s  o f  

c a r b o x y l i e  a c i d s  fo rm ed  i n d i r e c t l y  f rom  h y d r o l y s a b l e  p r o d u c t s  

o f  t h e  r e a c t i o n .

The d i c h i o r o m e t h a n e  e x t r a c t ,  d r i e d  ( s e e  f i g .  1 ) ,  i n  

e a c h  c a s e ,  was f i l t e r e d  and  t h e  f i l t r a t e  was a l l o w e d  t o  

e v a p o r a t e  a t  room t e m p e r a t u r e .  A w h i t e  s o l i d  was o b t a i n e d  i n  

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

o f  n i t r o g e n  d i o x i d e  i n  w h ic h  no  s u c h  s o l i d  p r o d u c t  was f o r m e d .  

The y i e l d s  o f  p r o d u c t  a r e  shown i n  t a b l e  U. An i n f r a r e d  

s p e c t r u m  o f  t h e  s o l i d  o b t a i n e d  i n  one r e a c t i o n  i s  shown i n  

g r a p h  2; s p e c t r a  o f  t h e  c o r r e s p o n d i n g  p r o d u c t  f rom  t h e  o t h e r  

r e a c t i o n s  w ere  s i m i l a r .  The s p e c t r u m  o f  a  p u r e  sam p le  o f  

p e n t a f l u o r o b e n z o i c  a c i d  i s  shown on t h e  same s c a l e  f o r  

c o m p a r i s o n  and  t h e  two a r e  s e e n  t o  be  s u p e r i m p o s a b l e .

The e q u i v a l e n t  w e i g h t  and  pK^ o f  t h e  a c i d i c  p r o d u c t  

w ere  d e t e r m i n e d  a s  f o l l o w s  ; known w e i g h t s  o f  t h e  a c i d  w e re  

t i t r a t e d  by a  p o t e n t i o m e t r i e  m ethod  w i t h  sod ium  h y d r o x i d e  

s o l u t i o n ,  p r e v i o u s l y  s t a n d a r d i s e d  a g a i n s t  p o t a s s i u m  

h y d r o g e n  p h t h a l a t e ;  pH t i t r a t i o n s  w e re  c a r r i e d  o u t  i n  an  

a t m o s p h e r e  o f  n i t r o g e n  and  t h e  m i x t u r e s  w ere  s t i r r e d  

m a g n e t i c a l l y  t h r o u g h o u t .  The c h a n g e  i n  pH w i t h  a d d ed  sod ium  

h y d r o x i d e  was p l o t t e d  and  r e s u l t a n t  g r a p h s  showed t h e  e x p e c t e d
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r i s e  i n  pll a s  t h e  e n d - p o i n t  was r e a c h e d .  I n  o r d e r  t o  o b t a i n  

a  more a c c u r a t e  e n d - p o i n t  i n  e a c h  c a s e  f i r s t  d e r i v a t i v e  g r a p h s  

w ere  p l o t t e d ,  t h a t  i s ,  t h e  c h an g e  i n  pH f o r  a s m a l l  volume 

c h a n g e  o f  added  sod ium  h y d r o x i d e  was p l o t t e d  a g a i n s t  t h e  

a v e r a g e  volume o f  a l k a l i  f o r  t h a t  p a r t i c u l a r  A pH. The 

e q u i v a l e n t  w e i g h t  o f  t h e  a c i d  was c a l c u l a t e d ,  i n  e a c h  c a s e ,  

u s i n g  t h e  l a t t e r  g r a p h  and  t a k e n  a s  t h e  mean o f  two d e t e r 

m i n a t i o n s .  A t y p i c a l  r e s u l t  i s  shown i n  g r a p h  3 .  pK v a l u e sa
w ere  c a l c u l a t e d  f rom  t h e  f o l l o w i n g  r e l a t i o n s h i p :

V
pH = pKg + log- io

Vn-V

w h ere  = vo lum e o f  sod ium  h y d r o x i d e  a dded  f o r  c o m p l e t e

n e u t r a l i s a t i o n ,  and  V = volume o f  sod ium  h y d r o x i d e  a d d ed  a t

any p a r t i c u l a r  t i m e .  A g r a p h  o f  pH v s  l o g ^ q ( V / ( V ^ - V ) ) was

p l o t t e d  f o r  v a l u e s  o f  V a r o u n d  h a l f - n e u t r a l i s a t i o n  and t h e

pK o f  t h e  a c i d  was r e a d  o f f  a t  t h e  i n t e r c e p t  when t h e  l o g -  a
term, e q u a l s  z e r o .  An exam ple  o f  s u c h  a g r a p h  i s  s u p e r i m p o s e d  

on g r a p h  3 .

M e l t i n g  p o i n t s  w ere  d e t e r m i n e d  i n  an  ’’e l e c t r o t h e r m a l ” 

m e l t i n g  p o i n t  a p p a r a t u s .  The r e s u l t s  f o r  t h e  e q u i v a l e n t  

w e i g h t ,  pK^ and m e l t i n g  p o i n t  a r e  su m m a r is ed  i n  t a b l e  3 ,  

w here  t h e y  a r e  com pared  w i t h  d a t a  f o r  an  a u t h e n t i c  s am p le  o f  

p e n t a f l u o r o b e n z o i c  a c i d  o b t a i n e d  u s i n g  t h e  same t e c h n i q u e s .
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Tabl e  4 .

P s i r b o x y l i e  a c i d s .

0.93 1 .11 0.99 0.80 0.30 o . ia

0.18 0 . 1 6 0 . 1 7 0.00 0.17 0.23

32.9 60.9 34.8 0.0 34.8 75.0

10^ X Moles  
(C gfsC O g)?

M oles  NO^

CgP^CO^H*

Moles  (by  w e i g h t )  o f  p e n t  a f l u o r  o b e n z o i c  a c i d  p e r  c e n t  m o le s  
o f  p e r o x i d e

% T h i s  r u n  was c a r r i e d  o u t  i n  h e x a f l u o r o b e n z e n e  a s  s o l v e n t

T a b l e  5 »

E q u i v a l e n t  w e i g h t ,  pK^ and m e l t i n g  p o i n t

E.W. 209 228 217 234 215 212»

2.52 2.48 2 . 6 8 2.34 2.73 2.04*

m .p . 101.8
-102.0

102.5
-103,5

99.5
-100.5

100.0
-102.0

101.0
-102.0 102.0*

A f t e r  r e  c r y  S t  a l i i  s a t  i o n

P u r e  p e n t  a f l u o r  o b e n z o i c  a c i d  ( l i t .  E.W. = 20 8 ,  pK^ = 3 . 3 8  

( 9 1 ) ;  c a l c u l a t e d  E.W. = 212;  l i t .  m .p .  103 -  10U° ( 5 8 ) )

( i v )  A n a l y s i s  f o r  v o l a t i l e  c o n s t i t u e n t s  o f  r e a c t i o n  

m m ix tu r e s  by g a s - l i q u i d  c h r o m a t o g r a p h y .

A l l  m e a s u r e m e n t s  w e re  made on a  P e r k i n  E lm er  P 21 g a s  

c h r o m a t o g r a p h ,  i n c o r p o r a t i n g  a  f l a m e  i o n i s a t i o n  d e t e c t o r .  Two 

c o lu m n s ,  Carbowax 20M/TPA on c h ro m o s o rb  P 3 0 - 6 0  mesh ,  e a c h  

f o u r  f e e t  i n  l e n g t h ,  w e re  u s e d  i n  s e r i e s  f o r  t h e  a n a l y s e s ,

( a )  P_p_ep_ara f_ io n  o f  r e f e r e n c e  c o m p o u n d s .

T h r e e  compounds  l i k e l y  t o  be  p r o d u c e d  i n  t h i s  r e a c t i o n
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a r e  n i t r o p e n t a f l u o r o b e n z e n e ,  c h l o r o p e n t a f l u o r o b e n z e n e  and  

p o s s i b l y  a  s m a l l  amount o f  d e c a f l u o r o b i p h e n y 1 , The two l a s t  

named compounds w ere  a v a i l a b l e  a s  s a m p l e s  f r o m  I m p e r i a l  

S m e l t i n g  C o r p o r a t i o n  ( l . S . C . ) ,  B r i s t o l .  The f i r s t  was p r e p a r e d  

by t h e  m ethod  d e s c r i b e d  by  B r o o k e ,  B u rd e n  and  T a t l o w  ( 5 6 ) ,  

t h e  p r i n c i p l e  o f  w h i c h  was d e s c r i b e d  i n  t h e  i n t r o d u c t i o n ,  ( s e e  

page  2 8 ) .  D i e h l o r o m e t h a n e  (100  cm ^) ,  t r i f l u o r o a c e t i c  

a n h y d r i d e  (15  cm^) and  h y d r o g e n  p e r o x i d e  (6 cm^, 90%) w ere  

mixed  i n  a 250 cm^ r o u n d - b o t t o m e d  f l a s k  and  r e f l u x e d  f o r  15 

m i n u t e s .  A s o l u t i o n  o f  p e n t a f l u o r o a n i l i n e  ( l . S . C . , B r i s t o l )

(7  g )  i n  d i c h l o r o m e t h a n e  (50  cm^) was a d d ed  s l o w l y  t o  t h e  

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

o f  t h e  f l a s k ,  now g r e e n  i n  c o l o u r ,  w ere  r e f l u x e d  f o r  18 h o u r s ,  

g i v i n g  a y e l l o w  s o l u t i o n .  S u b s e q u e n t l y  t h e  f l a s k  was c o o l e d ,  

and w a t e r  (10  cm^) was a d d e d  s l o w l y  w i t h  s t i r r i n g .  The 

d i c h l o r o m e t h a n e  l a y e r  was s e p a r a t e d ,  w ashed  w i t h  w a t e r  (2  x  

100 cm^) and  d r i e d  o v e r  a n h y d r o u s  magnes ium  s u l p h a t e .  The 

s o l u t i o n  was  t h e n  t r a n s f e r r e d  t o  a  250 cm^ r o u n d - b o t t o m e d  

f l a s k  and  t h e  s o l v e n t  r em oved  by  d i s t i l l a t i o n  t h r o u g h  a  s i x  

i n c h  h e l i x  p a c k e d  co lum n .  The r e s i d u e  was p l a c e d  i n  a  10 cm^ 

f l a s k  f i t t e d  w i t h  a  s h o r t  a i r  c o n d e n s e r ,  and  n i t r o p e n t a f l u o r o 

b e n z e n e ,  a  g o l d e n  y e l l o w ,  l a c h r y m a t o r y  l i q u i d ,  was d i s t i l l e d

( b . p .  158 -  1 6 2 ° ,  l i t .  158 -  1 6 1 °  ( 5 6 ) ;  y i e l d :  50%). Tbe

p u r i t y  o f  t h e  p r o d u c t  was c h e c k e d  by  g a s  l i q u i d  

c h r o m a t o g r a p h y .

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

m ak ing  u s e  o f  t h e i r  d i f f e r e n c e s  i n  p a r t i t i o n  c o e f f i c i e n t s  

b e t w e e n  two p h a s e s  t h e  t e r m  ’’c h r o m a t o g r a p h y ” i s  a p p l i e d .  I n  

t h e  p r e s e n t  a n a l y s e s  t h e  two p h a s e s  w e re  g a s  and l i q u i d ,  t h e
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f o r m e r  t h e  moving  and t h e  l a t t e r  t h e  s t a t i o n a r y  p h a s e .  The 

sam ple  was i n t r o d u c e d  a t  t h e  i n j e c t i o n  p o i n t  o f  t h e  i n s t r u 

m en t ;  t h i s  was h e a t e d  t o  a  t e m p e r a t u r e  s l i g h t l y  above  t h a t  

o f  t h e  co lumn t o  e n s u r e  r a p i d  v a p o u r i s a t i o n  o f  t h e  sam ple  

w h ic h  was t h e n  mixed  w i t h  t h e  c a r r i e r  g a s ,  i n  t h i s  c a s e  

n i t r o g e n .  The s am p le  was c a r r i e d  i n t o  t h e  co lum n l o c a t e d  i n  

t h e  o v e n .  The co lum n c o n s i s t s  o f  a  m e t a l  t u b e  c o n t a i n i n g  an  

i n e r t  s u p p o r t ,  i n  t h i s  c a s e  c h r o m o s o r b ,  i m p r e g n a t e d  w i t h  t h e  

s t a t i o n a r y  p h a s e ,  c a r b o w a x .  As t h e  c a r r i e r  moves t h r o u g h  t h e  

co lum n c h r o m a t o g r a p h i c  s e p a r a t i o n  o f  t h e  c o m p o n en t s  o f  t h e  

sam p le  t a k e s  p l a c e  b e t w e e n  t h e  two p h a s e s .  The d e t e c t o r ,  

s i t u a t e d  a t  t h e  f a r  end  o f  t h e  co lum n ,  r e s p o n d s  t o  e a c h  

com ponen t  a s  i t  i s  e l u t e d ,  i n  t h e  fo rm  o f  an  e l e c t r i c  c u r r e n t  

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

t h e  s i g n a l  a s  an  e l u t i o n  c u r v e .  The p o s i t i o n  o f  maxima on t h i s  

t r a c e  may be d e f i n e d  i n  t e r m s  o f  r e t e n t i o n  volume ( t h e  volume 

o f  c a r r i e r  g a s  w h i c h  h a s  p a s s e d  t h r o u g h  t h e  co lumn a t  e l u t i o n  

maximum) o r  r e t e n t i o n  t i m e .  The l a t t e r  was c o n s i d e r e d  more 

c o n v e n i e n t  and  was a d o p t e d  i n  t h e  s u b s e q u e n t  w ork  and  d e s i g 

n a t e d  a s  R t .

( c ) Q u a l i t a t i v e a n a l y s i s  o f  r e a c t i o n  m i x t u r e s .

A p r e l i m i n a r y  q u a l i t a t i v e  a n a l y s i s  was c a r r i e d  o u t  i n  

o r d e r  t o  d e t e r m i n e  w h i c h  s u b s t a n c e s  w e re  p r e s e n t  i n  r e a c t i o n  

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

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

and  a t t e n u a t i o n  o f  t h e  a m p l i f i e r .  A l l  s e p a r a t i o n s  w ere  c a r r i e d  

o u t  u n d e r  i s o t h e r m a l  c o n d i t i o n s .

E a c h  r e a c t i o n  m i x t u r e ,  p r i o r  t o  a n a l y s i s ,  was r e d u c e d  

i n  b u l k  by  f r a c t i o n a l l y  d i s t i l l i n g  o f f  most  o f  t h e  s o l v e n t  

t h r o u g h  a  15 cm V i g r e u x  co lum n;  t h e  d i s t i l l a t e  was r e t a i n e d
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f o r  a n a l y s i s  l a t e r  and t h e  r e s i d u e  was w e ig h e d  a c c u r a t e l y .  At 

t h i s  s t a g e  t h e  vo lume o f  t h e  r e s i d u e  was a p p r o x i m a t e l y  5 cm^. 

I n  o r d e r  t o  o b t a i n  a c h ro m a to g ra m  1 ^ 1  o f  t h i s  s o l u t i o n ,  was 

i n j e c t e d  i n t o  t h e  i n s t r u m e n t .  O p e r a t i n g  c o n d i t i o n s  w ere  t h e n  

v a r i e d  i n  o r d e r  t o  a c h i e v e  t h e  b e s t  r e s u l t  and  i t  was f o u n d  

t h a t  a  t e m p e r a t u r e  o f  1 2 0 °  and a  s e t t i n g  o f  t h e  co lum n i n l e t  

p r e s s u r e  t o  1 , 0  Kp/cm u n i t s  on t h e  d i a l  o f  t h e  i n s t r u m e n t  

gave  s h a r p ,  w e l l  s e p a r a t e d  p e a k s .  The e x a c t  s i g n i f i c a n c e  o f  t h e  

u n i t s  o f  p r e s s u r e  i n  w h ic h  t h e  g a s  c h r o m a t o g r a p h  was 

c a l i b r a t e d  i s  n o t  known. At 2 5 0 °  and 2 . 0  Kp/cm^ no  s e p a r a t i o n  

o f  lov/ b o i l i n g  c o n s t i t u e n t s  was o b t a i n e d  b u t  a  b r o a d  p e a k  

e x t e n d i n g  o v e r  a  l a r g e  a r e a  was o b s e r v e d  c o r r e s p o n d i n g  t o  t h e  

p r e s e n c e  o f  h i g h  b o i l i n g  c o m p o n en t s  i n  t h e  m i x t u r e .

P e a k s  w e re  i d e n t i f i e d  by  c o - c h r o m a t o g r a p h y  w i t h  

a u t h e n t i c  s a m p l e s .  I t  was c o n c l u d e d  t h a t  t h e  f i r s t  p e a k  

e l u t e d  i n  a l l  c a s e s  was due  t o  s o l v e n t .  I n  t h o s e  r e a c t i o n s  

c a r r i e d  o u t  i n  c a r b o n  t e t r a c h l o r i d e  i n  t h e  p r e s e n c e  o f  

n i t r o g e n  d i o x i d e  t h e  s e c o n d  p e a k  t o  a p p e a r ,  w e l l  s e p a r a t e d  

f r o m  and much s m a l l e r  t h a n  t h e  s o l v e n t  p e a k ,  had  Rt = 5 . 5  min 

and  was i d e n t i f i e d  a s  n i t r o p e n t a f l u o r o b e n z e n e .  No o t h e r  

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

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

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

t h e  a b s e n c e  o f  n i t r o g e n  d i o x i d e  t h e  s e c o n d  p e a k  t o  a p p e a r  

on t h e  c h r o m a to g r a m ,  i m m e d i a t e l y  a d j a c e n t  t o  t h e  s o l v e n t  p e a k  

had  R t  = 0 . 9  min and  was i d e n t i f i e d  a s  c h l o r o p e n t a f l u o r o 

b e n z e n e  and  no  o t h e r  c o n s t i t u e n t s  c o u l d  be  d e t e c t e d  o t h e r  

t h a n  a  h i g h  b o i l i n g  r e s i d u e .  I n  t h e  c a s e  o f  t h e  r e a c t i o n  

c a r r i e d  o u t  i n  h e x a f l u o r o b e n z e n e , a l t h o u g h  t h e  o d o u r  o f  

n i t r o p e n t a f l u o r o b e n z e n e  was d e t e c t e d  i n  t h e  c o n c e n t r a t e d
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m i x t u r e ,  none  o f  t h i s  com ponent  was o b s e r v e d  by gas. l i q u i d  

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

w e re  d e t e c t e d .  R e p r e s e n t a t i v e  c h r o m a to g r a m s  a r e  shown i n  

g r a p h  4 .

( d )  Quan t i t a t i v e a n a l y s e s o f  r e a c t i o n  m i x t u r e s .

T h e re  a r e  two m e th o d s  a v a i l a b l e  f o r  q u a n t i t a t i v e  

a n a l y s i s  o f  m i x t u r e s  by g a s  c h r o m a t o g r a p h y ;  t h e  f i r s t  i n v o l v e s  

t h e  i n j e c t i o n  o n t o  t h e  co lum n o f  an  a c c u r a t e l y  known volume 

o f  r e a c t i o n  m i x t u r e  ( u s u a l l y  b e t w e e n  0 .1  and I Q ^ I ) ,  w h i l e  

t h e  s e c o n d  i n c o r p o r a t e s  an  i n t e r n a l  s t a n d a r d .

The f i r s t  m e thod  i s  s u b j e c t  t o  e r r o r  s i n c e  i t  i s  

d i f f i c u l t  t o  o b t a i n  r e p r o d u c i b l e  i n j e c t i o n s  w i t h  a  m i c r o l i t r e  

s y r i n g e ,  o f t e n  owing t o  b l o w - b a c k  p a s t  t h e  p l u n g e r  c a u s e d  by 

h i g h  p r e s s u r e  w i t h i n  t h e  i n j e c t i o n  p o r t .

A more a c c u r a t e  m ethod  i s  t h a t  i n v o l v i n g  t h e  u s e  o f  an  

i n t e r n a l  s t a n d a r d .  T h i s  i s  a  s u b s t a n c e  w h i c h ,  when i n j e c t e d  

w i t h  t h e  sam ple  t o  be  a n a l y s e d ,  w i l l ,  u n d e r  t h e  same 

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

n o t  r e a c t  w i t h  any c o m p o n e n t s  i n  t h e  m i x t u r e  and  w i l l  g i v e  

a p e a k  s h a p e  s i m i l a r  t o  t h a t  o f  t h e  c o m p o n en t s  o f  i n t e r e s t .

I n  t h i s  c a s e  t h e  e x a c t  amount i n j e c t e d  i s  n o t  c r i t i c a l  

p r o v i d e d  t h a t  i t  i s  n e i t h e r  t o o  l a r g e  n o r  t o o  s m a l l  so  t h a t  

t h e  d e t e c t o r  r e s p o n s e  o b ey s  t h e  same l a w s  f o r  a l l  t h e  s a m p l e s  

i n j e c t e d .  I n  o r d e r  t o  c a l c u l a t e  t h e  amount  o f  e a c h  com ponen t  

p r e s e n t  t h e  s i z e  o f  e a c h  p e a k  i s  m e a s u r e d  r e l a t i v e  t o  t h a t  

o f  t h e  i n t e r n a l  s t a n d a r d  and r e f e r e n c e  i s  made t o  a s u i t a b l e  

c a l i b r a t i o n  g r a p h .  T h i s  t e c h n i q u e  was a d o p t e d  i n  t h e  p r e s e n t  

w o r k .

T o l u e n e  was u s e d  a s  i n t e r n a l  s t a n d a r d  f o r  t h e  d e t e r 

m i n a t i o n  o f  n i t r o p e n t a f l u o r o b e n z e n e .  When a d d ed  t o  a  s am p le



Graph

Q u a l i ta t iv e  a n a ly s i s  o f  r e a c t io n  

m ix tu r e s .
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o f  r e a c t i o n  m i x t u r e  t h i s  s u b s t a n c e  gave  r i s e  t o  a  p e a k  

i m m e d i a t e l y  a d j a c e n t  t o  t h e  s o l v e n t  p e a k  (R t  = 2 . 0  m i n ) .  I n  

o r d e r  t o  p l o t  a c a l i b r a t i o n  g r a p h  t h e  d e t e c t o r  r e s p o n s e  was 

m e a s u r e d  f o r  m i x t u r e s  o f  known w e i g h t s  o f  t o l u e n e  and  

a u t h e n t i c  n i t r o p e n t a f l u o r o b e n z e n e .  I f  M.R. i s  t h e  mole  r a t i o  

o f  s t a n d a r d  t o  n i t r o p e n t a f l u o r o b e n z e n e  and R .P .H .  i s  t h e  

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

o f  M.R. v s  R . P . H .  s h o u l d  g i v e  a  s t r a i g h t  l i n e  and  p a s s  t h r o u g h  

t h e  o r i g i n .  F i v e  m i x t u r e s  w ere  p r e p a r e d  i n  a l l  and  f o r  e a c h  

one s e v e r a l  s a m p l e s  w ere  c h r o m a t o g r a p h e d  and an  a v e r a g e  v a l u e  

o f  R . P . H ,  t a k e n  i n  e a c h  c a s e .  Some o f  t h e s e  t r a c e s  a r e  shown 

i n  g r a p h  5 and t h e  r e s u l t s  a r e  su m m a r i s ed  i n  t a b l e  6 and  

p l o t t e d  i n  g r a p h  6 .

T a b l e  6 .

C a l i b r a t i o n  d a t a  f o r _

mixj^u3pe_s 

W e ig h t  W e ig h t
t o l u e n e

( g ) ( g )

M.R. R .P .H

0 .0 3 9 2 0 . 0 7 5 0 1 .2 1 0 3 .81

0 .0 2 4 1 0 . 0 3 9 5 1 . 4 1 3 4 . 1 2

0 .0 5 3 7 0 .0 4 8 1 2 . 5 8 5 8 . 5 0

0 . 0 5 5 0 0 .0 3 5 1 3 . 6 2 8 1 1 . 6 5

0 . 0 4 3 6 0 . 0 2 1 5 4 . 6 9 5 1 4 . 6 0

S i m i l a r l y ,  i n  t h e  r e a c t i o n  i n  w h i c h  no  n i t r o g e n  

d i o x i d e  was u s e d ,  c h l o r o b e n z e n e  (R t  = 7 . 0  m in )  was c h o s e n  

a s  i n t e r n a l  s t a n d a r d  f o r  t h e  d e t e r m i n a t i o n  o f  c h l o r o p e n t a -  

f l u o r o b e n z e n e . The i n s t r u m e n t  was r e c a l i b r a t e d ;  r e p r e s e n t a t i v e  

c h r o m a to g r a m s  a r e  shown i n  g r a p h  7 and  t h e  r e s u l t s  a r e



Graph 5 .

A n a ly s i s  f o r  n i tr o p e n ta f lu o r o b e n z e n e

u s in #  to lu e n e  as i n t e r n a l  s ta n d a r d .
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I h

G ra p h  6 ,

C a l ib r a t io n  graph fo r  n i t r o p e n ta f lu o r o b e n z e n e

uainK t o lu e n e  as i n t e r n a l  s ta n d a r d .

R . P . H

1 5 .0  -

G r a d i e n t  = 5 . 2 1 2

1 0 . 0  - ■

5.0-

4.03.01 . 0 2 . 00 5.0

M.R.
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su m m ar is ed  i n  t a b l e  7 s and p l o t t e d  i n  g r a p h  8 .

T a b l e ^ J .

Cal i b r a t i o n  d a t a  f o r  c h i o r o b e n z e n e / c h l o r o p e n t a f l u o r o b e n z e n e

m i x t u r e s .

W eig h t
CgH^Cl

( g )

We i  g h t  
C6P 5CI

( g )

M.R. R .P .H

0.014-26 0 .1071 0 . 7 1 6 0 . 2 9

0 , 0 7 7 2 0 . 1 2 2 4 1 .135 0 . 4 7

0 .0 5 7 0 0 . 0 8 9 2 1 .1 50 0 . 4 6

0 .0 9 9 6 0 . 0 8 3 3 2 .1 5 2 0 . 8 7

0 . 0 2 5 4 0 . 0 2 0 7 2 . 2 0 9 0 . 8 6

In  o r d e r  t o  d e t e r m i n e  t h e  am oun ts  o f  t h e  two f l u o r o -  

a r o m a t i c  compounds  i n  q u e s t i o n ,  a w e ig h e d  p o r t i o n  o f  e a c h  

r e a c t i o n  m i x t u r e  was t a k e n  and t o  t h i s  was a dded  a  known 

q u a n t i t y  o f  s t a n d a r d ;  f o u r  s u c h  m i x t u r e s  w e re  p r e p a r e d  and 

c h r o m a t o g r a p h e d  i n  e a c h  c a s e .  E x am p le s  o f  t h e s e  t r a c e s  a r e  

i n c l u d e d  i n  g r a p h s  5 and 7 f o r  t h e  d e t e r m i n a t i o n  o f  n i t r o -  

and c h l o r o - p e n t a f l u o r o b e n z e n e  r e s p e c t i v e l y .  R .P .H .  d a t a  w e re  

u s e d  t o  d e t e r m i n e  mole  r a t i o s  and  h e n c e  t h e  am ounts  o f  c h l o r o -  

and  n i t r o - p e n t a f l u o r o b e n z e n e  p r e s e n t  i n  t h e  r e a c t i o n  m i x t u r e s  

were  d e t e r m i n e d .  T a b l e  8 s u m m a r i s e s  t h e  d a t a  u s e d  i n  t h e  

c a l c u l a t i o n  o f  t h e  amount o f  n i t r o p e n t a f l u o r o b e n z e n e  p r e s e n t  

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

p r o d u c t  i n  e a c h  r e a c t i o n  was t a k e n  a s  t h e  mean o f  a t  l e a s t  

f o u r  s u c h  c a l c u l a t i o n s .



Graph 7 .

A n a ly s i s  f o r  c h lo r o p e n ta f lu o r o b e n z e n e

u s in g  c h io ro b en zen e  as i n t e r n a l  stan d ard
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Graph 8 .

C a lib r a t io n  graph fo r  c h lo r o p e n ta f lu o r o b e n z e n e  

p a in #  ch lo ro b en zen e  as in t e r n a l  s ta n d a r d .

G rad ien t = Q.UOU

0.8

0.2

2 . 00 1 . 0 3.0

M.R.
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Ta b l e  8 .

D a t a  f o r  t h e  c a l c u l a t i o n  o f  p e r c e n t a g e  y i e l d  o f  

n i t r q p e n t a f l u o r o b e n z e n e  i n  t h r e e  r e a c t i o n s .

10^  X Moles 9 . 3  11.1 9 . 9
(  ̂2

o f r L w u f ( g ) *  9 .6 6 2 0  13.U650 10 .0629

P r e p a r a t i o n  o f  
m i x t u r e  f o r  g a s  
c h r o m a t o g r a p h y :
( i )  W t . r e a c t i o n  

m i x t u r e  ( g ) 0 .7 4 ^ 5  0.8891 0 . 7 3 2 3

( i i )  Wt.  t o l u e n e  0 , 0 0 6 6  O.OOUO 0 . 0 2 2 9

R .P .H .  5 . 5 5  3 . 6 8  1 1 . 7 0

M .E .$  0 .01  5 3 / x  0 . 0093/ x  0 . 0530/ x

CgP^NOg /  5 . 3  5 . 2  9 . 5

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

e x c e s s  s o l v e n t

^ X = V ;e igh t  o f  n i t r o p e n t a f l u o r o b e n z e n e  i n  s am p le  a n a l y s e d  

/  Moles  p e r  c e n t  m o le s  p e r o x i d e

C a r b o n  t e t r a c h l o r i d e ,  d i s t i l l e d  f ro m  r e a c t i o n  m i x t u r e s ,  

was c a r e f u l l y  r e - f r a c t i o n a t e d  i n t o  2 cm^ p o r t i o n s  and t h e s e  

w e re  a n a l y s e d  i n  t h e  same w a y . B o th  compounds w e re  d e t e c t e d  

i n  v e r y  s m a l l  q u a n t i t y  ( l e s s  t h a n  0 . 0 5 ^ ) .  The t o t a l  y i e l d  

o f  c h l o r o p e n t a f l u o r o b e n z e n e ,  fo rm ed  o n l y  i n  t h e  r e a c t i o n  

c a r r i e d  o u t  i n  t h e  a b s e n c e  o f  n i t r o g e n  d i o x i d e ,  was 57 m o le s  

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

o f  n i t r o p e n t a f l u o r o b e n z e n e  a r e  shown i n  t a b l e  9.
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10 X Moles

A n a l y s i s  f o r  n i t r o p e n t a f l u o r o b e n z e n e .

9 . 3  1 1 .1  9 . 9  8 . 0  3 . 0  1 . 0 '( ^ 6^ ^ 0 0 2 ) 2

Moles  NOg 0 . 1 8  O . I 6 0 . 1 7  0 . 0 0  0 . 1 7  O.2 3

CgP^NO^* 5 . 6  5 . 2  9 . 6  0 . 0  c a  2 2

* Moles  p e r  c e n t  m o le s  o f  p e r o x i d e

ÿ T h i s  r e a c t i o n  was c a r r i e d  o u t  h e x a f l u o r o b e n z e n e  a s  s o l v e n t

( v )  I n f r a r e d  s p e c t r a  o f  r e a c t i o n  m i x t u r e s .

An a n a l y s i s  o f  r e a c t i o n  m i x t u r e s  was a l s o  c a r r i e d  o u t  

by  means o f  i n f r a r e d  s p e c t r o s c o p y .  S a m p le s  a n a l y s e d  i n  t h i s  

way w ere  r e a c t i o n  m i x t u r e s  w h i c h  had  b e e n  r e d u c e d  i n  b u l k  by 

r e m o v a l  o f  s o l v e n t  ( s e e  p ag e  6 8 ) .

A l l  s p e c t r a  d e s c r i b e d  i n  t h i s  s e c t i o n  w e re  m e a s u r e d  

on a P e r k i n  E lm er  457 r e c o r d i n g  s p e c t r o p h o t o m e t e r  o v e r  t h e  

r a n g e  250 -  4000 cm . S p e c t r a  o f  l i q u i d  s a m p l e s  v/ere r u n  

u s i n g  a l i q u i d  c e l l  ( s o d iu m  c h l o r i d e  p l a t e s )  v / i t h  0 . 2  mm 

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

b r o m i d e  d i s c s .

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

i s  shown i n  g r a p h  9 ; s p e c t r a  o f  a u t h e n t i c  n i t r e p e n t a f l u o r o 

b e n z e n e ,  d e c a f l u o r o b i p h e n y l  and  p e n t a f l u o r o b e n z o i c  a n h y d r i d e  

( p r e p a r e d  ** by  s lo w  d i s t i l l a t i o n  o f  a  m i x t u r e  o f  p e n t a f l u o r o 

b e n z o i c  a c i d ,  a c e t i c  a c i d  and a  t r a c e  o f  p h o s p h o r i c  a c i d  a s  

c a t a l y s t  ; t h e  i n f r a r e d  s p e c t r u m  o f  t h i s  compound was d i f f e r e n t  

f ro m  t h a t  o f  a c e t i c  a n h y d r i d e )  a r e  shown i n  g r a p h s  10 ,11  and

P r e p a r e d  by D r .  R, B o l t o n .
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12 r e s p e c t i v e l y .  T a b l e  10 l i s t s  a l l  t h e  b a n d s  o b s e r v e d  i n  

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

w here  p r e s e n t ,  w h ic h  o c c u r  i n  t h e  o t h e r  t h r e e  s p e c t r a  a r e  

shown f o r  c o m p a r i s o n .

Prom t h e  t a b l e  i t  c a n  be  s e e n  t h a t  t h e  r e a c t i o n  m i x t u r e  

a p p e a r s  t o  c o n t a i n  c h i e f l y  p e n t a f l u o r o b e n z o i c  a n h y d r i d e .  From 

a  t o t a l  o f  23 b a n d s  r e c o r d e d  i n  t h e  s p e c t r u m  o f  t h e  r e a c t i o n  

m i x t u r e ,  17 b a n d s  ( w h i c h  i n c l u d e  a l l  t h e  p r i n c i p l e  o n e s )  

h av e  c o u n t e r p a r t s  i n  t h e  s p e c t r u m  o f  t h e  a n h y d r i d e ,  and a p a r t  

f ro m  t h o s e  a t  1050 ,  1200 and 1724  cm""* t h e  i n t e n s i t i e s  o f  

t h e  p e a k s  i n  e a c h  s p e c t r u m  f o l l o w  t h e  same p a t t e r n ;  t h e  

d i s c r e p a n c y  may be  due t o  t h e  d i f f e r e n t  p h a s e s  ( c a r b o n  t e t r a 

c h l o r i d e  s o l u t i o n  i n  one c a s e  and n u j o l  m u l l  i n  t h e  o t h e r ) 

f rom  v^hich t h e  s p e c t r a  w ere  r e c o r d e d .

T h e r e  a r e  s e v e r a l  b a n d s  w h i c h  may be  a s s i g n e d  t o  

n i t r o p e n t a f l u o r o b e n z e n e  b u t ,  i n  g e n e r a l ,  t h e  r e l a t i v e  

i n t e n s i t i e s  a r e  n o t  t h e  same. T h i s  may be  due t o  d i s t o r t i o n  

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

c o m p o n e n t s .  R e a c t i o n  m i x t u r e s  s m e l t  s t r o n g l y  o f  n i t r o p e n t a -  

f l u o r o b e n z e n e  and  t h e  l a t t e r  was shown t o  be  p r e s e n t  by  

g a s  c h r o m a t o g r a p h y .  Hov/ever, f rom  i n f r a r e d  d a t a  i t  seems 

p r o b a b l e  t h a t  t h e  amount o f  p e n t a f l u o r o b e n z o i c  a n h y d r i d e  

p r e s e n t  i s  i n  e x c e s s  o f  n i t r o p e n t a f l u o r o b e n z e n e  and t h e  

i n f r a r e d  e v i d e n c e  i s  n o t  s u f f i c i e n t  a l o n e  t o  p r o v e  t h e  

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

Only f o u r  b a n d s  i n  t h e  m i x t u r e  may be  a s s i g n e d  t o  

d e c a f l u o r o b i p h e n y l  and o f  t h e s e  t h r e e  a r e  t o  be  f o u n d  a l s o  

i n  t h e  s p e c t r u m  o f  t h e  a n h y d r i d e .  T h u s ,  t h e r e  i s  no  e v i d e n c e  

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

r e a c t i o n  m i x t u r e s .
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5;aj3jL J p_.

I n f r a r o d  d a ta  fo r  unknown m ix tu re  and c e r t a i n

r e f e r e n c e  compounds.

ABSORPTION, f./lAXU'IA ( cm"^ )

M i x t u r e

870(m 
9 1 7 ( s  
9 3 5 (3  

1 00 7 (8  
1 03 7 (3  
1 0 5 0 ( s  
1 1:1 5(m
11.14-8 ( s  
1 1 5 7 (3  
1 2 0 0 ( s  
1 3 2 7 (8  
1 3 3 5 ( 8  
1355(m 
1U20(m 
1 5 0 0 ( s
1 5 1 0 (8
1 5 2 5 ( 3
1 6 5 0 ( 8
1 6 5 7 (8
1 72U(m
1762(w
1 7 6 7 (8
1 8 2 0 ( s

(CgPgCOjgO

9 2 0 ( s )

1.0 0 5 ( 3 )

10U5(w)*
111.8(m)
1 1 4 5 ( 3 )

1 2 0 0 ( 3 )
1 3 2 7 ( 8 )
1 3 3 5 ( 8 )

1U1'5(m)
1 5 0 0 ( s )
1 5 1 0 ( 8 ) 
1 5 2 6 ( 8 ) 
1 6 5 0 ( 3 ) 
1 6 5 8 ( 8 )  
1 7 2 4 ( 3 )

1 8 1 0 ( s )

GgP5N02

9 3 8 ( s )
1 0 1 0 ( s )

11115( 3 )

° 6 ^ 5 - ^ 6 F 5

13 2 0 (w)

1 3 5 5 ( a )
1 4 1 5 ( 8 )

1 6 4 5 ( b )
1658 ( 8 )
1 7 2 5 (w)

1 8 1 5(w )

I035(m.)

1 5 1 0 ( 8 )

I6 5 0 (m )
1 6 5 7 ( 8 )

* A l s o  b a n d  a t  1 0 5 7 ( 8 )

s
m
w
S

s t r o n g
medium
weak
s h o u l d e r
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(vi) Identification of esters formed in the reaction.
Gas chromatography indicated the presence of large 

quantities of high boiling, slow running residues in each 
reaction mixture. Esters may form part of such residues and 
in this particular case the only compound of this type which 
rnâ  ̂be formed is pent af luor ophenyl pent af luor obenz oat e. The 
concentration of ester may be determined by hydrolysis with 
sodium hydroxide solution and subsequent titration of the 
hydrolysate v/ith hydrochloric acid.

The amount of sodium hydroxide required for complete 
hydrolysis was estimated as follows^ if, during reaction, all 
the pentafluorobenzoyl peroxide is converted into the ester, 
one mole of peroxide v/ill give rise to one mole of ester. On 
hydrolysis v\fith sodium hydroxide the following reaction will 
occur :

C^F^CO.OCgP^ + 2 NaOH ----- >  G^P^CO.ONa + C^P^GNa + H^O

Therefore, for complete hydrolysis of the ester, two moles 
of sodium hydroxide are required per mole of peroxide 
originally used. Since ester formation is a minor mode of 
reaction in the thermolysis of aroyl peroxides (73)? only 
one mole of sodium hydroxide per mole of peroxide was used 
in the saponification. Back titration showed this to be an 
excess in all cases.

The organic part (i.e. carbon tetrachloride fraction) 
of each reaction mixture, after analysis by gas 
chromatography, was made up to 250 cm^ with carbon tetra
chloride in a volumetric flask; a 25 cm^ aliquot was with
drawn, placed in a 50 cm^ round-bottomed flask and the bulk 
of the solvent removed by distillation under reduced pressure
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The sam p le  was t h e n  b o i l e d  u n d e r  r e f l u x  f o r  i h o u r  v / i t h  

s t a n d a r d  sod ium  h y d r o x i d e  s o l u t i o n  (10  cm^, 0 .1 0 0 0  M f o r  

0 . 0 0 3  m o le s  p e r o x i d e  u s e d  f o r  r e a c t i o n ) .  The h y d r o l y s e d  

m i x t u r e  was t i t r a t e d  p o t e n t i o m e t r i c a l l y  w i t h  0 .1 0 0 0  M 

l i y d r o c h l o r i c  a c i d ;  e a c h  component  o f  t h e  m i x t u r e  w ou ld  have  

a  c h a r a c t e r i s t i c  pH ( i . e .  pK) v a l u e  a t  i t s  h a l f  n e u t r a l i s a t i o n  

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

s o l u t i o n  e x c e s s  sod ium  h y d r o x i d e  v^^ould b e  n e u t r a l i s e d  f i r s t ,  

t h e n  sod ium  p e n t  a f l u o r  o p h e n a t  e and  f i n a l l y  sod ium  p e n t a f l u o r o -  

b e n z o a t e .  I n  a d d i t i o n  t o  t h e s e  compounds  sod ium  f l u o r i d e  may 

a l s o  be  p r e s e n t .  T h i s  may be  fo rm ed  by  t h e  h y d r o l y s i s  o f  

l a b i l e  f l u o r o -  g r o u p s  a t t a c h e d  t o  s a t u r a t e d  ( sp ^  h y b r i d i s e d )  

c a r b o n  a tom s  s u c h  a s  t h o s e  p r e s e n t  i n  compounds  l i k e  

t e t r a f l u o r o p e r f l u o r o q u a t e r p h e n y l ,  and a s t e r i s k e d  b e lo w ;

P P

P /

P P p P P P P P
Any sod ium  f l u o r i d e  p r e s e n t  w i l l  be  i n c l u d e d  i n  t h e  e n d - p o i n t

f o r  sod ium  p e n t  a f  l u o r  ob e n z o a t  e s i n c e  t h e  pK̂  ̂ v a l u e s  f o r

h y d r o f l u o r i c  a c i d  and  p e n t a f l u o r o b e n z o i c  a c i d  a r e  t o o  s i m i l a r

f o r  a  s e p a r a t i o n  t o  be  a c h i e v e d  ( 3 . 1 8  ( 9 3 )  and  3 . 3 8  ( 9 1 )

r e s p e c t i v e l y ) .

A g r a p h  o f  pH v s  volume o f  h y d r o c h l o r i c  a c i d  a d d ed  was 

p l o t t e d  t o g e t h e r  w i t h  i t s  f i r s t  d e r i v a t i v e  and  t h e s e  a r e  

shov/n i n  g r a p h  1 3 .  The amount o f  sod ium  f l u o r i d e  p r e s e n t  was 

d e t e r m i n e d  s e p a r a t e l y  by  t i t r a t i o n  w i t h  t h o r i u m  n i t r a t e  and  

t h e  amount o f  sod ium  p e n t a f l u o r o b e n z o a t e  was c a l c u l a t e d  by 

d i f f e r e n c e  b e t w e e n  t h e  amount o f  h y d r o c h l o r i c  a c i d  u s e d  i n  

t h e  a p p r o p r i a t e  p a r t  o f  t h e  t i t r a t i o n  and t h e  q u a n t i t y  o f  

f l u o r i d e  i o n  d e t e r m i n e d .  D u p l i c a t e  h y d r o l y s e s  w ere  c a r r i e d
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Graph 1 3 . 

pH t i t r a t i o n  o f  e s t e r  h y h r o ly sa te a

pH t i t r a t i o n  curve  

f i r s t  d e r iv a t iv e  cu rve
d pH

Compounds n e u t r a l i s e d  a t  each  end p o in t  are
in d ic a te d

<:G^Pp,ONa->

dV

e x c e s s  NaOH

10.0  " 8.0

9.0 ••

8 . 0  ■ '  6 . 0

7.0'

^  G.P^COONa + NaP
6 . 0  4 . 0

5.0 ■

4 . 0  • •  2 . 0

3.0-

2.0
6 . 0 7.04.03.0 5.02.01 . 00

V ol. (V) HCl (cm^)
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o u t  f o r  two r e a c t i o n  m i x t u r e s , and t h e  r e s u l t s  a r e  su m m ar ised  

i n  t a b l e  11 .

T a b l e  11 .

A n a l y s i s  o f  e s t e r s  and hy d r o l y s a b l e  f l u o r i n e  i n  

r e a c t i o n  m i x t u r e s .

(G gP ^ C 0 .0 )2 NOg
mole mole

0 . 0 0 3 0 0 . 1 7

0 . 0 0 1 0 0 . 2 3

C^F^COgH* G^F^OH* HF*

56 13 23
56 19 26

4 5 3
5 4 4

CCl^

^6 ^ 6

pK f o r  CgP^OH = 6 . 2 5  ( l i t .  5 - 5  ( 9 4 ) )

* Moles  p e r  c e n t  m o le s  o f  p e r o x i d e

( v i i )  S p e c t r o p h o t o m e t r i c  a n a l y s i s  o f  r e a c t i o n  m i x t u r e s  f o r  

n i t r o p e n t a f l u o r o b e n z e n e  and d e c a f l u o r o b i p h e n y l .

A f t e r  g a s  c h r o m a t o g r a p h y  o f  r e a c t i o n  m i x t u r e s  had  b e e n  

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

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

b i p h e n y l  had  i d e n t i c a l  r e t e n t i o n  t i m e s .  T h e r e f o r e ,  i t  was 

n e c e s s a r y  t o  d e t e r m i n e  w h e t h e r  t h e  p e a k  o b s e r v e d  was due  t o  

n i t r o p e n t a f l u o r o b e n z e n e  a l o n e  o r  t o  a c o m b i n a t i o n  o f  b o t h .  

G raph  14  shows t h e  u l t r a v i o l e t  s p e c t r a  o f  s o l u t i o n s  o f  known 

c o n c e n t r a t i o n s  o f  a u t h e n t i c  s a m p l e s  o f  n i t r o p e n t a f l u o r o b e n z e n e  

and d e c a f l u o r o b i p h e n y l  i n  c a r b o n  t e t r a c h l o r i d e ;  maxima o c c u r
__ -A

a t  3 6 , 0 0 0  and 3 7 , 3 0 0  cm" r e s p e c t i v e l y . I t  s h o u l d  be  p o s s i b l e ,  

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

t o  d e t e r m i n e  t h e  am ounts  o f  t h e s e  compounds f rom  a s u i t a b l e  

c a l i b r a t i o n  g r a p h ,  p r o v i d e d  t h e r e  a r e  no o t h e r  c o m p o n e n t s  

p r e s e n t  w h i c h  a b s o r b  i n  t h i s  r e g i o n .
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A l l  s p e c t r a  w ere  m e a s u r e d  on a Pye  Unicam SP800 

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

c h l o r i d e  i n  1 cm s i l i c a  c e l l s . The a n a l y s i s  was c a r r i e d  ou t  

a s  f o l l o w s  : t h e  o r g a n i c  part ( i . e .  t h e  carbon t e t r a c h l o r i d e  

e x t r a c t ) o f  two r e a c t i o n  m ix tu r e s , a f t e r  a n a ly s i s  by g a s  

chromâtography , was made up to  100 cm  ̂ w i t h  carbon t e t r a 

c h l o r i d e  i n  s e p a r a t e  v o l u m e t r i c  f l a s k s . The u l t r a v i o l e t  

s p e c t r u m  o f  e a c h  was m e a s u r e d  i n  t h e  r a n g e  2 7 s 500 -  4 7 s 500 cm 

and t h e  peak o b s e r v e d  t o  be  due t o  a c o m b i n a t i o n  o f  t h e  

e f f e c t s  o f  n itr o p e n ta f lu o r o b e n z e n e  and d e c a f l u o r o b i p h e n y l .

The r e s p e c t i v e  c o n c e n t r a t i o n s  o f  t h e  two s p e c i e s  w ere  

d e t e r m i n e d  a s  f o l l o w s  :

-1

s i n c e A = E cd

w h ere  A = a b s o r b a n c e
6  = m o la r  e x t i n c t i o n  c o e f f i c i e n t
c = c o n c e n t r a t i o n  i n  m o l e / l
d = p a t h  l e n g t h  i n  cm

t h e n ,  f o r  a  s o l u t i o n  o f  n i t r o p e n t a f l u o r o b e n z e n e  i n  c a r b o n

t e t r a c h l o r i d e  :

and s i m i l a r l y p  f o r  a  s o l u t i o n  o f  d e c a f l u o r o b i p h e n y l  i n  

c a r b o n  t e t r a c h l o r i d e :

T h e r e f o r e p  f o r  m i x t u r e s  w h i c h  a r e  p re s u m ed  t o  c o n t a i n  b o t h  

s p e c i e s :

+  ̂ [(GgPpU X a
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D i v i d i n g  t h r o u g h  by 6  x d:

W —

I n  t h e  p r e s e n t  e x p e r i m e n t s  d = 1 cm. was r e a d

d i r e c t l y  f rom  t h e  s p e c t r u m  o f  t h e  m i x t u r e .  The e x t i n c t i o n  

c o e f f i c i e n t s  o f  n i t r o p e n t a f l u o r o b e n z e n e  and  d e c a f l u o r o b i p h e n y l  

i n  c a r b o n  t e t r a c h l o r i d e  s o l u t i o n  w e re  c a l c u l a t e d  f rom  s p e c t r a  

o f  known c o n c e n t r a t i o n s . Prom t h e  l a s t  e q u a t i o n  i t  c a n  be  

s e e n  t h a t  a  g r a p h  o f

f o r  d i f f e r e n t  v^^avelengths s h o u l d  be  a  s t r a i g h t  l i n e  whose  

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

whose  i n t e r c e p t  i s  t h e  c o n c e n t r â t i o n  o f  n i t r o p e n t a f l u o r o -  

benzenOp a s s u m i n g  t h a t  t h e s e  two s p e c i e s  a r e  t h e  o n l y  ones  

p r e s e n t  i n  s o l u t i o n  w h i c h  a b s o r b  i n  t h i s  r e g i o n .  The p r e s e n c e  

o f  o t h e r  c h r o m o p h o r e s  w o u ld  l e a d  t o  d e v i a t i o n s  f r o m  l i n e a r i t y  

and  w o u ld  i n v a l i d a t e  t h e  t e c h n i q u e . The g r a p h  was p l o t t e d  

b u t  t h e r e  was a  w id e  s c a t t e r i n g  o f  p o i n t s ;  e s t e r s  h a v e  a l r e a d y  

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

t h e s e  may i n t e r f e r e .  T h e r e f o r e p  t h e  p r o c e d u r e  was r e p e a t e d  

u s i n g  s a m p l e s  o f  r e a c t i o n  m i x t u r e s  w h i c h  had  p r e v i o u s l y  b e e n  

h y d r o l y s e d  w i t h  sod ium  h y d r o x i d e  (by  t h e  m ethod  d e s c r i b e d  

a b o v e ) .  The h y d r o l y s a t e  was e x t r a c t e d  w i t h  50 cm^ o f  c a r b o n  

t e t r a c h l o r i d e  and made up  t o  t h e  mark v / i t h  s o l v e n t  i n  a  

v o l u m e t r i c  f l a s k .  The u l t r a v i o l e t  s p e c t r u m  was m e a s u r e d  and 

r e s u l t s  c a l c u l a t e d  a s  d e s c r i b e d .  A t y p i c a l  s p e c t r u m  o f  a 

r e a c t i o n  m i x t u r e  t r e a t e d  i n  t h i s  way i s  shown i n  g r a p h  14
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and t h e  a p p r o p r i a t e  f u n c t i o n  i s  p l o t t e d  i n  g r a p h  15 . The 

r e s u l t s  f o r  two r e a c t i o n  m i x t u r e s  a r e  s u m m ar is ed  i n  t a b l e  12

T a b l e  12 .

A n a l y s i s  by u l t r a v i o l e t  s

(C g F ^ C 0 .0 ) 2
mole

0 .0 0 3 0

0 .0 0 3 0

0 . 0 0 1 0

0 . 0 0 1 0

««2
mole

0 . 1 7

0 . 1 7

0 . 2 5

0 . 2 5

s o l v e n t

CGI k

CCI 4

0 . 6 7
0 . 1 k

o.6o0.U8
1 .5 8  
1 .56

1.-19 
1 .13

2.68
2.71

1 .6 9
1.71

0 . 9 2
0 . 9 2

0 . 8 5
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S E C T I O N  III

A STUDY OF THE DECOMPOSITION OF
PENTAFLUOROBENZOYL PEROXIDE

DISCUSSION.
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Summary of experimental results.
The literature concerning the decomposition of benzoyl 

and pentafluorobenzoyl peroxide in a variety of solvents was 
briefly surveyed in the Introduction. In the Experimental 
section the decomposition of pentafluorobenzoyl peroxide in 
carbon tetrachloride and hexafluorobenzene was described; 
these reactions were carried out in the presence of nitrogen 
dioxide v/ith a view to establishing a good preparative 
method, involving free radicals, for the synthesis of nitro
pentaf luorobenzene . In fact, the yield of this product was 
very low, at most 10% for a twenty-fold excess of nitrogen 
dioxide over peroxide. The main reaction products were penta- 
fluorobenzoic acid, fluoride ion and a high boiling residue. 
Some evidence was obtained for the presence of pentafluoro
benzoic anhydride and esters of pent afluorob enz oi c acid in 
reaction mixtures, the ester being detected indirectly by 
hydrolysis with sodium hydroxide. The presence of the 
anhydride was suspected from infrared spectra and, if this 
identification is correct, pentafluorobenzoic anhydride could 
be a major component of the mixture. Small quantities of 
decafluorobiphenyl were also detected (less than 1 .6 % ) ,  A 

white solid, believed to contain the anion SiP^^ , was 
filtered off immediately after reaction. In the experiment 
carried out in the absence of nitrogen dioxide, pentafluoro
benzoic acid, decafluorobiphenyl, fluoride ion and the 
inorganic product were not identified amongst the products, 
but a high yield of chioropentafluorobenzene was obtained.
In the reaction carried out in hexafluor ob enzene the yield 
of free pentafluorobenzoic acid and fluoride ion was greater 
than in carbon tetrachloride, whereas the hydrolysis products
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of pentafluorophenyl pentafluorobenzoate were detected in 
much smaller quantity than in the last solvent.

In the present section a discussion of this reaction 
is presented and a scheme is proposed in an attempt to 
explain the formation of various products identified. 
Mechanism for the formation of pentafluorobenzoic acid and 
fluoride ion.
(i) General discussion.

Prom the results described it can be seen that there 
is a relationship between the yields of pentafluorobenzoic 
acid and fluoride ion. Both appear to be dependent on the 
presence of nitrogen dioxide since, in the reaction in v/hich 
the latter was omitted, neither of these products was formed.

Rees (86) has studied in detail the decomposition of 
benzoyl peroxide in carbon tetrachloride in the presence of 
nitrogen dioxide and has found that a major product of this 
reaction is benzoic acid. It was postulated that this product 
arose by hydrolysis of benzoyl nitrate, the latter being 
formed initially by the trapping of benzoyloxy radicals by 
nitrogen dioxide. Rees confirmed the presence of benzoyl 
nitrate by carrying out a reaction to which xylene had 
been added and subsequently isolating nitro-2,5-dimethyl- 
benzene as one of the products. This compound probably arose 
by heterolytic nitration of ;p-xylene, such as would be 
effected by benzoyl nitrate. In the present reaction it is 
suggested that an analogous mechanism is operative and that 
pentafluorobenzoic acid is formed by hydrolysis, during work 
up, of pentafluorobenzoyl nitrate :

C^P^COg" + NOg ----------- ^  C^F^COgNOg

CgP^COgNOg + HgO ----------->  GgP^COgH + HNO^
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In hexafluorobenzene the yield of pentafluorobenzoic 
acid obtained after extraction v/ith sodium hydrogen carbonate 
and subsequent acidification with hydrochloric acid was 
substantially higher than in the reaction in carbon tetra
chloride. This result is difficult to explain; the presence 
of moisture in the apparatus cannot be entirely ruled out 
although fairly vigorous drying procedures were adopted for 
apparatus and materials throughout this work.

High yields of fluoride ion obtained in all reactions 
are difficult to explain. If traces of water were present 
during reaction some hydrogen fluoride could have been formed 
by possible hydrolysis of nitropentafluorobenzene. The 
presence of 2- and 4-nitrotetrafluorophenols, which would also 
be products of the hydrolysis, could account for the red 
colour observed in sodium hydrogen carbonate extracts during 
the work up of some reaction mixtures. It is also possible 
that pentafluorophenyl radicals could react with nitrogen 
dioxide to form an aryl nitrite which can subsequently yield 
a phenoxy-type radical;

This could lead to the production of hydrogen fluoride as 
shown belov/:

O'
P

-P
P

NO

The fluorine atom could be removed by another molecule of 
nitrogen dioxide as the latter is present in such large
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excess. This would result in the formation of nitryl fluoride 
(NOgP) which, on h y d r o l y s i s, v/ould give nitric acid and 
hydrogen fluoride. The possible intermediacy of nitryl 
fluoride in the reaction is discussed fully later.

A second possibility is the induced decomposition of 
p e n ta f lu o r o b e n z o y l  peroxide by trichloromethyl radicals:

P P
CCI,

(C^P^CO.O)g + - C C l j  ------->  . ^^C O .O -O G O .C gP ^

F F

F F
hydrolysis /---

CCI CO.OP<— CGl^ CO.O'

+ HP

-  G6P 5GO2

P P ^ ' p p p p
This reaction would, however, lead to the production of a 
peracid and hydrogen fluoride. In all reactions except that 
carried out in the absence of nitrogen dioxide no chloro- 
pentafluorobenzene was formed, a fact which is not consistent 
with the presence of trichloromethyl radicals. When nitrogen 
dioxide was omitted from the reaction, the yield of chloro- 
pentafluorobenzene was high (57^) suggesting a correspondingly 
high concentration of trichloromethyl radicals but, in this 
instance, no acidic species were detected on work up of the 
reaction mixture, nor was any fluoride ion found or etching 
of the glass reaction vessel observed. Thus, it seems that, 
in the absence of nitrogen dioxide, a large proportion of the 
pentafluorobenzoyloxy radicals produced are decarboxylated 
forming pentafluorophenyl radicals which subsequently 
abstract chlorine radicals from the solvent, carbon tetra
chloride:
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 >  C^F^Gl + ' C C l j

The a b s e n c e  o f  any a c i d i c  s p e c i e s  i n  t h e  d i c h l o r o m e t h a n e  

e x t r a c t  a f t e r  work  up  e l i m i n a t e s  t h e  p o s s i b i l i t y  o f  c h l o r i n e  

a b s t r a c t i o n  f ro m  t h e  s o l v e n t  by p e n t a f l u o r o b e n z o y l o x y  

r a d i c a l s :

CgP^C02‘ + CCl^  ------- >  C^P^CO.OCl + "CClj

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

w o u ld  u n d e r g o  h y d r o l y s i s  d u r i n g  t h e  w ork  up  p r o c e d u r e  and  

w o u ld  l e a d  t o  t h e  p r o d u c t i o n  o f  p e n t a f l u o r o b e n z o i c  a c i d .

The d e c o m p o s i t i o n  o f  p e n t a f l u o r o b e n z o y l  p e r o x i d e  

c o u l d  a l s o  be  i n d u c e d  by t r i c h l o r o m e t h y l  r a d i c a l s  w i t h  t h e  

r e s u l t a n t  f o r m a t i o n  o f  t r i c h l o r o m e t h y l  p e n t a f l u o r o b e n z o a t e  

and  b e n z o y l o x y  r a d i c a l s .  The f o r m e r  w o u ld  fo rm  p a r t  o f  t h e  

n o n - v o l a t i l e  r e s i d u e  d e t e c t e d  i n  r e a c t i o n  m i x t u r e s  d u r i n g  

a n a l y s i s  by g a s - l i q u i d  c h r o m a t o g r a p h y .

An i n d u c e d  d e c o m p o s i t i o n  o f  p e n t a f l u o r o b e n z o y l  

p e r o x i d e  c a n  a l s o  be e n v i s a g e d  i n v o l v i n g  n i t r o g e n  d i o x i d e  

i n s t e a d  o f  t r i c h l o r o m e t h y l  r a d i c a l s .  I n  t h i s  c a s e  a n i t r o -  

s u b s t i t u t e d  p e r a c i d  w o u ld  b e  fo r m ed  a s  w e l l  a s  f l u o r i d e  i o n .

I t  i s ,  t h u s ,  e s t a b l i s h e d  t h a t  i n  t h e  a b s e n c e  o f  

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

w i t h  c a r b o n  t e t r a c h l o r i d e  f o r m i n g  c h l o r o p e n t a f l u o r o b e n z e n e . 

H ow ever ,  i n  t h o s e  r e a c t i o n s  c a r r i e d  o u t  i n  t h e  p r e s e n c e  o f  

an  e x c e s s  o f  n i t r o g e n  d i o x i d e  none  o f  t h i s  p r o d u c t  was 

d e t e c t e d  and  o n l y  a  low y i e l d  o f  n i t r o p e n t a f l u o r o b e n z e n e ,  

p r e s u m a b l y  fo rm ed  by  c o m b i n a t i o n  o f  n i t r o g e n  d i o x i d e  and  

p e n t a f l u o r o p h e n y l  r a d i c a l s ,  was  o b t a i n e d .  T h ese  r e s u l t s
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imply that, in the presence of nitrogen dioxide, pentafluoro
phenyl radicals are not formed in large amount ; however, in 
the nitrogen dioxide reactions high yields of pentafluoro- 
benzoic acid were obtained. It has already been suggested that 
pentafluorobenzoyl nitrate is formed during the reaction as 
the first step in the route to the production of pentafluoro- 
benzoic acid. If nitrogen dioxide prevents the decarboxylation 
of pentafluorobenzoyloxy radicals by reacting with them to 
form pentafluorobenzoyl nitrate, the low yield of nitropenta- 
fluorobenzene and the apparent absence of chloropentafluoro
benzene in reaction mixtures containing nitrogen dioxide may 
be readily understood.
(ii) The possible intermediacy of nitryl fluoride.

It is necessary to discover one or more major routes
whereby fluoride ion may be formed. In order to assist in an
explanation it is postulated that the substance nitryl
fluoride (NO^F) is generated during the course of the reaction
under investigation. This material has been prepared in
excellent yield by reaction between elementary fluorine and
n i t r o g e n  d i o x i d e  i n  PTPE v e s s e l s  ( 9 5 ) .  It i s  a c o l o u r l e s s

g a s  ( b . p .  - 7 2 ° )  w h i c h  e t c h e s  g l a s s  w i t h  t h e  s u b s e q u e n t

formation of silicon tetrafluoride, which is immediately
2 -hydrolysed by water to give chiefly the anion SiP^ and 

some silica. In the present reaction the white solid filtered 
off from reaction mixtures initially had an infrared spectrum 
which appeared to exhibit bands corresponding to the species 
in question, although no silica was detected. Thus, the 
evidence does not point clearly to the fact that nitryl 
fluoride, itself, was directly responsible for the etching 
of reaction vessels. Hydrolysis, of nitryl fluoride yields
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h^^dpogen f l u o r i d e  and  n i t r i c  a c i d ,  and t h e  f o r m e r  c a u s e s  t h e  

e t c h i n g  o f  g l a s s  s u r f a c e s .  I t  i s  p o s s i b l e  t h a t  a  t r a c e  o f  

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

s e a l i n g  p r o c e s s ,  and c a u s e d  h y d r o l y s i s  o f  e i t h e r  n i t r y l  

f l u o r i d e  o r  s i l i c o n  t e t r a f l u o r i d e .  N i t r o g e n  d i o x i d e  m us t  be  

i n v o l v e d  i n  t h e  e t c h i n g  p r o c e s s  a s  t h e  phenomenon was o b s e r v e d  

o n l y  i n  t h o s e  r e a c t i o n s  c a r r i e d  o u t  i n  t h e  p r e s e n c e  o f  t h i s  

s u b s t a n c e .

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

agent w h i c h  appears t o  a c t  a s  NOg* P"; i t  i s  w i t h o u t  a c t i o n  

on a l i p h a t i c  and d e a c t i v a t e d  a r o m a t i c  compounds and  i t  d o e s  

n o t  r e a c t  w i t h  carbon t e t r a c h l o r i d e  (95). N i t r y l  f l u o r i d e  

w i l l  n o t  n i t r a t e  t h e  h e x a f l u o r o b e n z e n e  n u c l e u s  

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

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

b e n z o i c  a n h y d r i d e .  A ssu m in g  t h a t  t h i s  s u b s t a n c e  i s  p r e s e n t ,  

one route t o  i t s  formation i s  by d i s p r o p o r t i o n a t i o n  o f  two 

m o l e c u l e s  o f  p e n t a f l u o r o b e n z o y l  n i t r a t e :

2 CgP^COgNOg --------- >  (CgP^GOjgO +

A c i d  a n h y d r i d e s  react w i t h  hydrogen f l u o r i d e  t o  g i v e  t h e  

c o r r e s p o n d i n g  a c i d  and a c i d  f l u o r i d e .  I n  s u c h  an  i n s t a n c e  

h y d r o g e n  f l u o r i d e  r e a c t s  a s  H"*" P and  i t  i s  n o t  u n r e a s o n a b l e  

t o  assume t h a t  n i t r y l  f l u o r i d e ,  a s  a h e t e r o l y t i c  r e a g e n t ,  may 

b e h a v e  s i m i l a r l y  w i t h  p e n t a f l u o r o b e n z o i c  a n h y d r i d e :

(CgP^COOgO + NOgP --------->  C^P^COgNOg + C^P^GO.P

The p e n t a f l u o r o b e n z o y l  n i t r a t e  w o u ld  be  h y d r o l y s e d  d u r i n g  

w ork  up  t o  p e n t a f l u o r o b e n z o i c  a c i d  and n i t r i c  a c i d ,  a s  b e f o r e .  

T h e r e  a r e  two p o s s i b i l i t i e s  f o r  t h e  f a t e  o f  p e n t a f l u o r o b e n z o y l



105

fluoride; it may be hydrolysed along with pentafluorobenzoyl 
nitrate thereby supplementing the total yield of pentafluoro- 
benzoic acid at this stage, whilst at the same time providing 
a source of fluoride ion. If this is the case, the results 
for the reaction in hexafluorobenzene appear anomalous since 
hero the yield of fluoride ion, formed by hydrolysis of 
precursor during the work up procedure, exceeds that of 
pentafluorobenzoic acid formed at this stage. Alternatively, 
pentafluorobenzoyl fluoride may require more vigorous 
conditions for hydrolysis, such as are needed in the case of 
benzoyl chloride, and will, in this case, be retained in the 
carbon tetrachloride extract along with pentafluorobenzoic 
anhydride and pentafluorophenyl pentafluorobenzoate. During 
the analysis for esters the organic fraction was subjected 
to a prolonged hydrolysis with boiling sodium hydroxide 
solution. These conditions are sufficiently vigorous to 
complete the hydrolysis of pentafluorobenzoyl fluoride and 
thus, in such circumstances, pentafluorobenzoic acid obtained 
at this stage would be derived from three distinct sources.
The yields from pentafluorophenyl pentafluorobenzoate and 
pentafluorobenzoyl fluoride would be equal to those of 
pentafluorophenol and hydrogen fluoride respectively, and the 
amount obtained by hydrolysis of pentafluorobenzoic anhydride 
may be found by difference. If this is the case and penta
fluorobenzoyl fluoride survives the initial work up procedure, 
there is still no explanation for the high yields of fluoride 
ion found in the aqueous extracts. It is possible, of course, 
that nitropentafluorobenzene, itself, could have been 
hydrolysed to some extent during the treatment with sodium 
hydrogen carbonate solution. In a separate experiment, a few
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drops of the nitro- compound in solution in benzene were 
shaken with sodium hydrogen carbonate solution. The subsequent 
development of a yellow colouration in the aqueous layer 
suggested that some nitropentafluorobenzene had dissolved 
in the sodium hydrogen carbonate solution, but on addition 
of a solution of barium chloride to the mixture, no 
precipitate was observed. This suggests that free fluoride 
ion was not present and that hydrolysis of nitropentafluoro
benzene had not occurred to any significant extent.

The initial formation of nitryl fluoride must arise 
by abstraction of a fluorine radical from a fluorine- 
containing moiety; this may be the peroxide or any other 
polyfluoroaromatic compound which is a product of the 
reaction. For example, one route to the formation of nitryl 
fluoride may be by fluorine abstraction from the phenoxy-type
in te r m e d ia te s shown

0
II

on page 98;

0*

F, F F
N0_ +

F 1 1
--------------->

F F

F
NO 2?

NOg F NOg

In the experiment in which hexafluorobenzene was used as 
solvent there was an increase in the yields of fluoride ion 
and pentafluorobenzoic acid. It may be that, in this reaction, 
more nitryl fluoride is formed because there are a large 
number of routes available in which fluorine radicals may 
be abstracted by nitrogen dioxide. In an aromatic solvent 
cT-complexes may be formed by attack of aryl or aroyloxy 
radicals on the solvent. In this particular case both 
pentafluorophenyl and pentafluorobenzoyloxy radicals could
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r e a c t  w i t h  h e x a f l u o r o b e n z e n e  f o r m i n g  c j -com plexes  I  and  I I  

b e lo w :

P

P

P

P

P

P

' 6 h

( 1 )  ( I I )
T hese  c o u l d  be  d e f l u o r i n a t e d  by n i t r o g e n  d i o x i d e  g i v i n g  

d e c a f l u o r o b i p h e n y l  o r  p e n t a f l u o r o p h e n y l  p e n t a f l u o r o b e n z o a t e  

and n i t r y l  f l u o r i d e .  D i m é r i s a t i o n  o f  t h e  c r - c o m p le x e s  g i v e s  

t e t r a n u c l e a r  p r o d u c t s  w h i c h  c o u l d  a l s o  be  d e f l u o r i n a t e d  by 

n i t r o g e n  d i o x i d e .  H ow ever ,  none  o f  t h e s e  schem es  c o n s t i t u t e s  

a  m a j o r  r o u t e  t o  t h e  f o r m a t i o n  o f  n i t r y l  f l u o r i d e ;  t h e  phenoxy-  

t y p e  i n t e r m e d i a t e s  ( s e e  p a g e  9 8 )  w ou ld  n o t  be  p r e s e n t  t o  any 

l a r g e  e x t e n t  a s  most  o f  t h e  p e n t a f l u o r o b e n z o y l o x y  r a d i c a l s  

p r o d u c e d  w ou ld  be  p r e v e n t e d  f ro m  d e c a r b o x y l a t i n g  by  r e a c t i o n  

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

a r e  fo r m e d  a r e  more l i k e l y  t o  r e a c t  w i t h  n i t r o g e n  d i o x i d e  t o  

f o rm  n i t r o p e n t a f l u o r o b e n z e n e  r a t h e r  t h a n  t h e  a r y l  n i t r i t e .  I n  

t h e  c a s e  o f  t h e  r e a c t i o n  i n  h e x a f l u o r o b e n z e n e  t h e  s t a t i o n a r y  

c o n c e n t r a t i o n s  o f  b o t h  p e n t a f l u o r o b e n z o y l o x y  and p e n t a f l u o r o 

p h e n y l  w o u ld  be  low b e c a u s e  o f  t h e  r e s p e c t i v e  r e a c t i o n s  o f  

t h e s e  r a d i c a l s  w i t h  n i t r o g e n  d i o x i d e ,  and r e a c t i o n  o f  e i t h e r  

w i t h  t h e  s o l v e n t  i s  n o t  e x p e c t e d  t o  be o f  m a jo r  i m p o r t a n c e .

I f  one s t u d i e s  t h e  r e s u l t s  f o r  t h e  y i e l d s  o f  f l u o r i d e  

i o n  and  p e n t a f l u o r o b e n z o i c  a c i d  ( t a b l e s  3 and  I4.) i t  i s  s e e n  

t h a t  t h e  a m oun ts  o f  e a c h  fo rm ed  v a r y  a r b i t r a r i l y ,  t h a t  i s ,  

t h e r e  d o e s  n o t  a p p e a r  t o  b e  any d e f i n i t e  t r e n d  i n  e i t h e r  

y i e l d  on c h a n g i n g  t h e  i n i t i a l  c o n c e n t r a t i o n  o f  p e r o x i d e  o r  

n i t r o g e n  d i o x i d e .  However ,  i f  t h e  two y i e l d s  a r e  summed f o r
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e a c h  r e a c t i o n  a  more or  l e s s  c o n s t a n t  f i g u r e  i s  o b t a i n e d  

( w i t h i n  e x p e r i m e n t a l  e r r o r ) :  93y 1 1 6 ,  1 0 7 ,  83^  ( f o r  r e a c t i o n s  

i n  c a r b o n  t e t r a c h l o r i d e ) ;  i n  t h e  c a s e  o f  t h e  r e a c t i o n  i n  

h e x a f l u o r o b e n z e n e  t h e  f i g u r e  i s  much h i g h e r  (173% ).  I t  h a s  

b e e n  e s t a b l i s h e d  t h a t  n i t r o g e n  d i o x i d e  i s  i m p o r t a n t  i n  t h e  

f o r m a t i o n  o f  b o t h  f l u o r i d e  i o n  and p e n t a f l u o r o b e n z o i c  a c i d  

and i t  i s  r e a s o n a b l e  t o  assume t h a t  t h e  l a t t e r  d e r i v e s  f rom  

t h e  h y d r o l y s i s  o f  p e n t a f l u o r o b e n z o y l  n i t r a t e .  As t h e  sum o f  

t h e  y i e l d s  o f  t h e  two p r o d u c t s  m e n t i o n e d  i s  c o n s t a n t  ( i n  

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

d i f f e r e n t ,  i t  may be  p o s t u l a t e d  t h a t  t h e r e  a r e  two c o m p e t i n g  

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

one l e a d i n g  t o  t h e  f o r m a t i o n  o f  t h e  a c i d  and t h e  o t h e r  t o  

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

The f i r s t  r e a c t i o n  i s  o b v i o u s l y  h y d r o l y s i s  by sod ium  h y d r o g e n  

c a r b o n a t e  d u r i n g  work  u p ;  t h e  s e c o n d  i s  more d i f f i c u l t  t o  

e n v i s a g e .

P e n t a f l u o r o b e n z o y l  n i t r a t e  i s  a  mixed  a c i d  a n h y d r i d e  

a n d ,  t h e r e f o r e ,  c o u l d  r e a c t  w i t h  n i t r y l  f l u o r i d e  i n  a  manner  

a n a l o g o u s  t o  t h e  r e a c t i o n  o f  t h i s  s u b s t a n c e  w i t h  p e n t a f l u o r o 

b e n z o i c  a n h y d r i d e  :

C^P^CO^NO^ + N O g P ---------->  CgP^CO.P +

T h i s  r e a c t i o n  w ould  g i v e  p e n t a f l u o r o b e n z o y l  f l u o r i d e  b u t ,  

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

t o  f l u o r i d e  i o n  u n d e r  t h e  m i l d  h y d r o l y s i s  c o n d i t i o n s  d u r i n g  

t h e  i n i t i a l  w ork  u p .  A l s o ,  t h e  r e a c t i o n  r e q u i r e s  t h e  p r e s e n c e  

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

s t i l l  e x i s t s .  The an sw e r  may l i e  i n  a  r e a r r a n g e m e n t  r e a c t i o n  

o f  p e n t a f l u o r o b e n z o y l  n i t r a t e .  The h y d r o a r o m a t i c  a n a l o g u e .
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b e n z o y l  n i t r a t e ,  h a s  b e e n  fo u n d  t o  u n d e r g o  r e a r r a n g e m e n t ,  

p a r t i c u l a r l y  i n  n i t r o b e n z e n e  s o l u t i o n ,  t o  m - n i t r o b e n z o i c  

a c i d  ( 9 6 ) ,  R ees  (8 6 )  c a r r i e d  o u t  t h e  d e c o m p o s i t i o n  o f  

b e n z o y l  p e r o x i d e  i n  n i t r o g e n  d i o x i d e  a l o n e  and  f o u n d  t h a t  

t h e  m a j o r  a c i d i c  com ponen t  o f  t h e  r e a c t i o n  was  m - n i t r o b e n z o i c  

a c i d ,  c o r r e s p o n d i n g  t o  t h e  r e a r r a n g e m e n t  o f  b e n z o y l  n i t r a t e ,  

i n v o l v i n g  t h e  m i g r a t i o n  o f  t h e  n i t r o -  g r o u p  t o  t h e  3~ 

p o s i t i o n .  I n  t h e  c a s e  o f  p e n t a f l u o r o b e n z o y l  n i t r a t e ,  h o w e v e r ,  

t h e  s i t u a t i o n  i s  n o t  a s  s t r a i g h t f o r w a r d .  I f  p e n t a f l u o r o b e n z o y l  

n i t r a t e  w e re  t o  r e a r r a n g e  i n  an  a n a l o g o u s  m anner  t o  b e n z o y l  

n i t r a t e ,  t h e  p r o d u c t  w ou ld  be  3 - n i t r o t e t r a f l u o r o b e n z o y l  

h y p o f l u o r i t e , i m p l y i n g  t h e  u n l i k e l y  t r a n s f e r  o f  I t  may b e ,

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

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

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

a l l  r e s u l t  b e i n g  t o  w eaken  t h e  C-C bond  f ro m  t h e  r i n g  c a r b o n  

atom t o  t h a t  o f  t h e  c a r b o x y l  g r o u p .  The m o l e c u l e  c o u l d ,  

c o n s e q u e n t l y ,  decompose  e l i m i n a t i n g  COg, NO^ and P ( a n d ,  

h e n c e ,  NO^P) i n  a  c y c l i c  p r o c e s s  a n d ,  a t  t h e  same t i m e ,  a  

h i g h l y  r e a c t i v e  b e n z y n e  i n t e r m e d i a t e  w o u ld  be  fo rm ed :

C

?  /? P
■ ' ^ 0  ” 0

+ N ^ '

P”

Pp
( I )

O c t a f l u o r o b i p h e n y l e n e  ( a  p o s s i b l e  p r o d u c t  o f  d i m é r i s a t i o n  o f

I )  h a s  b e e n  p r e p a r e d  by t h e  p y r o l y s i s  o f  s i l v e r  t e t r a f l u o r o -  

p h t h a l a t e  a t  250 -  260°  ( 9 7 ) ,  o r  by t h e  p y r o l y s i s  a t  7 5 0 ° and  

0 , 6  mm p r e s s u r e  o f  t e t r a f l u o r o p h t h a l i c  a n h y d r i d e  ( 9 8 ) ,  I n
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the present reactions the presence of octafluorobiphenylene 
was not evident in product analyses.

The formation of nitro- and chloro-pentafluorobenzene 
has been described elsewhere (see page 1oo). In the absence 
of nitrogen dioxide, pentafluorobenzoyloxy radicals are 
capable of decarboxylation and the pentafluorophenyl radicals 
so formed may abstract a chlorine radical from the solvent 
when the latter is carbon tetrachloride. In the reaction 
carried out in the presence of nitrogen dioxide, pentafluoro
benzoyloxy radicals are prevented from undergoing 
decarboxylation owing to the fact that nitrogen dioxide is 
an efficient scavenger of these radicals and reacts with them 
forming pentafluorobenzoyl nitrate. Thus, any pentafluoro
phenyl radicals produced react preferentially with nitrogen 
dioxide rather than with the solvent.
Mechanism for the formation
pent af lu or ob en z_o_a te,

The ester, pentafluorophenyl pentafluorobenzoate, was 
formed in the reaction and was detected by hydrolysis with 
sodium hydroxide solution and subsequent titration with 
hydrochloric acid, A number of routes may be envisaged for 
the production of this ester: the induced decomposition of 
the peroxide by either pentafluorophenyl or pentafluoro
benzoyloxy radicals, direct combination of these radicals 
and, in hexafluorobenzene, the reaction of the cr-complex 
formed between pentafluorobenzoyloxy radicals and hexafluoro
benzene with either pentafluorobenzoyloxy radicals or 
pentafluorobenzoyl peroxide (equations I - V below):



109

^6^5* + ^  CgP3C02CgP3 + GgPcfOg'

I I  CgPgCO^' + (C g P c f O g ) ^  >  CgP3C02GgP3 + GgP^COg"

I I I  CgP3- + GgP3C02- — ^  CgP5G02GgP3

+ COg

IV

V

C6P3G02- ------>  CgP3C02GgP3 + CgP3C02P

(GgP3G02)2 — ^  CgP3G02GgP3 + GgP^GOgP

+ GgP3G02*

G i l l  an d  V / i l l i a m s  ( 7 3 )  h av e  s t u d i e d  t h e  d e c o m p o s i t i o n  o f  

b e n z o y l  p e r o x i d e  i n  b e n z e n e  and  t h e y  s u g g e s t e d  t h a t  t h e  m a in  

r o u t e  t o  t h e  p r o d u c t i o n  o f  t h e  s m a l l  b u t  s i g n i f i c a n t  am oun ts  

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

t o  V a b o v e .  They d i s c o u n t e d  t h e  r e m a i n i n g  o n es  b e c a u s e  o f  t h e  

l ow s t a t i o n a r y  c o n c e n t r a t i o n  o f  p h e n y l  and  b e n z o y l o x y  

r a d i c a l s .  P a u s a c k e r  i n  a  p a p e r  p u b l i s h e d  i n  1936 ( 9 9 )  q u o t e d  

t h e  s u g g e s t i o n  o f  Hey and W a t e r s  ( 1 0 0 )  t h a t ,  i n  t h e  

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

i s  fo rm ed  by  t h e  c o m b i n a t i o n  o f  p h e n y l  and  b e n z o y l o x y  

r a d i c a l s .  H ow ever ,  a s  t h e  y i e l d  d o e s  n o t  v a r y  a p p r e c i a b l y  

w i t h  i n c r e a s e  i n  p e r o x i d e  c o n c e n t r a t i o n ,  G reene  ( 1 0 1 )  h a s  

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

o f  t h e  p e r o x i d e :

CgH3G02GgH3 + GOg

Oldham and  W i l l i a m s  ( 5 8 )  have  s t u d i e d  t h e  d e c o m p o s i t i o n  

o f  p e n t a f l u o r o b e n z o y l  p e r o x i d e  i n  a number o f  a r o m a t i c  

s o l v e n t s  i n c l u d i n g  h e x a f l u o r o b e n z e n e .  They r e p o r t e d  t h a t  t h e  

m a in  p r o d u c t  i n  h e x a f l u o r o b e n z e n e  was a  h i g h  b o i l i n g  r e s i d u e ;
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they detected only a trace of decafluorobiphenyl, no penta
fluorobenzoic acid and no pentafluorophenyl pentafluoro- 
benzoate, implying that none of the reactions I - V above 
occurred in this case. These authors suggested that addition 
of radicals to the hexafluorobenzene nucleus takes place but 
that there appears to be no ready route for the defluorination 
of the resulting cr-complexes. It was postulated that the 
latter dimerise or combine with pentafluorophenyl radicals to 
give trinuclear products. This reaction was thought to be 
feasible since, owing to its unreactivity towards hexafluoro
benzene (the pentafluorophenyl radical is electrophilic and 
hexafluorobenzene is deactivated towards attack by such 
species), there would be a high stationary concentration of 
pentafluorophenyl radicals. This principle does not apply in 
the present reaction since nitrogen dioxide is present in 
excess and would, therefore, be expected to react with either 
pentafluorophenyl or pentafluorobenzoyloxy radicals thus 
rendering the stationary concentrations of these two species 
relatively low. However, the presence of nitrogen dioxide 
also means that there is a ready route available for the 
defluorination of cr-complexes:

CgP^CO

p p

+ NOg ---- > CgP^COgC^P^ + NOgP

The above reaction could, therefore, constitute a minor 
route to the formation of the ester in hexafluorobenzene. 
However, inspection of the results obtained from ester 
determination (see table 11) shows that the yield of ester 
in the hexafluorobenzene reaction is considerably less than
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t h a t  i n  c a r b o n  t e t r a c h l o r i d e .  T h u s ,  t h e r e  i s  no e v i d e n c e  t o  

s u g g e s t  t h a t  any a d d i t i o n a l  r o u t e s  t o  t h e  f o r m a t i o n  o f  t h e  

e s t e r  o c c u r  i n  t h e  f o r m e r  s o l v e n t .

I t  h a s  a l r e a d y  b e e n  s u g g e s t e d  t h a t  t h e  y i e l d  o f  

p e n t a f l u o r o b e n z o i c  a c i d  o b t a i n e d  a t  t h i s  s t a g e  d e r i v e s  f rom  

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

p e n t a f l u o r o b e n z o a t e 5 p e n t a f l u o r o b e n z o y l  f l u o r i d e  and  p e n t a 

f l u o r o b e n z o i c  a n h y d r i d e . The r e s u l t  f o r  t h e  r e a c t i o n  i n  c a r b o n  

t e t r a c h l o r i d e  i s  c o n s i s t e n t  w i t h  t h i s  p o s t u l a t e  s i n c e  t h e  

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

t h a t  o f  p e n t a f l u o r o p h e n o l . H ow ever ,  i n  t h e  h e x a f l u o r o b e n z e n e  

r e a c t i o n  t h e  two y i e l d s  a r e  i d e n t i c a l ,  s u g g e s t i n g  t h a t  t h e  

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

r e a c t i o n  i s  t h e  e s t e r .  But  f l u o r i d e  i o n  was a l s o  d e t e c t e d  

a l o n g  w i t h  p e n t a f l u o r o b e n z o i c  a c i d  and p e n t a f l u o r o p h e n o l ,  and 

i f  t h e  o r i g i n a l  p o s t u l a t e  i s  t r u e  and f l u o r i d e  i o n  comes f ro m  

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

h i g h e r  t h a n  t h a t  o f  p e n t a f l u o r o p h e n o l . A l s o ,  i t  w ou ld  a p p e a r  

f rom  t h i s  r e s u l t  t h a t  t h e r e  i s  no p e n t a f l u o r o b e n z o i c  a n h y d r i d e  

fo rm ed  i n  t h e  h e x a f l u o r o b e n z e n e  r e a c t i o n  o t h e r w i s e  t h i s  w o u ld  

p r o v i d e  an a d d i t i o n a l  s o u r c e  o f  p e n t a f l u o r o b e n z o i c  a c i d  on 

h y d r o l y s i s  w i t h  sod ium  h y d r o x i d e .

H e n ce ,  t h e  r o u t e  t o  t h e  f o r m a t i o n  o f  p e n t a f l u o r o p h e n y l  

p e n t a f l u o r o b e n z o a t e  i s  o b s c u r e ;  o f  t h e  f i v e  r e a c t i o n s  l i s t e d  

on p a g e  109 t h e  f i r s t  t h r e e ,  w h i c h  a r e  t h e o r e t i c a l l y  p o s s i b l e  

i n  b o t h  c a r b o n  t e t r a c h l o r i d e  and h e x a f l u o r o b e n z e n e ,  a r e  

u n l i k e l y  t o  o c c u r  b e c a u s e  o f  t h e  low s t a t i o n a r y  c o n c e n t r a t i o n s  

o f  p e n t a f l u o r o p h e n y l  and  p e n t a f l u o r o b e n z o y l o x y  r a d i c a l s .  The 

l a s t  two r e a c t i o n s  a r e  o n l y  p o s s i b l e  i n  h e x a f l u o r o b e n z e n e  and 

w o u ld ,  t h e r e f o r e ,  c o n s t i t u t e  a d d i t i o n a l  r o u t e s  t o  t h e
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f o r m a t i o n  o f  t h e  e s t e r  i n  t h i s  s o l v e n t ,  b u t  t h e s e  may be 

d i s c o u n t e d  s i n c e  t h e  y i e l d  o f  p e n t a f l u o r o p h e n y l  p e n t a f l u o r o 

b e n z o a t e  was  l e s s  i n  h e x a f l u o r o b e n z e n e  t h a n  i n  c a r b o n  t e t r a 

c h l o r i d e .  I t  may b e ,  t h e r e f o r e ,  t h a t  t h e  o n l y  r o u t e  t o  t h e  

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

a r e a c t i o n  a n a l o g o u s  t o  t h a t  p r o p o s e d  by  G r e e n e  ( 1 0 1 )  f o r  

b e n z o y l  p e r o x i d e .

U n f o r t u n a t e l y ,  i t  was  n o t  p o s s i b l e  t o  a n a l y s e  t h e  

m i x t u r e  f ro m  t h e  r e a c t i o n  c a r r i e d  o u t  i n  t h e  a b s e n c e  o f  

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

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

h y d r o l y s i s  s t a g e  s h o u l d  be  p e n t a f l u o r o p h e n y l  p e n t a f l u o r o 

b e n z o a t e ,  i f  s u g g e s t i o n s  made so  f a r  r e g a r d i n g  t h e  m e ch a n ism  

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

f o r  f u t u r e  r e s e a r c h .  I n  1969 T a t l o w  and  c o w o r k e r s  ( 3 7 )  

r e p o r t e d  a  y i e l d  o f  7% o f  p e n t a f l u o r o p h e n y l  p e n t a f l u o r o 

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

i n  h e x a f l u o r o b e n z e n e  b u t  no  m e ch a n i sm  was s u g g e s t e d .

M echan ism  f o r  t h e  f o r m a t i o n  o f  d e c a f l u o r o b i p h e n y l .

V e ry  s m a l l  q u a n t i t i e s  o f  d e c a f l u o r o b i p h e n y l  w e re  

d e t e c t e d  i n  t h e  p r o d u c t s  o f  t h e  p r o d u c t s  o f  t h e  p r e s e n t  

r e a c t i o n .  C l a r e t ,  W i l l i a m s  and  C o u l s o n  ( 6 7 ) h a v e  i n v e s t i g a t e d  

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

b e n z e n e ;  t h e y  o b t a i n e d  good y i e l d s  o f  2 , 3 , 4 , 3 , 6 - p e n t a f T u o r o -  

b i p h e n y l  i n  t h e  b e n z o y l  p e r o x i d e / h e x a f l u o r o b e n z e n e  r e a c t i o n  

and  a  s i m i l a r  r e s u l t  vms o b t a i n e d  i n  t h e  c a s e  o f  M s ( 3 - m e t h y l -  

b e n z o y l )  p e r o x i d e .  H ow ever ,  t h e  p r e s e n c e  o f  an  e l e c t r o n  

w i t h d r a w i n g  s u b s t i t u e n t  i n  t h e  p e r o x i d e  ( e . g .  3 - G l ,  3 - B r  o r  

^-NOg) d e c r e a s e d  t h e  y i e l d  o f  b i a r y l  by a  f a c t o r  o f  2 . 3 .  I n  

t h e  p r e s e n t  r e a c t i o n  t h e  y i e l d  o f  b i a r y l  was e x t r e m e l y  s m a l l
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( i . e .  l e s s  t h a n  0 . 7 ^  i n  c a r b o n  t e t r a c h l o r i d e  and  ̂ ,6% i n  

h e x a f l u o r o b e n z e n e ) .  I n  c a r b o n  t e t r a c h l o r i d e  t h e r e  a r e  o n l y  

two p o s s i b l e  r o u t e s  f o r  t h e  f o r m a t i o n  o f  d e c a f l u o r o b i p h e n y l  

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

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

T h e s e  two r o u t e s  a r e  by d i m é r i s a t i o n  o f  p e n t a f l u o r o p h e n y l  

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

t h e  same s p e c i e s :

2

V s ’ + ( V s ‘̂ ° 2 ) 2   >  V s - V s  + CgPcfOg-  + COg

N e i t h e r  o f  t h e s e  two p r o c e s s e s  w o u ld  be  e x p e c t e d  t o  o c c u r  t o  

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

o f  t h e  lo w  s t a t i o n a r y  c o n c e n t r a t i o n  o f  p e n t a f l u o r o p h e n y l  

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

o u t  i n  c a r b o n  t e t r a c h l o r i d e  i s  v e r y  lo w .  T a t l o w  and  c o w o r k e r s  

( 5 7 )  h a v e  o b t a i n e d  a y i e l d  o f  2% o f  d e c a f l u o r o b i p h e n y l  f ro m  

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

f l u o r o b e n z e n e ,  and s u g g e s t e d  t h a t  b i a r y l  i s  a  g e n u i n e  

h o m o l y t i c  a r o m a t i c  s u b s t i t u t i o n  p r o d u c t  and  t h a t  i t  i s  n o t  

f o r m e d  by  d i m é r i s a t i o n  o f  p e n t a f l u o r o p h e n y l  r a d i c a l s  s i n c e  i t  

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

b e n z o y l  p e r o x i d e  i n  b e n z e n e .  I n  t h e  p r e s e n t  w ork  a  s i m i l a r  

y i e l d  t o  t h a t  q u o t e d  above  was o b t a i n e d  and i t  i s  p r o b a b l e  

t h a t  d e c a f l u o r o b i p h e n y l  i s  f o r m e d ,  i n  h e x a f l u o r o b e n z e n e ,  by  

d e f l u o r i n a t i o n  o f  t h e c r - c o m p l e x  fo r m e d  b e t w e e n  p e n t a f l u o r o 

p h e n y l  r a d i c a l s  and  h e x a f l u o r o b e n z e n e .  The lo w  y i e l d  r e s u l t s  

f r o m  t h e  f a c t  t h a t ,  i n  a d d i t i o n  t o  t h e  low s t a t i o n a r y  

c o n c e n t r a t i o n  o f  p e n t a f l u o r o p h e n y l  r a d i c a l s ,  r e a c t i o n  b e t w e e n
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t h i s  e l e c t r o p h i l i c  r a d i c a l  an d  h e x a f l u o r o b e n z e n e  i s  n o t  a 

f a v o u r a b l e  p r o c e s s .  T h i s  i s  i n  a g r e e m e n t  w i t h  t h e  w ork  o f  

C l a r e t  and  W i l l i a m s  ( 6 ? )  b e c a u s e  t h e  p e n t a f l u o r o p h e n y l  

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

i n  t h e  n u c l e u s .

P e n t a f l u o r o b e n z o i c  a n h y d r i d e  a s  a r e a c t i o n  p r o d u c t .

I t  h a s  a l r e a d y  b e e n  s t a t e d  t h a t  f r o m  t h e  i n f r a r e d  d a t a  

a  p r o d u c t  o f  t h e  r e a c t i o n  a p p e a r s  t o  be  p e n t a f l u o r o b e n z o i c  

a n h y d r i d e .  H ow eve r ,  i f  t h e  r e s u l t s  f o r  e s t e r  d e t e r m i n a t i o n  

a r e  i n s p e c t e d  f o r  t h e  c a r b o n  t e t r a c h l o r i d e  r e a c t i o n  ( s e e  

t a b l e  ^ ^ )  i t  c a n  b e  s e e n  t h a t  t h e  y i e l d  o f  t h e  a n h y d r i d e  i s  

a p p r o x i m a t e l y  5 ^ ,  a s s u m i n g  t h a t  one m ole  o f  a n h y d r i d e  i s  

h y d r o l y s e d  t o  g i v e  two m o le s  o f  a c i d  and t h a t  p e n t a f l u o r o 

b e n z o y l  f l u o r i d e  a l s o  u n d e r g o e s  h y d r o l y s i s  a t  t h i s  s t a g e .  

A l t e r n a t i v e l y ,  i f  p e n t a f l u o r o b e n z o y l  f l u o r i d e  i s  h y d r o l y s e d  

d u r i n g  t h e  i n i t i a l  w ork  u p ,  t h e  y i e l d  o f  p e n t a f l u o r o b e n z o i c  

a n h y d r i d e  c o u l d  be  a s  h i g h  a s  22%. I f  t h i s  i s  t h e  c a s e ,  t h e  

f l u o r i d e  i o n  d e t e c t e d  a f t e r  p r o l o n g e d  h y d r o l y s i s  w i t h  sod ium  

h y d r o x i d e  mus t  be  d e r i v e d  e n t i r e l y  f r o m  d e r i v a t i v e s  o f  h e x a 

f l u o r o b e n z e n e  fo r m e d  d u r i n g  t h e  r e a c t i o n ,  s u c h  a s  n i t r o 

p e n t a f l u o r o b e n z e n e ,  c h l o r o p e n t a f l u o r o b e n z e n e ,  d e c a f l u o r o 

b i p h e n y l ,  p e n t a f l u o r o b e n z o i c  a c i d  and  a l s o ,  i n  t h e  h e x a f l u o r o 

b e n z e n e  r e a c t i o n  o n l y ,  f r o m  t h e  p e r f l u o r o -  a n a l o g u e s  o f  t h e  

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

i t s e l f ,  may a l s o  be r e g a r d e d  a s  a  m ixed  a c i d  a n h y d r i d e .  An 

i n f r a r e d  s p e c t r u m  o f  t h i s  m a t e r i a l  was  n o t  a v a i l a b l e  t h e r e f o r e  

i t  w as  n o t  p o s s i b l e  t o  a s c e r t a i n  w h e t h e r  t h e  s p e c t r u m  o f  t h e  

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

s p e c i e s .  The e s t e r ,  p e n t a f l u o r o p h e n y l  p e n t a f l u o r o b e n z o a t e ,  

may a l s o  h a v e  shown a s i m i l a r  s p e c t r u m  b u t  a g a i n  t h i s  was n o t
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a v a i l a b l e .

L ynch  and P a u s a c k e r  ( 9 9 )  h a v e  s t u d i e d  t h e  d e c o m p o s i t i o n  

o f  b e n z o y l  p e r o x i d e  i n  b e n z e n e ,  and  among t h e  p r o d u c t s  

i d e n t i f i e d  w e re  b e n z o i c  a c i d  and  q u a t e r p h e n y l s .  They  f o u n d  

t h a t  u n e q u a l  a m o u n ts  o f  b e n z o i c  a c i d  and  p h e n o l  w e re  f o r m e d  

on h y d r o l y s i s  o f  r e a c t i o n  m i x t u r e s  w i t h  s o d iu m  h y d r o x i d e ,  t h e  

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

t h a t  q u a t e r p h e n y l  i s  fo r m e d  by d i m é r i s a t i o n  o f  t h e  c r -co m p lex  

f o r m e d  by  r e a c t i o n  o f  p h e n y l  r a d i c a l s  w i t h  b e n z e n e ,  r e s u l t i n g  

i n  a  t e t r a h y d r o q u a t e r p h e n y l  w h i c h  i s  s u b s e q u e n t l y  o x i d i s e d .

I t  was  p r o p o s e d  t h a t  t h e  o x i d a t i o n  p r o c e s s  i s  e f f e c t e d  by 

means  o f  b e n z o y l  p e r o x i d e  and  n o t  by b e n z o y l o x y  r a d i c a l s ,  t h e  

p e r o x i d e  s u b s e q u e n t l y  b e c o m i n g  c o n v e r t e d  i n t o  b e n z o i c  

a n h y d r i d e .  The p r o p o s e d  m ech an ism  i s  a s  f o l l o w s ;

+ CgHg ------------->

------> cgH5.cgHg.cgHg.cgH3
( 1)

I + 2 (CgH^COg)., 2 (CgH^COOgO + CgH^.CgH^.CgH^.CgH^
+ 2 HgO

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

a f t e r  h y d r o l y s i s  w i t h  so d iu m  h y d r o x i d e ,  s i n c e  t h i s  c a n  t h e n  

b e  a c c o u n t e d  f o r  by  t h e  h y d r o l y s i s  o f  b e n z o i c  a n h y d r i d e .

I t  i s  a l r e a d y  known t h a t  t e r t i a r y  p h o s p h i n e s  r e a c t  w i t h  

b e n z o y l  p e r o x i d e  y i e l d i n g  p h o s p h i n e  o x i d e s  and  b e n z o i c  

a n h y d r i d e  ( 1 0 2 ,  1 0 3 ) .  An a n a l o g o u s  scheme t o  t h a t  shown above  

c o u l d  be p r o p o s e d  f o r  t h e  p r e s e n t  r e a c t i o n  i n
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h e x a f l u o r o b e n z e n e .  D e f l u o r i n a t i o n  o f  t h e  p r o d u c t  fo r m e d  by 

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

p e n t a f l u o r o b e n z o i c  a n h y d r i d e ,  p e r f l u o r o q u a t e r p h e n y l  and  

f l u o r i n e  o x i d e ;

CgP5 .CgPg.CgPg.CgF5 + 2 (C g P c fO g )^   >

2 (CgPyCOjgO + CgP5.CgP^.CgP^.CgP5 + 2 PgO

S u c h  a r e a c t i o n  i s  i m p o s s i b l e  on e n e r g e t i c  g r o u n d s  a s  i t  i s
-1e n d o t h e r m i e  by a b o u t  2 , 0 0 0  KJ mole  . I n  a d d i t i o n ,  t h e  r e s u l t  

f o r  t h e  e s t e r  d e t e r m i n a t i o n  i n  t h e  r e a c t i o n  c a r r i e d  o u t  i n  

h e x a f l u o r o b e n z e n e  i m p l i e s  t h a t  no  p e n t a f l u o r o b e n z o i c  a n h y d r i d e  

w a s ,  i n  f a c t ,  f o r m e d  d u r i n g  t h i s  r e a c t i o n ,  so  t h e  above  

scheme m us t  b e  d i s c o u n t e d .



117

S E C T I O N  IV,

A STUDY OF THE DECOMPOSITION OF 

PENTAFLUOROBENZOYL PEROXIDE.

CONCLUSION.
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i oji.

The decomposition of pentafluorobenzoyl peroxide in 
either carbon tetrachloride or hexafluorobenzene in the 
presence of an excess of nitrogen dioxide does not constitute 
a good preparative route for the formation of nitropentafluoro
benzene. Very low yields of this product were obtained and it 
has been suggested that this is due to the fact that nitrogen 
dioxide is an efficient scavenger of pentafluorobenzoyloxy 
radicals and reacts with them before they have had the chance 
to undergo decarboxylation.

Major products of the reaction in the presence of
nitrogen dioxide are pentafluorobenzoic acid and fluoride ion;
neither are formed when nitrogen dioxide is omitted. The acid 
yield may be accounted for by the hydrolysis of pentafluoro
benzoyl nitrate during work up, while a spontaneous 
decomposition of the latter substance with concurrent formation 
of nitryl fluoride may lead to a route for the production of 
fluoride ion. Nitryl fluoride may react with acid anhydrides 
such as pentafluorobenzoic anhydride and pentafluorobenzoyl 
nitrate to give, amongst other products, pentafluorobenzoyl 
fluoride and, if the latter compound is hydrolysed during the
initial work up, it could constitute a source of fluoride ion.

Minor products of the reaction were pentafluorophenyl 
pentafluorobenzoate (the amount was greater in carbon tetra
chloride than in hexafluorobenzene) and decafluorobiphenyl 
(a higher yield in hexafluorobenzene).

Infrared spectra of reaction mixtures (reactions in 
carbon tetrachloride) indicate high yields of pentafluoro
benzoic anhydride (or some other anhydride). This yield may be
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a s  h i g h  a s  22%, a l t h o u g h  a  v a l u e  c l o s e r  t o  5% may be  more 

r e a l i s t i c .  I n  s o l v e n t  h e x a f l u o r o b e n z e n e ,  h o w e v e r ,  no  e v i d e n c e  

was o b t a i n e d  f o r  t h e  p r e s e n c e  o f  p e n t a f l u o r o b e n z o i c  a n h y d r i d e .

I f  p e n t a f l u o r o b e n z o y l  f l u o r i d e  i s  h y d r o l y s e d  d u r i n g  w ork  

up  w i t h  so d iu m  h y d r o g e n  c a r b o n a t e ,  t h e  h i g h  y i e l d  o f  f l u o r i d e  

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

so d iu m  h y d r o x i d e  i s  p r o b a b l y  d e r i v e d  f r o m  o t h e r  a r o m a t i c  

f l u o r i n e  c o m p o u n d s ,  s u c h  a s  n i t r o -  and  c h l o r o - p e n t a f l u o r o -  

b e n z e n e ,  d e c a f l u o r o b i p h e n y l  and  p e n t a f l u o r o b e n z o i c  a c i d .  I n  

t h e  c a s e  o f  t h e  r e a c t i o n  i n  h e x a f l u o r o b e n z e n e  t h e  f l u o r i d e  i o n  

p r o d u c e d  a f t e r  t r e a t m e n t  w i t h  so d iu m  h y d r o x i d e  c a n  a l s o  a r i s e  

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

p e r f l u o r o q u a t e r p h e n y l s .

On t h e  b a s i s  t h a t  one m o l e c u l e  o f  p e n t a f l u o r o b e n z o y l  

p e r o x i d e  p r o d u c e s  two p e n t a f l u o r o b e n z o y l o x y  r a d i c a l s ,  b e t w e e n  

65 and  70% o f  t h e  t o t a l  p e r o x i d e  u s e d  i n  t h e  c a r b o n  t e t r a 

c h l o r i d e  r e a c t i o n  h a s  b e e n  a c c o u n t e d  f o r  by  t h e  i d e n t i f i c a t i o n  

o f  r e a c t i o n  p r o d u c t s ;  i n  t h e  h e x a f l u o r o b e n z e n e  r e a c t i o n  t h i s  

f i g u r e  i s  90%.

R e a c t i o n  s c h e m e s .

A summary o f  t h e  p o s s i b l e  r e a c t i o n s  o c c u r r i n g  d u r i n g  

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

t e t r a c h l o r i d e  and  h e x a f l u o r o b e n z e n e  i s  g i v e n  b e l o w .

( i ) I n i t i a t i o n .

(I) (CgF^COg)^  > 2 CgF^COg-

(II) CgF^GOg"  > CgF^- + CO;
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( i i )

(III)

(IV)

i o n .

+ GCl^ -> CgP^Cl + "C C l j

CgP^- + ( G g f c f O g i z  — ^  CgP^.GgP^ H- GgP^COg-

+ COo

(V) CgPj- + (CgF^COg)^ ---> GgPg.CO.O.CgP^ + GgP^GOg"

( i l l )  Term inati o n .

(VI)

(VII)

(VIII)

C6P 5GO2 ' + "NOg

2 CgP^-

■> CgP^COgNOg

GgP^- + -NOg — >  GgP^NOg

^ GgP^.CgP^

(IX) C 6 ? s '  + CgPg

P

F
F

•NO
^  C6?5-C6?5

+ NOgP

d im é r is 
a t io n

i s o m e r s  o f  
p e r f l u o r o t e t r a h y d r o -  

q . u a t e r p h e n y l

d i s p r o p 
o r t i o n a t i o n

\
+ i s o m e r s  o f  

p e r f l u o r o d i h y d r o -  
b i p h e n y l

( i v )  R e a c t io n s  n o t  i n v o l v i n g  r a d i c a l s .

(X) (C 6 Î’5 C0 g )g  Y e ^ M -n lIm -iï ï t »  CgPsCOgGgP^ + COg

( X I )  2  CgP^GOgNOg ■> (GgPpGO.)gO + NgOg



1 21

F

F

+

F
+ NOgF + COg

F

t e t r a f l u o p o b e n z y n e  

d i m é r i s a t i o n

F ^  F
F

F

F F

o c t a f l u o r o b i p h e n y l e n e

(XIII) CgP^COgNOg + NOgP GgP^CO.P + NgO^

(XIV) (CgP^COjgO + MOgF --->  CgP^COgNOg + CgP^CO.P

( V ) R e a c t i o n s  occu rr in g  dur Inp ;  a n a l y s i s .

1. NaHCO,
(XV) CgP^GOgNOg----271ÎCÏ— ^  GgP^GOgH + HNO^

(XVI) GgP^COgCgP^ + 2 NaOH GfPcCO^Na + C^P^ONa

(XVII) GgP^NOg + NaOH

(XVIII) GgP^Cl + NaOH

OH.CgP^.NOg +

'6 5
+ HgO

NaP

-> OH .CgP ^ .C l  + NaP

(XIX) p o l y n u c l e a r  s p e c i e s  
f o r m e d  i n  e q u a t i o n  IX NaOH 

NaF +

  ^

h y d r o l y s i s
p r o d u c t s

(XX)
NaHCO

CgP^CO.P 3ISrWOH--^ CgP^GO^Na + NaP
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I n  c a r b o n  t e t r a c h l o r i d e  e q u a t i o n s  IV and  V I I I  a r e  

l i k e l y  r o u t e s  t o  t h e  f o r m a t i o n  o f  d e c a f l u o r o b i p h e n y l ,  w h e r e a s  

i n  h e x a f l u o r o b e n z e n e  t h e  b i a r y l  i s  p r o b a b l y  f o r m e d  a s  i n  

e q u a t i o n  IX. E q u a t i o n  III i s  o n l y  i m p o r t a n t  i n  c a r b o n  

t e t r a c h l o r i d e  when t h e  d e c o m p o s i t i o n  i s  c a r r i e d  o u t  i n  t h e  

a b s e n c e  o f  n i t r o g e n  d i o x i d e .
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S E C T I O N  V

A STUDY OF THE DECOMPOSITION OF

PENTAFLUOROPHENYLAZOTRIPHENYLMETHANE

EXPERIMENTAL RESULTS.
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I n  t r  oduc  t i  o n .

I n  t h i s  s e c t i o n  t h e  e x p e r i m e n t s  c a r r i e d  o u t  and  t h e  

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

d e c o m p o s i t i o n  o f  p e n t a f l u o r o p h e n y l a z o t r i p h e n y l m e t h a n e  ( p e n t a 

f l u o r  o -  PAT) i n  b e n z e n e ,  c h l o r o b e n z e n e  and  b r o m o b e n z e n e  a r e  

d e s c r i b e d .

S e v e r a l  t e c h n i q u e s  a r e  a v a i l a b l e  f o r  t h e  s t u d y  o f  s u c h  

a  d e c o m p o s i t i o n  r e a c t i o n ;  t h r e e  w e re  m e n t i o n e d  on p a g e  45*  I n  

t h e  p r e s e n t  c a s e  t h e  p r o g r e s s  o f  t h e  r e a c t i o n  was f o l l o w e d  by 

( a )  m e a s u r i n g  t h e  vo lum e o f  n i t r o g e n  e v o l v e d  w i t h  t i m e  by 

means  o f  a  n i t r o m e t e r ,  an d  ( b )  o b s e r v i n g  t h e  c h a n g e  i n  o p t i c a l  

d e n s i t y  a t  a  g i v e n  w a v e l e n g t h .  B o t h  m e th o d s  w i l l  be  d i s c u s s e d  

i n  some d e t a i l .

The d e c o m p o s i t i o n  o f  p h e n y l a z o t r i p h e n y l m e t h a n e  (PAT) i n  

a  v a r i e t y  o f  s o l v e n t s  h a s  b e e n  i n v e s t i g a t e d  by  a  number  o f  

i n d e p e n d e n t  w o r k e r s  ( 3 9 ,  4 2 ,  4 3 ,  4 6 ,  7 7 ,  79 ,  1 0 4 ,  1 0 3 ) .  The 

r e a c t i o n  h a s  b e e n  f o l l o w e d  i n  s e v e r a l  ways  and  t h e  c o n c l u s i o n ,  

i n  a l l  c a s e s ,  was  t h a t  t h e  k i n e t i c s  a r e  c o n s i s t e n t  w i t h  t h o s e  

o f  a  s i m p l e  f i r s t  o r d e r  r e a c t i o n .  No i n d u c t i o n  p e r i o d  was 

r e p o r t e d  and  t h e  u s e  o f  r a d i c a l  i n h i b i t o r s  h a s  i n d i c a t e d  t h e  

a b s e n c e  o f  an  i n d u c e d  d e c o m p o s i t i o n  r e a c t i o n .  I t  was  e x p e c t e d  

t h a t  a  s i m i l a r  r e s u l t  w o u l d  be  o b t a i n e d  f o r  p e n t a f l u o r o - P A T ;  

t h e  e f f e c t  o f  t h e  f i v e  f l u o r i n e  a tom s  i n  t h i s  compound i s  t o  

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

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

g i v i n g  some d o u b l e  b o n d  c h a r a c t e r  t o  t h e  CgF^-N b o n d ,  t h u s  

r e n d e r i n g  p e n t a f l u o r o - P A T  l e s s  s u s c e p t i b l e  t h a n  PAT t o  

h o m o l y t i c  c l e a v a g e  an d  l o s s  o f  n i t r o g e n .  Of t h e  two com pounds ,  

t h e r e f o r e ,  t h e  f l u o r i n e  a n a l o g u e  s h o u l d  decom pose  a t  t h e  

s l o w e r  r a t e .
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P r e p a r a t i o n  o f  p e n t a f l u o r o - P A T .

P e n t a f l u o r o p h e n y l a z o t r i p h e n y l m e t h a n e  was p r e p a r e d  by 

t h e  o x i d a t i o n  o f  p e n t a f l u o r o p h e n y l h y d r a z o t r i p h e n y l m e t h a n e p  

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

p h e n y l h y d r a z i n e  and  t r i p h e n y l m e t h y l  c h l o r i d e .

( i ) P r e p a r a t i o n  of  p e n t a f l u o r o p h e n y l h v d r a z i n e .

The h y d r a z i n e  was p r e p a r e d  by t h e  m e th o d  d e s c r i b e d  by 

H a s z e l d i n e  and  c o w o r k e r s  ( 5 5 ) :  h e x a f l u o r o b e n z e n e  (40  g ,

0 . 2 2  m o l e ) ,  h y d r a z i n e  h y d r a t e  (3 0  g ,  0 . 7 6  m o l e )  an d  e t h a n o l  

( 1 6 5  cm^) w e re  b o i l e d  u n d e r  r e f l u x  f o r  14 h o u r s ,  a f t e r  w h i c h  

t i m e  t h e  e t h a n o l  was d i s t i l l e d  o f f  l e a v i n g  a  b row n  r e s i d u e  

t o  w h i c h  was  a d d e d  w a t e r  t o  p r e c i p i t a t e  t h e  p e n t a f l u o r o p h e n y 1- 

h y d r a z i n e .  C ru d e  s o l i d  was  f i l t e r e d ,  w a sh e d  r e p e a t e d l y  w i t h  

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

( b . p ,  80 -  1 0 0 ° ) ;  p a l e  y e l l o w  n e e d l e s  w e re  o b t a i n e d .  Y i e l d :  

1%- ,  m . p .  76 -  7 7 . 5 °  ( l i t .  76 -  7 7 . 5 °  ( 5 5 ) ) .  An i n f r a r e d

s p e c t r u m  o f  t h e  p r o d u c t  i s  shown i n  g r a p h  16 ;  t h i s  shows t h e
—  1 —1

a r o m a t i c  r i n g  v i b r a t i o n  a t  1529 and  1485 cm ( l i t .  1529 cm

( 5 5 ) ) ,  and  t h e  N-H s t r e t c h i n g  v i b r a t i o n  a t  3340  an d  3250  cm  ̂

( l i t .  3356 and  3279 cm"'' ( 5 5 ) ) .

( i i ) P r e p a r a t i o n  o f  t r i p h eny l m e t h y l  c h l o r i d e .

T r i p h e n y l m e t h y l  c h l o r i d e  was p r e p a r e d  by t h e  f o l l o w i n g  

m e th o d  d e s c r i b e d  by  Bachmann ( 1 0 6 ) :  t r i p h e n y l m e t h a n o l  (26  g ,  

0 .1  m o l e )  was t r e a t e d  w i t h  a c e t y l  c h l o r i d e  (10  cm ^) i n  

b e n z e n e  (20  crn^) and  t h e  m i x t u r e  b o i l e d  u n d e r  r e f l u x  on a  

s t e a m  b a t h  f o r  1 h o u r .  A f u r t h e r  vo lum e o f  a c e t y l  c h l o r i d e  

(10  cm^) was  t h e n  a d d e d  and  t h e  s o l u t i o n  b o i l e d  u n d e r  r e f l u x  

f o r  2 h o u r s ,  an  e x c e s s  o f  l i g h t  p e t r o l e u m  ( b . p ,  80 -  1 0 0 ° )  

a d d e d  t o  p a r t i a l l y  p r e c i p i t a t e  t h e  t r i p h e n y l m e t h y l  c h l o r i d e ,  

a n d ,  on c o o l i n g ,  t h e  r e m a i n i n g  s o l i d  s e p a r a t e d  o u t .  The c r u d e
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p r o d u c t  was  r e c r y s t a l l i s e d  f r o m  l i g h t  p e t r o l e u m  ( b . p .  80 -  

1 0 0 ° )  when w h i t e  c r y s t a l s  o f  t r i p h e n y l m e t h y l  c h l o r i d e  w ere  

o b t a i n e d .  Y i e l d ;  7k%;  m . p .  1 1 3 . 5  -  1 1 4 °  ( l i t .  1 1 1 . 2  ( 1 0 6 ) ) .

( i i i ) P r e p a r a t i o n o f  p e n t a f I j i q r 4 y l 4 7 4 r a . ^ o ^ ^  i p h e n y I m e t h e ^ .

P e n t a f l u o r o p h e n y l h y d r a z i n e  (10  g ,  0 . 0 5  m o le )  was 

d i s s o l v e d  i n  a n h y d r o u s  e t h e r  (100  cm ^) i n  a  500 cm^ r o u n d  

b o t t o m e d  f l a s k  f i t t e d  w i t h  a w a t e r  c o n d e n s e r  and  a  c a l c i u m  

c h l o r i d e  t u b e .  A s o l u t i o n  o f  t r i p h e n y l m e t h y l  c h l o r i d e  (7  g ,  

0 . 0 2 5  m o le )  i n  a n h y d r o u s  e t h e r  (lOO cm^) was a d d e d  t h r o u g h  t h e  

c o n d e n s e r ,  f o l l o w e d  by a  f u r t h e r  v o lum e  (100  cm^) o f  e t h e r  

and  t h e  m i x t u r e  was  b o i l e d  u n d e r  r e f l u x  f o r  3 h o u r s .  The 

p r e c i p i t a t e d  p e n t a f l u o r o p h e n y l h y d r a z i n e  h y d r o c h l o r i d e  was 

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

t h e  h y d r a z c -  compound .  The r e a c t i o n  may b e  s u m m a r i s e d  a s  

f o l l o w s :

2 C^P^NHNHg + (C^Hc^jCGl

GgP^NHNH^Cl + CgP^NHNHC(CgH^)^

( i v )  O x i d a t i o n  o f  p e n t a f l u o r o p h e n y l h y d r a z o t r i p h e n y l m e t h a n e .

The o x i d a t i o n  was f i r s t  a t t e m p t e d  u s i n g  p o t a s s i u m  

f e r r i c y a n i d e  f o l l o w i n g  t h e  t e c h n i q u e  d e s c r i b e d  by  W i l l i a m s  an d  

c o w o r k e r s  ( 4 6 )  f o r  t h e  p r e p a r a t i o n  o f  PAT. A y e l l o w  s o l i d  

was o b t a i n e d  ( m . p .  1 1 8 -  1 1 9 ° )  whose  i n f r a r e d  s p e c t r u m  i s  

shown i n  g r a p h  1 7 .  The p r e s e n c e  o f  b a n d s  a t  3220  and  3280 cm 

i n d i c a t e  t h e  p r e s e n c e  o f  an  N-H g r o u p ;  i t  w a s ,  t h e r e f o r e ,  

c o n c l u d e d  t h a t  t h e  o x i d a t i o n  r e a c t i o n  h a d  n o t  p r o c e e d e d  and  

t h a t  t h e  y e l l o w  compound was t h e  u n c h a n g e d  s t a r t i n g  m a t e r i a l .

The o x i d a t i o n  was r e p e a t e d  u s i n g  p e n t y l  n i t r i t e ;  t h i s  

s u b s t a n c e  h a s  b e e n  u s e d  by  o t h e r  w o r k e r s  f o r  t h e  p r e p a r a t i o n
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o f  s u b s t i t u t e d  p h e n y l a z o t r i p h e n y l m e t h a n e s , n o t a b l y  m- and  

p - n i t r o - P A T  ( 4 6 ) .  The p r o c e d u r e  was a s  f o l l o w s :  t o  a  c o l d  

s o l u t i o n  o f  t h e  h y d r a z o -  compound i n  e t h e r  ( f r o m  s t e p  i i i  

a b o v e )  was  a d d e d  an  e x c e s s  (10  cm^) o f  f r e s h l y  d i s t i l l e d  

p e n t y l  n i t r i t e .  One d r o p  o f  a c e t y l  c h l o r i d e  was  a d d e d  t o  

s t a r t  t h e  r e a c t i o n  and  t h e  m i x t u r e  was b o i l e d  u n d e r  r e f l u x  

f o r  1 h o u r .  The r e s u l t i n g  d e e p  o r a n g e  s o l u t i o n  was  p o u r e d  i n t o  

an  e v a p o r a t i n g  b a s i n  and  t h e  s o l v e n t  a l l o w e d  t o  e v a p o r a t e  a t  

room t e m p e r a t u r e ,  l e a v i n g  an  o r a n g e  s o l i d .  The r e a c t i o n  may 

b e  s u m m a r i s e d  a s  f o l l o w s :

CrH.,ONO
CGFc^ENHG(C6H^)j ------- 2 - : : -------->  G6F5N=NG(G6Hc^j

The c r u d e  p r o d u c t  was r e c r y s t a l l i s e d  by d i s s o l v i n g  i n  t h e  

minimum vo lum e  o f  b e n z e n e  a t  room t e m p e r a t u r e ,  a d d i n g  

e t h a n o l  u n t i l  a  few  c r y s t a l s  a p p e a r e d ,  and  c o o l i n g  t h e  m i x t u r e  

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

T h e s e  w e r e  f i l t e r e d  a n d  d r i e d  ^  v a c u o . Y i e l d :  kO%;  m .p .  85 -  

8 6 °  d e c .  An i n f r a r e d  s p e c t r u m  o f  t h e  p r o d u c t  i s  shown i n  

g r a p h  1 8 .  I n  g e n e r a l ,  i n f r a r e d  s p e c t r o s c o p y  i s  o f  l i t t l e  u s e  

i n  d e t e c t i n g  t h e  a z o -  g r o u p  s i n c e  t h e  l a t t e r  g i v e s  r i s e  t o  

no  o u t s t a n d i n g  b a n d s  b e c a u s e  o f  i t s  n o n - p o l a r  c h a r a c t e r .  I t  

h a s ,  h o v /e v e r ,  b e e n  r e p o r t e d  t h a t  t h e  g r o u p  may g i v e  r i s e  t o  

a  weak  b a n d  i n  t h e  r a n g e  1400  -  1450 cm ( 1 0 7 ) .  I n  t h e  c a s e  

o f  p e n t a f l u o r o - P A T ,  t h e r e f o r e ,  i t  i s  t e n t a t i v e l y  s u g g e s t e d  

t h a t  a b s o r p t i o n s  b e t w e e n  1445 and  1490 cm may be  a s s i g n e d  

t o  t h e  a z o -  g r o u p .

( V) P r e p a r a t i o n  o f  p e n t a f l u o r o - P A T  f r o m  p e n t a f l u o r o p h e n y 1 -  

h v d r a z i n e  h y d r o c h l o r i d e .

C ru d e  p e n t a f l u o r o p h e n y l h y d r a z i n e  h y d r o c h l o r i d e  (6  g ,  

0 . 0 2 6  m o le )  f i l t e r e d  o f f  d u r i n g  t h e  p r e p a r a t i o n  d e s c r i b e d  i n
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s e c t i o n  i i i  ab o v e  was a l l o w e d  t o  r e a c t  a t  room t e m p e r a t u r e  

w i t h  an  e q u i m o l a r  amount  o f  t r i p h e n y l m e t h y l  c h l o r i d e  ( 7 , 5  g )  

i n  an  e x c e s s  (120  cm^) o f  d r i e d  (KOH) p y r i d i n e ,  s t i r r i n g  f o r  

3 h o u r s  i n  a  250 cm^ c o n i c a l  f l a s k  f i t t e d  w i t h  a  c a l c i u m  

c h l o r i d e  t u b e .  P r e c i p i t a t e d  p y r i d i n e  h y d r o c h l o r i d e  was 

f i l t e r e d  o f f  and  w a t e r  was a d d e d  t o  t h e  o r a n g e  f i l t r a t e  

c a u s i n g  t h e  p r e c i p i t a t i o n  o f  th e  h y d r a z o -  compound w h i c h  was 

t h e n  f i l t e r e d  o f f .  The f i l t r a t e  was e x t r a c t e d  t h r e e  t i m e s  

w i t h  e t h e r  and  t h e s e  e x t r a c t s  w e re  c o m b in e d  w i t h  t h e  s o l i d  

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

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

p e n t y l  n i t r i t e .  The o r a n g e  s o l i d  o b t a i n e d  w as  r e c r y s t a l l i s e d  

t w i c e  f r o m  b e n z e n e / e t h a n o l .  Y i e l d ;  33%; m .p .  85 -  8 6 °  d e c .  

E x p e r i m e n t s  u s i n g  a  n i t r o m e t e r .

( i ) C o n s t r u c t i o n  and  im p r o v e m e n t  o f  n i t r o m e t e r .

P r e l i m i n a r y  e x p e r i m e n t s  w e re  c a r r i e d  o u t  u s i n g  a  s i m p l e  

50 cm^ n i t r o m e t e r  w i t h  w a t e r  a s  t h e  m a n o m e t r i c  f l u i d .  N i t r o g e n  

e v o l v e d  d u r i n g  t h e  c o u r s e  o f  t h e  r e a c t i o n  was  c o l l e c t e d  i n  

t h e  n i t r o m e t e r  and  t h e  v o lu m e  m e a s u r e d  a t  a t m o s p h e r i c  p r e s s u r e  

by  t h e  m e th o d  o f  b a l a n c i n g  c o l u m n s .  As t h e  v o lu m e  o f  g a s  i n  

t h e  b u r e t t e  i n c r e a s e d  t h e  w a t e r  r e s e r v o i r  was  moved d o w n w ard s ,  

e n s u r i n g  t h a t  t h e  l e v e l s  o f  w a t e r  i n  t h e  b u r e t t e  and  r e s e r v o i r  

w e r e  t h e  sam e ,  so  t h a t  a t  no t i m e  d u r i n g  t h e  c o u r s e  o f  a  

r e a c t i o n  was  any p o s i t i v e  o r  n e g a t i v e  p r e s s u r e  p e r m i t t e d  i n  

t h e  a p p a r a t u s .  The l e v e l l i n g  p r o c e d u r e  p r o v e d  d i f f i c u l t  w i t h  

t h i s  s i m p l e  n i t r o m e t e r ;  a  s e c o n d  fo rm  o f  t h e  a p p a r a t u s  was 

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

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

t u b e s  o f  s i m i l a r  d i a m e t e r  j o i n e d  t o g e t h e r  a t  t h e i r  b a s e s .  One 

t u b e  was open  t o  t h e  a t m o s p h e r e  a t  t h e  t o p  an d  t h e  o t h e r ,  a
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50 cm^ b u r e t t e ,  w as  c o n n e c t e d  a t  i t s  t o p  e n d  by n a r r o w  b o r e  

r u b b e r  t u b i n g  t o  t h e  r e a c t i o n  v e s s e l  v i a  a  t h r e e  way t a p ,  

p e r m i t t i n g  t h e  v e s s e l  t o  be  c o n n e c t e d  e i t h e r  t o  t h e  b u r e t t e  

o r  t o  b e  l e f t  open  t o  t h e  a i r ,  a n d  a l s o  a l l o w i n g  a i r  t o  e n t e r  

t h e  m an o m e te r  i n i t i a l l y  t o  s e t  t h e  l i q u i d  l e v e l s .  A t h i r d  

c o n n e c t i o n ,  by means  o f  r u b b e r  t u b i n g  was  made b e t w e e n  t h e  

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

f u n n e l .  The m a n o m e t r i c  f l u i d  was  w a t e r  and  t h e  h e i g h t  o f  t h e  

r e s e r v o i r  was a d j u s t e d  so  t h a t  a t  t h e  t i m e  o f  m e a s u r e m e n t  t h e  

l e v e l  o f  l i q u i d  i n  e a c h  co lum n was t h e  same ; t h e  l e v e l l i n g  

p r o c e s s  was  f a c i l i t a t e d  by t h e  p r e s e n c e  o f  t h e  s e c o n d  t u b e .  

F o u r  e x p e r i m e n t s  w e re  c a r r i e d  o u t  u s i n g  t h i s  fo r m  o f  

n i t r o m e t e r  a n d ,  p r i o r  t o  u s e ,  t h e  a p p a r a t u s  was t e s t e d  f o r  

l e a k s  by  a p p l y i n g  f i r s t  t h e  maximum p o s i t i v e  p r e s s u r e  o v e r  a 

p e r i o d  o f  12 h o u r s  f o l l o w e d  by  t h e  maximum n e g a t i v e  p r e s s u r e  

o v e r  a s i m i l a r  t i m e  i n t e r v a l .  I t  was  f o u n d  t h a t  t h e  v o lum e  

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

d u r i n g  t h e  c o u r s e  o f  r e a c t i o n  b e c a u s e  p r e c a u t i o n s  w e r e  t a k e n  

t o  m a i n t a i n  a t m o s p h e r i c  p r e s s u r e  w i t h i n  t h e  a p p a r a t u s ,  was  

n o t  more t h a n  0 . 2 0  cm ^. H ow ever ,  d u r i n g  t h e  c o u r s e  o f  t h e s e  

f o u r  r u n s  t h e  e x t e r n a l  t e m p e r a t u r e  was  f o u n d  t o  v a r y  by  a s  

much a s  5 °  d u r i n g  any  p a r t i c u l a r  r u n ,  d e s p i t e  c o r r e c t i v e  

m e a s u r e s .  T h i s  s i t u a t i o n  was o b v i o u s l y  m os t  u n s a t i s f a c t o r y  

a n d ,  t h e r e f o r e ,  t h e  n i t r o m e t e r  was  f u r t h e r  m o d i f i e d  i n  o r d e r  

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

The t h i r d  and  f i n a l  f o r m  o f  n i t r o m e t e r  was  c o n s t r u c t e d  

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

c a s e ,  t h e  two p a r a l l e l  t u b e s  w e re  e n c l o s e d  i n  a  g l a s s  j a c k e t  

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

T h e se  a l t e r a t i o n s  e n s u r e d  t h a t  t h e  n i t r o g e n  e v o l v e d  d u r i n g
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a  r e a c t i o n  was  c o l l e c t e d  and  m e a s u r e d  a t  c o n s t a n t  t e m p e r a t u r e  

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

s u r r o u n d i n g s .  The m e thod  o f  m e a s u r i n g  t h e  v o lu m e  o f  n i t r o g e n  

e v o l v e d  was  a s  a l r e a d y  d e s c r i b e d  and  t h e  a p p a r a t u s  was t e s t e d  

f o r  l e a k s  a s  b e f o r e  and  f o u n d  t o  b e  a i r t i g h t .  The a p p a r a t u s  

i s  shown d i a g r a m a t i c a l l y  i n  f i g u r e  2 ,  I n  t h i s  f o r m  t h e  

a p p a r a t u s  was  u s e d  f o r  a l l  s u b s e q u e n t  e x p e r i m e n t s .

G ra p h  19 shows t h r e e  f i r s t  o r d e r  p l o t s  ( s e e  i i  b e l o w )  

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

t h r e e  f o r m s  o f  n i t r o m e t e r  d e s c r i b e d ;  i t  c a n  b e  s e e n  f r o m  t h e s e  

r e s u l t s  t h a t  t h e  b e s t  l i n e  was  o b t a i n e d  f r o m  t h e  r e a c t i o n  i n  

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

( i i )  G e n e r a l  e x p e r i m e n t a l  p r o c e d u r e .

A l l  t h e  w ork  d e s c r i b e d  i n  t h i s  s e c t i o n  was c a r r i e d  o u t  

w i t h  b e n z e n e  a s  s o l v e n t ;  t h e  l a t t e r  was  p u r i f i e d  by  d r y i n g  

" A n a l a R ” g r a d e  b e n z e n e  o v e r  p h o s p h o r u s  p e n t o x i d e  and  

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

P r i o r  t o  e a c h  r e a c t i o n  b o t h  s o l v e n t  and  m a n o m e t r i c  f l u i d  

w e re  s a t u r a t e d  w i t h  n i t r o g e n .  The r e a c t i o n  v e s s e l  was  a  25 cm^ 

r o u n d  b o t t o m e d  f l a s k  f i t t e d  w i t h  a  r e f l u x  c o n d e n s e r ;  i n  t h o s e  

r e a c t i o n s  c a r r i e d  o u t  u s i n g  t h e  f i n a l  fo rm  o f  n i t r o m e t e r ,  t h e  

w a t e r  c i r c u l a t i n g  t h r o u g h  t h e  m a n o m e te r  j a c k e t  was  a l s o  

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

p o s s i b l e  i n  o r d e r  t o  m i n i m i s e  t h e  v o lu m e  o f  a i r  p r e s e n t  i n  

t h i s  p a r t  o f  t h e  a p p a r a t u s .  A r u b b e r  t u b i n g  c o n n e c t i o n  

i n c o r p o r a t i n g  a  t h r e e  way t a p  was made b e t w e e n  t h e  t o p  o f  

t h e  c o n d e n s e r  and  t h e  b u r e t t e  o f  t h e  n i t r o m e t e r  and  t h e  

e n t i r e  a p p a r a t u s  was f l u s h e d  w i t h  n i t r o g e n  i m m e d i a t e l y  b e f o r e  

u s e .  I n  e a c h  c a s e  an  a c c u r a t e l y  known w e i g h t  o f  p e n t a f l u o r o -  

PAT was  d i s s o l v e d  i n  b e n z e n e  (5  cm^) i n  t h e  r e a c t i o n  v e s s e l .
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Graph 1 9 .

D e c o m p o s i t i o n  o f  p e n t a f l u o r o - P A T  i n  b e n z e n e  

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

A C r u d e  n i t r o m e t e r :  8 0 ^ ,  [^azoj = 0 . 4 5 7

B I m p r o v e d  n i t r o m e t e r :

7 5 ° ,  [azo]

C P in a l  v e r s io n :  7 5 ° ,  [azo]

0.3U 3 M. 

0 .4 5 7  M.

6 0  80  100

Time ( m ln )
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t h e  a p p a r a t u s  was a s s e m b l e d  and  t h e  f l a s k  im m ersed  i n  a w a t e r  

b a t h  whose  t e m p e r a t u r e  was  c o n t r o l l e d  t o  w i t h i n  -  0 . 0 5 ° .  The 

s t o p  c l o c k  was s t a r t e d  a t  t h i s  moment and t h e  c o n t e n t s  o f  t h e  

f l a s k  w e re  s t i r r e d  m a g n e t i c a l l y  t h r o u g h o u t  t h e  e x p e r i m e n t .

The v o lu m e  o f  n i t r o g e n  e v o l v e d  was m e a s u r e d  a s  a 

f u n c t i o n  o f  t i m e  b u t  t h e  c o l l e c t i o n  o f  t h e  g a s  d i d  n o t  

commence u n t i l  t h e  a p p a r a t u s  h a d  a t t a i n e d  t h e r m a l  e q u i l i b r i u m .  

From a s e p a r a t e  e x p e r i m e n t ,  i n  w h ic h  t h e  p r o c e d u r e  was 

i d e n t i c a l  t o  t h a t  d e s c r i b e d  h e r e  e x c e p t  t h a t  o n l y  b e n z e n e  was 

p r e s e n t  i n  t h e  r e a c t i o n  v e s s e l ,  t h i s  t i m e  p e r i o d  was f o u n d  t o  

be  8 m i n u t e s .  T h u s , d u r i n g  a  d e c o m p o s i t i o n  r e a c t i o n  some 

n i t r o g e n  w o u ld  be  e x p e c t e d  t o  b e  l o s t  d u r i n g  t h i s  i n t e r v a l  

a n d ,  c o n s e q u e n t l y ,  t h e  i n f i n i t y  r e a d i n g  w o u ld  be  l e s s  t h a n  

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

d e c o m p o s i t i o n .  R e a d i n g s  w e re  t a k e n  u n t i l  t h e r e  was no  f u r t h e r  

i n c r e a s e  o v e r  a  p e r i o d  o f  s e v e r a l  h o u r s  i n  t h e  vo lum e o f  

n i t r o g e n  i n  t h e  b u r e t t e .  I n  a l l  t h e s e  r e a c t i o n s  i t  was a ssum ed  

t h a t  t h e  d e c o m p o s i t i o n  o f  p e n t a f l u o r o - P A T  w ou ld  obey  a  f i r s t  

o r d e r  r a t e  law  and t h e  e x p e r i m e n t a l  r e s u l t s  w e re  t r e a t e d  

a c c o r d i n g l y .  F o r  e a c h  s e t  o f  r e s u l t s  a  g r a p h  o f  log^{Yoo  -  )

v s  t i m e  ( t )  was p l o t t e d ,  w h e re  Yoo I s  t h e  i n f i n i t y  vo lume 

r e a d i n g  and  i s  t h e  vo lum e  o f  n i t r o g e n  c o l l e c t e d  a t  t i m e  t . 

F o r  a  f i r s t  o r d e r  r e a c t i o n  t h i s  g r a p h  i s  a  s t r a i g h t  l i n e  

and  t h e  f i r s t  o r d e r  r a t e  c o n s t a n t  i s  f o u n d  f ro m  i t s  s l o p e ,

( i i i )  The e f f e c t  o f  p h y s i c a l  c o n d i t i o n s  on r a t e .

Many f r e e  r a d i c a l  r e a c t i o n s  a r e  c a t a l y s e d  by  t h e  

p r e s e n c e  o f  l i g h t  and  r a t e s  may a l s o  be  a f f e c t e d  by  t h e  

s u r f a c e  o f  t h e  r e a c t i o n  v e s s e l .  T h u s ,  b e f o r e  any  w ork  i s  

a t t e m p t e d  on t h e  e f f e c t  o f  c o n c e n t r a t i o n  e t c .  i t  i s  e s s e n t i a l  

t o  i n v e s t i g a t e  t h e  m a g n i t u d e  ( i f  a n y )  o f  t h e  e f f e c t  o f
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p h y s i c a l  c o n d i t i o n s ,  s u c h  a s  l i g h t  o r  s u r f a c e ,  on t h i s  

r e a c t i o n  t o  d e t e r m i n e  w h e t h e r  p r e c a u t i o n s  s h o u l d  be  t a k e n  t o  

r e d u c e  p o s s i b l e  e r r o r s  f ro m  t h e s e  s o u r c e s .  T h u s ,  t h r e e  

r e a c t i o n s  w ere  c a r r i e d  o u t  u n d e r  i d e n t i c a l  c o n d i t i o n s  o f  

t e m p e r a t u r e  and  i n i t i a l  p e n t a f l u o r o - P A T  c o n c e n t r a t i o n .  I n  one 

c a s e  t h e  r e a c t i o n  v e s s e l  and c o n d e n s e r  w e re  e n c l o s e d  i n  m e t a l  

f o i l  t o  e x c l u d e  l i g h t ;  i n  a n o t h e r  7 g g l a s s  b e a d s  w e re  a d d e d  

t o  t h e  r e a c t i o n  m i x t u r e  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  s u r f a c e ;  

i n  t h e  t h i r d  c a s e  t h e  r e a c t i o n  was c a r r i e d  o u t  u n d e r  n o r m a l  

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

w e re  s i m i l a r  t o  g r a p h  1 9 c .  The r e s u l t s  a r e  s u m m a r i s e d  i n  

t a b l e  1 3 .  The p e r c e n t a g e  d e f i c i t  i n  n i t r o g e n  y i e l d ,  shown i n  

t h e  t a b l e ,  t a k e s  i n t o  a c c o u n t  t h e  maximum vo lum e o f  n i t r o g e n  

w h i c h  c o u l d  be  l o s t  d u r i n g  t h e  f i r s t  e i g h t  m i n u t e s  o f  

r e a c t i o n .

T a b l e  1 3 .

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

[A zo]  = 0 . 2 7 4  M

T e m p e r a t u r e  = 6 5 . 0 5 °

G l a s s
b e a d sC o n d i t i o n s  Normal  D ark

( m i n " b  9 .31  8 .71  8 . 5 2

7.76 - O M

% D e f i c i t  i n  Mg y i e l d  2 0 . 2  1 8 . 2  - 5 . 3

* F i r s t  o r d e r  r a t e  c o n s t a n t
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As c a n  be  s e e n  f ro m  t h e  t a b l e  t h e  y i e l d s  o f  n i t r o g e n  

a r e  n o n - q u a n t i t a t i v e , e x c e p t  i n  t h e  c a s e  o f  t h e  r e a c t i o n  

w i t h  g l a s s  b e a d s ,  and c a n n o t  be  e x p l a i n e d  by  e s t i m a t i n g  t h e  

volume o f  n i t r o g e n  l o s t  d u r i n g  t h e  f i r s t  e i g h t  m i n u t e s  o f  

r e a c t i o n  by  e x t r a p o l a t i o n  o f  v o l u m e - t i m e  c u r v e s .  T h i s  anom aly  

w i l l  be  c o n s i d e r e d  a t  a  l a t e r  s t a g e  w h e re  i t  w i l l  a p p e a r  i n  

a number o f  e x p e r i m e n t s .  I t  c a n  be  s e e n  f r o m  t h e  r e s u l t  

o b t a i n e d  i n  t h e  e x p e r i m e n t  w i t h  g l a s s  b e a d s  t h a t ,  i n  t h i s  

c a s e ,  a  g r e a t e r  vo lum e o f  n i t r o g e n  was c o l l e c t e d  t h a n  was 

t h e o r e t i c a l l y  p r e d i c t e d  f o r  t o t a l  d e c o m p o s i t i o n .  On t h e  b a s i s  

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

i n  t h e  n i t r o m e t e r  r e a d i n g  c o u l d  be  i n  t h e  r e g i o n  o f  -  5%, 

R e s u l t s  i n d i c a t e  t h a t  t h e  r a t e  o f  t h e  r e a c t i o n  i s  

a f f e c t e d  t o  a  s m a l l  e x t e n t  by  l i g h t  and  by  s u r f a c e .  I n  o r d e r  

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

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

t h e  same r e a c t i o n  v e s s e l  and s t i r r e r ,

( i v )  The e f f e c t  o f  c o n c e n t r a t i o n  and  t e m p e r a t u r e  on r a t e ,

A s e r i e s  o f  r e a c t i o n s  was c a r r i e d  o u t  a t  t h r e e  

d i f f e r e n t  t e m p e r a t u r e s  f o r  a v a r i e t y  o f  i n i t i a l  c o n c e n t r a t i o n s  

o f  p e n t a f l u o r o - P A T , G ra p h s  20 and  21 show t h r e e  r e p r e s e n t a t i v e  

f i r s t  o r d e r  p l o t s  a t  63 and  7 3 °  r e s p e c t i v e l y ;  t h e  r e s u l t s  

f o r  r a t e  c o n s t a n t s  f o r  a l l  t h e  r e a c t i o n s  c a r r i e d  o u t  h e r e  

a r e  su m m a r i s e d  i n  t a b l e s  14  and  1 5 .

G ra p h s  20 and 21 show some d e v i a t i o n  f rom  l i n e a r i t y  

a t  h i g h  v a l u e s  o f  t  and  i n  o r d e r  t o  g e t  some i d e a  o f  t h e  

m a g n i t u d e  o f  t h i s  e f f e c t  t h e  r a t e  c o n s t a n t s  shown i n  t h e  

t a b l e s  w e re  c a l c u l a t e d  by  two m e th o d s :  f ro m  t h e  s l o p e  o f  

t h e  f i r s t  o r d e r  p l o t  and by  c a l c u l a t i n g  i n d i v i d u a l  f i r s t  

o r d e r  c o n s t a n t s  , k ^ . . .  k ^  f o r  e v e r y  m e a s u re m e n t  made
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Graph 20

R e p r e s e n ta t iv e  f i r s t  order p l o t s  f o r  r e a c t i o n s

c a r r ie d  out a t  6 5 .0 0  a t  I n i t i a l  p en ta flu o ro -P A T

c o n c e n t r a t io n s  shown
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GraDh 21 .

R e p r esen ta t iv e  f i r s t  order p lo t s  fo r  r e a c t io n s

c a r r ie d  out a t  7 5 .0 0  at I n i t i a l  pentafluoro-PAT  

c o n c e n tr a t io n s  shown.
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d u r i n g  t h e  c o u r s e  o f  a p a r t i c u l a r  r u n ,  u s i n g  t h e  i n t e g r a t e d  

fo rm  o f  t h e  f i r s t  o r d e r  r a t e  e x p r e s s i o n :

d TaAtI  ^ 
at at

-  = k[AAT]

w h e re  [ aAt J  i s  t h e  c o n c e n t r a t i o n  o f  p e n t a f l u o r o - P A T  a t  any

i n s t a n t  and  l o s s  o f  t h e  l a t t e r  r e s u l t s  i n  an  i n s t a n t a n e o u s  

q u a n t i t a t i v e  e v o l u t i o n  o f  n i t r o g e n .  S i n c e  t h e  vo lume o f  

n i t r o g e n  e v o l v e d  i s  p r o p o r t i o n a l  t o  [ aA T J , t h e n ,  on 

i n t e g r a t i o n  b e tw e e n  t h e  l i m i t s  t = 0  and  t = t  t h e  e q u a t i o n  above  

be co m e s :

* )

w h e re  k  i s  t h e  f i r s t  o r d e r  r a t e  c o n s t a n t ;  k  = , k^  . . . .  k ^ .

and w ere  d e f i n e d  p r e v i o u s l y  ( s e e  p a g e  1 3 6 ) .  The a v e r a g e  

f i r s t  o r d e r  r a t e  c o n s t a n t ,  k^ , was t a k e n  a s  t h e  mean o f  t h e
cLV

i n d i v i d u a l  v a l u e s  and  t h e  l i m i t s  o f  e r r o r  w e re  e x p r e s s e d  a s  

mean d e v i a t i o n s  ( d e v ) ;  t h e s e  a r e  a l s o  shown i n  t a b l e s  14  and  

1 5 .

I t  c a n  be  s e e n  f ro m  t h e  r e s u l t s  t h a t  t h e  f i r s t  o r d e r  

r a t e  c o n s t a n t  v a r i e s  s l i g h t l y  w i t h  i n i t i a l  c o n c e n t r a t i o n  o f  

p e n t a f l u o r o - P A T ,  t h e  v a l u e  o f  k  i n c r e a s i n g  w i t h  d e c r e a s e  i n  

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

n i t r o g e n  i n  t h e  d e c o m p o s i t i o n  r e a c t i o n  i s  n o t  q u a n t i t a t i v e .  

E x t r a p o l a t i o n  o f  v o l u m e - t i m e  c u r v e s  t o  z e r o  t im e  i n d i c a t e s  

t h a t  t h e  amount o f  n i t r o g e n  e v o l v e d  i n  t h e  f i r s t  e i g h t  m i n u t e s  

o f  r e a c t i o n ,  d u r i n g  w h i c h  t im e  t h e  a p p a r a t u s  was l e f t  t o  

a t t a i n  t h e r m a l  e q u i l i b r i u m ,  was a p p r o x i m a t e l y  t h e  same a s  

t h a t  i n  t h e  s e c o n d  e i g h t  m i n u t e s .  I n  mos t  c a s e s  t h e  e s t i m a t e d
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l o s s  o f  n i t r o g e n  d o e s  n o t  a c c o u n t  f o r  t h e  d i s c r e p a n c y .  Most 

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

t h e  e r r o r  o f  -  5% d i s c u s s e d  e a r l i e r  ( s e e  p a g e  1 3 8 ) .  H ow ever ,  

a t  h i g h  i n i t i a l  c o n c e n t r a t i o n s  o f  p e n t a f l u o r o - P A T  and h i g h  

t e m p e r a t u r e s  o f  d e c o m p o s i t i o n  some p e r c e n t a g e  d e f i c i t s  a r e  

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

t h e  n i t r o g e n  y i e l d  c a n n o t  be s a i d  t o  be  d e f i n i t e l y  n o n -  

q u a n t i t a t i v e  .

The m e th o d s  a l r e a d y  d e s c r i b e d  f o r  c a l c u l a t i n g  r a t e  

c o n s t a n t s  d e p e n d  u p o n  an  a c c u r a t e  r e s u l t  f o r  t h e  i n f i n i t y  

vo lum e o f  n i t r o g e n  a n d ,  i f  t h i s  f i n a l  f i g u r e  was i n c o r r e c t ,  

a s  i m p l i e d  by t h e  d i s c r e p a n c y  b e t w e e n  Yqo and  t h a t  c a l c u l a t e d  

f o r  q u a n t i t a t i v e  d e c o m p o s i t i o n ,  i t  w o u ld  l e a d  t o  i n a c c u r a t e  

v a l u e s  f o r  r a t e  c o n s t a n t s .  T h e r e f o r e ,  i t  was  d e s i r a b l e  t o  f i n d  

an  a l t e r n a t i v e  m e th o d  f o r  c a l c u l a t i n g  r a t e  c o n s t a n t s ,  

p r e f e r a b l y  one w h i c h  d o e s  n o t  r e q u i r e  t h e  u s e  o f  t h e  i n f i n i t y  

vo lum e  o f  n i t r o g e n .  Guggenheim ( 1 0 8 )  h a s  d e s c r i b e d  a  m ethod  

f o r  f i n d i n g  t h e  r a t e  c o n s t a n t  f o r  a  f i r s t  o r d e r  r e a c t i o n  

w h e re  t h e  c o n c e n t r a t i o n  r e a c t e d  ( x )  i s  d e t e r m i n e d  d i r e c t l y  

b u t  w here  t h e  i n i t i a l  c o n c e n t r a t i o n  o r  t h e  v a l u e  o f  x a t  

i n f i n i t e  t im e  i s  n o t  known. I f  t i m e s  t ^ , t g ,  t ^  . . . .  and 

( t ^ + A ) ,  ( t g + A ) ,  ( t ^ + A )  . . . .  a r e  s e l e c t e d  w h e re  A i s  a  c o n s t a n t  

t i m e  i n c r e m e n t  t h e n  t h e  f o l l o w i n g  e q u a t i o n s  a p p l y :

(A^ -  Àüc) = (Aq -  Aco)e ^^1 I

-  Àoo) = (Aq -  Aoc)e ^ (^ 1 + A )  I I

w h e re  A^ and  A  ̂ a r e  r e a d i n g s  o f  a  s u i t a b l e  p h y s i c a l  p r o p e r t y  

a t  t i m e s  t^  and t^+A r e s p e c t i v e l y  and t h e  u s u a l  f i r s t  o r d e r  

e q u a t i o n  i s  w r i t t e n  i n  e x p o n e n t i a l  f o r m .  S i m i l a r  e q u a t i o n s
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may be  w r i t t e n  f o r  t ^  and  t^+A .  S u b t r a c t i n g  I I  f rom  I  g i v e s  

(A^ - A ^ )  = (Aq -  Àxj)e  ^^1 (1 -  e ^  )

T a k i n g  l o g a r i t h m s  and  r e a r r a n g i n g :

k t  ̂ + l o g ^  (A^ - A p  = logg (A  -  Ay?) (1 -  e ^  )e ’ o 

c o n s t a n t

which  can  be g e n e r a l i s e d  by d r o p p in g  t h e  s u b s c r i p t  " 1 ” , Thus 

f o r  a f i r s t  o r d e r  r e a c t i o n  a g r a p h  o f  lo g ^ (A  -  A ’ ) vs t  

s h o u ld  g i v e  a s t r a i g h t  l i n e  o f  s lo p e  k . The i n t e r v a l  s h o u ld  

be two or  t h r e e  t im e s  as  g r e a t  as  t h e  h a l f  l i f e  o f  t h e  

r e a c t i o n  f o r  a c c u r a c y .  The t e c h n i q u e  was a p p l i e d  t o  r e s u l t s  

f rom a l l  r e a c t i o n s  r e p o r t e d  so  f a r  and exam ples  o f  t y p i c a l  

p l o t s  a r e  shown i n  g r a p h s  22 and 2 3 .  V a l u e s  o f  f i r s t  o r d e r  

r a t e  c o n s t a n t  ( k )  and i t s  s t a n d a r d  d e v i a t i o n  ( S . D . )  were 

c a l c u l a t e d  f o r  i n d i v i d u a l  r u n s  from t h e  f o l l o w i n g  e q u a t i o n s  

( d e r i v e d  by t h e  method o f  l e a s t  s q u a r e s ) :

n n
S l o p e  = k  = 2 X Y / 2 X'

1 1

S .D .  = :
( 2 X Y )

where :
Xn =  X -  X n and  Yn = y -  yn

X and  y r e p r e s e n t i n g  mean v a l u e s  o f  x  and y  r e s p e c t i v e l y .  I n  

t h i s  c a l c u l a t i o n  x  and  y  w e re  u s e d  t o  d e n o t e  t i m e  and 

log^(A -  / \ * ) r e s p e c t i v e l y .  The r e s u l t s  a r e  s u m m a r i s e d  i n  

t a b l e  1 6 ,
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Graph 22.

Guggenheim p l o t s  f o r  r e a c t i o n s  c a r r i e d

o u t  a t  7 5 . 0 0  a t  i n i t i a l  p e n t a f l u o r o - P A T
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Graph 2 3 .

Gupj^enhelm p l o t s  f o r  r e a c t i o n s  c a r r i e d  

out a t  6 5 . 0 0 °  a t  i n i t i a l  p en ta flu o ro -P A T

c o n c e n t r a t io n s  shown
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R a t e

T a_b_l e 1 6 .  

c o n s t a n t s  f rom  Guggenheim p l o t s

T e m p e r a t u r e [A zo]  a t  z e r o lO ^k l O ^ S .D .
(°c) t i m e  (M) (min~"' ) (m in~”' )

7 9 . 0 0 0 . 4 5 7 3 . 6 5 0 . 1 2

7 5 . 0 0 0 . 4 5 7 3 . 0 0 0 . 0 2

7 5 . 0 0 0 . 4 5 7 3 . 0 9 0 .01

7 5 . 0 0 0 . 3 6 5 3 . 0 0 0 . 0 2

7 5 . 0 0 0 . 3 4 3 3 . 1 8 0 . 0 6

7 5 . 0 0 0 . 2 7 4 3 . 2 7 0 . 0 2

7 5 . 0 0 0 . 2 2 8 3 . 2 7 0 .01

7 5 . 0 0 0 . 1 8 3 3 . 2 5 0 .01

7 5 . 0 0 0 . 1 1 4 4 . 3 6 0 .31

7 5 . 0 0 0 .091 3 . 8 4 0 . 0 5

6 5 . 0 0 0 . 4 5 7 0 . 8 2 0 .01

6 5 . 0 0 0 . 3 6 5 0 . 8 3 0 . 0 0

6 5 . 0 0 0 . 2 7 4 0 .91 0 .01

6 5 . 0 0 0 . 2 7 4 0 . 9 0 0 .0 1

6 5 . 0 0 0 . 1 8 3 0 . 8 8 0 .0 1

6 5 . 0 0 0 . 1 8 3 0 . 9 3 0 .0 1

6 5 . 0 0 0 . 1 3 7 0 . 8 3 0 .01

6 5 . 0 0 0 .0 9 1 1 .2 3 0 . 0 2

6 5 . 0 0 0 .091 0 . 8 2 0 . 0 2
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The Guggenheim p l o t s  w e re  s t r a i g h t  l i n e s  i n  a l l  c a s e s  

b u t  i t  c a n  be  s e e n  f ro m  t a b l e  16 t h a t  t h e  r a t e  c o n s t a n t  s t i l l  

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

PAT. I f  t h e  Guggenheim m ethod  i s  a p p l i e d  t o  r e a c t i o n s  more 

c o m p le x  t h a n  s i m p l e  f i r s t  o r d e r  ( s u c h  a s  r e v e r s i b l e  and  

c o n c u r r e n t  f i r s t  o r d e r  r e a c t i o n s )  c o m p o s i t e  r a t e  c o n s t a n t s  

w i l l  be  o b t a i n e d  ( 1 0 8 ) .  T h e r e f o r e ,  t h e  o b s e r v a t i o n s  d e s c r i b e d  

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

and  t h a t  t h e  v a l u e  o f  k  o b t a i n e d  i s  a c t u a l l y  a c o m p le x  r a t e  

c o n s t a n t  made up  o f  two o r  more  c o n t r i b u t i n g  t e r m s .

G ra p h s  o f  v a r i o u s  f u n c t i o n s  o f  r a t e  c o n s t a n t  v s  

i n i t i a l  c o n c e n t r a t i o n  o f  p e n t a f l u o r o - P A T  w e re  p l o t t e d  t o  

d e t e r m i n e  w h e t h e r  a r e l a t i o n s h i p  e x i s t e d  b e t w e e n  t h e s e  two 

v a r i a b l e s .  I n  t h e  c a s e  o f  t h e  r e a c t i o n  a t  75^  t h e  mos t  

s u c c e s s f u l  was a  p l o t  o f  k  v s  1 / ( i n i t i a l  c o n c e n t r a t i o n ) ,  

shown i n  g r a p h s  25 and  2 6 .  The r e l a t i o n s h i p  d i d  n o t

a p p e a r  t o  h o l d  f o r  t h e  r e a c t i o n  c a r r i e d  o u t  a t  6 5 °  w h e re  no  

d e f i n i t e  t r e n d  c o u l d  be  e s t a b l i s h e d .  O t h e r  f u n c t i o n s  t r i e d  

w e r e  k  v s  c o n c e n t r a t i o n  and ( c o n c e n t r a t i o n )  ,



1 5 0

Graph 2 U .

Graph o f  k (from  s lo p e  o f  f i r s t  order  

p l o t s )  v s  1 / I n l t l a l  azo c o n c e n t r a t i o n .

Temperature = 7 5 .0 0 °

k min - 1

3 . 6

3 .U

3 . 2

3 . 0

2 . 8

1



151

k min“ ^

Graph 2 5 .

Graph o f  k (a v e r a g e )  

vs l / i n l t i a l  azo  c o n c e n t r a t i o n .

Temperature = 7 5 .0 0 ^

( V e r t i c a l  b a r s  r e f e r  t o  mean d e v i a t i o n s )

2 . 8
10

M'- 1
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Graph 2 6 .

k

Graph o f  k (from  Guggenheim p l o t s )  

v s  l / i n i t i a l  azo  c o n c e n t r a t io n .

Temperature = 7 5 .0 0  
( V e r t i c a l  b a r s  r e f e r  t o  standai'-d d e v i a t i o n s )

k . 2

3 . 6

3 . 2

3 . 0

2 . 8
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( v )  The i n d u c t i o n  P e r i o d .

I t  i s  a p p a r e n t  f rom  t h e  g r a p h  f o r  r e a c t i o n s  c a r r i e d  

o u t  a t  6 3 ^ ( g r a p h  2 0 )  t h a t  an  i n d u c t i o n  p e r i o d  e x i s t s  f o r  

r u n s  c o n t a i n i n g  t h e  s m a l l e r  a m o u n t s  o f  p e n t a f l u o r o - P A T  

i n i t i a l l y .  I t  was f o u n d  t h a t  t h i s  t i m e  i n t e r v a l ,  w h i c h  i s  

r e q u i r e d  f o r  t h e  r e a c t i o n  t o  g e t  u n d e r  way, was  g r e a t e s t  a t  

low t e m p e r a t u r e s  and  low p e n t a f l u o r o - P A T  c o n c e n t r a t i o n s  a s  

shown i n  t a b l e  1 7 .  The r e s u l t  was e a s i l y  r e p r o d u c i b l e  f o r  

s e v e r a l  r e a c t i o n s  c a r r i e d  o u t  u n d e r  i d e n t i c a l  c o n d i t i o n s  on 

s e p a r a t e  o c c a s i o n s .

T a b l e  1 7 .

I n d u c t i o n  p e r i o d  m e a s u r e m e n t s  f o r

'O-PAT.

T e m p e r a t u r e [A zo ] L e n g t h  o f  i n d u c t i o n
(°c) (M) p e r i o d  (m in )

73.00 any l e s s  t h a n  8

63.00 0.437 l e s s  t h a n  8

63.00 0 .363 l e s s  t h a n  8

63 .00 0 .27 4 13

63.00 0.183 20

63 .00 0.091 30

33.40 0.183 120

The r e s u l t  i s  i n t e r e s t i n g  s i n c e  no  s u c h  i n d u c t i o n  

p e r i o d  h a s  b e e n  r e p o r t e d  f o r  s i m i l a r  w ork  on t h e  d e c o m p o s i t i o n  

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

w i t h  p e n t a f l u o r o - P A T  was  a  c o n s e q u e n c e  o f  t h e  e x p e r i m e n t a l  

t e c h n i q u e  o r  t h e  m echan ism  o f  d e c o m p o s i t i o n .  The r a t e  o f
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d e c o m p o s i t i o n  o f  PAT was t h e r e f o r e  m e a s u r e d  o v e r  a  r a n g e  o f  

t e m p e r a t u r e  i n c l u d i n g  one w h i c h  w o u ld  l e a d  t o  a s i m i l a r  r a t e  

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

e x p e r i m e n t s  a t  5 5 . 4 0 ^ .  The r e s u l t s  a r e  s u m m a r i s e d  i n  t a b l e  18 ,

Tab l e  1 8 .

I n d u c t i o n  p e r i o d  m e a s u r e m e n t s  f o r  PAT.

S o l v e n t  ; 

[ A z o ]  =

T e m p e r a t u r e
( ° C )

3 5 . 0 0

4 4 . 8 5 *

5 6 . 2 5

B e n z e n e  

0 . 1 8 4  M

L e n g t h  o f  i n d u c t i o n  
p e r i o d  (m in )

g r e a t e r  t h a n  150 

70

l e s s  t h a n  8

* P r o c e e d s  a t  a  s i m i l a r  r a t e  t o  d e c o m p o s i t i o n  o f  
p e n t a f l u o r o - P A T  ( 0 . 1 8 3  M, 5 5 . 4 0  )

The r e s u l t s  show t h a t ,  u s i n g  t h e  p r e s e n t  a p p a r a t u s ,  t h e  

d e c o m p o s i t i o n  o f  PAT a l s o  e x h i b i t s  an  i n d u c t i o n  p e r i o d  w h i c h  

i s  more p r o n o u n c e d  a t  l o w e r  t e m p e r a t u r e s .

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

t e s t  w h e t h e r  t h e  s o l u b i l i t y  o f  n i t r o g e n  i n  t h e  s o l v e n t  o r  

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

p e r i o d .  F o r  t h i s  p u r p o s e  n i t r o g e n  was p a s s e d  t h r o u g h  b o t h  

s o l v e n t  and  f l u i d  f o r  d i f f e r e n t  l e n g t h s  o f  t i m e  r a n g i n g  f rom  

30 m i n u t e s  t o  s e v e r a l  h o u r s  and  r e a c t i o n s  w e re  c a r r i e d  o u t  

i n  t h e  u s u a l  way a t  5 5 . 4 0 °  w i t h  a n  i n i t i a l  p e n t a f l u oro-PAT 

c o n c e n t r a t i o n  o f  0 . 1 8 3  M. T hese  e x p e r i m e n t s  showed an  

i n d u c t i o n  p e r i o d  whose  d u r a t i o n  was  i d e n t i c a l  i n  a l l  t h r e e
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c a s e s  and t h e  same a s  t h a t  o b s e r v e d  (120  m in )  when t h e  n o r m a l  

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

t a b l e  1 7 ) .

( v i )  The e f f e c t  o f  a r a d i c a l  i n h i b i t o r  on r a t e .

One m e c h a n i s t i c  i n t e r p r e t a t i o n  o f  t h e  p r e s e n c e  o f  t h e  

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

a  r e a c t i o n  s t e p  w h i c h  i s  i n d u c e d  by f r e e  r a d i c a l s  whose  

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

i n d u c t i o n  p e r i o d .  One m e th o d  o f  e s t a b l i s h i n g  t h e  p a r t i c i p a t i o n  

o f  s u c h  a m echan ism  i s  t o  c a r r y  o u t  t h e  r e a c t i o n  i n  t h e  

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

o f  r e a c t i n g  r a p i d l y  w i t h  any f r e e  r a d i c a l s  p r o d u c e d  t o  g i v e  

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

p r o c e s s e s .  A s u i t a b l e  r a d i c a l  i n h i b i t o r  i s  2 , 5 ' , 5 ' , 6 - t e t r a -  

_ t - b u t y l ~ 4 ’ - p h e n o x y - 4 - m e t h y l e n e - 2 , 5 - c y c l o h e x a d i e n - 1 - o n e  

( g a l v i n o x y l )  whose  p r o p e r t i e s  w ere  b r i e f l y  c o n s i d e r e d  on 

p ag e  10.  T h u s ,  i n  t h e  e x p e r i m e n t s  on p e n t a f l u o r o - P A T ,  i f  t h e  

o v e r a l l  r e a c t i o n  i n v o l v e s  a p r i m a r y  and  an  i n d u c e d  s t a g e ,  a  

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

s h o u l d  p r o c e e d  more s l o w l y  t h a n  t h e  u n i n h i b i t e d  p r o c e s s .

( a )  P n e p a j q a t i o n  o f  g a l v i n o x y l .

The r a d i c a l  i n h i b i t o r  was p r e p a r e d  by t h e  o x i d a t i o n  o f  

l4-,4’ “ h i h y d r o x y - 3 p  5 j 3  ’ , 5  ’- t e t r a - J b - b u t y l d i p h e n y l m e t h a n e  ( l ) ,  

t h e  l a t t e r  b e i n g  o b t a i n e d  f ro m  2 , 6 - d i - t - b u t y l p h e n o l  by  t h e  

m e thod  o f  K h a r a s c h  and  J o s h i  ( 8 ) .

1 .  P r e p a r a t i o n  o f  A , 4 ' - d i h y d r o x y - 3 , 5 , 3 ' , 5 ' - t e t r a - t - b u t y l -  

d i p h e n y l m e t h a n e .

2 , 6 - D i - t ^ b u t y l p h e n o l  ( 2 0 . 6  g ,  0 .1  m o le )  and L\.0% 

f o r m a l d e h y d e  (1 5  cm^) w e re  d i s s o l v e d  i n  a b s o l u t e  e t h a n o l  

(5 0  cm^) i n  a 250 cm^ two n e c k e d  f l a s k  p l a c e d  i n  a  w a t e r
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b a t h .  The c o n t e n t s  w ere  s t i r r e d  and  n i t r o g e n  b u b b l e d  t h r o u g h

t h e  m i x t u r e  c o n t i n u o u s l y .  A queous  sod ium  h y d r o x i d e  (8 g i n  
%

15 cm w a t e r ) ,  a l s o  s a t u r a t e d  w i t h  n i t r o g e n ,  was  a d d ed  

g r a d u a l l y  f rom  a  t a p  f u n n e l  and  t h e  m i x t u r e  g e n t l y  h e a t e d  

( 5 0 ° )  f o r  1 0 - 1 5  m i n u t e s ,  A v i g o r o u s  r e a c t i o n  t o o k  p l a c e  

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

was f i l t e r e d ,  w ash ed  w i t h  a l c o h o l  and  r a p i d l y  t r a n s f e r r e d  t o  

a vacuum d e s i c c a t o r .  Y i e l d :  U0%, The c r u d e  p r o d u c t  was 

p u r i f i e d  by two s u c c e s s i v e  r e c r y s t a l l i s a t i o n s  f ro m  e t h a n o l /  

c h a r c o a l .  C o l o u r l e s s  c r y s t a l s  w e re  o b t a i n e d .  Y i e l d :  10^ ;  

ra .p .  155 -  15 7 °  ( l i t .  1 5 4 °  ( 8 ) ,  1 57 .1  -  1 5 7 . 6 °  ( 9 ) ) .  The 

r e a c t i o n  may be  su m m a r i s ed  a s  f o l l o w s :

OH
t-B u_  , t - B u

t - B u t - B u
HCHO ikOfo)

NaOH, Eton

t - B u t - B u

( I )

- 3 . 5 . 5 ' , 5 ' - t e t r a - t - b u t y l -

A s o l u t i o n  o f  I  (12  g ,  0 . 0 3  m o le )  i n  b e n z e n e  (1 5 0  cm^) 

was  a d d e d  o v e r  a p e r i o d  o f  30 m i n u t e s  t o  a  w e l l  s t i r r e d  

m i x t u r e  o f  p o t a s s i u m  f e r r i c y a n i d e  ( 3 3 . 6  g ,  0 .1  m o l e ) ,  

p o t a s s i u m  h y d r o x i d e  ( 4 . 8  g ) ,  w a t e r  (1 2 5  cm^) and  b e n z e n e  

(6 0 0  cm^) i n  a  1 . 5  l i t r e  c o n i c a l  f l a s k  w h i c h  was e n c l o s e d  

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

n i t r o g e n .  When t h e  a d d i t i o n  was c o m p l e t e  s t i r r i n g  was 

co n t in u ed  f o r  1 h o u r .  The b e n z e n e  l a y e r  was t h e n  s e p a r a t e d  

and w a sh e d  w i t h  w ater (3 x 50 cm^), d r i e d  o v e r  a n h y d r o u s  

sod ium  s u l p h a t e ,  t h e  m i x t u r e  f i l t e r e d  and  t h e  b e n z e n e  

rem oved  u n d e r  r e d u c e d  p r e s s u r e .  A d a r k  b l u e  s o l i d  was 

o b t a i n e d .  Y i e l d ;  88%. The c r u d e  p r o d u c t  was p u r i f i e d  by 

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

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

t h e  h o t  s o l u t i o n  u n d e r  n i t r o g e n ,  f o l l o w e d  by  r a p i d  c o o l i n g  

when v i o l e t - b l u e  n e e d l e s  o f  g a l v i n o x y l  s e p a r a t e d .  T h e se  w e re  

c o l l e c t e d  by  f i l t r a t i o n  and  i m m e d i a t e l y  t r a n s f e r r e d  t o  a 

vacuum d e s i c c a t o r .  M.p.  o f  g a l v i n o x y l ,  1 5 2 . 5  -  1 5 3 . 5 °  ( l i t .  

157.5° ( 8 ) ,  153° ( 7 ) ,  153.2 -  1 5 3 .6 °  ( 9 ) ) .  The r e a c t io n  may 

be s u m m a r i s e d  a s  f o l l o w s :

OH 0
t - B ut - B u t - B u t  —Bu

C CH

t - B ut-Bu" t - B u t - B u

0.OH
g a l v i n o x y l

( b ) De t e r m i n a t i o n  o f  p u r i t y  o f  g a l v i n o x y l .

Two m e th o d s  w e re  t r i e d  t o  d e t e r m i n e  t h e  p u r i t y  o f  

t h e  g a l v i n o x y l  p r e p a r e d  above:
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1 . l o d o m e t r i c t i t r a t i o n .

T h i s  t e c h n i q u e  i s  e s s e n t i a l l y  t h a t  d e s c r i b e d  by  

B a r t l e t t  and  P u n a h a s h i  ( 9 ) .  G a l v i n o x y l  (O . l  g ,  0 . 0 0 0 2  m o le )  

was d i s s o l v e d  i n  b e n z e n e  (6 cm^) i n  a 250 cm^ i o d i n e  f l a s k  

and g l a c i a l  a c e t i c  a c i d  (26  cm") a d d e d .  The s o l u t i o n  was 

d e g a s s e d  by t h e  a d d i t i o n  o f  s o l i d  c a r b o n  d i o x i d e  a f t e r  w h i c h  

t h e  f l a s k  and c o n t e n t s  w ere  a l l o w e d  t o  r e a c h  room t e m p e r a t u r e .  

" A n a la R ’’ g r a d e  p o t a s s i u m  i o d i d e  ( 4  g )  was t h e n  a d d ed  and  t h e  

s am p le  d i l u t e d  w i t h  d e - a e r a t e d  w a t e r  (75  crn^),  p l a c e d  i n  t h e  

d a r k  f o r  f i v e  m i n u t e s  and t h e n  t i t r a t e d  w i t h  s t a n d a r d  sod ium  

t h i o s u l p h a t e  s o l u t i o n  ( o . l  M) whose  c o n c e n t r a t i o n  was 

p r e v i o u s l y  c h e c k e d  by t i t r a t i o n  w i t h  p o t a s s i u m  i o d a t e  

s o l u t i o n .  S t a r c h  s o l u t i o n  was u s e d  a s  i n d i c a t o r .

T h i s  m ethod  was t r i e d  s e v e r a l  t i m e s  b u t  p r o v e d  

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

o b s e r v i n g  t h e  e n d - p o i n t .  R e s u l t s  v a r i e d  b e t w e e n  some 20 and  

5 0 ^  p u r i t y .

The u l t r a v i o l e t  s p e c t r u m  o f  g a l v i n o x y l  i n  b e n z e n e  shows 

a b s o r p t i o n  maxima a t  25 ,0 4 1  and 2 4 , 5 7 0  cm” "* w i t h  e x t i n c t i o n  

c o e f f i c i e n t s  o f  1 5 4 ,0 0 0  and 3 0 , 0 0 0  M” "* cm” "* r e s p e c t i v e l y  ( 9 ) .  A 

s o l u t i o n  o f  g a l v i n o x y l  ( p r e p a r e d  a b o v e )  i n  b e n z e n e  

( 2 . 0 5  X 10” ^ M) showed maxima a t  t h e  r e q u i r e d  w a v e l e n g t h s  b u t  

w i t h  a p p a r e n t  e x t i n c t i o n  c o e f f i c i e n t s  o f  8 0 , 0 0 0  and 

2 1 , 5 0 0  M” cm” r e s p e c t i v e l y .  H en ce ,  i f

o b s e r v e d  e x t i n c t i o n  c o e f f i c i e n t
p u r i t y  = —   ------ —————------ »-------—' ——— X 1 00

e x t i n c t i o n ,  c o e f f i c i e n t  f o r  p u r e

t h e n  t h e  p u r i t y  o f  t h e  g a l v i n o x y l  i s  f o u n d  t o  be 52 and 

~J2% a t  t h e  two w a v e l e n g t h s  r e s p e c t i v e l y .  T h i s  a s s u m e s  t h a t
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no o t h e r  s p e c i e s  a r e  p r e s e n t  w h i c h  a b s o r b  a t  t h e s e  two 

w a v e l e n g t h s .  The d i s s i m i l a r i t y  b e t w e e n  t h e  r e s u l t s  a t  25 ,041  

and 2 4 , 5 7 0  cm s u g g e s t s  t h a t  o t h e r  a b s o r b i n g  s p e c i e s  may b e  

p r e s e n t .  F o r  s u b s e q u e n t  work  t h e  p u r i t y  o f  g a l v i n o x y l  was 

a ssum ed  t o  be  n o t  g r e a t e r  t h a n  52%.

( c )  Ki n e t i c  m e a s u r e m e n t s .

The amount o f  g a l v i n o x y l  a d d ed  t o  r e a c t i o n  m i x t u r e s  

was c a l c u l a t e d  a s s u m i n g  a  p u r i t y  o f  52^  and  t h a t  a l l  r a d i c a l s  

p r o d u c e d  d u r i n g  t h e  d e c o m p o s i t i o n  o f  p e n t a f l u o r o - P A T  a r e  

t r a p p e d  by t h e  i n h i b i t o r .  Hence  1 mole  o f  p e n t a f l u o r o - P A T  w i l l  

r e q u i r e  2 m o le s  o f  p u r e  g a l v i n o x y l .  Two e x p e r i m e n t s  w e re  

c a r r i e d  o u t  a t  7 5 . 0 0 °  and  a t  i n i t i a l  p e n t a f l u o r o - P A T  

c o n c e n t r a t i o n s  o f  0 . 1 8 5  and  0 .091  M u s i n g  t h e  t e c h n i q u e  

a d o p t e d  f o r  t h i s  w o r k .  The r e s u l t s  a r e  su m m a r i s e d  i n  t a b l e  1 9 .

The t a b l e  shows t h a t  t h e  r a t e  o f  t h e  d e c o m p o s i t i o n  

r e a c t i o n  was l o w e r e d  s l i g h t l y  on a d d i t i o n  o f  g a l v i n o x y l  when 

f i r s t  o r d e r  r a t e  c o n s t a n t s  w ere  c a l c u l a t e d  by  e a c h  o f  t h e  

m e th o d s  a p p l i e d  t o  p r e v i o u s  d a t a .  No i n d u c t i o n  p e r i o d  was 

o b s e r v e d  i n  t h e  c u r r e n t  e x p e r i m e n t s  a s  was a l s o  t h e  c a s e  when 

no  i n h i b i t o r  was u s e d  u n d e r  t h e  same c o n d i t i o n s  o f  t e m p e r a t u r e  

and  i n i t i a l  c o n c e n t r a t i o n  o f  p e n t a f l u o r o - P A T .  The d i s c r e p a n c y  

b e t w e e n  t h e  o b s e r v e d  and t h e o r e t i c a l  i n f i n i t y  v o lu m e s  o f  

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

t h e  a b s e n c e  o f  g a l v i n o x y l .
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Tab le  1 9 .

E f f e c t  o f  r a d i c a l i n h i b i t o r on r a t e .

T e m p e r a t u r e  

I n i t i a l  [ a z o ]  (M)

= 75 

0 . 1 8 5

. 0 0 °

0 . 1 8 3 0 .0 9 1 0 .091

[ G a l v i n o x y l ]  (M) - 0 .3 6 6 - 0 .1  82
2 —1 1 0 ' k  f rom  s l o p e  (min  ) 3 .3 8 ^ 3 . 1 4 4 . 0 6 ^ 3 . 0 7

1 o \  )
P ) a v e r a g e  (min  ) 

10 d e v )

3 .U0 '’ 5 . 1 8 4 . 0 3 ^ 3 . 0 7

o . o T 0 . 0 5 0 . 0 6 ^ 0 . 0 6
2

 ̂ ^  j Guggenheim 
l O ^ S . D . )  (m in ” ^ )

3 . 2 5 ^ 3 . 0 9 3 . 8 4 ^ 3 . 3 9

0 .01  ^ 0 . 0 2 0 . 0 5 ^ 0 . 0 3

The o r  Vpa (cm^) 2 2 . 3 3 2 2 . 5 5 1 1 . 1 7 1 1 . 1 7

The o r  Vpp. -  obs  (cm^) 6 .7 8 ' ' 6 . 0 5 4 . 67 ”' 5 . 7 2

E s t i m a t e d ^ l o s s  i n  
8 min  (cm^) 3 .7 0 ^ 5 . 6 5 1 . 85I 1 . 3 5

% D e f i c i t  i n  Np y i e l d 1 3 . 8 1 0 . 7 2 5 . 2 3 9 .1

1 . . .  T a lien f ro m  t a b l e  14 ( p a g e  141)
2 . . .  T aken  f ro m  t a b l e  16 ( p a g e  148)

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

t h e  r e_apt i o n .

( i  ) I n t r o d u ct_i^_n.

The p r e c e d i n g  s e c t i o n  d e s c r i b e d  k i n e t i c  m e a s u r e m e n t s  

on t h e  d e c o m p o s i t i o n  o f  p e n t a f l u o r o - P A T  u s i n g  a  m ethod  

i n v o l v i n g  t h e  c o l l e c t i o n  o f  n i t r o g e n  a s  a  means o f  f o l l o w i n g  

t h e  r e a c t i o n .  When t h e s e  r e s u l t s  a r e  c o m p ared  w i t h  t h o s e  

o b t a i n e d  f rom  s i m i l a r  e x p e r i m e n t s  u s i n g  PAT, t h r e e  a n o m a l i e s  

become a p p a r e n t :  f i r s t ,  t h e  n o n - q u a n t i t a t i v e  e v o l u t i o n  o f  

n i t r o g e n  a t  i n f i n i t e  t i m e ;  s e c o n d l y ,  t h e  p r e s e n c e  o f  an 

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

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

p e n t a f l u o r o - P A T .  I t  was d e c i d e d  t o  i n v e s t i g a t e  t h e  r a t e  o f  

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

The u l t r a v i o l e t  s p e c t r u m  o f  p e n t a f l u o r o - P A T  i n  b e n z e n e
 yj

shows an  i n t e n s e  a b s o r p t i o n  a t  2 3 , 8 0 0  cm w i t h  an e x t i n c t i o n
“- i  —ic o e f f i c i e n t  o f  330 M cm . An u l t r a v i o l e t  s p e c t r u m  o f  a 

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

d i d  n o t  a b s o r b  s i g n i f i c a n t l y  c om pared  w i t h  p e n t a f l u o r o - P A T  

a t  t h i s  w a v e l e n g t h .  C o n s e q u e n t l y ,  a  s p e c t r o p h o t o m e t r i c  m e th o d  

o f  f o l l o w i n g  t h e  r e a c t i o n  was  a t t e m p t e d .

( i i )  Pu r i f i c a t i o n  o f  s o l v e n t s .

The e x p e r i m e n t s  w e re  c a r r i e d  o u t  i n  t h r e e  s e p a r a t e  

s o l v e n t s :  b e n z e n e ,  c h l o r o b e n z e n e  and  b r o m o b e n z e n e  a t  a  v a r i e t y  

o f  t e m p e r a t u r e s .

" A n a la R ” g r a d e  b e n z e n e  was d r i e d  o v e r  p h o s p h o r u s  

p e n t o x i d e  f o l l o w e d  by f i l t e r i n g  and  f r a c t i o n a l  d i s t i l l a t i o n  

f r o m  f r e s h  q u a n t i t i e s  o f  t h e  d r y i n g  a g e n t ,  b . p .  8 0 . 5 0 °  ( l i t .  

8 0 . 0 8 ° ( 8 9 ) ) .

R e a g e n t  g r a d e  c h l o r o b e n z e n e  was d r i e d  f o r  s e v e r a l  h o u r s  

o v e r  p h o s p h o r u s  p e n t o x i d e .  A f t e r  f i l t e r i n g  t h e  s o l v e n t  was 

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

V i g r e u x  c o lu m n ,  c o l l e c t i n g  t h e  f r a c t i o n  b o i l i n g  i n  t h e  r a n g e  

131 - 1 3 2 °  ( l i t .  1 3 2 °  ( 8 9 ) ) .

R e a g e n t  g r a d e  b ro m o b e n z en e  was  p u r i f i e d  i n  t h e  same 

way a s  c h l o r o b e n z e n e  c o l l e c t i n g  t h e  f r a c t i o n  b o i l i n g  a t  1 5 5 °  

( l i t .  155  -  1 5 6 °  ( 8 9 ) ) .

( i i i )  P r e l i m i n a r y  e x p e r i m e n t s .

P r e l i m i n a r y  e x p e r i m e n t s  w ere  c a r r i e d  o u t  i n  b e n z e n e  

o n l y .  I n i t i a l l y  i t  was t h o u g h t  t h a t  t h e  r e a c t i o n  m i g h t  be  

f o l l o w e d  by  c o n d u c t i n g  t h e  d e c o m p o s i t i o n  i n  t h e  t h e r m o s t a t t e d
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c e l l  c o m p a r tm e n t  o f  an  SP 8OO r e c o r d i n g  s p e c t r o p h o t o m e t e r ;

two e x p e r i m e n t s  w e re  c a r r i e d  o u t  i n  t h i s  way a t  a  t e m p e r a t u r e

o f  5 5 . 0 0 °  and i n i t i a l  p e n t a f l u o r o - P A T  c o n c e n t r a t i o n s  o f

2 . 5 1  and 3 . 5 2  X 10 ^ M i n  1 cm s t o p p e r e d  s i l i c a  c e l l s .  I n

e a c h  c a s e  t h e  s p e c t r u m  o f  t h e  s o l u t i o n  was s c a n n e d  e v e r y

30 m i n u t e s  and b e n z e n e  was  u s e d  i n  t h e  r e f e r e n c e  beam. I n

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

t i m e  and t h e r e  was a  w e l l  d e f i n e d  i s o s b e s t i c  p o i n t  a t  
_

3 2 , 0 0 0  cm . However ,  a t  t h e  end  o f  e a c h  e x p e r i m e n t  i t  was 

n o t i c e d  t h a t  a s i g n i f i c a n t  q u a n t i t y  o f  t h e  s o l v e n t  had  

e v a p o r a t e d  o v e r  a  p e r i o d  o f  6 -  7 h o u r s ,  t h e r e b y  a l t e r i n g  

t h e  c o n c e n t r a t i o n  o f  t h e  s o l u t i o n .  I t  w a s ,  t h e r e f o r e ,  

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

( i v )  G e n e r a l  e x p e r i m e n t a l  p r o c e d u r e .

A l i q u o t  p o r t i o n s  (5  cm^) o f  a  s t a n d a r d  s o l u t i o n  o f  

p e n t a f l u o r o - P A T  w e re  p l a c e d  i n  e a c h  o f  t w e n t y  10 cm^ g l a s s  

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

d i o x i d e  and  a c e t o n e  and  t h e  a m p o u le s  s e a l e d  i n  a  f l a m e .  T h ese  

w e re  t h e n  a r r a n g e d  i n  a  w i r e  b a s k e t  w h i c h  was s u b m e r g e d  i n  a  

w a t e r  b a t h  whose  t e m p e r a t u r e  was m a i n t a i n e d  t o  w i t h i n  -  0 . 0 5 ° .  

A s t o p  c l o c k  was  s t a r t e d  a s  so o n  a s  t h e  a m p o u le s  w e re  l o w e r e d  

i n t o  t h e  b a t h .  S a m p le s  w e re  w i t h d r a w n  a t  r e g u l a r  t i m e  

i n t e r v a l s ,  t h e  r e a c t i o n  q u e n c h e d  by  c o o l i n g  i n  a n  i c e / s a l t  

f r e e z i n g  m i x t u r e ,  t h e  s e a l  b r o k e n  and t h e  c o n t e n t s  o f  t h e  

am poule  t r a n s f e r r e d  t o  a  1 cm s t o p p e r e d  s i l i c a  c e l l  w h i c h  

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

c o m p a r tm e n t  o f  an  SP8OO r e c o r d i n g  s p e c t r o p h o t o m e t e r  and  

m a i n t a i n e d  a t  a  t e m p e r a t u r e  o f  2 5 , 2 0 ° .  The s o l v e n t  was p l a c e d  

i n  t h e  r e f e r e n c e  beam and a  z e r o  t i m e  r e a d i n g  was t a k e n  

i n i t i a l l y  on t h e  f r e s h  s o l u t i o n .  The s p e c t r u m  o f  t h e  r e a c t i n g
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m i x t u r e  was t h e n  s c a n n e d  b e t w e e n  2 0 , 0 0 0  and 3 0 , 0 0 0  cm . An 

i n f i n i t y  r e a d i n g  was t a k e n  f o r  e a c h  r e a c t i o n  by l e a v i n g  t h e  

r e a c t i n g  m i x t u r e  f o r  s e v e r a l  h o u r s  b e f o r e  s a m p l i n g .  An ex am p le  

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

i s  shown i n  g r a p h  2 7 .  I n  a l l  c a s e s  t h e  i s o s b e s t i c  p o i n t  was 

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

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

r e g i o n  2 5 , 0 0 0  -  3 0 , 0 0 0  cm "* i n c r e a s e d  r a p i d l y  i n  t h e  i n i t i a l  

s t a g e s  o f  t h e  r e a c t i o n .  H ow ever ,  when t h e  i n f i n i t y  r e a d i n g  

was t a k e n  i t  was  n o t i c e d  t h a t  t h i s  a b s o r p t i o n  h a d  a l m o s t  

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

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

PAT some a b s o r b i n g  s p e c i e s  a r e  f o r m e d  i n i t i a l l y  a s  i n t e r 

m e d i a t e s  b u t  may be  rem o v ed  by s u b s e q u e n t  r e a c t i o n .

( v )  The e f f e c t  o f  c o n c e n t r a t i o n  and  t e m p e r a t u r e  on r a t e .

Prom s p e c t r o p h o t o m e t r i c  d a t a ,  g r a p h s  o f  

l o g g ( O . D . ^  -  O.D.gj) v s  t i m e  ( t )  w e re  p l o t t e d ,  w h e re  O .D .^  

and  O.D.(X, a r e  t h e  a b s o r b a n c e s ,  a t  2 3 , 8 0 0  cm , a t  t i m e  t  and  

a t  i n f i n i t e  t im e  r e s p e c t i v e l y ,  and  t h e  f i r s t  o r d e r  r a t e  

c o n s t a n t ,  k ,  was  o b t a i n e d  f r o m  t h e  s l o p e ;  t y p i c a l  f i r s t  o r d e r  

p l o t s  o b t a i n e d  d u r i n g  t h e  c o u r s e  o f  t h i s  w ork  a r e  shown i n  

g r a p h  2 8 .  The r e s u l t s  f o r  t h e  d e c o m p o s i t i o n  o f  p e n t a f l u o r o -  

PAT i n  b e n z e n e ,  c h l o r o b e n z e n e  and b r o m o b e n z e n e  a t  a  number  

o f  i n i t i a l  c o n c e n t r a t i o n s  o f  p e n t a f l u o r o - P A T  and a t  a  v a r i e t y  

o f  t e m p e r a t u r e s  a r e  su m m a r i s e d  i n  t a b l e s  2 0 ,  21 and  2 2 ,  I t  

i s  a p p a r e n t  f ro m  t h e s e  r e s u l t s  t h a t  t h e r e  i s  no  s i g n i f i c a n t  

v a r i a t i o n  i n  f i r s t  o r d e r  r a t e  c o n s t a n t  o v e r  a  t e n - f o l d  

c h a n g e  i n  i n i t i a l  c o n c e n t r a t i o n  o f  p e n t a f l u o r o - P A T  a n d ,  t h u s ,  

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

t o  p e n t a f l u o r o - P A T  a t  t h e  c o n c e n t r a t i o n s  u s e d  f o r
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s p e c t r o p h o t o m e t r i e  w ork  u s i n g  t h e  p r e s e n t  m e th o d  o f  a n a l y s i s .  

T h e s e  r e s u l t s  d i d  n o t  show t h e  p r e s e n c e  o f  an  i n d u c t i o n  

p e r i o d .

The t e m p e r a t u r e  d e p e n d e n c e  o f  r e a c t i o n  r a t e  may be  

e x p r e s s e d  i n  t e r m s  o f  t h e  A r r h e n i u s  e q u a t i o n :

k  = A

w h e re  k  i s  t h e  r a t e  c o n s t a n t ,  A i s  t h e  n o n - e x p o n e n t i a l  t e r m ,  

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

H ence :
E

l o g  k  = l o g  A -  —
e ® ET

T h u s ,  a g r a p h  o f  l o g ^  k  v s  1 / T  s h o u l d  b e  a  s t r a i g h t  l i n e

whose  s l o p e  i s  Eg/R and i n t e r c e p t  a t  1 / T  = 0 i s  l o g ^  A,

A r r h e n i u s  p l o t s  f o r  r e a c t i o n s  i n  b e n z e n e ,  c h l o r o b e n z e n e

and  b r o m o b e n z e n e  a r e  shown i n  g r a p h s  2 9 , 30 and  31

r e s p e c t i v e l y .  V a l u e s  f o r  t h e  a c t i v a t i o n  e n e r g y ,  c a l c u l a t e d

by l e a s t  s q u a r e s  a n a l y s i s  a s  d e s c r i b e d  on p a g e  1 4 5 , a r e

i n d i c a t e d  on t h e  g r a p h s .
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Absorbance

2.0

Graph 2 7 .

T y p ic a l  example o f  s p e c t r a l  changes  

o ccu rr in g  during  th e  d ec o m p o s it io n  

o f  p en ta flu o ro -P A T .

[azo] = 4 7 .2 4  X 10”^M

Temperature = 6 5 . 0 5 °

S o lv e n t:  ch lorob en zen e

zo.ooo
cm- 1

Sample t im e s : No

2 ^ 0 0 0

No. Time No. Time
1 10 min 6 77 min
2 21 t, 7 90  H
3 30  n 8 105  M
4 45 u 9 120  M
5 60 M

t h e n ev ery  3(

' .7 ,0 0 0

u n le s s  o th e r w ise  
s t a t e d
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GraiDh 28,

T y p ic a l  f i r s t  order p l o t s  from  

sp e c tr o p h o to m e tr ic  measurements in  

t h r e e  s o l v e n t s .CO

CO

§u
[ A z o ]  =  5 , 1  X 1 0  

Temperature = 600)
>•H
CO
CO0>
ÜÜ0
CO

CO
+3
tH

c h lo ro b en zen e
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- p
00
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0
Fh
p
0

bromobenzeneg•H
CO
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>•H
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w
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0
wo

r—I

uoo2000

Time (min)
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T a b le  2 0 .

Decomposi t i o n  o f  p e n t a f l u o r o - P A T  i n  b e n z e n e .

S p e c t r o p h o t o m e t r i c  d a t a .

T e m p e r a t u r e 10^ [ a z o ] 10^ k
(°G) (M.) / . - I n(m in  )

7 5 . 0 0 5 . 1 0 3 . 5 8

7 5 . 0 0 5 . 1 0 3 . 3 7

7 0 . 0 0 5 . 0 5 1 .8 9

7 0 . 0 0 5 . 0 5 1 , 9 0

6 5 . 0 5 5 . 0 7 0 . 9 6

6 5 . 0 5 5 . 0 7 0 . 9 5

6 5 . 0 5 2 5 . 0 5 0 . 8 9

6 5 . 0 0 5 0 . 1 8 0 . 8 7

6 5 . 0 5 108 .91 0 . 9 0

6 0 . 5 0 5 . 0 8 0 . 4 8

6 0 . 5 0 5 . 0 8 0 . 5 0

5 5 . 0 0 5 . 1 5 0 . 2 4

5 5 . 4 0 5.11 0 . 2 9
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T a b le  21 .

D e c o m p o s i t i o n  o f  p e n t a f  l u o r  o--PA_T_ i n  c^hlor o b e n z e n e . 

S p e c t r o p h o t o m e t r i c  d a t a .

T e m p e r a t u r e

( ° C )

10^ [ a z o ]  
(M .)

10^ k  
(m in” "' )

7 5 . 2 0 5 . Ill 2 . 8 0

7 5 . 2 0 5.11 2 . 6 7

7 0 . 0 0 5 . 1 2 1 .4 6

7 0 . 0 0 5 . 1 2 1 . 4 5

6 5 . 1 5 5 . 0 9 0 . 7 7

6 5 . 1 5 5 . 0 9 0 . 7 4

6 5 . 0 5 4 7 . 2 4 0 . 7 6

5 9 . 9 5 5 . 1 2 0 . 3 7

5 9 . 9 5 5 . 1 2 0 . 3 7

5 4 . 9 5 5 . 1 3 0 . 1 9

5 4 . 9 0 5 . 1 3 0 . 2 0
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Tabl e  2 2 .

D e c o m p o s i t i o n  o f  p e n t a f l u o r o - P A T  i n  b r o m o b e n z e n e .

S p e c t r o p h o t o m e t r i c  d a t a .

T e m p e r a t u r e
( ° C )

10"  ̂ [ a z o ]  
(M .)

10^ k  
( m i n ~ ^ )

7 5 . 0 5 5 . 1 0 2 . 4 6

7 5 . 0 5 5 . 1 0 2 . 5 6

7 0 . 0 5 5 . 0 9 1 . 3 9

7 0 . 0 5 5 . 0 9 1 . 3 8

6 5 . 0 5 5 . 0 9 0 . 7 2

6 5 . 1 5 5 . 0 9 0 . 7 4

6 5 . 2 0 5 0 .1 6 0 . 7 2

6 0 . 7 0 5 . 1 0 0 . 4 2

6 0 . 7 0 5 . 1 0 0 .41

5 5 . 2 0 5 . 1 0 0 . 1 9

5 5 .2 0 5 . 1 0 0 . 1 9
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P r e l i m i n a r y  a n a l y s i s  o f  r e a c t i o n  p r o d u c t s .

The most c o n c e n t r a t e d  r e a c t i o n  m i x t u r e  u s e d  i n  t h e  

n i t r o m e t e r  e x p e r i m e n t s  (1 g o f  p e n t a f l u o r o - P A T  i n  5 cm^ 

b e n z e n e )  was u s e d  i n  t h i s  i n v e s t i g a t i o n .  A f t e r  h e a t i n g  t h e  

s o l u t i o n  a t  8 0 °  f o r  2l\. h o u r s ,  e x c e s s  s o l v e n t  was d i s t i l l e d

o f f  l e a v i n g  a b rown s e m i - s o l i d  r e s i d u e .  T h i s  was d i s s o l v e d

i n  l i g h t  p e t r o l e u m  ( b . p .  60 -  8 0 ° )  by r e f l u x i n g  i n  t h e  

s o l v e n t .  On c o o l i n g  t h e  r e s u l t i n g  b row n s o l u t i o n  an  o f f - w h i t e  

s o l i d  s e p a r a t e d  o u t  ( 0 . 0 9  g )  w h i c h  was f i l t e r e d  o f f  and  

p u r i f i e d  by r e c r y s t a l l i s a t i o n  f r o m  l i g h t  p e t r o l e u m .  A s m a l l

q u a n t i t y  o f  a  w h i t e  s o l i d  was o b t a i n e d ,  m .p .  9 2 . 5  -  9 3 . 5 ° ,

mixed  m .p ,  w i t h  an  a u t h e n t i c  s am p le  o f  t r i p h e n y l m e t h a n e  ;

9 2 . 5  “ 9 3 . 5 °  ( l i t .  9 4 °  ( 8 9 ) ) .  The i n f r a r e d  s p e c t r u m  o f  t h e  

w h i t e  s o l i d  was s u p e r i m p o s a b l e  w i t h  t h a t  o f  an  a u t h e n t i c  

s am p le  o f  t r i p h e n y l m e t h a n e .

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

i n  b u l k  a n d ;  on c o o l i n g ,  a  y e l l o w  s o l i d  ( 0 , 1 9  g )  s e p a r a t e d  

o u t  f r o m  t h e  c o n c e n t r a t e d  s o l u t i o n .  T h i s  was f i l t e r e d  o f f  

and  r e c r y s t a l l i s e d  t w i c e  f r o m  a q u e o u s  e t h a n o l / c h a r c o a l .  A 

w h i t e  s o l i d  was o b t a i n e d .  Y i e l d ;  0 . 0 6  g ,  m .p ,  1 1 1 . 5  -  1 1 3 ° ,  

mixed  m .p .  w i t h  an  a u t h e n t i c  s am ple  o f  p e n t a f l u o r o b i p h e n y l  

( s u p p l i e d  by D r .  R. B o l t o n ) ;  1 1 1 . 5  -  1 1 3 °  ( l i t .  1 1 0 . 5  -  1 1 2 °  

( 5 9 ) ) .  The i n f r a r e d  s p e c t r u m  o f  t h e  s o l i d  was s u p e r i m p o s a b l e  

w i t h  t h a t  o f  an  a u t h e n t i c  s am p le  o f  p e n t a f l u o r o b i p h e n y l .



174
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Summary o f  exp*erimerrfca_l r e s u l t s  .

The d e c o m p o s i t i o n  o f  p e n t a f l u o r o - P A T  i n  b e n z e n e  h a s  

b e e n  s t u d i e d  ( a )  by m e a s u r i n g  t h e  volume o f  n i t r o g e n  e v o l v e d  

w i t h  t im e  a t  c o n s t a n t  p r e s s u r e ,  and  ( b )  by m e a s u r i n g  t h e  

ch an g e  i n  o p t i c a l  d e n s i t y  a t  a p a r t i c u l a r  w a v e l e n g t h .  S e v e r a l  

p o i n t s  emerge  from t h e  r e s u l t s  o b t a i n e d  u s i n g  t h e  f o r m e r  

m e thod :  f i r s t ,  t h e  r e a c t i o n  d o e s  n o t  a p p e a r  t o  comply  s t r i c t l y  

w i t h  a  s i m p l e  f i r s t  o r d e r  t r e a t m e n t .  The f i r s t  o r d e r  r a t e  

c o n s t a n t  seems t o  d e p e n d  t o  a s l i g h t  e x t e n t  on t h e  i n i t i a l  

c o n c e n t r a t i o n  o f  p e n t a f l u o r o - P A T ,  a  h i g h e r  v a l u e  o f  k  c o r r e s 

p o n d i n g  t o  a l o w e r  i n i t i a l  p e n t a f l u o r o - P A T  c o n c e n t r a t i o n .  

S e c o n d l y ,  t h e  r e s u l t s  i n  t a b l e  13 ( s e e  page  1 3 7 )  i n d i c a t e  t h a t  

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

s u r f a c e  e f f e c t s ;  t h i s  i s  t y p i c a l  o f  a  f r e e  r a d i c a l  p r o c e s s .  

T h i r d l y ,  r e s u l t s  o b t a i n e d  f rom  r e a c t i o n s  t o  w h i c h  a  r a d i c a l  

i n h i b i t o r  had  b e e n  added  i n d i c a t e d  a s l i g h t  l o w e r i n g  o f  r a t e  

when com pared  w i t h  i d e n t i c a l  r e a c t i o n s  c a r r i e d  o u t  i n  t h e  

a b s e n c e  o f  an  i n h i b i t o r .  F o u r t h l y ,  an i n d u c t i o n  p e r i o d  was 

o b s e r v e d ;  t h i s  was n o t  d e t e c t e d  a t  t e m p e r a t u r e s  o f  70*  ̂ and 

above  b u t  was d e f i n i t e l y  p r e s e n t  a t  65^  and b e l o w ,  t h e  l e n g t h  

o f  t h e  i n d u c t i o n  p e r i o d  i n c r e a s i n g  w i t h  d e c r e a s e  i n  

t e m p e r a t u r e .  Longer  i n d u c t i o n  p e r i o d s  w ere  o b s e r v e d  a t  t h e  

l o w e r  i n i t i a l  c o n c e n t r a t i o n s  o f  p e n t a f l u o r o - P A T  a t  a 

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

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

be  n o n - q u a n t i t a t i v e .

D a t a  f rom  t h e  n i t r o m e t e r  e x p e r i m e n t s  w e re  t r e a t e d  

a s s u m i n g  a  f i r s t  o r d e r  r a t e  law  f o r  t h e  e v o l u t i o n  o f  n i t r o g e n .  

Guggenheim p l o t s  ( g r a p h s  22 and  2 3 )  w ere  good s t r a i g h t  l i n e s  

i n  a l l  c a s e s  b u t ,  a s  i n  t h e  c a s e  o f  g r a p h s  o f  l o g ^ ( V ^  -  V^)
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vs  t i m e ,  t h e  d e r i v e d  r a t e  c o n s t a n t  i n c r e a s e d  s i g n i f i c a n t l y  

w i t h  d e c r e a s i n g  i n i t i a l  c o n c e n t r a t i o n  o f  p e n t a f l u o r o - P A T .

These  r e s u l t s  d i f f e r  f rom t h o s e  r e p o r t e d  by o t h e r  w o r k e r s  

(A6, 77 ,  78 ,  79)  on a s i m i l a r  k i n e t i c  s t u d y  o f  t h e  

d e c o m p o s i t i o n  o f  PAT w h ic h  was f o u n d  t o  obey a s i m p l e  f i r s t  

o r d e r  r a t e  law i n  w h ic h  t h e r e  was no  i n d u c t i o n  p e r i o d  and t h e  

y i e l d  o f  n i t r o g e n  was  q u a n t i t a t i v e .

The r e s u l t s  o b t a i n e d  f rom  a s p e c t r o p h o t o m e t r i c  s t u d y  o f  

t h e  d e c o m p o s i t i o n  o f  p e n t a f l u o r o - P A T  i n  b e n z e n e ,  c h l o r o -  

b e n z e n e  and b ro m o b en zen e  showed no  s i g n i f i c a n t  v a r i a t i o n  i n  

t h e  f i r s t  o r d e r  r a t e  c o n s t a n t  f o r  a  t e n - f o l d  c h an g e  i n  i n i t i a l  

c o n c e n t r a t i o n  o f  p e n t a f l u o r o - P A T .  T h u s ,  t h e  d e c o m p o s i t i o n  

a p p e a r s  t o  be  a s i m p l e  f i r s t  o r d e r  p r o c e s s  when i n v e s t i g a t e d  

by t h i s  t e c h n i q u e .  No i n d u c t i o n  p e r i o d  was o b s e r v e d .  Some 

r a t e  c o n s t a n t s  o b t a i n e d  f rom t h e  s p e c t r o p h o t o m e t r i c  and 

n i t r o m e t e r  m e thods  a r e  co m p ared  i n  t a b l e  2 3 .

Tab l e _ 2_3.

C o m p a r i s o n  o f  r a t e  c o n s t a n t s d e t e r m i n e d  

by t h e  two m e t h o d s .

T e m p e r a t u r e  ( °C )  

10^ [ a z o ]  (M) 

T e c h n iq u e

1O^k (min  ^ )

7 5 . 0 0 7 5 . 0 0 6 5 . 0 5 6 5 . 0 0

5 91 109 91

u . v . U . V ,

3 . 5 8 3 . 8 4 ^ 0 . 0 5 ^ 1 . 2 3 ^ 0 . 0 2 ^

3 . 3 7 4 . 0 3 - 0 . 0 6 ^
0 . 9 0

0 .8 2 ± 0 . 0 2 ' '

o . 9 2 i o , o P

1 . . .  Prom Guggenheim p l o t s  ( t a b l e  1 6 )
2 . . .  k  ( T a b l e s  13 and 1 4 )

The t a b l e  shows t h a t  a t  6 5 ° ,  f o r  s i m i l a r  i n i t i a l
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p e n t a f l u o r o - P A T  c o n c e n t r a t i o n s ,  t h e r e  i s  r e a s o n a b l e  a g r e e 

ment b e tw e e n  v a l u e s  o f  k  o b t a i n e d  by t h e  two t e c h n i q u e s .

S i n c e  no v a r i a t i o n  o f  k  w i t h  i n i t i a l  c o n c e n t r a t i o n  o f  p e n t a -  

f l u o r o - P A T  was f o u n d  i n  t h e  s p e c t r o p h o t o m e t r i c  e x p e r i m e n t s ,  

t h e  v a l u e  o f  k  f o r  an i n i t i a l  c o n c e n t r a t i o n  o f  a p p r o x i m a t e l y  

5 X 10 ^ M may be com pared  w i t h  v a l u e s  o b t a i n e d  a t  h i g h e r  

i n i t i a l  c o n c e n t r a t i o n s  i n  t h e  n i t r o m e t e r  e x p e r i m e n t s .  A g a i n ,  

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

by t h e  two m e t h o d s .

A c t i v a t i o n  e n e r g i e s  w ere  c a l c u l a t e d  f rom  d a t a  o b t a i n e d  

by  t h e  s p e c t r o p h o t o m e t r i c  t e c h n i q u e  i n  e a c h  o f  t h e  t h r e e  

s o l v e n t s  and w ere  fo u n d  t o  be  1 2 5 - 4  KJ m o le ” "', 1 2 4 - 2
—  1 4 -  —1KJ mole  and 1 2 4 - 1  KJ mole i n  b e n z e n e ,  c h l o r o b e n z e n e  

and b ro m o b en zen e  r e s p e c t i v e l y .

Me^chappgjP o f  t he  r e a c t i o n .

I n  a d i s c u s s i o n  o f  t h e  m echanism  o f  t h e  d e c o m p o s i t i o n  

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

f ro m  t h e  n i t r o m e t e r  e x p e r i m e n t s  must  be  r e c o n c i l e d  w i t h  t h o s e  

f rom  t h e  s p e c t r o p h o t o m e t r i c  r u n s .  I n  t h e  l a t t e r  c a s e  t h e  

d e c o m p o s i t i o n  r e a c t i o n  i n  t h r e e  s e p a r a t e  s o l v e n t s  was 

i n v e s t i g a t e d  and  i n  e a c h  c a s e  t h e  r e a c t i o n  was f o u n d  t o  

a d h e r e  s t r i c t l y  t o  a f i r s t  o r d e r  r a t e  l a w .  T h u s ,  i t  i s  f i r s t  

n e c e s s a r y  t o  a s c e r t a i n  w h e t h e r  t h e  r e s u l t s  f r o m  t h e  n i t r o 

m e t e r  e x p e r i m e n t s  may be e x p l a i n e d  i n  p h y s i c a l  t e r m s ,  o r  

w h e t h e r  t h e y  r e f l e c t  a more  c o m p l i c a t e d  p i c t u r e  o f  t h e  

k i n e t i c s  w h i c h ,  f o r  some r e a s o n ,  d o e s  n o t  a p p e a r  i n  t h e  

s p e c t r o p h o t o m e t r i c  d e t e r m i n a t i o n .
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( i ) P h y s i c a l  c a u s e s  f o r  t h e  o b s e r v e d i n d u c t i o n  p e r i o d  and

^ ^ Q u a n t i t a t i v e  y i e l d  o f  n i t r o g e n  i n  t h e  n i t r o m e t e r  

e x p e r i m e n t s .

I n  p r e s e n t i n g  t h e  c a s e  f o r  a p h y s i c a l  e x p l a n a t i o n  o f  

t h e  r e s u l t s ,  t h e r e  a r e  a number  o f  p o s s i b i l i t i e s  w h i c h  must  

be  i n v e s t i g a t e d .  I n  a l l  r e a c t i o n s  c a r r i e d  o u t  w i t h  t h e  n i t r o 

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

d e c o m p o s i t i o n  o f  any p a r t i c u l a r  s am p le  o f  p e n t a f l u o r o - P A T  was 

b a s e d  on an a s s u m p t i o n  t h a t  t h e  sam p le  i n  q u e s t i o n  had  a 

p u r i t y  o f  100%. The f i n a l  s t a g e  i n  t h e  p r e p a r a t i o n  o f  p e n t a -  

f l u o r o - P A T  i n v o l v e s  t h e  o x i d a t i o n  o f  p e n t a f l u o r o p h e n y l -  

h y d r a z o t r i p h e n y l m e t h a n e  by p e n t y l  n i t r i t e .  A f t e r  t h e  i s o l a t i o n  

and p u r i f i c a t i o n  o f  p e n t a f l u o r o - P A T  i n f r a r e d  s p e c t r a  o f  t h e  

l a t t e r  showed no t r a c e  o f  b a n d s  c o r r e s p o n d i n g  t o  t h e  NH- 

g r o u p  i n  p e n t a f l u o r o p h e n y l h y d r a z o t r i p h e n y l m e t h a n e . T h u s , f rom  

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

c o u l d  h av e  b e e n  p r e s e n t  i n  s u c h  c o n c e n t r a t i o n  a s  w ou ld  be  

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

i n  t h e  n i t r o g e n  y i e l d  o b s e r v e d  i n  a l l  e x p e r i m e n t s  e x c e p t  o n e .  

The e x c e p t i o n ,  t h a t  r e a c t i o n  c a r r i e d  o u t  i n  t h e  p r e s e n c e  o f  

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

p r e d i c t e d  f o r  t o t a l  d e c o m p o s i t i o n .

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

l o s s  o f  e v o l v e d  n i t r o g e n  by s o l u b i l i t y  o f  t h e  g a s  i n  t h e  

s o l v e n t  and m a n o m e t r i c  f l u i d .  I f  t h i s  w e re  t h e  c a s e  i t  w o u ld  

e x p l a i n  b o t h  t h e  n o n - q u a n t  i t a t i v e  y i e l d  o f  n i t r o g e n  and  t h e  

i n d u c t i o n  p e r i o d .  However ,  s t e p s  w e re  t a k e n  t o  a v o i d  t h i s  

p r o b l e m  by p r e - s a t u r a t i o n  o f  b o t h  s o l v e n t  and m a n o m e t r i c  

f l u i d  w i t h  n i t r o g e n ,  and t h e  r e s u l t s  o f  e x p e r i m e n t s  i n v o l v i n g  

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

page  1 5 4 ) .

A n o t h e r  p o t e n t i a l  s o u r c e  o f  e r r o r  i s  t h e  p o s s i b l e  

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

b e f o r e  any volume c h an g e  r e g i s t e r s  i n  t h e  n i t r o m e t e r .  An 

e x p e r i m e n t  w a s ,  t h e r e f o r e ,  c a r r i e d  o u t  i n  w h i c h  a  U - tu b e  

c o n t a i n i n g  w a t e r  was a t t a c h e d ,  i n  p l a c e  o f  t h e  r e a c t i o n  

f l a s k ,  t o  t h e  n i t r o m e t e r .  W i t h  t h e  a p p a r a t u s  open  t o  t h e  

a t m o s p h e r e  t h e  l i q u i d  l e v e l s  i n  b o t h  arms o f  e a c h  manom eter  

w ere  t h e  same. The t a p  was  t h e n  c l o s e d ,  t h e  two m an o m e te r s  

c o n n e c t e d  and a p r e s s u r e  d i f f e r e n t i a l  a p p l i e d  t o  t h e  n i t r o 

m e t e r  by moving t h e  r e s e r v o i r  up  o r  down. The s u b s e q u e n t  

d i f f e r e n c e  i n  w a t e r  l e v e l s  i n  t h e  two arms o f  t h e  n i t r o m e t e r  

was i m m e d i a t e l y  r e g i s t e r e d  by a s i m u l t a n e o u s  c h an g e  i n  t h e  

l i q u i d  l e v e l s  i n  t h e  U - t u b e .  The e x p e r i m e n t  was r e p e a t e d  

s e v e r a l  t i m e s  a p p l y i n g  p r e s s u r e  d i f f e r e n t i a l s  o f  f ro m  1 mm 

t o  s e v e r a l  cm o f  w a t e r  an d ,  i n  a l l  c a s e s ,  t h e  d i f f e r e n c e  was 

i m m e d i a t e l y  o b s e r v e d  i n  t h e  U - t u b e .  T h u s ,  i t  was c o n c l u d e d  

t h a t  no  t h r e s h o l d  p r e s s u r e  o f  n i t r o g e n  was r e q u i r e d  i n  t h e  

s y s t e m  b e f o r e  a  volume c h an g e  was o b s e r v e d  i n  t h e  n i t r o m e t e r ,

T a b l e  24 s u m m a r i s e s  t h e  n i t r o g e n  d e f i c i e n c i e s  o b t a i n e d  

i n  a l l  t h e  n i t r o m e t e r  e x p e r i m e n t s .  I t  i s  s e e n  i m m e d i a t e l y  

t h a t  i n  t h e  r e a c t i o n  i n  w h ic h  g l a s s  b e a d s  w ere  p r e s e n t  t h e  

y i e l d  o f  n i t r o g e n  was q u a n t i t a t i v e  w i t h i n  t h e  l i m i t s  o f  

e x p e r i m e n t a l  e r r o r ,  w h e r e a s  i n  a l l  o t h e r  c a s e s  t h e r e  was a 

s u b s t a n t i a l  d e f i c i t  i n  t h e  n i t r o g e n  y i e l d .
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P e r c e n t a g e  d e f i c i t s  i n  n i t r o g e n  y i
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I n i t i a l  [ a z o j  
(M)

T e m p e r a t u r e

( °C )

% D e f i c i t  i n  
Ng y i e l d

S p e c i a l
c o n d i t i o n s

0 . 4 5 7 80 8 . 5 none

0 . 4 5 7 75 9.1 H

0 . 4 5 7 75 8 . 2 U

0 . 3 6 5 75 8 . 6 tl

0 . 3 4 3 75 1 1 . 4 11

0 . 2 7 4 75 1 0 . 7 If

0 . 2 2 8 75 9 . 8 If

0 . 1 8 3 75 1 3 . 8 ff

0 . 1 1 4 75 2 0 . 5 ff

0 .091 75 2 5 .2 ff

0 . 4 5 7 65 11 .1 If

0 , 3 6 5 65 1 4 . 7 ff

0 . 2 7 4 65 1 6 . 4 ff

0 . 2 7 4 65 2 2 . 7 ff

0 . 1 8 3 65 2 3 .2 ff

0 . 1 8 3 65 2 8 . 8 ff

0 .091 65 5 9 . 7 If

0 .091 65 4 3 . 2 ff

0 , 2 7 4 65 1 8 . 2 d a r k

0 . 2 7 4 65 - 5 . 3 g l a s s  b e a d s

0 . 1 8 3 75 1 0 . 7 g a l v i n o x y l

0 .091 75 39 .1 g a l v i n o x y l
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On t h e  b a s i s  o f  t h e  o b s e r v a t i o n s  su m m a r is ed  i n  t a b l e  

24 i t  may be  s u g g e s t e d  t h a t ,  i n  a l l  r e a c t i o n s  e x c e p t  t h a t  

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

n i t r o g e n  i s  e v o l v e d ,  b u b b l e s  o f  t h e  g a s  a r e  n o t  a b l e  t o  fo rm 

i m m e d i a t e l y  and a ' ' s u p e r s a t u r a t e d "  s o l u t i o n  o f  n i t r o g e n  i n  

t h e  s o l v e n t  i s  f o r m e d . T h i s  w ou ld  a c c o u n t  f o r  t h e  i n d u c t i o n  

p e r i o d  and a l s o  t h e  n o n - q u a n t i t a t i v e  y i e l d  o f  n i t r o g e n  i f  i t  

i s  assumed t h a t  a c e r t a i n  vo lume o f  g a s  r e m a i n s  d i s s o l v e d  

when a l l  t h e  p e n t a f l u o r o - P A T  h a s  d e co m p o se d .  The p r e s e n c e  o f  

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

on w h ic h  b u b b l e s  o f  n i t r o g e n  c a n  fo r m  a n d ,  h e n c e ,  i n  t h i s  

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

a d d i t i o n ,  t h e r e  was no d i s c e r n i b l e  i n d u c t i o n  p e r i o d  i n  t h i s  

p a r t i c u l a r  r e a c t i o n ,  w h e r e a s  a t  t h e  same c o n c e n t r a t i o n  

( 0 .2 7 4  M) t h e  i n d u c t i o n  p e r i o d  i n  an e x p e r i m e n t  w i t h o u t  g l a s s  

b e a d s  a t  t h e  same t e m p e r a t u r e  ( 6 5 . 0 5 ° )  was a p p r o x i m a t e l y  

f i f t e e n  m i n u t e s  ( s e e  t a b l e  1 7 ) .

I t  i s  a p p a r e n t  f ro m  t a b l e  24 t h a t ,  a t  a  p a r t i c u l a r  

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

w i t h  t h e  i n i t i a l  c o n c e n t r a t i o n  o f  p e n t a f l u o r o - P A T . A l s o ,  a t  

h i g h  i n i t i a l  c o n c e n t r a t i o n s  o f  p e n t a f l u o r o - P A T  t h e  d e f i c i t  i s  

g r e a t e r  a t  7 5 °  t h a n  a t  6 5 ° ,  w h e r e a s  a t  l o w e r  i n i t i a l  

c o n c e n t r a t i o n s  t h i s  s i t u a t i o n  i s  r e v e r s e d .  T h e re  i s  no  d i r e c t  

r e l a t i o n s h i p  b e t w e e n  n i t r o g e n  d i s c r e p a n c y  and t h e  r a t e  o f  

d e c o m p o s i t i o n  o f  p e n t a f l u o r o - P A T ,  s i n c e  t h e  r a t i o  k / d e f i c i t  

was f o u n d  t o  v a r y  c o n s i d e r a b l y .  T hese  o b s e r v a t i o n s  may be  

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

n i t r o g e n  g a s  i n  t h e  d e c o m p o s in g  m i x t u r e .  When a c e r t a i n  

s a t u r a t i o n  l e v e l  o f  n i t r o g e n  i n  s o l v e n t  i s  r e a c h e d ,  t h e  g a s  

w o u ld  be  e v o l v e d  and t h i s  p o i n t  w o u ld ,  p r e s u m a b l y ,  be  r e a c h e d
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more q u i c k l y  a t  h i g h  t e m p e r a t u r e s  when t h e  r a t e  o f  

d e c o m p o s i t i o n  o f  p e n t a f l u o r o - P A T  i s  r e l a t i v e l y  f a s t ,  A 

s i g n i f i c a n t  i n d u c t i o n  p e r i o d  w o u ld ,  t h e r e f o r e ,  o n l y  be 

o b s e r v e d  a t  low t e m p e r a t u r e s  when t h e  r a t e  o f  e v o l u t i o n  o f  

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

r e q u i r e d  b e f o r e  t h e  s a t u r a t i o n  p o i n t ,  a t  w h ic h  b u b b l e s  o f  

n i t r o g e n  fo r m ,  i s  r e a c h e d .  A t low i n i t i a l  c o n c e n t r a t i o n s  o f  

p e n t a f l u o r o - P A T  t h e  d e f i c i t  w ou ld  be  t h e  g r e a t e r  b e c a u s e  t h e  

vo lume o f  n i t r o g e n  e v o l v e d  p r i o r  t o  b u b b l e s  o f  g a s  f o r m i n g  

w ou ld  be a  h i g h e r  p e r c e n t a g e  o f  t h e  e x p e c t e d  v o lu m e  f o r  t o t a l  

d e c o m p o s i t i o n  ("V^), s i n c e  Voo o b v i o u s l y  d e c r e a s e s  a s  t h e  

i n i t i a l  c o n c e n t r a t i o n  o f  p e n t a f l u o r o - P A T  i s  l o w e r e d .  T h i s  

a rg u m e n t  a l s o  e x p l a i n s  t h e  v a r i a t i o n  i n  r a t e  c o n s t a n t  w i t h  

i n i t i a l  c o n c e n t r a t i o n  o f  p e n t a f l u o r o - P A T ,  s i n c e  t h e  d e f i c i t  

i n  n i t r o g e n  y i e l d  i s  p r o p o r t i o n a t e l y  g r e a t e r  a n d ,  h e n c e ,  t h e  

o b s e r v e d  Voc v/ould be  p r o p o r t i o n a t e l y  l o w e r  a t  low  i n i t i a l  

c o n c e n t r a t i o n s  o f  p e n t a f l u o r o - P A T .

These  p h y s i c a l  c o n s i d e r a t i o n s  may e x p l a i n  t h e  v a r i a t i o n  

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

PAT, t h e  o b s e r v e d  i n d u c t i o n  p e r i o d  a t  c e r t a i n  t e m p e r a t u r e s  

and  a l s o  t h e  n o n - q u a n t i t  a t i v e  n i t r o g e n  y i e l d .  H ow ever ,  i n  

some r e a c t i o n s  t h e  a c t u a l  volume o f  n i t r o g e n  " l o s t "  was 

c o n s i d e r a b l e  ( a s  much a s  18 cm ^) .  The volume o f  s o l v e n t  u s e d  

i n  e a c h  r e a c t i o n  was  5 cm^ and t h i s  was  s a t u r a t e d  w i t h  

n i t r o g e n  b e f o r e  u s e .  I t  seems u n l i k e l y  t h a t  a l a r g e  vo lume 

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

f o r  t h e  d e f i c i t  i n  y i e l d ,  u n d e r  t h e s e  c o n d i t i o n s .

The above  comments  c o n c e r n i n g  a  p h y s i c a l  e x p l a n a t i o n  

o f  t h e  r e s u l t s  o b t a i n e d  i n  t h e  n i t r o m e t e r  e x p e r i m e n t s  w o u ld  

o b v i o u s l y  be  i r r e l e v a n t  i n  t h e  s p e c t r o p h o t o m e t r i c  r u n s .  T h u s ,
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t h e  r e s u l t s  o b t a i n e d  i n  t h e  s p e c t r o p h o t o m e t r i c  d e t e r m i n a t i o n  

s h o u l d  r e p r e s e n t  a t r u e  p i c t u r e  o f  t h e  k i n e t i c s  o f  t h e  

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

a p p l i c a b l e  i n  t h e  n i t r o m e t e r  w o r k .

( i i )  Chemi c a l  c a u s e s  f o r  t h e  obser_yed__ induc t ion  p e r i o d  and 

n o n - q u a n t i t a t i ve  y i e l d  of  n i t r o g e n  i n  t h e  n i t r o m e t e r  

e x p e r i m e n t s .

H av ing  d i s c u s s e d  a  p h y s i c a l  e x p l a n a t i o n  o f  t h e  a n o m a l i e s  

o b s e r v e d  i n  t h e  n i t r o m e t e r  e x p e r i m e n t s ,  i t  i s  w o r t h w h i l e  

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

The d e c o m p o s i t i o n  o f  p e n t a f l u o r o - P A T  i n  b e n z e n e  was 

fo u n d  t o  be  a f f e c t e d  s l i g h t l y  by t h e  a d d i t i o n  o f  a  r a d i c a l  

s c a v e n g e r  t o  t h e  r e a c t i o n  m i x t u r e .  When g a l v i n o x y l  was  u s e d  

i n  t h e  r e a c t i o n  t h e  r a t e  c o n s t a n t  was l o w e r e d ( b y  k% a t  i n i t i a l  

p e n t a f l u o r o - P A T  c o n c e n t r a t i o n  o f  0 . 1 8 3  M and by 12% a t

0 .091  M). T h i s  s u g g e s t s  t h a t  i n  t h e  u n i n h i b i t e d  r e a c t i o n  t h e r e  

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

T h i s  may a l s o  e x p l a i n  t h e  r e s u l t s  o b t a i n e d  by t h e  Guggenheim 

m ethod  i n  w h ic h  a l l  t h e  p l o t s  w ere  good s t r a i g h t  l i n e s  

i n d i c a t i n g  a  f i r s t  o r d e r  r e a c t i o n ,  b u t  i n  w h ic h  k  was f o u n d  

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

PAT. G ra p h s  2 4 ,  25 and 26 s u g g e s t  a  p o s s i b l e  r e l a t i o n s h i p  

b e t w e e n  k  and 1 / [ a z o ] , a t  l e a s t  a t  h i g h  t e m p e r a t u r e s  o f  

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

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

r a d i c a l s ,  w i t h  a s m a l l  z e r o  o r d e r  c o n t r i b u t i o n  f r o m  an  

i n d u c e d  d e c o m p o s i t i o n  o f  p e n t a f l u o r o - P A T  b y ,  f o r  e x a m p l e , 

t r i p h e n y l m e t h y l  r a d i c a l s :
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CgP^N=NCPh2 — >  GgPç/ + Ng + "GPh^

•CPh^ + CgP^N=NCPh^ -- >  CgPg" + Ng + Ph^.C-G.Ph^

2 -CPhj

Such  an i n d u c e d  d e c o m p o s i t i o n  i s  f e a s i b l e  s i n c e  

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

b e e n  shown t o  be p r e s e n t ,  by  s p e c t r o p h o t o m e t r i c  m eans ,  i n  t h e  

d e c o m p o s i t i o n  o f  PAT i n  l i g r o i n  ( 3 5 ) .

The n o n - q u a n t  i t a t i v e  y i e l d  o f  n i t r o g e n  c o u l d  i n d i c a t e  

a t w o - s t a g e  d e c o m p o s i t i o n  m echan ism .  A ss u m in g ,  f i r s t ,  t h a t  

t h i s  i s  a  h e m o l y t i c  p r o c e s s ,  t h e r e  a r e  two p o s s i b i l i t i e s .  The 

p e n t a f l u o r o - P A T  m o l e c u l e  may e i t h e r  d i s s o c i a t e  t o  g i v e  

p e n t a f l u o r o b e n z e n e d i a z o n i u m  and t r i p h e n y l m e t h y l  r a d i c a l s  t h u s ;

C^P^N=NCPh^ ----->  C^F^Ng' + "CPh^

o r  t h e  a z o -  g r o u p  c o u l d  be  r e t a i n e d  by t h e  t r i p h e n y l m e t h y l  

p a r t  o f  t h e  m o l e c u l e ;

CgP^N=NGPh^  >  GgP^' + ’NgCPh^

The f i r s t  i s  t h e  more l i k e l y  m echan ism  s i n c e  t h e  e l e c t r o p h i l i c  

n a t u r e  o f  t h e  f i v e  f l u o r i n e  a toms i n  t h e  p e n t a f l u o r o p h e n y l -  

g ro u p  s h o u l d  s t r e n g t h e n  t h e  C^P^-N b o n d .  P e n t a f l u o r o b e n z e n e 

d i a z o n i u m  r a d i c a l s  c o u l d  s u b s e q u e n t l y  e i t h e r  decom pose  t o  

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

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

D a v i e s ,  Hey and W i l l i a m s  ( 4 6 )  h a v e  s u g g e s t e d  t h a t  i n  

t h e  c a s e  o f  t h e  d e c o m p o s i t i o n  o f  PAT, i f  s u c h  a  t w o - s t a g e  

m echan ism  i s  o p e r a t i v e ,  t h e  s e c o n d  s t a g e  mus t  be  e x t r e m e l y  

f a s t  a s  t h e  y i e l d  o f  n i t r o g e n  i s  q u a n t i t a t i v e  and  no
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p r o d u c t s  o f  t h e  b e n z e n e d i a z o n i u m  r a d i c a l  w ere  d e t e c t e d .  I n  

t h e  c a s e  o f  p e n t a f l u o r o - P A T  t h e  e x t r a  s t a b i l i t y  o f  p e n t a 

f l u o r o b e n z e n e d i a z o n i u m  r a d i c a l s  ( a  c o n s e q u e n c e  o f  t h e  

e l e c t r o n e g a t i v i t y  o f  f l u o r i n e )  com pared  w i t h  b e n z e n e d i a z o n i u m  

r a d i c a l s  s h o u l d  r e n d e r  the  f o r m e r  more l i k e l y  t o  r e a c t  w i t h  

o t h e r  s p e c i e s  p r e s e n t  i n  s o l u t i o n ,  h e n c e  a c c o u n t i n g  f o r  t h e  

n o n - q u a n t i t a t i v e  y i e l d  o f  n i t r o g e n .  I n  t h e  p r e s e n t  work  no 

d e t a i l e d  p r o d u c t  a n a l y s e s  w ere  c a r r i e d  o u t ,  t h e r e f o r e  i t  i s  

n o t  known i f  s u c h  p r o d u c t s  w e re  f o r m e d .  I n  a  p r e l i m i n a r y  

a n a l y s i s  o f  t h e  p r o d u c t s  o f  d e c o m p o s i t i o n  o f  p e n t a f l u o r o - P A T  

i n  b e n z e n e ,  t h e  o n l y  s u b s t a n c e s  d e f i n i t e l y  i s o l a t e d  f rom  

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

m e t h a n e .  However ,  t h i s  tw o -s ta g e  mechan ism  i s  u n s a t i s f a c t o r y  

i n  two r e s p e c t s .  F i r s t ,  i t  d o e s  n o t  e x p l a i n  t h e  i n d u c t i o n  

p e r i o d ;  s e c o n d l y ,  i f  g a l v i n o x y l  i s  a good scavenger  o f  p e n t a 

f l u o r o b e n z e n e d i a z o n i u m  r a d i c a l s ,  t h e  p r e s e n c e  o f  t h e  i n h i b i t o r  

i n  r e a c t i o n  m i x t u r e s  s h o u l d  r e s u l t  i n  a  v e r y  low y i e l d  o f  

n i t r o g e n  s i n c e  t h e  p e n t a f l u o r o b e n z e n e d i a z o n i u m  r a d i c a l s  w ou ld  

be  rem oved  a s  soon  a s  t h e y  w e re  formed. I t  may b e ,  o f  c o u r s e ,  

t h a t  g a l v i n o x y l  i s  n o t  a  good scavenger  o f  t h e s e  r a d i c a l s ,  

i n  w h i c h  c a s e  o n l y  t h e  i n d u c e d  d e c o m p o s i t i o n  w o u ld  be  

p r e v e n t e d ,  r e s u l t i n g  i n  t h e  s l i g h t  l o w e r i n g  o f  r a t e  o b s e r v e d  

i n  t h o s e  r e a c t i o n s  i n v o l v i n g  t h e  u s e  o f  an i n h i b i t o r .

The i n d u c t i o n  p e r i o d  showed a  m arked  v a r i a t i o n  w i t h  

t e m p e r a t u r e ,  b e i n g  u n o b s e r v a b l e  a t  7 5 ° and a p p r o x i m a t e l y  

120 m i n u t e s  a t  5 5 . 4 °  ( s e e  t a b l e  1 7 ) .  T h e r e  h a s  b e e n  no 

r e p o r t  o f  a  s i m i l a r  i n d u c t i o n  p e r i o d  i n  t h e  d ecom p os i t ion  

o f  PAT. I n  t h e  p r e s e n t  w o rk  t h r e e  e x p e r i m e n t s  w i t h  PAT w ere  

c a r r i e d  o ut ,  w i t h  b e n z e n e  a s  s o l v e n t ,  a t  t e m p e r a t u r e s  o f  

3 5 . 0 0 ^ ,  4 4 . 8 5 °  and 5 6 . 2 5 ° when r e s p e c t i v e  i n d u c t i o n  p e r i o d s
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o f  1 3 0 , 70 and 8 m i n u t e s  w e re  r e c o r d e d .  D a v i e s ,  Hey and 

W i l l i a m s  ( 4 6 ) ,  i n  t h e i r  work  on PAT and s u b s t i t u t e d  p h e n y l -  

a z o t r i p h e n y l m e t h a n e s , have  i n v e s t i g a t e d  t h e  d e c o m p o s i t i o n  

r e a c t i o n ,  by t h e  n i t r o g e n  c o l l e c t i o n  m e th o d ,  o n l y  a t  

t e m p e r a t u r e s  above  4 9 . 5 3 ° .  L e f f l e r  and H ubbard  ( 7 8 )  s t u d i e d  

t h e  d e c o m p o s i t i o n  o f  PAT i n  v a r i o u s  s o l v e n t s ,  a l s o  by t h i s  

m e th o d ,  o n l y  above  7 4 . 5 ° .  Cohen and Wang ( 7 9 )  h av e  c a r r i e d  o u t  

t h e  d e c o m p o s i t i o n  a t  4 3 . 3 0 °  i n  a number o f  s o l v e n t s  b u t  have  

n o t  r e p o r t e d  an i n d u c t i o n  p e r i o d .  H ow ever ,  Cohen ,  L e f f l e r  and 

Barb  a t  o ( 1 0 9 )  have  s t u d i e d  t h e  d e c o m p o s i t i o n  o f  t h e  

s u b s t i t u t e d  azo -co m p o u n d ,  p - n i t r o p h e n y l a z o t r i - ( p - a n i s y l ) -  

m e th an e  ( 02N.C^H^N=NC(C^H^.0C H ^ ) ^ ) , i n  a  s e r i e s  o f  s o l v e n t s  

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

n i t r o g e n  a t  c o n s t a n t  v o lu m e .  They r e p o r t e d  t h e  p r e s e n c e  o f  

an a p p a r e n t  i n d u c t i o n  p e r i o d  b u t  s a y  t h a t  t h i s  was r e d u c e d  

by  p r e - s a t u r a t i o n  w i t h  n i t r o g e n .  S i n c e  p r e v i o u s  i n v e s t i g a t o r s ,  

w i t h  t h e  e x c e p t i o n  o f  Cohen and Wang ( 7 9 )  h a v e  n o t  c a r r i e d  

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

p r e s e n t  w o rk ,  w ere  f o u n d  t o  g i v e  r i s e  t o  a n o t i c e a b l e  

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

s i s t e n t  w i t h  t h e s e  o t h e r  r e p o r t s .

( i i i )  j^i p c u ^ s i o n  o f  r e s u l t s  o b t a i n e d  f ro m  e x p e r i m e n t s  u s i n g  

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

r e a c t i o n .

I n  t h e  s p e c t r o p h o t o m e t r i c  e x p e r i m e n t s  no  i n d u c t i o n  

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

a p p e a r e d  t o  be  i n d e p e n d e n t  o f  t h e  i n i t i a l  c o n c e n t r a t i o n  o f  

p e n t a f l u o r o - P A T .  T h i s  r e s u l t  i m p l i e s  a  o n e - s t a g e  d e c o m p o s i t i o n  

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

n i t r o g e n :
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C^F^N=NCPh2 --------->  C ^ F ;/ + Ng + "CPhj

However ,  a s  d i s c u s s e d  e a r l i e r ,  t h e  r e s u l t s  o f  r a d i c a l  

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

d e c o m p o s i t i o n  o f  p e n t a f l u o r o - P A T ,  b u t  i f  s u c h  a p r o c e s s  i s  

o p e r a t i v e ,  i t  d o e s  n o t  show up  i n  t h e  s p e c t r o p h o t o m e t r i c  

e x p e r i m e n t s .

I t  may be  p o s s i b l e  t h a t  h e t e r o l y s i s  p l a y s  some p a r t  i n  

t h e  d e c o m p o s i t i o n  o f  p e n t a f l u o r o - P A T .  Cohen ,  L e f f l e r  and 

B a r b a t e  ( 1 0 9 )  i n  t h e i r  s t u d y  o f  t h e  d e c o m p o s i t i o n  o f  

p - n i t r o p h e n y l a z o t r i - ( p - a n i s y l ) - m e t h a n e  r e p o r t e d  t h a t ,  a l t h o u g h  

t h e  p o l a r  n a t u r e  o f  t h e  s u b s t i t u e n t s  may have  s h i f t e d  t h e  

m echanism  f ro m  a r a d i c a l  t o  a p o l a r  o n e ,  t h e y  f o u n d  no 

e v i d e n c e  t o  t h i s  e f f e c t .  They a l s o  i d e n t i f i e d  t h e  p r o d u c t s  o f  

t h e  d e c o m p o s i t i o n  i n  a b s o l u t e  e t h a n o l  and  c om pared  them  w i t h  

t h o s e  o b t a i n e d  f ro m  a s i m i l a r  e x p e r i m e n t  u s i n g  PAT. From t h e  

r e s u l t s  o f  t h e s e  i n v e s t i g a t i o n s  t h e y  o b t a i n e d  no c o n c l u s i v e  

e v i d e n c e  a g a i n s t  t h e  h o m o l y t i c  d e c o m p o s i t i o n  o f  t h e  

s u b s t i t u t e d  compound.

M i l e s  and  S u s c h i t z k y  ( 1 1 0 )  h a v e  d e m o n s t r a t e d  t h e  

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

p - f l u o r o p h e n y l a z o t r i p h e n y l m e t h a n e  ( p - f l u o r o - P A T )  i n  b e n z e n e .  

I n i t i a l l y  e v i d e n c e  was s o u g h t  f o r  a  m echanism  i n v o l v i n g  

(1 ) d i s s o c i a t i o n  i n t o  p - f l u o r o b e n z e n e d i a z o n i u m  c a t i o n s  and 

t r i p h e n y l m e t h y l  a n i o n s ,  ( 2 )  r e p l a c e m e n t  o f  t h e  l a b i l e  f l u o r i n e  

a tom i n  t h e  c a t i o n  by t r i p h e n y l m e t h y l  i o n ,  and  ( 3 )  r e a c t i o n  

o f  t h e  d i a z o n i u m  f l u o r i d e  so  fo r m e d  w i t h  b e n z e n e  t o  fo rm  t h e  

t r i p h e n y l m e t h y l  s u b s t i t u t e d  b i p h e n y l .  But  when t h e  

d e c o m p o s i t i o n  was c a r r i e d  o u t  w i t h  p - f l u  o r  o-PAT a l o n e ,  o n ly  

p r o d u c t s  i n d i c a t i v e  o f  a f r e e  r a d i c a l  b re a k d o w n  w ere
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i d e n t i f i e d ;  t h u s , s t e p s  2 and 3 a bove  a p p e a r e d  t o  be  a b s e n t .  

However ,  M i l e s  and S u s c h i t z k y  s u g g e s t e d  t h a t ,  u n d e r  t h e s e  

c o n d i t i o n s ,  h e t e r o l y t i c  d i s s o c i a t i o n  c o u l d  r e m a i n  u n n o t i c e d  

b e c a u s e  t h e  t r i p h e n y l m e t h y l  a n i o n  may be  t o o  b u l k y  and 

r e s o n a n c e  s t a b i l i s e d  t o  r e p l a c e  t h e  f l u o r i n e  a tom o f  t h e  

£ - f l u o r o b e n z e n e d i a z o n i u m  c a t i o n .  T h e r e f o r e ,  t h e y  r e p e a t e d  t h e  

e x p e r i m e n t  i n  t h e  p r e s e n c e  o f  N - n i t r o s o a c e t a n i l i d e  w h i c h  i s  

known t o  y i e l d  a c e t a t e  i o n s  u n d e r  t h e s e  c o n d i t i o n s  ( 1 1 1 ) ,  I n  

t h e  s u b s e q u e n t  p r o d u c t  a n a l y s i s  f l u o r i d e  i o n  and 4 - a c e t o x y -  

b i p h e n y l  w ere  d e t e c t e d ,  a  r e s u l t  w h i c h  may be  e x p l a i n e d  by 

a s s u m i n g  a h e t e r o l y t i c  d i s s o c i a t i o n  o f  p - f l u o r o - P A T  and 

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

c a t i o n  f ro m  p - f l u o r o - P A T  and a c e t a t e  a n i o n  f ro m  N - n i t r o s o -  

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

l a b i l e  and may be r e p l a c e d  by  t h e  n u c l e o p h i l i c  a c e t a t e  a n i o n  

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

b e n z e n e ,  may r e a c t  t o  fo rm  t h e  o b s e r v e d  p r o d u c t s :

P.C^H^N=NCPh^ + CPh3

( F.C^H^Ng + GPh^ )

CgH^N2^ 4- "OgC.CHj

P OgC.CHj

N,
OgC.CH^

OgC.CHj

OgC.CH^

Ng"  ̂ OgC.CH^

6 - 6— > +  N g  +  HP
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O th e r  r e a c t i o n  p r o d u c t s  w e re  t h o s e  e x p e c t e d  f ro m  a 

h o m o l y t i c  b re a k d o w n  o f  p - f l u o r o - P A T .

I n  t h e  c a s e  o f  p e n t a f l u o r o - P A T  i t  i s  n o t  u n r e a s o n a b l e  

t o  a s su m e ,  i n  t h e  l i g h t  o f  t h e  w o rk  o f  M i l e s  and S u s c h i t z k y ,  

and  t h e  f a c t  t h a t  t h e r e  a r e  p r e s e n t  i n  t h e  r i n g  f i v e  s t r o n g l y  

e l e c t r o n  w i t h d r a w i n g  s u b s t i t u e n t s ,  t h a t  a t  l e a s t  p a r t  o f  t h e  

d e c o m p o s i t i o n  p r o c e e d s  by way o f  a  h e t e r o l y t i c  m echan ism .  I f  

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

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

a n i o n s  may o c c u r .  T h i s  s u b s t i t u t i o n  r e a c t i o n  h a s  b e e n  shown 

t o  be  a b s e n t  i n  t h e  d e c o m p o s i t i o n  o f  p - f l u o r  o-PAT ( 1 1 0 )  b u t ,  

i n  t h e  p r e s e n t  r e a c t i o n ,  t h e  f i v e  n u c l e a r  f l u o r i n e  a toms 

w i l l  l e a v e  t h e  r i n g  c a r b o n s  d e f i c i e n t  i n  e l e c t r o n s  t o  a 

g r e a t e r  e x t e n t  t h a n  i s  t h e  c a s e  i n  t h e  m o n o - s u b s t i t u t e d  

compound.  T h i s  s h o u l d  mean t h a t  an  i n c o m in g  n u c l e o p h i l e  w o u ld  

n o t  be  r e q u i r e d  t o  p o s s e s s  t h e  same d e g r e e  o f  n u c l e o p h i l i c i t y  

i n  t h e  c a s e  o f  t h e  f u l l y  f l u o r i n a t e d  compound a s  i n  t h a t  o f  

t h e  m o n o - s u b s t i t u t e d  a n a l o g u e .  The s u b s t i t u t i o n  r e a c t i o n  

c o u l d ,  h o w e v e r ,  be  p r o h i b i t e d  on s t e r i c  g r o u n d s .  A ssu m in g  t h a t  

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

i n  a c o v a l e n t  fo r m ,  r e a c t  w i t h  t h e  s o l v e n t ,  f o r  exam ple  

b e n z e n e ,  t o  fo rm  4 - t r i t y l - 2 , 3 , 5 ; 6 - t e t r a f l u o r o b i p h e n y l ,  

h y d r o g e n  f l u o r i d e  and n i t r o g e n :
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G^F^N=NCPhj + CPhj

0 6 ^ 5 ^ 2  + CPhj

CPh3
P

P

CPh3
P

P

No’̂  P

( I )

CPh
3

C6%5

+ HP + N.

A l t e r n a t i v e l y ,  p r o d u c t  I  above  c o u l d  decom pose  g i v i n g  

t r i p h e n y l m e t h y l p e n t a f l u o r o b e n z e n e  and n i t r o g e n :

CPh3
P

P

P

P

P

CPh^

P Pw
p

F P

The f i r s t  r e a c t i o n  s e q u e n c e  l e a d s  t o  t h e  f o r m a t i o n  o f  

h y d r o g e n  f l u o r i d e  w h ic h  may h a v e  two e f f e c t s .  F i r s t ,  i t  

w o u ld  r e n d e r  t h e  s o l u t i o n  more p o l a r  and w o u l d ,  t h e r e f o r e ,  

f a c i l i t a t e  f u r t h e r  h e t e r o l y t i c  f i s s i o n  o f  p e n t a f l u o r o - P A T ,  

S e c o n d l y ,  i t  seems r e a s o n a b l e  t o  s u g g e s t  t h a t  h y d r o g e n  

f l u o r i d e  c o u l d  r e a c t  f a i r l y  r e a d i l y  w i t h  t h e  i o n s  C^P^Ng^ 

and  "CPh^ t o  fo rm  p e n t a f l u o r o b e n z e n e d i a z o n i u m  f l u o r i d e  and 

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

t o  g i v e  p e n t a f l u o r o b i p h e n y l ,  h y d r o g e n  f l u o r i d e  and  n i t r o g e n .
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or  i t  c o u l d  decompose  a l o n e  t o  g i v e  h e x a f l u o r o b e n z e n e  and 

n i t r o g e n ;

CgHg + + HP +

CgF^N^P ------- >  CgPg + Ng

The r e a c t i o n  w i t h  b e n z e n e  a l s o  p r o d u c e s  a n o t h e r  m o l e c u l e  

o f  h y d r o g e n  f l u o r i d e  w h ic h  c o u l d  s u b s e q u e n t l y  r e a c t  w i t h  t h e  

i o n s  and ” CPh^ a s  b e f o r e ,  and  so  on .  Once t h e

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

i n i t i a l l y ,  t h e  r e a c t i o n  c o u l d  g e t  u n d e r  way a n d ,  t h e r e f o r e ,  

i t  may be  s u g g e s t e d  t h a t  t h e  i n d u c t i o n  p e r i o d  i s  t h e  t i m e  

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

b u i l d i n g  up i n  s o l u t i o n .  I n  a  p r e l i m i n a r y  p r o d u c t  a n a l y s i s  

b o t h  p e n t a f l u o r o b i p h e n y l  and t r i p h e n y l m e t h a n e  w e re  i s o l a t e d  

a s  p r o d u c t s  i n  t h e  d e c o m p o s i t i o n  o f  p e n t a f l u o r o - P A T  i n  

b e n z e n e .  The h e t e r o l y t i c  d e c o m p o s i t i o n  m ech an ism ,  i f  i t  d i d  

o c c u r ,  c o u l d  e x p l a i n  t h e  o b s e r v e d  i n d u c t i o n  p e r i o d .  H ow ever ,  

i t  w ou ld  n o t  a l o n e  e x p l a i n  e i t h e r  t h e  n o n - q u a n t i t a t i v e  y i e l d  

o f  n i t r o g e n  o r  t h e  o b s e r v e d  d e v i a t i o n  f ro m  f i r s t  o r d e r  

k i n e t i c s ,  and i f  i t  o c c u r r e d  c o n c u r r e n t l y  w i t h  a  h o m o l y t i c  

d i s s o c i a t i o n  o f  p e n t a f l u o r o - P A T ,  i t  s h o u l d  a p p e a r  i n  t h e  

k i n e t i c s  and s h o u l d  n o t  be  a f f e c t e d  by t h e  p r e s e n c e  o f  a 

r a d i c a l  s c a v e n g e r .  I n  o r d e r  t o  t e s t  f o r  t h e  p r e s e n c e  o f  

p e n t a f l u o r o b e n z e n e d i a z o n i u m  i o n s ,  a  few d r o p s  o f  p - n a p h t h o l  

w e re  a d d e d  t o  a d e c o m p o s in g  s o l u t i o n  o f  p e n t a f l u o r o - P A T  i n  

b e n z e n e .  No dye f o r m a t i o n  o c c u r r e d  t h e r e f o r e  i t  seems 

u n l i k e l y  t h a t  p e n t a f l u o r o b e n z e n e d i a z o n i u m  i o n s  w e re  p r e s e n t .

A n o t h e r  f a c t  w h i c h  i s  a g a i n s t  t h e  o p e r a t i o n  o f  a 

h e t e r o l y t i c  d e c o m p o s i t i o n  mechanism i s  t h a t  t h e
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s p e c t r o p h o t o m e t r i c  a n a l y s i s  showed t h e  a c t i v a t i o n  e n e r g y  f o r  

t h e  d e c o m p o s i t i o n  r e a c t i o n  t o  be  t h e  same i n  e a c h  o f  t h e  

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

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

h e t e r o l y t i c  r e a c t i o n  w o u ld  be  e x p e c t e d  t o  be  l e s s  i n  a  more 

p o l a r  s o l v e n t  a s  t h e  l a t t e r  may a s s i s t  i n  t h e  p r o d u c t i o n  o f  

i o n s  and a f f e c t  t h e i r  r e a c t i v i t y .  T h u s ,  i f  t h e  p r e s e n t  

r e a c t i o n  was a  h e t e r o l y t i c  d i s s o c i a t i o n  i n t o  i o n s ,  t h e  

a c t i v a t i o n  e n e r g y  f o r  t h e  r e a c t i o n  i n  t h e  t h r e e  s o l v e n t s  

s h o u l d  d e c r e a s e  i n  t h e  o r d e r  b e n z e n e  ) c h l o r o b e n z e n e  ) b rom o

b e n z e n e .  I n  t h e  d e c o m p o s i t i o n  o f  PAT i t  h a s  b e e n  fo u n d  t h a t  

t h e  a c t i v a t i o n  e n e r g y  f o r  t h e  r e a c t i o n  d o e s  n o t  ch an g e  

s i g n i f i c a n t l y  i n  g o i n g  f r o m  a  non  p o l a r  t o  a  p o l a r  s o l v e n t ,

f o r  ex am p le  t h e  v a l u e s  f o r  t h e  a c t i v a t i o n  e n e r g y  i n  t o l u e n e
 ^

and n i t r o b e n z e n e  a g r e e  t o  w i t h i n  2 KJ m o le "  (U 6 ) .

The s p e c t r o p h o t o m e t r i c  r e s u l t s  show t h a t  t h e  r a t e  o f  

d e c o m p o s i t i o n  o f  p e n t a f l u o r o - P A T  i n  t h e  t h r e e  s o l v e n t s  s t u d i e d  

v a r i e s  i n  t h e  o r d e r  b e n z e n e  ) c h l o r o b e n z e n e  ) b r o m o b e n z e n e .

The A r r h e n i u s  r a t e  e q u a t i o n  i n  i t s  e x p o n e n t i a l  fo rm  i s  :

k  = A e - E / E T

w h ere  k  i s  t h e  r a t e  c o n s t a n t ,  E_ t h e  e n e r g y  o f  a c t i v a t i o n
• 8.

and A t h e  n o n - e x p o n e n t i a l  t e r m .  The l a t t e r  h a s  b e e n  c a l c u l a t e d  

f o r  e a c h  s o l v e n t  u s i n g  t h e  l e a s t  s q u a r e s  s l o p e  o f  t h e  p l o t  o f  

l o g g k  v s  1 /T  i n  e a c h  c a s e  ( s e e  g r a p h s  29 ,  30 and 3 1 )  and  t h e  

mean v a l u e  o f  t h e  two c o - o r d i n a t e s .  The v a l u e s  o f  log^A  w ere  

fo u n d  t o  be  3 9 . 8  -  1 . 4 ,  3 9 . 2  -  0 . 7  and 3 9 , 2  -  0 . 4  i n  b e n z e n e ,  

c h l o r o b e n z e n e  and b ro m o b e n z en e  r e s p e c t i v e l y .  I t  i s  c l e a r  t h a t ,  

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

log^A a r e  i d e n t i c a l .  T hus ,  t h e  ch an g e  i n  t h e  r a t e  c o n s t a n t
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w i t h  change  o f  s o l v e n t  i s  n o t  s u f f i c i e n t l y  g r e a t  t o  be 

r e f l e c t e d  i n  lo g ^ A ,  t a k i n g  i n t o  a c c o u n t  t h e  a c c u r a c y  i n v o l v e d  

i n  t h e  p r e s e n t  e x p e r i m e n t s .  F o r  f i r s t  o r d e r  r e a c t i o n s ,  A i s  

a complex  t e r m  c o m p r i s i n g  a  c o n s t a n t  and a t e r m ,  e^^  ,

where  A 8* i s  t h e  e n t r o p y  o f  a c t i v a t i o n  f o r  t h e  r e a c t i o n .  

S i n c e :
KT a s * / RA = e

w he re  K i s  t h e  B o l t z m a n n  c o n s t a n t ,  h  i s  P l a n c k ’ s c o n s t a n t  and
1 ^t h e  a c c e p t e d  v a l u e  f o r  KT/h i s  10 , t h e n ;

A =

From t h i s  r e l a t i o n s h i p  t h e  e n t r o p y  o f  a c t i v a t i o n  f o r  t h e  

d e c o m p o s i t i o n  o f  p e n t a f l u o r o - P A T  i n  b e n z e n e ,  c h l o r o b e n z e n e  

and b rom obenzene  h a s  b e e n  c a l c u l a t e d .  The r e s u l t s  a r e  

s u m m a r i s ed  i n  t a b l e  25 w h i c h  a l s o  i n c l u d e s  v a l u e s  o f  AS* and 

f o r  t h e  d e c o m p o s i t i o n  o f  PAT i n  b e n z e n e  and  c h l o r o b e n z e n e  

( 7 7 ) .

A c j p l v a t i o n  p a r a m e t e r s  f o r  t h e  d e c o m p o s i t i o n  o f  

p e n t a f l u o r o - P A T  and  PAT i n  s e v e r a l  s o l v e n t s .

P e n t a f l u o r o - P A T  PAT
S o l v e n t

AS* ^ S»

B en z e n e 82±12 1 2 5 ±i| 2 7 . 5 - 1 . 2 5 112 .02±0 . l+2

Brom obenzene n - 3 I 2h -1

C hi  o r o b e n z e n e 77-6 ■)2k - 2 1+7.7 ± 1 .6 7 1 1 8 . 29i o . l +2

U n i t s : J  deg"^  f o r  /\ S*

KJ mole f o r  E^
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A l d e r  and L e f f l e r  ( 7 7 )  have shown th a t ,  f o r  t h e  

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

i n  E i s  p r o p o r t i o n a l  t o  t h a t  i n  AS*. They c o n c l u d e  th a t ,  

s i n c e  t h e  p r o c e s s  o f  d e s o lv a t io n  o f  t h e  s t a r t i n g  s t a t e  i s  

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

f rom  i t s  c r y s t a l  l a t t i c e  d u r i n g  s o l u t i o n ,  i t  i s  n o t  s u r p r i s i n g  

t h a t  a s i m i l a r  r e l a t i o n s h i p  h a s  b e e n  noted f o r  t h e  e n t h a l p i e s  

and e n t r o p i e s  o f  s o l u t i o n  in t o  s a t u r a t e d  s o l u t i o n s  for  a w id e  

r a n g e  o f  s o l i d  s o l u t e s  ( 8 0 ) .  I t  i s  a p p a r e n t  f ro m  t h e  r e s u l t s  

i n  t a b l e  25 t h a t  no  a n a l o g o u s  r e l a t i o n s h i p  may be d e m o n s t r a t e d  

b e t w e e n  AS* and E^ i n  t h e  d e c o m p o s i t i o n  o f  p e n t a f l u o r o - P A T  i n  

t h e  t l i r e e  s o l v e n t s  i n v e s t i g a t e d .

D a v i e s ,  Hey and W i l l i a m s  ( 4 6 )  h a v e  s t u d i e d  t h e  

decomposit ion o f  a number  o f  s u b s t i t u t e d  p h e n y l a z o t r i p h e n y 1-  

m e t h a n e s  i n  w h ic h  t h e  s u b s t i t u e n t ,  X, was i n  e i t h e r  t h e  

p a r a -  (X = Me, C l ,  B r ,  NOg) o r  t h e  m e t a -  (X = Me, C l ,  NOg) 

p o s i t i o n .  The a u t h o r s  fo u n d  t h a t ,  w h e re  a  s u b s t i t u e n t  a f f e c t e d  

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

r e q u i r e d  a s  a  r e s u l t  o f  t h e  i n c r e a s e d  p o l a r i t y  o f  s u c h  a  

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

a c t i v a t i o n  p a r a m e t e r s .

From t h e  d a t a  i n  t a b l e  25 i t  i s  s e e n  t h a t  t h e  a c t i v a t i o n  

p a r a m e t e r s  f o r  p e n t a f l u o r o - P A T  a r e  cons id erab ly  h i g h e r  t h a n  

t h o s e  o f  PAT, i n  p a r t i c u l a r  t h e  AS* v a l u e s .  T h i s  i s  

c o n s i s t e n t  w i t h  t h e  f i n d i n g s  o f  D a v i e s ,  Hey and W i l l i a m s  (4 6 )  

s i n c e ,  i n  t h e  p e n t a f l u o r o - P A T  m o l e c u l e ,  t h e r e  a r e  p r e s e n t  

f i v e  e l e c t r o n  w i t h d r a w i n g  s u b s t i t u e n t s  whose  e f f e c t  s h o u l d  

be  t o  p r o d u c e  a  c o n s i d e r a b l e  d i p o l e  i n  t h e  m o l e c u l e .  T h u s ,  

i n  t h e  c a s e  o f  p e n t a f l u o r o - P A T  t h e r e  s h o u l d  be  a  much h i g h e r  

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

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

s h o u l d ,  t h u s ,  be  h i g h e r  i n  t h e  c a s e  o f  p e n t a f l u o r o - P A T  s i n c e ,  

d u r i n g  t h e  d e c o m p o s i t i o n  r e a c t i o n ,  t h e  c h an g e  o c c u r r i n g  i s  

t h a t  o f  a h i g h l y  o r g a n i s e d  s y s t e m  g o i n g  t o  a  much l e s s  

o r g a n i s e d  one .

The h i g h  v a l u e s  o f  AS* c a l c u l a t e d  f o r  t h e  d e c o m p o s i t i o n  

o f  p e n t a f l u o r o - P A T  i n  b e n z e n e ,  c h l o r o b e n z e n e  and  b ro m o b e n z en e  

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

r e a c t i o n  w ere  a  h e t e r o l y t i c  d i s s o c i a t i o n  i n t o  i o n s ,  t h e  

t r a n s i t i o n  s t a t e  w ou ld  a l s o  be s o l v a t e d  a p p r e c i a b l y  a n d ,  

t h e r e f o r e ,  t h e  amount o f  d e s o l v a t i o n  o f  t h e  s t a r t i n g  m a t e r i a l  

d u r i n g  r e a c t i o n  w ou ld  be  s m a l l .  S u c h  a  p r o c e s s  w o u ld  g i v e  

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

d i s o r d e r  p r o d u c e d  a s  t h e  r e a c t i o n  p r o c e e d e d  w o u ld  a l s o  be  

s m a l l .

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

t h e  p r e s e n t  i n v e s t i g a t i o n  showed an  i n i t i a l  i n c r e a s e  i n  

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

t h e  r e a c t i o n  ( 2 3 , 8 0 0  cm" ) .  T h i s  a b s o r p t i o n  f a l l s  away t o  

z e r o  a s  t-»oc , i n d i c a t i n g  t h e  f o r m a t i o n  d u r i n g  t h e  

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

s u b s e q u e n t  r e a c t i o n s .  The p r e s e n c e  o f  e q u i l i b r i u m  

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

by s p e c t r o p h o t o m e t r i c  means d u r i n g  a  s t u d y  o f  t h e  

d e c o m p o s i t i o n  o f  PAT i n  l i g r o i n  ( 3 5 ) .  T h u s ,  i t  seems l i k e l y  

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

a t  s h o r t e r  w a v e l e n g t h s  o b s e r v e d  i n  t h e  p r e s e n t  w o r k .

The s p e c t r o p h o t o m e t r i c  e x p e r i m e n t s  d i d  n o t  show t h e  

p r e s e n c e  o f  an  i n d u c t i o n  p e r i o d .  M e c h a n i s t i c a l l y ,  t h e  l a t t e r
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c a n  o n ly  be  e x p l a i n e d  i f  i t  i s  a ssum ed  t h a t  t h e  r e a c t i o n  i s  

h e t e r o l y t i c  and t h a t  t h e  r e a c t i o n  f o l l o w e d  i n  t h e  s p e c t r o 

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

PAT i n t o  i o n s ,  w h e r e a s  t h e  n i t r o m e t e r  m e th o d  m e a s u r e d  t h e  

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

T h e re  a r e  two o b v i o u s  c r i t i c i s m s  o f  s u c h  a p o s t u l a t e :  f i r s t ,  

i f  t h e  c o u r s e s  o f  two d i f f e r e n t  r e a c t i o n s  a r e  b e i n g  f o l l o w e d  

by t h e  two t e c h n i q u e s ,  t h e  two s e t s  o f  d e r i v e d  r a t e  c o n s t a n t s  

s h o u l d  be  d i f f e r e n t  w h e r e a s  t a b l e  23 i n d i c a t e s  a  r e a s o n a b l e  

d e g r e e  o f  a g r e e m e n t  b e t w e e n  t h e  two s e t s  o f  r e s u l t s .  S e c o n d l y ,  

s i n c e  t h e  h e t e r o l y t i c  p r o c e s s  p r o d u c e s  h y d r o g e n  f l u o r i d e ,  

more p e n t a f l u o r o b e n z e n e d i a z o n i u m  f l u o r i d e  s h o u l d  be  fo r m ed  

f rom  t h e  i o n s  ArN^^ and "CPh^ a s  t h e  r e a c t i o n  p r o c e e d s .  I f  

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

i s  much f a s t e r  t h a n  t h a t  o f  p e n t a f l u o r o - P A T ,  a s  i t  mus t  be  

t o  e x p l a i n  t h e  i n d u c t i o n  p e r i o d ,  t h e  p r o c e s s  s h o u l d  become 

a u t o c a t a l y t i c . Such  a  c h a r a c t e r i s t i c  p r o c e s s  was n o t  o b s e r v e d  

i n  t h e  p r e s e n t  w o r k .  The r e a c t i o n  d o e s  n o t  s p e e d  up  a s  more 

p r o d u c t s  a r e  fo rm ed  b u t  t a i l s  o f f  t o w a r d s  t h e  end  i n  t h e  

u s u a l  e x p o n e n t i a l  c u r v e  e x p e c t e d  f o r  a  f i r s t  o r d e r  r e a c t i o n .
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G o p c i  q_s_i_o n .

Prom a l l  t h e  e v i d e n c e  p r e s e n t e d  i t  seems c l e a r  t h a t  

t h e  d e c o m p o s i t i o n  o f  p e n t a f l u o r o - P A T  i n  a r o m a t i c  s o l v e n t s  i s  

a f i r s t  o r d e r  h o m o l y t i c  d i s s o c i a t i o n  i n t o  f r e e  r a d i c a l s  w i t h  

no c o n t r i b u t i o n  f rom  a h e t e r o l y t i c  p r o c e s s .  The r e s u l t s  o f  

e x p e r i m e n t s  i n  w h ic h  t h e  p r o g r e s s  o f  t h e  r e a c t i o n  was 

f o l l o w e d  by m e a s u r i n g  t h e  vo lume o f  n i t r o g e n  e v o l v e d  w i t h  

t i m e  i n d i c a t e d  s l i g h t  d e v i a t i o n s  f rom  a f i r s t  o r d e r  r a t e  l a w .  

These  r e s u l t s ,  w h i c h  a l s o  showed an  i n d u c t i o n  p e r i o d  and a  

n o n - q u a n t i t a t i v e  n i t r o g e n  y i e l d  f o r  t h e  r e a c t i o n ,  w e re  

m i s l e a d i n g  owing t o  p h y s i c a l  r e a s o n s .

The r a t e  o f  t h e  d e c o m p o s i t i o n  r e a c t i o n  i s  l o w e r e d  

s l i g h t l y  by t h e  a d d i t i o n  o f  a  r a d i c a l  i n h i b i t o r ,  s u g g e s t i n g  

a s m a l l  c o n t r i b u t i o n  f r o m  an i n d u c e d  d e c o m p o s i t i o n ,  p o s s i b l y  

by t r i p h e n y l m e t h y l  r a d i c a l s .

I t  i s  n o t  c l e a r  w h e t h e r  t h e  d i s s o c i a t i o n  i n t o  f r e e  

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

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

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

c a n n o t  be  d i s m i s s e d .  S u c h  a m echan ism  w o u ld  p r e c l u d e  t h e  

t r a p p i n g  o f  p e n t a f l u o r o b e n z e n e d i a z o n i u m  r a d i c a l s  by g a l v i n o x y l .

The a c t i v a t i o n  p a r a m e t e r s  f o r  t h e  d e c o m p o s i t i o n  o f  

p e n t a f l u o r o - P A T  i n  b e n z e n e ,  c h l o r o b e n z e n e  and  b r o m o b e n z e n e  

im p ly  a  h i g h e r  s t a b i l i t y  o f  p e n t a f l u o r o - P A T  c om pared  w i t h  

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

p e n t a f l u o r o - P A T  m o l e c u l e  s i n c e  t h e  d e c o m p o s i t i o n ,  i n  t h i s  

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

m a t e r i a l .
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