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ABSTRACT,

T h i s  t h e s i s  i s  d i v i d e d  i n t o  t h r e e  main  s e c t i o n s ,  

a s  f o l l o w s :

1 .  I n  " S e c t i o n  A"' a r e  o u t l i n e d  some o f  t h e  f e a t u r e s  and  

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

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

r e l e v a n t  t o  t h e  p r e s e n t  work .

2 .  I n  " S e c t i o n  B" a r e  p r e s e n t e d  t h e  r e s u l t s  o b t a i n e d

f o r  t h e  r a t e s  o f  m o l e c u l a r  c h l o r i n a t i o n  i n  a c e t i c  a c i d  a t  25^ 

o f  N r - a c e ty ld ip h e n y la m in e ,  N - a c e t y l c a r b a z o l e ,  2 - c h l o r o -  and  

3 - c h l o r o - N - a c e t y l c a r b a z o l e *  The i s o m e r  d i s t r i b u t i o n  h a s  a l s o  

b e e n  a s s e s s e d ,  and  p a r t i a l  r a t e  f a c t o r s  have b e e n  c a l c u l a t e d  

f o r  t h e  f i r s t  two compounds.  R e s u l t s  f o r  c o m p e t i t i v e  

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

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

a s  t h e  o v e r a l l  r e l a t i v e  r e a c t i v i t i e s  o f  t h e s e  s y s te m s  a r e  

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

compounds.

3 .  I n  " S e c t i o n  C" t h e  r e s u l t s  a r e  r e c o r d e d  f o r  t h e

b r o m i n a t i o n  o f  p h e n o l  and  o f  a n i s o l e  a t  2 5 ^ ,  i n  p r e s e n c e  o f  

i n i t i a l l y  added  b ro m id e  i o n ,  w i t h  m o l e c u l a r  b rom ine  i n  

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

i o n i c  s t r e n g t h  o f  t h e  r e a c t i o n  medium h a s  b e e n  k e p t  c o n s t a n t
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(0'.2M) by  a d d i n g  l i t h i u m  p e r c h l o r a t e  w henever  n e c e s s a r y .

The r a t e  ( ^ ^ p p a ^ e n t^  ^app*^ b r o m i n a t i o n  o f  t h e  two 

compounds i n  b o t h  s o l v e n t s  were o b t a i n e d ;  and  f rom  t h e s e  

t h e  r a t e  c o n s t a n t s  f o r  b r o m i n a t i o n  by  f r e e  b rom ine  ( k )  were 

e v a l u a t e d  by  g r a p h i c a l  means.  I t  h a s  b e e n  n e c e s s a r y  a l s o  

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

f o r m a t i o n  (B r^  + B r“*  ̂ B r^^ )  i n  b o t h  s o l v e n t s .  The

k i n e t i c s  and  mechanism o f  t h e s e  r e a c t i o n s  a r e  d i s c u s s e d .  

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

The e a r l i e r  s u g g e s t i o n  by  R o b e r t s o n  and  de l a  Mare, t h a t ,  t h e  

g r e a t e r  r e a c t i v i t y  o f  p h e n o l  a s  com pared w i t h  a n i s o l e  c a n  

i n  p a r t  b e  a s c r i b e d  t o  OH h y p e r c o n j u g a t i o n  i s  r e v i v e d .
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I .  An O u t l i n e *

The i n v e s t i g a t i o n  c o n t a i n e d  i n  t h i s  t h e s i s  l i e s  

w i t h i n  t h e  v a s t  domain o f  ’̂ E l e c t r o p h i l i c  A ro m a t ic  S ub

s t i t u t i o n ’** I t  seems a p p r o p r i a t e ,  t h e r e f o r e ,  t o  sum m arise  

s e l e c t i v e l y  t h e  a s p e c t s  o f  t h i s  s u b j e c t  t h a t  im p inge  m os t  

d i r e c t l y  on t h e  c h o s e n  p r o b le m ;  n am e ly :  e l e c t r o p h i l i c  r e a g e n t s ,  

a r o m a t i c  s u b s t r a t e s ,  s u b s t i t u e n t  e f f e c t s ,  r e a c t i o n  medium, 

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

t h e o r e t i c a l  and e m p i r i c a l  t r e a t m e n t s ,  t o g e t h e r  w i t h  a  b r i e f  

r e v i e w  o f  e a r l i e r  work  on t h e  compounds s t u d i e d .

I I *  A r o m a t i o i t y  and A ro m a t i c  Compounds* — — — *

The c r i t e r i o n  a d o p t e d  f o r  a s s i g n i n g  **a r o m a t i c  

c h a r a c t e r ’* t o  t h e  compounds t o  be  d i s c u s s e d  i s  t h a t  u se d  

e a r l i e r  by de l a  Mare and R idd^*  An u n s a t u r a t e d  r i n g - s y s t e m  

can c o n v e n i e n t l y  be  c o n s i d e r e d  t o  h av e  **a r o m a t i c  c h a r a c t e r ’* 

when i t  c o n t a i n s  i n  i t s  r i n g  ( o r  i n  e a c h  r i n g  -  i n  p o l y n u c l e a r  

compounds) a t  l e a s t  s i x  e l e c t r o n s  e x t r a  t o  t h o s e  c o n s t i t u t i n g  

t h e  s i n g l e  bonds  o f  t h e  r i n g *

The c h a r a c t e r i s t i c  f e a t u r e  o f  t h e s e  compounds, w h ich  

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

t o  u n d e r g o  s u b s t i t u t i o n  r a t h e r  t h a n  a d d i t i o n  r e a c t i o n s *  Some 

w o r k e r s  h av e  c o n s i d e r e d  t h a t  t h i s  p r o p e r t y  i s  d i r e c t l y

1* P*B.D* de l a  Mare and J .H* R i d d ,  **A ro m a t i c  S u b s t i t u t i o n  -  
N i t r a t i o n  and H a l o g é n a t i o n , ’* B u t t e r w o r t h s ,  London, 1959*
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p r o p o r t i o n a l  t o  t h e  d e g r e e  o f  s t a b i l i t y  d i s p l a y e d  by  any

a r o m a t i c  compound^* However,  t h e  s t a b i l i t y  e x h i b i t e d  by an

a r o m a t i c  compound i n  t h e  g ro u n d  s t a t e  c o u l d  be f u r t h e r

d e v e lo p e d  by i n t r o d u c i n g  a  s u i t a b l e  s u b s t i t u e n t  i n  t h e  
1 2s y s t e m  * • The s u b s t i t u e n t  would  t h e n  e x e r t  a  s t a b i l i s i n g  

i n f l u e n c e  on t h e  s y s t e m  by v i r t u e  o f  i t s  e l e c t r o n i c  e f f e c t s  

(M a n d / o r  I  e f f e c t ) ,  and a l s o  t h r o u g h  t h e  s u b s e q u e n t  e l e c t r o n  

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

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

I I I *  T r a n s i t i o n  S t a t e s  (T *S *)*

B o th  t h e  r a t e  and t h e  r a t e  c o n s t a n t  o f  a c h e m ic a l  

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

one o f  two t h e o r i e s  -  t h e  ’• T r a n s i t i o n  S t a t e  T h e o ry ” o r  t h e  

” C o l l i s i o n  T h e o ry ” * However,  t h e  f o r m e r  f i n d s  w i d e r  a p p l i c a t i o n  

b e c a u s e  t h e  p a r a m e t e r s  i n  w h ich  t h e  t h e o r y  e x p r e s s e s  t h e  

r e a c t i o n  r a t e s  a r e ,  a t  l e a s t  i n  p r i n c i p l e ,  m e a s u r a b l e *

A n o t h e r  and s t r o n g e r  r e a s o n  i n  f a v o u r  o f  t h e  t r a n s i t i o n  s t a t e  

t h e o r y  i s  t h e  f a c t  t h a t  v e r y  complex r e a c t i o n s  can be 

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

c o n c e p t  o f  t h i s  t h e o r y *

1* L . P .  F i e s e r ,  i n  ” O rg a n io  C h e m is t r y ” , e d .  H* G ilm an ,
Jo h n  Y /i ley ,  New Y ork ,  1944 % p *  117 *

2* P*B*D* de l a  Mare and J . H .  R i d d ,  ”A ro m a t i c  S u b s t i t u t i o n  
B u t t e r w o r t h s ,  London, 1959*



12

Though t h e  t r a n s i t i o n  s t a t e  t h e o r y  and t h e  o o l l i s i o n  

t h e o r y  h av e  two d i f f e r e n t  a p p r o a o h e s  t o  t h e  r e a c t i o n  r a t e  

p r o b le m ,  y e t  b o t h  can  s u c c e s s f u l l y  be u s e d  t o  f o r m u l a t e  

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

A r r h e n i u s  e q u a t i o n ,

-  l o g  k  -  ( â  E ^ /R I  ) -  l o g  A .

T h i s  t r e a t m e n t  h o l d s  b e s t  when t h e ' r a t e  o f  t h e  r e a c t i o n  

o b e y s  a  s im p le  r a t e  l a w ,  e .g *  i n  b i m o l e c u l a r  r e a c t i o n s *

Given  a s im p le  b i m o l e o u l a r  s y s t e m  on t h e  t h r e s h o l d  

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

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

c o n v e n i e n t l y  be im a g in e d ,  when r e a c t i n g ,  t o  be moving a l o n g  

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

r e a c t a n t s  change i n t o  p r o d u c t s .  F o r  su c h  a  s y s t e m ,  a c t i v a t i o n  

e n e r g y  o f  a  c e r t a i n  m a g n i tu d e  would be n ee d ed  t o  b r i n g

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

c h e m ic a l  change  can o c c u r .  F o r  c o m p le te  v i s u a l i z a t i o n  o f  

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

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

i t  o f t e n  s u f f i c e s  t o  have  a  g r a p h  ( F i g .  I.) r e p r e s e n t i n g  a  

c r o s s - s e c t i o n  a l o n g  t h e  r e a c t i o n  p a t h ,  t h e  Qbooio-ga o f  

w h ic h  r e p r e s e n t s  f r e e  e n e rg y  c h a n g e ,  and t h e  o r d i n a t -e a 

” r e a c t i o n  c o - o r d i n a t e ” . The t r a n s i t i o n  s t a t e  w ould  t h e n
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c o r r e s p o n d  t o  a maximum i n  t h e  c u r v e ,  and a  c o l  i n  t h e  

c o n t o u r  map. The i B i p I i c a t i o n  o f  t h i s  i s  t h a t ,  t h e  t r a n s i t i o n  

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

p a t h  ( u n s t a b l e  d i s p l a c e m e n t  e q u i l i b r i u m )  and o f  minimum 

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

r i u m ) .  C o n s e q u e n t l y  t h e  o n l y  e f f e c t i v e  change  t h e  t r a n s i t i o n  

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

i r r e v e r s i b l y  u l t i m a t e l y  i n t o  p r o d u c t s ,  o r  r e v e r s i b l y  b ac k  

i n t o  r e a c t a n t s .  C o m b in a t io n  o f  t h e  e x p r e s s i o n s  g i v e n  by t h e  

th e rm o d y n a m ic a l  t r e a t m e n t  o f  t h e  r e v e r s i b l e  s t e p ,  and th e  

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

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

The r a t e - c o e f f i c i e n t  i n  t h i s  r a t e  e x p r e s s i o n  g i v e s  t h e  

A r r h e n i u s  e q u a t i o n  i n  a  fo rm  t h e  t e r m s  o f  v/hicii a r e  i n  

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

Eat, .  M  [b] ..........
H ere  ch a n g es  i n  t h e  e n t r o p y  o f  a c t i v a t i o n  a r e  n e g l e c t e d  

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

o f  r e a c t i o n s  o f  s i m i l a r  n a t u r e *  The o v e r a l l  r e a c t i o n  r a t e  

i s ,  t h u s ,  d e t e r m i n e d  by t h e  ch a n g e s  i t s  t r a n s i t i o n  s t a t e  

u n d e r g o .

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

c u l a r i t y  h i g h e r  t h a n  two a r e  r a r e ,  and t h a t  complex r e a c t i o n s
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can p l a u s i b l y  be im a g in e d  t o  i n v o l v e  a  s e r i e s  o f  t r a n s i t i o n  

s t a t e s  o f  b i m o l e o u l a r  c o l l i s i o n s ,  decom pos ing  t o  g i v e  

r e a c t i v e  i n t e r m e d i a t e s ,  p r i o r  t o  a t r a n s i t i o n  s t a t e  whose 

r a t e  o f  f o r m a t i o n  i s  s l o w e s t ,  an d ,  t h e r e f o r e ,  r a t e - d e t e r 

m i n i n g .  I n  t h a t  s e n s e  t h i s  t r a n s i t i o n  s t a t e  v/ould embody 

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

E

T X

Intermec/iatc

f^eachxtrfs
ProdüCh

REACTION CO-ORDINATE 

F i g  . I .  E n e r g y - p r o f i l e  o f  an 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 c e  t h e  o b s e r v e d  o v e r a l l  r a t e  o f  a  r e a c t i o n  i s  a  

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

any change  i n  t h e  f a c t o r s  i n f l u e n c i n g  t h e  p r o p e r t i e s  o f  t h i s  

t r a n s i t i o n  s t a t e  ( e . g .  r e a c t i o n  medium, i s o t o p i c  c o m p o s i t i o n



15

o f  t h e  s y s t e m ,  e t c . )  w o u ld ,  a s  a r e s u l t , m a n i f e s t  i t s e l f  i n  

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

o f  g r e a t  and p r i m a r y  i m p o r t a n c e  w ould  be t h o s e  t h a t  h e l p  t o  

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

making t h e  t r a n s i t i o n  s t a t e  more s t a b l e  and l e s s  d em and ing ,  

and t h e r e b y  o f f e r i n g  an e a s i e r  p a t h  f o r  t h e  r e a c t i o n .

R e f e r e n c e  i s  made e l s e w h e r e  t o  tv/o o f  t h e s e  f a c t o r s  w h ich  

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

e l e c t r o n i c  e f f e c t s  and s t e r i c  e f f e c t s .

IV .  I n t e r m e d i a t e s  and C o m p lex e s . — -  .

Two t y p e s  o f  co m p lex ,  a p p r o p r i a t e l y  named <5-com plex  

and TT-complex, can be o b t a i n e d  by t r e a t i n g  an a r o m a t i c  

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

d i t i o n s .  B o th  t y p e s  h av e  a c t u a l l y  b een  p r e p a r e d  and c h a r a c t e r -
1 2  3i z e d  * • I n  some c a s e s  t h e y  have  even b e e n  i s o l a t e d ,  s t u d i e d  f

and t h e  p r o d u c t s  o f  f u r t h e r  d e c o m p o s i t i o n  o f  some o f  them

i d e n t i f i e d  ( a s  p r o d u c t s  o f  n o rm a l  s u b s t i t u t i o n ) .

The e x t e n s i v e  s t u d y  o f  a  l a r g e  number o f  com plexes  

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

r e s p e c t i v e  s t r u c t u r e s ,  was ad v an ced  by t h e  u s e  (among o t h e r

1 .  E . S .  F e r g u s o n ,  J .  C h e ^ ^ ^ P h y s . ,  1 9 5 6 ,  2 5 ,  5 7 7 ;  1 9 5 7 ,  26 ,  1357 .
2 .  Brown and P e a r s a l l ,  J . ^ d h e m .  B o o . , 1 9 5 2 ,  7 4 ,  1 9 1 .
3 .  de l a  M are ,  O.M.H. e l  D u s o u q u i , J . G .  T i l l e t t  and M. Z e l t n e r ,
4 .  Gr.A. O lah ,  L.  Noszko and A. P a v l a t h ,  N a t u r e , London, 1 9 5 7 ,  

1 7 9 ,  1 1 6 .
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p h y s i c a l  and c h e m ic a l  m e th o d s )  o f  u . v * ,  i . r . ,  n . m . r . ,  and 

x - r a y  c r y s t a l l o g r a p h y .  The two t y p e s  o f  complex a r e  

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

u n s u b s t i t u t e d  b e n z e n e  a s  t h e  s u b s t r a t e ,  and E* a s  t h e  

e l e c t r o p h i l e ):
H

I I» IO ’
TT-Complex f  -Complex

( o r  Vfheland i n t e r m e d i a t e )

The r e l a t i v e  i m p o r t a n c e  o f  t h e s e  c o m p le x e s ,  a s  f a r  

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

f a c t  t h a t  t h e i r  mere e x i s t e n c e  can be u s e d  t o  c o r r o b o r a t e  

t h e  p o s s i b l e  o c c u n in c e  o f  a n a l o g o u s ,  thou^jh n o t  n e c e s s a r i l y  

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

d e s c r i b i n g  s u b s t i t u t i o n  p r o c e s s e s ,  r e a c t i o n  r a t e s ,  and 

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

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

u t i o n  p r o c e s s  a d v o c a t e s  a t w o - s t a g e d  p r o c e s s  i n v o l v i n g  an 

i n t e r m e d i a t e ,  r e p r e s e n t e d  by an e n e rg y  d i p  i n  t h e  e n e r g y -  

p r o f  i l e  d i a g r a m .  T h i s  i s  f l a n k e d  by two e n e r g y  maxima 

c o r r e s p o n d i n g  t o  two t r a n s i t i o n  s t a t e s ,  t h e  f i r s t  b e i n g ,  i n

the majority of cases, the rate-determining step. It is not



17

a  c o n d i t i o n ,  hov /ever ,  t h a t  t h e  i n t e r m e d i a t e  be i s o l a t a b l e ,

o r  even  l o n g - l i v e d  f o r  i t  t o  be form ed i n  t h e  c o u r s e  o f  a
1 2  2 4n o rm a l  s u b s t i t u t i o n  p r o c e s s  * • I t  h a s  a l s o  b een  a rg u e d  *

t h a t  when a  model  f o r  t h e  t r a n s i t i o n  s t a t e  i s  t o  be  co n 

s t r u c t e d  b e t t e r  r e s u l t s  can o f t e n  be o b t a i n e d  by

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

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

r e a c t a n t s .  F u r t h e r m o r e ,  t h e  s t r u c t u r e  o f  s u c h  an i n t e r m e d i a t e ,  

i f  i t  e x i s t e d ,  v/ould most  p r o b a b l y  be  t h a t  o f  t h e  Wheland 

i n t e r m e d i a t e  ( ( f - c o m p l e x ) .  One p i e c e  o f  e v i d e n c e  i n  f a v o u r  

o f  u s i n g  t h e  V/heland i n t e r m e d i a t e  a s  a  m ode l  f o r  t h e  t r a n s 

i t i o n  s t a t e  comes f rom  t h e  c o r r e l a t i o n  o f  t h e  r e l a t i v e  

b a s i c i t i e s  o f  a  number o f  a r o m a t i c  compounds to v /a rd s  7T-, and 

f l ^ c o m p l e x - f o r m a t io n  w i t h  t h e i r  r e l a t i v e  r a t e s  o f  s u b s t i t u t i o n  

R e s u l t s  f rom  s i m i l a r  s t u d i e s  seem t o  i n d i c a t e  t h a t  71-complexes 

can  o c c u r  o n ly  a s  l o o s e  a s s o c i a t i o n s  o f  s u b s t r a t e s  and 

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

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

1 .  E .  B e r l i n e r ,  i n  ^ P r o g r e s s  i n  p h y s i c a l  O r g a n ic  C h e m i s t r y , ^  
e d s .  Cohen, S t r o i t v / i e s e r ,  J r . ,  and T a f t ,  I n t e r s c i e n c e ,
New Y ork ,  1964 ,  V o l .  I I . ,  p .  2 5 3 .

2 .  de l a  Mare and R i d d ,  ^ A ro m a t ic  S u b s t i t u t i o n  B u t t e r w o r t h s ,  
London,  1959 ,  p .  17 ;

3 .  Gr.S. Hammond, J .  Amer. Ghem. S o c . ,  1955 ,  77 ,  3 3 4 .
4 .  B a v in  and Dewar, J .  Ghem. S o c . , 1956 ,  1 6 4 .
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1 2 3s t a t e s  f o l l o w i n g  them • H owever ,  o a s e s  have  b ee n  r e p o r t e d  *

w h ere  s t r o n g  a r g u m e n t  can be p r e s e n t e d  e x p l i c i t l y  i n  f a v o u r

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

b e i n g  d i s c u s s e d  a s  a  IT-complex# A compromise i s  o b t a i n e d

by t h e  p l a u s i b l e  s u g g e s t i o n ^ * ^  o f  a  m echanism  f o r  t h e

s u b s t i t u t i o n  p r o c e s s  i n  v /h ich  r e a c t a n t s ,  T \ -co m p lex es ,  and

Cf-com plexes  g r a d u a l l y  merge and b l e n d  one i n t o  t h e  o t h e r

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

s u b s t i t u t i o n .

I n  any  c a s e ,  a s  f a r  a s  t h e  k i n e t i c  fo rm  o f  r e a c t i o n  

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

i t  can  a c t u a l l y  be made r a t e - d e t e r m i n i n g ,  o r  t h e  f o r c e s  

r e s p o n s i b l e  f o r  i t s  f o r m a t i o n  be deemed o p e r a t i v e  i n  t h e  

r a t e - d e t e r m i n i n g  t r a n s i t i o n  s t a t e ^ .

V. K i n e t i c  I s o t o p e  E f f e c t s . - —►— -  •

M e c h a n i s t i c  i n v e s t i g a t i o n s  a r e  n e v e r  c o n s i d e r e d  

c o m p le te  w i t h o u t  an a d e q u a t e  c o n s i d e r a t i o n  o f  i s o t o p e  e f f e c t s ,  

f o r  w h ich  i t  o f t e n  s u f f i c e s  t o  know w h e t h e r  su ch  an e f f e c t

1 .  de l a  Mare and R id d ,  '^Aromatic  S u b s t i t u t i o n  B u t t e r w o r t h s ,  
London, 1959 ,  p p .  45 ,  4 6 .

2 .  Gr.A. O la h ,  in  " O r g a n i c  R e a c t i o n  M echanism s -  an I n t e m a t i a l  
Symposium, Cork ,  I r e l a n d ,  1964 "The C hem ica l  S o c i e t y ,  London, 
1965 ,  p .  2 1 .

3 .  H .  Z o l l i n g e r  and h i s  c o - w o r k e r s ,  H e l v .  Chim. A c t a ,  1962 ,  45 ,  
2057 -  2 0 90 .

4 .  B* B e r l i n e r ,  i n  " P r o g r e s s  i n  P h y s i c a l  O rg a n ic  C h e m i s t r y , "
e d s .  Cohen and o t h e r s .  I n t e r s c i e n c e ,  Now Y ork ,  1 9 6 4 ,V o l . i p .  
p . 2 5 3 .
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i s  l a r g e ,  s m a l l ,  o r  a b s e n t .  H ere  k i n e t i c  i s o t o p e  e f f e c t s  a r e  

d i s c u s s e d  w i t h  r e f e r e n c e  t o  h y d ro g en  i s o t o p e  e f f e c t s  o n ly #

The s t r e n g t h  o f  X - t o - h y d r o g e n  bond (where  X i s ,  s a y ,

0 , 0 ,  o r  N) i n c r e a s e s  on g o in g  f rom  p r o t i u m  t o  d e u t e r i u m  t o

t r i t i u m ,  and c o n s e q u e n t l y ,  t h e  r a t e  a t  w h ic h  t h e s e  b o n d s  a r e  

r u p t u r e d  w ou ld  be e x p e c t e d  t o  i n c r e a s e  i n  t h e  o p p o s i t e  

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

b ro k e n  i n  t h e  r a t e - d e t e r m i n i n g  s t e p  o f  a  r e a c t i o n ,  t h a t  

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

The o c c u r a n c e  and m a g n i tu d e  o f  i s o t o p e  e f f e c t s  seem 
1 2t o  d epend  * , among o t h e r  f a c t o r s ,  on t h e  r e l a t i v e  r e a c t i v i t i e s  

o f  s u b s t r a t e s  and s u b s t i t u t i n g  a g e n t s ,  ch a n g e s  i n  t h e  n a t u r e  

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

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

on t h e  amount o f  b a s e  u s e d .

V . a .  P r i m a r y  I s o t o p e  e f f e c t s .

I s o t o p e  e f f e c t s  a r e  c o n s i d e r e d  t o  be  p r i m a r y  e f f e c t s

when t h e y  o c c u r  c o n s e q u e n t  t o  i s o t o p i c  c h a n g e s  a t  t h e

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

1 .  E .  B e r l i n e r ,  i n  " P r o g r e s s  i n  p h y s i c a l  o r g a n i c  C h e m i s t r y , "  
e d s .  Cohen and o t h e r s .  I n t e r s c i e n c e ,  irev/ Y ork ,  1964,
V o l .  I I . ,  p .  253 .

2 .  H. Z o l l i n g e r ,  i n  "A d vances  i n  P h y s i c a l  o r g a n i c  C h e m i s t r y , "  
e d .  V. G o l d , Academic P r e s s ,  London, 1964 ,  V o l . j l . ,  p .  163
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d e t e r m i n e  w h e t h e r ,  o r  n o t ,  a  p r o t o n - I o s s  i s  i n v o l v e d  i n  

t h e  r a t e - d e t e r m i n i n g  s t e p  o f  a s u b s t i t u t i o n  r e a c t i o n .
1 2No g e n e r a l i z e d  an sw e r  c o u ld  be g i v e n  * w i t h  

c e r t a i n t y  t o  t h i s  q u e s t i o n  e x c e p t ,  p e r h a p s ,  f o r  n i t r a t i o n  

r e a c t i o n s  w here  t h e  p ro  t  on - e x p u l  s i  on was pi\>ved t o  be 

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

p r e s e n c e  o r  a b s e n c e  o f  su ch  e f f e c t s  i n  any p a r t i c u l a r  

r e a c t i o n  s h o u ld  t h e n  be o b t a i n e d  f rom  d i r e c t  a n a l y s i s ,  and 

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

V . b .  s e c o n d a r y ,  and S o l v e n t  I s o t o p e  e f f e c t s .

A s e c o n d a r y  i s o t o p e  e f f e c t  i s  due t o  an  i s o t o p i c

change  away f ro m  t h e  bond b e i n g  s e v e r e d  d u r i n g  t h e  n o rm a l

c o u r s e  o f  s u b s t i t u t i o n .  Q u a l i t a t i v e l y ,  t h e  i n t r o d u c t i o n

o f  d e u t e r i u m  o r  t r i t i u m  v/ould t h e n  have  t h e  same e f f e c t
3

a s  any  o t h e r  s u b s t i t u e n t  • B o th  would i n f l u e n c e  t h e  e l e c t r o n i c  

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

t h e y  a r e  i n t r o d u c e d ,  by  v i r t u e  o f  t h e i r  i n d u c t i v e  e f f e c t s ,  

h y p e r c o n j u g a t i v e  e f f e c t s ,  end any accom pany ing  s t e r i c  e f f e c t s #

1 . E .  B e r l i n e r ,  in  " P r o g r e s s  i n  P h y s i c a l  o r g a n i c  C h e m i s t r y , "  
e d s .  Cohen and o t h e r s ,  I n t e r s c i e n o e ,  New Y ork ,  1964,
V o l .  I I . ,  p .  253 .

2 .  G.A. O la h ,  i n  " O r g a n i c  R e a c t i o n  M echanism s -  an  i n t e r 
n a t i o n a l  Symposium,"  The C hem ica l  S o c i e t y ,  London, 1 9 6 5 ,p .  21#

3 .  E .A .  H a l e v i ,  i n  " P r o g r e s s  i n  P h y s i c a l  Orgfcuiic C h e m i s t r y , "  
e d s .  Cohen and o t h e r s ,  I n t e r s c i e n o e ,  New Y ork ,  1963 ,  V o l .  i . ,  
p .  1 0 9 .
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One i n t e r e s t i n g  a s p e c t  o f  h y d ro g e n  i s o t o p e  e f f e c t s  a r i s e s

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

s o l v e n t s .  I f  t h e  p r o t o n  i s  t r a n s f e r r e d ,  o r  a t  l e a s t

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

i s o t o p e  e f f e c t  w ould  be  e x p e c t e d  i f ,  s a y ,  d e u t e r i u m  i s

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

i m p o r t a n c e  i s  t h e  c a s e  v/hen t h e  b a s e  i s  a l s o  t h e  s o l v e n t  •
2

Long and Vfatson s t u d i e d  t h e  c a t a l y t i c  b r o m i n a t i o n

o f  m e t h y l a c e t y l a c e t o n e  i n  b o t h  HgO and DgO# F o r  t h e  e n o l i z a t i o n

o f  t h e  k e t o n e  t h e  r a t i o  o f  t h e  r a t e s  i n  t h e  two s o l v e n t s ,  i . e .

k g /k j ) ,  was found  t o  be 1 . 4 .  F o r  t h e  r e v e r s e  r e a c t i o n

( t h e  k e t o n i z a t i o n  o f  t h e  e n o l a t e  i o n )  u s i n g  a o e t i o  a c i d  and

a c e t i c  a c i d - d ,  a g a i n  a s  s o l v e n t  and c a t a l y s t ,  was e q u a l

t o  6 .  From t h e s e  and c o r r o b o r a t i v e  i n v e s t i g a t i o n s  u s i n g  t h e

a c e t a t e  i o n  a s  c a t a l y s t ,  t h e  a u t h o r s  c o n c lu d e d  t h a t  t h e

o b s e r v e d  i s o t o p e  e f f e c t s  w ere  " p u r e "  s o l v e n t  i s o t o p e  e f f e c t s .

However,  i n  r e a c t i o n s  w here  t h e  p r o t o n  c o n c e rn e d

d o e s  n o t  ex change  t o  any a p p r e c i a b l e  e x t e n t  w i t h  t h e  s o l v e n t ,

t h e  o b s e rv e d  i s o t o p e  e f f e c t s  w ere  found  t o  be c o n s i d e r a b l y
2 3l e s s  t h a n  u n i t y  * #

1 .  R . P .  B e l l ,  "The  P r o t o n  i n  C h e m i s t r y , "  M e th u en ,  London ,
1959,  Chap .  X I .

2 .  F .A .  Long and D. W atson ,  J .  Chem. S o o . ,  1956 ,  2 0 19 .
3 .  R e i t y  and Kopp, Z .  p h y s .  Chem.,1 9 3 8 ,  A, 182 ,  1 9 3 .
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V I .  B i e o t r o n i c  B f f e o t s .

E l e c t r o n i c  e f f e c t s  can c o n v e n i e n t l y  be g ro u p ed  

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

con j u g a t i v e  e f f e c t s •

V I . a .  P e rm a n e n t  e f f e c t s .

T hese  a r e  p e rm a n e n t  p o l a r i s a t i o n  e f f e c t s ,  and a r e ,  

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

They a r e  e i t h e r  i n d u c t i v e  i n  n a t u r e  ( i n d u c t i v e  e f f e c t s ) ,  o r  

c o n j u g a t i v e  i n  o r i g i n  ( c o n j u g a t i v e  e f f e c t s ) .  These  e f f e c t s  

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

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

r e s p e c t i v e l y ,  e l e c t r o n - a t t r a c t i n g  ( e . g . ,  h a l o g e n s ,  n i t r o  

g r o u p ) ,  o r  e l e c t r o n - r e l e a s i n g  ( e . g . ,  a l k y l  g r o u p s ,  h y d r o x y l  

g r o u p )•

The n a t u r e ,  d i r e c t i o n ,  and m a g n i tu d e  o f  an e l e c t r o n i c  

e f f e c t  ( p e r m a n e n t )  o f  a  s u b s t i t u e n t  can be d e t e r m i n e d  by 

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

m o l e c u l e .

V I . b .  T i m e - v a r i a b l e  e f f e c t s .

T i m e - v a r i a b l e  e f f e c t s  a r e  p o l a r i s a b i l i t y  e f f e c t s  

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

co u ld  be evoked a t  t h e  i n s t a n c e  o f  t h e  a t t a c k i n g  r e a g e n t .

They a r e  by n a t u r e  t e m p o r a r y  e f f e c t s ;  and a l t h o u g h  t h e y
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a r e  v e r y  d i f f i c u l t  t o  d i s t i n g u i s h  f rom  p e rm a n e n t  e f f e c t s ,  

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

r e a c t i v i t y  was c l e a r l y  d e m o n s t r a t e d #

L ik e  p e rm a n e n t  e f f e c t s ,  t i m e - v a r i a b l e  e f f e c t s  a r e  

a l s o  conveyed  by m echan ism s t h a t  a r e  e i t h e r  i n d u c t i v e  o r  

c o n j u g a t i v e  i n  n a t u r e  -  t h e  f o r m e r  l e a d s  t o  t h e  ^ i n d u c t o -  

m e r ic ^  e f f e c t ,  and t h e  l a t t e r  t o  t h e  ’̂ e l e o t r o m e r i c  e f f e c t * ,  

C o n j u g a t i v e  e f f e c t s  b o t h  i n  t h e  g ro u n d  and t h e  

t r a n s i t i o n  s t a t e s  a r e  s u b j e c t  t o  s t e r i o  e f f e c t s ,

V I # c .  H y p e r c o n j u g a t i o n .

The d e f i n i t i o n  o f  t h i s  mode o f  e l e c t r o n  r e l e a s e

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

o f  a l k y l  s u b s t i t u e n t s  i n  u n s a t u r a t e d  s y s t e m s ,  w here  t h e

e s t a b l i s h e d  o r d e r  ( t - b u t y 1 ^  m e t h y l ) was fo u n d  t o  have

r e v e r s e d  ( m e t h y l >  t - b u t y l ) .  The d i s c r e p a n c y  was e x p l a i n e d
1 2i n  t e r m s  o f  a  h y p e r  c o n j u g a t i v e  e f f e c t  * # H e r e ,  a s  t h e  

name i m p l i e s ,  t h e  e l e c t r o n  p a i r  c o n s t i t u t i n g  t h e  C-h  bond 

i n  t h e  m e th y l  g roup  i s  c o n s i d e r e d  t o  be  c o n j u g a t e d  w i t h  t h e  

u n s a t u r a t e d  sys tem #  T h i s  was t h o u g h t  t o  be  f e a s i b l e  b e c a u s e

1# B.D# H ughes ,  O.K. I n g o l d  and N#A# T a h e r ,  J# Chem# 3 o c , ,  
1940 ,  9 4 9 ,

2# J#W# Baker, * H y p e r c o n j u g a t i o n , *  0#W#P#, London, 1952 ;  
M#J.S# Dewar, * H y p e r c o n j u g a t i o n , *  The R o n a ld  p r e s s  Co#, 
New Y ork ,  1 9 6 2 ,
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t h e  c a rb o n  atom i n  t h e  m e th y l  g ro u p  i s  d i r e c t l y  a t t a c h e d  t o  

t h e  u n s a t u r a t e d  compound, and would have  c o n j u g a t e d  w i t h  

t h e  r e s t  o f  t h e  s y s t e m ,  i f  i t  p o s s e s s e d  a  l o n e - p e â r  o f  

e l e c t r o n s #  However,  t h i s  i s  n o t  t r u e  o f  t h e  t - b u t y l  g r o u p .

E m p h as is  h a s  m o s t l y  b ee n  l a i d  on C-H h y p e r c o n j u g a t i o n ,  

b u t  N-fl,  O-H and C-C h y p e r c o n j u g a t i o n  h av e  a l s o  b een  c o n 

s i d e r e d ^ ’ ^ .

The i m p o r t a n c e  o f  t h i s  c o n c e p t  d e r i v e s  f rom  i t s  

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

phenom ena,  and a  h o s t  o f  r e a c t i v i t y  s e q u e n c e s  w h ic h ,  o t h e r -
g

w i s e ,  m ig h t  h av e  r em a in ed  anom alous  # Q u a n tu m -m ech an ica l
4 5c a l c u l a t i o n s  , e m p i r i c a l  t r e a t m e n t s  , and  s u b s t a n t i a l

1 , 3 , 6
e x p e r i m e n t a l  d a t a  h ave  b e e n  am assed  by  many g ro u p s

o f  w o r k e r s  t o  docum ent t h i s  phenom enon.

1 .  de l a  M are ,  T e t r a h e d r o n ,  1959 ,  5 ,  10?#
2# E# B e r l i n e r  and F , J ,  B on d h u s ,  J ,  Amer# Chem, B oo , ,  1948 ,  

70 ,  8 5 4 .
3# J#W# B a k e r ,  * H y p e r c o n j u g a t i o n , *  0 #U ,P # ,  London, 1952;  

M#J#S# Dewar, * H y p e r c o n j u g a t i o n , *  The R o n a ld  p r e s s  C o , ,
New Y ork ,  1 9 6 2 .

4# C#A# Co u i son  and V#A# C ra w fo rd ,  J# Chem# Boo#, 1953 ,  2 0 5 2 ,  
5# E h r e n s o n ,  J ,  Amer, Chem. Boo#, 1961 ,  83 ,  4 4 9 3 ,
6# E#D# H u g h es ,  C#K. I n g o l d  and N,A# T a h e r ,  J#  Chem# S o c # ,  

1940 ,  9 4 9 .
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V I I .  S t e r i o  E f f e o t s ^ » ^ .
O

V l l . a ,  P r i m a r y  s t e r i o  e f f e c t s  and o r t h o ,  p a r a - r a t l o  •

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

s u i t a b l y  s u b s t i t u t e d  compounds showed t h a t  t h e  e x t e n t  o f

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

o f  b o t h  t h e  r e s i d e n t  g ro u p  and t h e  a t t a c k i n g  r e a g e n t #  i t  was 
3 4fo u n d  ’ t h a t  an i n c r e a s e  i n  t h e  e f f e c t i v e  s i z e  o f  t h e  

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

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

t h e  o r t h o , p a r a - r a t i o s  w ould  be e x p e c t e d  t o  d e v i a t e  f rom  t h e  

s t a t i s t i c a l  f a c t o r #  O r t h o , p a r a - r a t i o s  c o u l d ,  t h e r e f o r e ,  be 

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

r e a c t i o n s  w h ere  t h e s e  e f f e c t s  a r e  e x p e c t e d  t o  be  o p e r a t i v e *  %t 

i s  i m p o r t a n t ,  h o w e v e r ,  t o  g i v e  a d e q u a t e  c o n s i d e r a t i o n  t o  

any  l i k e l y  i n t e r f e r e n c e  f rom  s t r u c t u r a l ,  e l e c t r i c a l  o r  any 

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

r a t i o  can be a t t r i b u t e d ,  i n  w hole  o r  i n  p a r t , t o  a  p r i m a r y  

s t e r i c  e f f e c t  #

S i n c e  r e s o n a n c e  e f f e c t s  a r e  n e g l i g i b l e  o r  a b s e n t  i n
n

m e t a - s u b s t i t u t i o n ,  some a u t h o r s  a d v o c a t e  t h e  u s e  o f  t h e  m e t a -

1# G#S# Hammond and M#F# H a w th o rn e ,  i n  * S t e r i o  E f f e c t s  i n  
O rg a n ic  C h e m i s t r y ,*  ed# M#S# Newman, J o h n  V /i ley ,  New Y o rk ,  
1 9 56 ,  p# 164#

2# de l a  Mare and  R i d d ,  * A ro m a t ic  S u b s t i t u t i o n  - , *  B u t t e r w o r t h s ,  
London,  1959#

3# K#L# N e l s o n  and H.C# Brown, J#Amer# Chem. S o c . ,  1951 ,  7 3 ,5 6 q 5# 
4# de l a  M are ,  H a r v e y ,  H a s s a n ,  and Varma, J # Chem. S oc# ,  1958 ,  

2756#
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p o s i t i o n  f o r  c o r r e l a t i o n  o f  i s o m e r  d i s t r i b u t i o n ,  and t h e  

a s s e s s m e n t  o f  t h e  r e l a t i v e  im p o r t a n c e  o f  s t e r i c  f a c t o r s #  

U n f o r t u n a t e l y ,  m e t a - s u b s t i t u t i o n  i s  o f t e n  a b s e n t ,  o r  t o o  

s m a l l  i n  amount f o r  a c c u r a t e  e x p e r i m e n t a l  a n a l y s i s ,  and 

c a n n o t ,  t h e r e f o r e ,  be  u s e d  i n  su c h  c a s e s #

V I I . b #  S e c o n d a ry  s t e r i o  e f f e c t s ^#

T h i s  i s  a l s o  knovm a s  s t e r i c  i n h i b i t i o n  o f  m e s o -

merism#

I t  i s  w e l l  knov/n t h a t  f o r  t h e  o p e r a t i o n  o f  r e s o n a n c e ,

t h e  s u b s t i t u e n t  c o n c e rn e d  and t h e  a r o m a t i c  n u c l e u s  t o  w h ic h

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

f ro m  c o p l a n a r i t y  w o u ld  c o n s e q u e n t l y  be  ac co m p an ied  by

d i m i n u t i o n  i n  c o n j u g a t i o n ,  a n d ,  when a c t i v a t i n g  g r o u p s  a r e

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

a s  a  w h o l e .  One way t o  impede c o n j u g a t i o n  i s  to  p l a c e  b u lk y

s u b s t i t u e n t s  o r t h o  t o  t h e  g ro u p  i n  q u e s t i o n #

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

r e a c t i o n s  was c l e a r l y  d e m o n s t r a t e d .  The r a t e s  o f  b r o m i n a t i o n
2 3

o f  a n i s o l e ,  and c h l o r i n a t i o n  o f  a c e t a n i l i d e  v/ere shown * t o

1# de l a  Mare and R i d d ,  " A ro m a t i c  S u b s t i t u t i o n  B u t t e r w o r t h s ,  
London, 1 9 5 9 .

2 .  G. B a d d e l e y ,  N .H .P .  S m i th  and M.A. V i o k a r s ,  J .  Chem# S o c # ,  
1956 ,  2455#

3 .  de l a  Mare and H a s s a n ,  J .  Chem. S o c . , 1958 ,  1519#
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be g r e a t l y  r e d u c e d  on i n t r o d u c i n g  m e th y l  s u b s t i t u e n t s  

o r t h o  t o  t h e  m e th o x y l  and t h e  a c e t a m id o  g r o u p s .

V I I I .  P a r t i a l  R a t e  F a c t o r s .  .

The p a r t i a l  r a t e  f a c t o r  a t  a  g i v e n  p o s i t i o n  i n  t h e  ' 

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

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

s u b s t i t u t i o n  a t  one o f  t h e  s i x  e q u i v a l e n t  p o s i t i o n s  i n  

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

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

( a s  m e a s u re d  by t h e  p e r c e n t a g e  o f  t h e  c o r r e s p o n d i n g  i s o m e r  i n  

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

t h e  d e r i v a t i v e ,  r e l a t i v e  t o  t h a t  o f  b e n z e n e .  The symbol 

g i v e n  t o  d e n o t e  t h e  p a r t i a l  r a t e  f a c t o r  i s  f .  T h i s  symbol 

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

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

w h ere  t h e  p a r t i a l  r a t e  f a c t o r  i s  b e i n g  m easu red #

A l i m i t a t i o n  h a s  b ee n  im posed^  a s  r e g a r d s  t h e  g e n e r a l  

u s e f u l n e s s  o f  p a r t i a l  r a t e  f a c t o r s  f o r  c o r r e l a t i n g  r e a c t i v i t y  

and o r i e n t a t i o n  i n  a r o m a t i c  s u b s t i t u t i o n .  I t  i s  c o n s i d e r e d  

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

1# G.A. O la h ,  i n  " O r g a n i c  R e a c t i o n  M echanism s -  I n t e r n a t i o n a l  
Symposium, Cork ,  I r e l a n d , "  The C hem ica l  S o c i e t y ,  London, 
1965 ,  p# 21#
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w here  i n d i v i d u a l  p o s i t i o n s  oompete f i r s t  f o r  t h e  e l e o t r o -  

p h i l e , a s  i s  t h e  c a s e  when t h e  r a t e - d e t e r m i n i n g  t r a n s i t i o n  

s t a t e  a s su m es  t h e  s t r u c t u r e  o f  a  Wheland i n t e r m e d i a t e .  I f ,  

h o w e v e r ,  t h e  r a t e  o f  f o r m a t i o n  o f  a  R -c o m p lex  becomes 

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

t h e n  w h o le  m o l e c u l e s  w ould  be e x p e c t e d  t o  oompete f i r s t  

( a s  / ( - d o n o r s ) f o r  t h e  e l e c t r o p h i l e .  I t  i s  a r g u e d  t h a t ,  i n  

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

be e x p e c t e d  t o  b r e a k  down.

IX .  R e a c t i v i t y  and O r i e n t a t i o n # — —  #
o 2

The s t u d y  o f  " a r o m a t i c  r e a c t i v i t y "  demands • know

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

s t i t u t i n g  a g e n t s ,  t h e  n a t u r e  o f  t h e  t r a n s i t i o n  s t a t e  o f  t h e  

r e a c t i o n s ,  and many o t h e r  f a c t o r s ,  e . g #  s t e r i o  e f f e c t s #  

E s s e n t i a l l y ,  t h e  f o l l o w i n g  g e n e r a l ,  and r a t h e r  

q u a l i t a t i v e  s t a t e m e n t  i s  c o r r e c t .  A l l  s u b s t i t u e n t s  w h ic h  

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

a n d | a l l  t h o s e  w h ich  d e a c t i v a t e  i t ,  c a u s e  s u b s t i t u t i o n  t o

1# G#A. O la h ,  i n  " O r g a n i c  R e a c t i o n  M echan ism s  -  I n t e r n a t i o n a l  
Symposium, C ork ,  I r e l a n d , "  The C h e m ic a l  S o c i e t y ,  London,  
1965 ,  p .  21#

2 .  de l a  M a re ,  J .  Chem. S o c . , 1949 ,  2 8 71 .
3 .  R .O .C .  Norman and R .  T a y l o r ,  " E l e c t r o p h i l i o  S u b s t i t u t i o n  

i n  B e n z e n o id  Compounds", E l s e v i e r ,  A m es te rdam ,  1965#
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ocoup  p r e d o m e n a n t l y  i n  t h e  m e ta - p o s i t i o n .  The m ost  n o t a b l e  

e x c e p t i o n s  a r e  t h e  h a l o g e n s ,  w h ich  d e a c t i v a t e  t h e  n u c l e u s ,  

and a t  t h e  same t im e  p ro m o te  o r t h o , p a r a - s u b s t i t u t i o n ,  by 

v i r t u e  o f  t h e i r  o p p o s i n g  - I  and 4M e f f e c t s .  S i m i l a r  t o  t h e  

h a l o g e n s  a r e  s u b s t i t u e n t s  o f  t h e  t y p e  -GH=GH-X, w here  X i s  

an  e l e c t r o n - a t t r a c t i n g  g ro u p

R e a c t i v i t y  and o r i e n t a t i o n  a r e  a l s o  d e t e r m i n e d  i n  

p a r t  by  t h e  r e a c t i v i t y  o f  t h e  e l e c t r o p h i l i o  r e a g e n t #  

E l e c t r o p h i l e s  o f  c o m p a r a t i v e l y  low r e a c t i v i t y  a r e  u s u a l l y  

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

h i g h  e ^ e c t r o n  d e n s i t y .  Such  e l e c t r o p h i l i c  r e a g e n t s  would 

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

m o l e c u l e s #

The above  c o n s i d e r a t i o n s  c o u ld  s u c c e s s f u l l y  be 

a p p l i e d  t o  mono- a s  w e l l  a s  t o  p o l y - s u b s t i t u t e d  b e n z e n e s #  

F o r  t h e  l a t t e r  s y s t e m s  i t  was fo u n d ^  u s e f u l  t o  assume t h a t  

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

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

X. E l e c t r o p h i l i o  R e a g e n t s .  -------   .

X . a .  N i t r a t i o n .

F o r  n i t r a t i o n  w i t h  n i t r i c  a c i d  i n  o r g a n i c  s o l v e n t s

1 .  de  l a  M are ,  J .  Chem. S o c . ,  1 9 4 9 .  2871#
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( a o e t i o  a o i d ,  a o e t i o  a n h y d r i d e ,  e t o . ) ,  and i n  o t h e r  m e d ia

o f  w i d e l y  v a r y i n g  n a t u r e  and c o m p o s i t i o n ,  t h e  n i t r a t i n g
1 . 2  +  

e n t i t y  was p r o v e d  t o  be t h e  n i t r o n i u m  i o n ,  NOg •

O t h e r  s p e c i e s  ( e . g .  N^Og),  h o w ev e r ,  can a l s o  u n d e r  c e r t a i n

c o n d i t i o n s  be e f f e c t i v e  n i t r a t i n g  a g e n t s .  The r e l a t i v e

im p o r t a n c e  o f  t h e  l a t t e r  s p e c i e s  a s  n i t r a t i n g  a g e n t s  w ould

depend  on t h e .  r e a c t i v i t y  o f  t h e  s u b s t r a t e ,  and t h e  p o l a r i t y  
2

o f  t h e  medium . I n  o r g a n i c  s o l v e n t s ,  and f o r  r e a c t i v e  

a r o m a t i c  s u b s t r a t e s  ( e . g # ,  t o l u e n e ) ,  t h e  f o r m a t i o n  o f  t h e  

n i t r o n i u m  i o n  was p r o v e d  t o  be r a t e - d e t e r m i n i n g ,  i n  w h ich  

c a s e  t h e  o v e r a l l  r e a c t i o n  r a t e  was fo u n d  t o  be  o f  z e r o - o r d e r  

w i t h  r e s p e c t  t o  t h e  a r o m a t i c  compound. However ,  k i n e t i c s  

w h ic h  a r e  o f  f i r s t - o r d e r  i n  t h e  a r o m a t i c  s u b s t r a t e  c o u ld  be
4

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

r e a c t i v i t y  ( e . g . ,  £ - d i c h l o r o b e n z e n e ) ,  o r  by c h a n g in g  t h e  

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

am oun ts  o f  w a t e r .

Where s e c o n d - o r d e r  k i n e t i c s  p r e v a i l ,  e v i d e n c e  i s

1 .  G.A* B e n fo rd  and I n g o l d ,  J .  Chem. S o c . ,  1938 ,  9 2 9 .
2 .  E .D .  H u g h es ,  I n g o l d  and R . I .  R eed ,  N a t u r e ,  1946 ,  158 ,  448 ;

J . Chem. S o c # ,  1950 ,  2400#
3 .  de l a  Mare and R i d d ,  " A ro m a t i c  S u b s t i t u t i o n  - , "  B u t t e r w o r t h s ,  

London,  1959#
4 .  H u g h es ,  i n  " T h e o r e t i c a l  O rg a n ic  C h e m is t r y  -  Kekule*  

Symposium, 1 9 5 8 " ,  B u t t e r w o r t h s ,  London, 1959 ,  p .  209#
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o b t a i n e d  i n  p a r t  f ro m  k i n e t i o  i s o t o p e  e f f e c t  m e a s u r e m e n t s ^ ,  

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

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

t h e  r a t e - d e t e r m i n i n g  s t e p #

N i t r a t i o n  r e a c t i o n s  a r e  s u b j e c t  t o  t h e  g e n e r a l  

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

c h a p t e r .  I n  f a c t  t h e  f ram ew ork  o f  t h e  " q u a l i t a t i v e  t h e o r 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 "  h a s  b ee n  b u i l t  c o n -
a

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

X.b# H a l o g é n a t i o n .

X . b . l .  Mol e c u l a r  h a l o g é n a t i on#
3 4I t  h a s  b e e n  e s t a b l i s h e d  * f o r  b o t h  m o l e c u l a r  

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

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

m o l e c u l e ,  and n o t  any o t h e r  s p e c i e s  d e r i v e d  f ro m  i t #

The r e a c t i o n  o f  c h l o r i n e  w i t h  a  l a r g e  number o f  

a r o m a t i c  s u b s t r a t e s ,  o v e r  a  w id e  r a n g e  o f  r e a c t i o n  c o n 

d i t i o n s  was p ro v e d ^ » ^ * ^  t o  be b i m o l e o u l a r ,  o f  f i r s t - o r d e r

1 .  L a r s  M e la n d e r ,  " I s o t o p e  E f f e c t s  on R e a c t i o n  R a t e s , "
The R o n a ld  P r e s s  Company, New Y o rk ,  1 9 6 0 .

2 .  R .O .C .  Norman and R .  T a y l o r ,  " 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  
i n  B e n z e n o id  Compounds,"  E l s e v i e r ,  A m es te rdam , 1965#

3 .  P.W. R o b e r t s o n ,  J .  Chem. S o c . , 1954 ,  1 2 7 6 .
4 .  A .E .  B r a d f i e l d  and B .  J o n e s ,  T r a n s .  F a r a d a y  S o c . ,  1941 ,  37 ,  

726 ;  B r a d f i e l d  D a v ie s  and Long, J .  Chem. S o c . ,  1949 ,  1389#
5 .  de l a  Mare and H a s s a n ,  J .  Chem. S o c . ,  1958 ,  1519#
6 . E . R .  R o b e r t s  and  F .G .  S o p e r ,  P r o c .  R o y .  S o c . ,  1 9 3 3 ,1 4 0  A , 71#



32

i n  b o t h  c h l o r i n e  and t h e  a r o m a t i c  compound;

- d  [c ig]  / d t  -  1^2 ^ h ]  [CI2]  .

H ow ever ,  s eco n d  and t h i r d - o r d e r  k i n e t i c s ,  v / i t h  r e s p e c t
1 2t o  b ro m in e  have  b e e n  o b s e r v e d  * . The o v e r a l l  k i n e t i c  

fo rm  f o r  t h e s e  r e a c t i o n s  c o u ld  be g i v e n  a s :
2 "

- d [ B r j / d t  = ^ r 2] + kg  ^ r E |  [ b p J

k4 pxH j jBrgj ® .

U nder  c e r t a i n  r e a c t i o n  c o n d i t i o n s  ( e . g . ,  i n  p r e s e n c e

o f  an e x c e s s  o f  b ro m id e  i o n )  s t r i c t l y  s e c o n d - o r d e r  k i n e t i c s  
2

w ere  o b t a i n e d  ,

-d  [Br^  / d t  -  kg  ^ r n ]  [Br J

The s t r u c t u r e  o f  t h e  t r a n s i t i o n  s t a t e  (shown b e l o w ) ,  
1 4a d o p t e d  ’ f o r  b o t h  m o l e c u l a r  c h l o r i n a t i o n  and b r o m i n a t i o n  

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

o f  a  Wheland i n t e r m e d i a t e .  I t  i s  a l s o  a c c e p t e d  t h a t  t h e  

t r a n s i t i o n  s t a t e  f o r  t h e s e  two r e a c t i o n s  c a r r i e s  t h e  whole  

m o l e c u l e  o f  t h e  h a l o g e n  (X g ) .

1 .  P .W. R o b e r t s o n ,  J .  Chem. S o c . ,  1954 ,  1 2 7 6 .
2 .  R o b e r t s o n ,  de l a  Mare and J o h n s t o n ,  j .  Chem. S o c . ,  1 9 4 3 , 2 7 6 .
3 .  E .  B e r l i n e r  and M.C. B e c k e t t ,  J . Amer. Chem. S o c . ,  1957 ,

74 ,  1 4 2 5 .
4 .  de l a  M are ,  i n  " T h e o r e t i c a l  O r g a n i c  C h e m is t r y  -  K e k u l e ’ 

Symposium, 1 9 5 8 ,"  B u t t e r w o r t h s ,  London,  1959 ,  p .  2 1 9 .
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I t  i s  s u g g e s t e d ^  t h a t  t h e  c e n t r a l  h a l o g e n  a tom  i n  t h e  above 

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

t h e  s t a t e  o f  a f f a i r s  i n  t h e  a n a l o g e u s  t r i h a l i d e  i o n  (X-X -X ).  

The A rH -C lg  com plex  i s  r e l a t i v e l y  u n s t a b l e ,  end  i n  a c e t i c  

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

by t h e  s o l v e n t ,  and i n  v e r y  p o l a r  s o l v e n t s  i t  can  o c c u r  even  

w i t h o u t  any  p a r t i c i p a t i o n  f rom  t h e  s o l v e n t #  However,  t h e  

c o r r e s p o n d i n g  b ro m in e  complex i s  much more s t a b l e ,  an d ,  

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

t o  r u p t u r e  t h e  B r - B r  bond i n  t h e  i n t e r m e d i a t e .  T h i s  w ould  

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

a t i o n  r e a c t i o n s .  U n a s s i s t e d  h e t e r o l y s i s  o f  t h e  B r - B r  bond
2

i n  t h e  t r a n s i t i o n  s t a t e  can  o f t e n  be p ro m o ted  by  i n c r e a s i n g  

t h e  p o l a r i t y  o f  t h e  medium by t h e  a d d i t i o n  o f  w a t e r ,  s a l t s ,  

o r  a c i d s .

I n  many h a l o g é n a t i o n  r e a c t i o n s  t h e  f i n a l  e x p u l s i o n  

o f  t h e  a rom atic"  h y d ro g e n  f ro m  t h e  r e a c t i o n  i n t e r m e d i a t e

1 .  de l a  M are ,  i n  " T h e o r a t i c a l  O r g a n i c  C h e m is t ry  -  K e k u l e ’ 
Symposium, 1 9 5 8 ,"  B u t t e r w o r t h s ,  London, 1959 ,  p . 219#

2 .  R .O .C .  Norman and R .  T a y l o r ,  " E l e c t r o p h i l i o  S u b s t i t u t i o n  
i n  B e n z e n o id  Compounds,"  E l s e v i e r ,  A m es te rdam , 1 9 6 5 .
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p r o v e d ^  t o  be o f  no k i n e t i c  im p o r t a n c e *  Care  m ust  be t a k e n

n o t  t o  g e n e r a l i z e  t h i s  c o n c l u s i o n  f o r  a l l  m o l e c u l a r  h a l o g e n -
2

a t i o n  r e a c t i o n s ,  s i n c e  c a s e s  have  been  r e p o r t e d  i n  w h ich  

t h e  r a t e  o f  r e a c t i o n  was s u b j e c t  t o  k i n e t i c  i s o t o p e  e f f e c t s ,  

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

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

A g a in ,  i n  m o l e c u l a r  h a l o g é n a t i o n  r e a c t i o n s  t h e  

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

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

r e a c t i v i t y  t o w a r d s  m o l e c u l a r  h a l o g e n s .  However ,  i t  was o f t e n  

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

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

p a t t e r n s ,  when e l e c t r o n i c  e f f e c t s  a l o n e  p ro v e d  t o  be i n 

a d e q u a te #

X . b . 2 . T r i b r o m i d e  i o n .

I t  i s  known^ t h a t  t h e  t r i b r o m i d e  i o n ,  B r~ ,  i s  

s t a b l e ,  and r e a d i l y  formed i n  m e d ia  c o n t a i n i n g  b ro m in e#  I t  

c o u ld  t h e r e f o r e  be an e f f e c t i v e  b r o m i n a t i n g  a g e n t  i n  s u c h  

m e d i a .

The t r i b r o m i d e  i o n  h a s  i n  f a c t  b e e n  p ro v e d  t o  be

1 .  de l a  Mare and R i d d ,  " A ro m a t i c  S u b s t i t u t i o n  - , "  B u t t e r w o r t h s ,  
London,  1959 #

2 .  E .  B a o i o c c h i ,  G. I l l u m i n a t i  and G. S l e i t e r ,  T e t r a h e d r o n  
L e t t e r s ,  1960 ,  23, 30#



35

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

s i g n i f i c a n t  t h a n  m o l e c u l a r  b r o m i n e . R e s u l t s  h ave  b een
1 2  3p u b l i s h e d  by many w o r k e r s  ’ ’ f rom  w h ich  t h e  r e l a t i v e

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

o f  b r o m i n a t i o n  by b ro m in e  i n  p r e s e n c e  o f  b rom ide  i o n  h a s

b ee n  a s s e s s e d ,  and fo u n d  t o  be i m p o r t a n t  o n l y  f o r  v e r y

r e a c t i v e  a r o m a t i c  compounds,  e . g . ,  p h e n o l s  and a m in e s .

A t r a n s i t i o n  s t a t e ,  d e s c r i b e d  a s  b e i n g  " r a t h e r
4u n u s u a l "  h a s ,  t e n t a t i v e l y ,  b een  s u g g e s t e d  f o r  t h e  r e a c t i o n  

b e tw e e n  t h e  t r i b r o m i d e  io n  and r e a c t i v e  a r o m a t i c  s u b s t r a t e s .  

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

H

B r - B r - B r

I t  was f u r t h e r  s t a t e d  t h a t  i f  su ch  a  t r a n s i t i o n  

s t a t e  o c c u r e d , i t  would mean t h a t  two B r —B r bonds  would 

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

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

b ro m id e  i o n ,  and t h e  c o n s e q u e n t  f o r m a t i o n  o f  B r “  , g r e a t l y  

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

1 . E .  B e r l i n e r  and M.C. B e c k e t t ,  J .  Amer. Chem. S o c . ,  1957 
74 ,  1 4 2 5 .

2 .  R . P .  B e l l  and h i s  c o - w o r k e r s ,  J .  Chem. S o c . ,  1959 ,  1156 ;  
1961 ,  6 3 .

3 . R.M. K e e f e r  and L . J .  iu id rew s ,  J .  Amer. Chem. S o c . ,  1956 ,  
3 6 3 7 .

4 .  de l a  Mare and R i d d ,  " A ro m a t i c  S u b s t i t u t i o n  - , "  
B u t t e r w o r t h s ,  London,  1 9 5 9 .

ArH . n  n ,  
R r-B -r-.B r
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w i t h  h i g h l y  r e a c t i v e  a r o m a t i o  compounds, and  o f t e n  s i m p l i f i e s

t h e  k i n e t i c  e q u a t i o n s  o f  t h e s e  r e a c t i o n s ^ .

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

O nly  two r e p r e s e n t a t i v e  ex am p le s  w h ich  a r e  o f

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

d i s c u s s e d  h e r e #  The f i r s t  i s  p r o t o d e t r i t i a t i o n  i n  w h ich

t r i t i u m  i s  r e p l a c e d  by p r o t i u m  ( h y d r o g e n - e x c h a n g e  r e a c t i o n ) ,

and t h e  seco n d  i s  p r o t o d e s i l y l a t i o n  i n  w h ic h  a  t r i a l k y l s i l y l

g ro u p  i s  b e i n g  removed#

S i n c e  b o t h  r e a c t i o n s  a r e  u s u a l l y  c o n d u c te d  u n d e r

c o n d i t i o n s  w here  t h e  s o l v e n t  i s  a l s o  t h e  e l e c t r o p h i l i c  r e a g e n t ,
2 3p s e u d o  f i r s t - o r d e r  k i n e t i c s  a r e  u s u a l l y  o b t a i n e d  • # Though

a l t e r n a t i v e  m echan ism s  h a v e  b ee n  c o n s i d e r e d  f o r  p r o t o d e -
4  'St r i t i a t i o n ,  t h e  a c c e p t e d  m echan ism  • f o r  b o t h  r e a c t i o n s  i s  

t h e  S g 2  m ech an ism ,  w h ic h  was a l s o  shown t o  be common t o  many 

o t h e r  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  r e a c t i o n s  ( h a l o g é n a t i o n ,  

n i t r a t i o n ,  e t c # ) #

Some o f  t h e  s a l i e n t  f e a t u r e s  o f  t h e s e  two r e a c t i o n s

1# E .  B e r l i n e r  and U#P# Zimmerman, J .  Amer# Chem. S o c # ,  1962 ,
84 ,  3953#

2# G.M# H a r r i s ,  T r a n s .  F a r a d a y  S o c# ,  1951 ,  4 7 ,  716#
3 .  J # S .  B a i n s  and G# E a b o r n ,  J . Chem. S o c # , 1956 ,  1436#
4 .  A . J #  K re s g e  and Y. C h ia n g ,  J # Amer# Chem. S o c # ,  1 9 6 1 ,8 3 ,2 8 7 7  #
5 .  C. E a b o rn  eind K.C# P a n d e ,  J .  Chem# S o c # , 1960 ,  1566#
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a r e  sum m arized  be low ^#

1 .  From t h e  r a t e s  o f  r e a o t i o n  o f  i s o m e r i c  compounds,  t h e

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

s y s t e m  can be a c c u r a t e l y  a s s e s s e d .  T h i s  i s  p a r t i c u l a r l y

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

w h ic h  a r e  n o t  o t h e r w i s e  a c c e s s i b l e #  The r e a c t i v i t i e s  o f  t h e
2

v a r i o u s  p o s i t i o n s  a r e  so m e t im es  e x p r e s s e d  i n  t e r m s  o f  

p a r t i a l  r a t e  f a c t o r s  ( r a t e  f a c t o r s ,  f ) ,  so  t h a t  r e s u l t s  

f ro m  t h e s e  r e a c t i o n s  can be  compared v / i t h  r e s u l t s  f ro m  

o t h e r  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  r e a c t i o n s  ( h a l o g é n a t i o n ,  

n i t r a t i o n ,  e t c . ) #

2 .  T hese  r e a c t i o n s  a r e  a l s o  v e r y  u s e f u l  i n  g a u g i n g  t h e

d e p e n d e n c e  o f  t h e  a c t i v a t i n g  ( o r  d e a c t i v a t i n g )  pow er  o f

a s u b s t i t u e n t  on t h e  a c t i v i t y  o f  t h e  e l e c t r o p h i l i c  r e a g e n t #

3 . The s t e r i c  r e q u i r e m e n t s  o f  t h e s e  r e a c t i o n s  a r e  some

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

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

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

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

1# R .O .C .  Norman and R# T a y l o r ,  " 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  
i n  B e n z e n o id  Compounds,"  E l s e v i e r ,  A m es terdam , 1966#

2# R .  B a k e r  end E a b o r n ,  J .  Chem. S o c . , 1961 ,  5077#
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o - s u b s t i t u e n t s #  I n  p r o t o d e s i l y l a t i o n ^ ,  h o w e v e r ,  s t e r i c  

a c c e l e r a t i o n  i s  much more i m p o r t a n t  t h a n  s t e r i c  h i n d r a n c e .

4 .  I n  h y d r o g e n - e x c h a n g e  r e a c t i o n s ,  a s  i n  m o l e c u l a r

c h l o r i n a t i o n  and b r o m i n a t i o n  r e a c t i o n s ,  t h e  demand f o r  

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

a n d ,  c o n s e q u e n t l y ,  t h e  a c t i v a t i n g  p o w ers  o f  s u b s t i t u e n t s  

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

t h e r e  i s  l e s s  c a l l  on t h e  m e so m er ic  r e l e a s e  f ro m  t h e  a r o m a t i o  

s y s t e m  a t  t h e  t r a n s i t i o n  s t a t e #

X I .  R e a c t i o n  Medium.

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

o f t e n  show o r d e r s  h i g h e r  t h a n  one w i t h  r e s p e c t  t o  b rom ine#
n

B e r l i n e r  and Zimmerriian s t u d i e d  t h e  b r o m i n a t i o n  o f  f l u o r e n e  

by  m o l e c u l a r  b ro m in e  i n  a q u e o u s  and g l a c i a l  a c e t i c  a c i d ,  i n  

p r e s e n c e  and a b s e n c e  o f  added  b ro m id e  i o n .  They fo u n d  t h a t  

a d d i t i o n  o f  w a t e r  t o  t h e  s o l v e n t  i n c r e a s e d  t h e  r a t e  o f  t h e  

r e a c t i o n ,  b u t  a t  t h e  same t im e  r e d u c e d  i t s  o r d e r .  When 

b ro m id e  i o n  was i n i t i a l l y  i n t r o d u c e d  i n t o  t h e  medium t h e  

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

1# E a b o rn  and J . A .  S p e r r y ,  J .  Chem# S o c# ,  1961 ,  4921# 
2# de l a  Mare and R i d d ,  " A r o m a t i c  S u b s t i t u t i o n  -  , "  

B u t t e r w o r t h s ,  London, 1959#
3# UN-JIN P .  Zimmerman and E .  B e r l i n e r ,  J . Amer.  Chem# 

S o c # ,  1962 ,  84 ,  3953#
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The above  exam ple  s e r v e s  t o  e m p h as iz e  t h e  im p o r t a n c e  

o f  t h e  n a t u r e  o f  t h e  medium t o  t h e  s t u d y  o f  t h e  k i n e t i c s  and 

m echan ism  o f  r e a c t i o n s *  T h i s  i s  p a r t i c u l a r l y  r e l e v a n t  t o  

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

t h e  p r o d u c t s ,  o r  t h e  t r a n s i t i o n  s t a t e #

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

e f f e c t s  o f  e n v i ro n m e n t  on r e a c t i v i t y  and r e a o t i o n  r a t e s ,  

b u t  a  s im p le  q u a l i t a t i v e  t h e o r y  would  o f t e n  s u f f i c e ,  and 

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

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

c h a n g e s  i n  t h e  n a t u r e  o f  t h e  m e d ia  i n  w h ich  t h e  r e a c t i o n s  

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

d epend  on t h e  r e l a t i v e  i o n i z i n g  power  o f  t h e  medium, and 

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

t r a n s i t i o n  s t a t e s  o f  t h e  r e a o t i o n .  A r e a c t i o n  i n v o l v i n g  

d ev e lo p m e n t  o f  c h a r g e ,  o r  o f  d i p o l a r  c h a r a c t e r  i n  t h e  

t r a n s i t i o n  s t a t e  becomes more f a c i l e  a s  t h e  i o n i z i n g  pow er  

o f  t h e  medium i s  i n c r e a s e d ,  e . g * ,  by a d d i n g  s a l t s  t o  t h e  

medium. C o n v e r s e l y ,  i f  g o in g  f rom  i n i t i a l  t o  t r a n s i t i o n  

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

r e a c t i o n  w i l l  be s l o w e r  i n  s o l v e n t s  o f  g r e a t e r  i o n i z i n g  p o w e r .

1 .  B .D .  H u g h es ,  T ra n s #  F a r a d a y  S o c # ,  1941 ,  37 ,  603#
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A d e q u a te  o o n t r o l  o f  t h e  i o n i c  s t r e n g t h  m us t  be

e x e r c i s e d ^  on r e a c t i o n s  i n  w h ic h  s a l t s  a r e  added  t o  t h e  

medium, i f  r e l i a b l e  k i n e t i c  r e s u l t s  a r e  t o  be  e x p e c t e d  

f ro m  t h e  s t u d y  o f  t h e s e  r e a c t i o n s .  A h i g h  b u t  c o n s t a n t  

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

whose o r d e r  c h a n g e s  on c h a n g in g  t h e  i o n i c  s t r e n g t h #

1 .  A .A. F r o s t  and R .G .  P e a r s o n ,  " K i n e t i c s  and M echan ism ,"  
J o h n  W i le y ,  New Y o rk ,  2 * e d t n # ,  1961#
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1 .1 #  C a r b a z o le

G a r b a z o l e ( d i b e n z o p y r r o l e  )o o o u r s  n a t u i ’a l l y ,  and i s  

fo u n d  i n  t h e  a n t h r a c e n e  f r a c t i o n  o f  c o a l  t a r .  C a r b a z o le  

and  a  l a r g e  nu m b e r  o f  i t s ’ d e r i v a t i v e s  f i n d  e x t e n s i v e  u s e  

i n  t h e  d y e  and p r i n t i n g  i n d u s t r i e s ,  c a n c e r  r e a e a r c h ,  and 

p o ly m e r  c h e m i s t r y .

The s y s t e m  u s e d  by Chem ioal  A b s t r a c t s  f o r  n u m b e r in g  

c a r b a z o l e  i s  f o l l o w e d ;  c a r b a z o l e  would t h e n  have  th e  

f o l l o w i n g  s t r u c t u r e .

H

E a r l i e r  w ork  on c a r b a z o l e  h a s  b e e n  r e v i e w e d  ^ » 2 , 3 , 4  

c o v e re d  up  t o  1 9 5 7 .  The w ork  i n c l u d e d  n i t r a t i o n ,  

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

c a r b a z o l e  and  some o f  i t s ’ d e r i v a t i v e s .  From a l l  t h e s e  

r e a c t i o n s  t h e  3 - p o s i t i o n  emerged a s  t h e  m o s t  r e a c t i v e

1 . E .  Cam pbel l  and B M *  B a r c l a y ,  Chem. R e v s . ,  1947 ,  4 0 ,  359
2 .  V/. F r e u d e n b e r g ,  i n  ’’H e t e r o c y c l i c  Compounds” , e d .  KTC. 

E l d e r f i e l d ,  John  W i le y ,  Hew Y o rk ,  1952 ,  V o l .  I l l ,  p . 2 9 1 .
3 .  W.C. S u m p te r  and F.M. M i l l e r ,  ” The C h e m is t ry  o f  H e t e r o 

c y c l i c  Compounds; H e t e r o c y c l i c  Compounds w i t h  I n d o l e  
and C a r b a z o le  S y s te m s ” , I n t e r s c i e n c e ,  ï ï o r m e r v e e r ,  1 9 5 4 .

4 .  T . S .  S t e v e n s ,  i n  ” C h e m is t r y  o f  Carbon  Compounds” , e d .
S .H .  Rodd, E l s e v i e r ,  Amsterdam, 1957 ,  V o l .  iV a ,  p .  2 8 .
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c e n t r e  i n  t h e  s y s t e m .  T h i s  i s  f o l l o w e d  by  t h e  1 - ,  6 - ,  and

1 28 - p o s i t i o n s ,  i n  t h a t  o r d e r .  C o n t r o l l e d  n i t r a t i o n  '  o f

c a r b a z o l e  gave 5-6% o f  1 - n i t r o c a r b s i z o l e ,  an d  70-75% o f

t h e  3—i s o m e r .  E x h a u s t i v e  n i t r a t i o n  y i e l d e d  1,  3 , 6 ^ 8 - t e t r a -
3 4n i t r o c a r b a z o l e   ̂ • A s i m i l a r  p a t t e r n  o f  r e a c t i v i t y  was 

a l s o  r e p o r t e d  f o r  t h e  h a l o g é n a t i o n  o f  c a r b a z o l e .  I t  was
A 5

f o u n d   ̂ p o s s i b l e  t o  o b t a i n  3 -b ro m o - ,  3 , 6 - d i b r o m o - ,  1 , 3 , 6 -  

t r i b r o m o - ,  o r  1 , 3 , 6 , 8 - t e t r a b r o m o c a r b a z o l e  e i t h e r  by  c a r e f u l  

c o n t r o l  o f  t h e  am ount o f  b ro m in e  u s e d ,  o r  by  c h o o s i n g  a  

s u i t a b l e  b r o m i n a t i n g  a g e n t .  S i m i l a r l y ,  c a r b a z o l e  c a n  b e  

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

an d  i o d o - d e r i v a t i v e s .  The o n ly  e a r l i e r  r e f e r e n c e  t o  t h e  

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

t h a n  t h o s e  d i s c u s s e d  a b o v e ,  seem s t o  b e  t h a t  o f  Murphy a n d  

h i s  c o - w o r k e r s  , who r e p o r t e d  t h e  o c c u r r e n c e  o f  1 , 2 , 6 , 8 -  

t e t r a n i t r o c a r b a z o l e  (lOJ^o) i n  t h e  p r o d u c t s  o f  n i t r a t i o n  

o f  c a r b a z o l e .

1 .  E .  L indem ann,  B e r . ,  1924 ,  555.
2 .  R.W.G. P r e s t o n ,  S. T u c k e r ,  a n d  J . M . L .  Cameron, J . C h e m . S o c . ,  

1942 ,  500 .
3 .  D .B .  Murphy, P .R..  S c h w a r tz ,  J . P .  P i c a r d ,  a n d  J . V . R .

Kaufman, J . A m er .Chem .Soc. ,  1953 ,  75,  4 2 8 9 .
4 .  S u i i^ te r  an d  M i l l e r ,  "The C h e m i s t r y  o f  H e t e r o c y c l i c  

Compounds: H e t e r o c y c l i c  Compounds w i t h  I n d o l e  an d  
C a r b a z o l e  S y s te m s " ,  I n t e r s c i e n c e ,  W orm erveer ,  1954 .

5 .  von  Schm id  a n d  P .  K a r r e r ,  He 1 v . C h im .A c ta , 1946 ,  2 9 ,
573 .
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1
I t  was a l s o  r e p o r t e d  t h a t  c a r b a z o l e  r e a c t s  i n s t a n t a n 

e o u s l y  w i t h  b o t h  b ro m in e  a n d  c h l o r i n e ,  a n d  i t  seems t h a t  no 

a t t e m p t  h a s  so f a r  b e e n  made t o  m e asu re  t h e  r a t e  o f  n i t r a t i o n  

o f  c a r b a z o l e .

B o th  H - m e t h y l -  a n d  N - e t h y l c a r b a z o l e  g i v e ,  on n i t r a t i o n ,
2

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

More r e c e n t l y ,  q u a n t i t a t i v e  s t u d i e s  h a v e  b e e n  made

on t h e  n i t r a t i o n  o f  c a r b a z o l e  a n d  some o t h e r  r e l a t e d

compounds, u n d e r  c o n d i t i o n s  w here  o n ly  m o n o - n i t r o  d e r i v a t i v e s

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

v a r i o u s  p o s i t i o n s  o f  c a r b a z o l e ,  g au g e d  by  t h e i r  r e s p e c t i v e

e x t e n t s  o f  s u b s t i t u t i o n ,  w ere  d e t e r m i n e d  a n d  f o u n d  t o  b e  i n

t h e  o r d e r  3 ^  2 .  C o m p e t i t i v e  n i t r a t i o n  o f  c a r b a z o l e  a n d

d ip h e n y l a m i n e  showed t h e  l a t t e r  coinpound t o  be  t h e  more

r e a c t i v e .  T h ese  c o n c l u s i o n s  a r e  i n  good a g r e e m e n t  w i t h
4t h e o r e t i c a l  p r e d i c t i o n s  b a s e d  upon  m o l e c u l a r - o r b i t a l  

c a l c u l a t i o n s .

The a c i d  c l e a v a g e  o f  t h e  3 - t r i m e t h y l s i l y l  d e r i v a t i v e  

o f  I l - e t h y l c a r b a z o l e ,  t o g e t h e r  w i t h  t h a t  o f  some o t h e r

1 .  R .  Oda an d  K. Tamura, S c i . P a p e r s  I n s t . C h e m . R e s e a r c h  
( T o k y o ) , 1937 ,  33, Ho. 728 ,  129; f ro m  C hem .A bs . ,
1938, 2 5 1 6 6 .

2» Sum pter  an d  M i l l e r ,  "The C h e m i s t r y  o f  H e t e r o c y c l i c  
Compounds; H e t e r o c y c l i c  Compounds v / i t h  I n d o l e  and  
C a r b a z o l e  S y s t e m s " ,  I n t e r s c i e n c e ,  W orm erveer ,  1954 .

3 .  M . J . S .  Dewar a n d  D .S .  U rch ,  J . C h e m . S o c . ,  1958 ,  3079 .
4 .  H.C. L o n g u e t - H i g g i n s  a n d  C .A .  C o u l s e n ,  T r a n s . F a r a d a y  

S o c . ,  1947, 4 3 , 87 ;  G-. B e r t h i e r  and  B. P u l lm a n ,  Compt.  
r e n d . ,  1948 ,  226 ,  1 7 2 5 .
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t r i m e t h y l s i l y l  d e r i v a t i v e s  o f  r e l a t e d  h e t e r o c y c l i c  compounds,
1

h a s  b e e n  s t u d i e d  b y  E ab o rn  a n d  S p e r r y  . The p a r t i a l  r a t e  

f a c t o r  ( f )  a t  t h e  3 - p o s i t i o n  i n  H - e t h y l c a r b a z o l e  was r e p o r t e d ,  

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

f a c t o r  o b t a i n e d  f o r  t h e  same p o s i t i o n  i n  t h e  n i t r a t i o n  o f  

c a r b a z o l e .

1 . 2  H- A c e t y l c a r b a z o l e

P a r  l e s s  w ork  h a s  b e e n  p u b l i s h e d  on H - a c e t y l c a r b a z o l e  

com pared  w i t h  c a r b a z o l e .  Most  o f  t h e  s t u d i e s  r e p o r t e d  on  

t h e  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  r e a c t i o n s  o f  N - a c e t y l c a r b a z o l e  

h av e  a  s e m i - q u a n t i t a t i v e  n a t u r e .  I n  many o f  t h e s e  r e p o r t s  

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

p u r e  form )  i s  r e p o r t e d .  However,  t h e s e  r e s u l t s  do n o t  

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

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

t h e s e  r e p o r t s .
2 3The b r o m i n a t i o n  an d  i o d i n a t i o n  o f  H - a c e t y l c a r b a z o l e

gave  p r e d o m i n a n t l y  t h e  3 - i s o m e r .  N i t r a t i o n  o f  t h e  same
4compound was r e p o r t e d  t o  h a v e  g i v e n  no u s e f u l  r e s u l t s ,  b u t  

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

s t a t e m e n t .  C h l o r i n a t i o n  o f  N - a c e t y l c a r b a z o l e  h a s  n o t  b e e n

1 .  C. E a b o rn  an d  J . A .  S p e r r y ,  J .C h e m . S o c . ,  1961 ,  4 9 2 1 .
2 .  G .L .  C i a n d c i a n  a n d  P .  S i l b e r ,  G a z z e t t a ,  1882 ,  I P ,  2 7 6 .
3 .  T u c k e r ,  J . C h e m . S o c . ,  1926 ,  546 .
4 .  P r e s t o n ,  T u c k e r ,  a n d  Cameron, J . C h e m . S o c . ,  1942, 500 .
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r e p o r t e d  b e f o r e ,  a n d  a s  f a r  a s  t h e  a u t h o r  i s  a w a re ,  t h i s  

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

r e a c t i o n .

I n  a l l  t h e  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  r e a c t i o n s

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

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

T h e re  i s ,  hov /ever ,  one r e a c t i o n ,  t h e  F r i e d e l - C r a f t s  r e a c t i o n ,
1

i n  w h ich  t h e  tv/o compounds e x h i b i t  p r o f o u n d l y  d i f f e r e n t  

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

w i t h  a c e t y l  c h l o r i d e  a n d  c h l o r o - a c e t y l  c h l o r i d e  i n  t h e  

p r e s e n c e  o f  a lu m in iu m  c h l o r i d e  gave  3 - a c y l ,  an d  3 , 6 - d i a c y l -  

c a r b a z o l e a ,  f u r t h e r  a c é t y l a t i o n  o f  N - a c e t y l - c a r b a z o l e ,  u n d e r  

t h e  same c o n d i t i o n s ,  y i e l d e d  e x c l u s i v e l y  2 , 9 - d i a c e t y l 

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

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

t h e  c o u r s e  o f  t h e  s u b s t i t u t i o n  i n  N - a c e t y l c a r b a z o l e .

However,  N - a l k y l c a r b a z o l e s  r e a c t e d  i n  t h e  same way a s  
2

c a r b a z o l e  .

1 .  P l a n t ,  R o g e r s ,  and  W i l l i a m s ,  J . C h e m .S o c . ,  1935 ,  741 .
2 .  F r e u d e n b e r g ,  i n  " H e t e r o c y c l i c  Compounds", e d .  R .C .  

E l d e r f i e l d ,  J o h n  W ile y ,  New Y ork ,  1952, V o l .  I l l ,  
p .  291 .
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1 . 3  The o b j e c t  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  
1 2Dewar , E a b o r n  and  t h e i r  c o - w o r k e r s  s t u d i e d  t h e  

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

a n d  some o t h e r  r e l a t e d  n o n - a l t e r n a n t  s y s t e m s .  They a l s o  

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

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

H a l o g é n a t i o n  r e a c t i o n s ,  a n d  i n  p a r t i c u l a r  c h l o r i n a t i o n  

r e a c t i o n s  a r e  known t o  b e  s e n s i t i v e  t o  p o l a r i s a b i l i t y  

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

t h e r e f o r e ,  t o  i n v e s t i g a t e  t h e  i m p o r t a n c e  o f  t h e s e  f a c t o r s  

i n  t h e  c h l o r i n a t i o n  o f  c a r b a z o l e .

N - A c e t y l c a r b a z o l e  was c h o s e n  f o r  s t u d y  b e c a u s e  t h e  

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

an d  c a n n o t ,  t h e r e f o r e ,  b e  f o l l o v / e d  by  c o n v e n t i o n a l  k i n e t i c  

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

o f  N - a c e t y l c a r b a z o l e  p r e s e n t e d  many i n t e r e s t i n g  f e a t u r e s ,  

w h ic h  t h i s  compound s h a r e s  w i t h  a n â l i d e s ,  a n d  d i p h e n y l s .

1 .  Dewar an d  U rch ,  J . C h e m . S o c . ,  1958,  3079 .
2 .  E a b o rn  an d  S p e r r y ,  J . C h e m . S o c . ,  1961, 4921 ;  R .  B ak er  

an d  E a b o rn ,  i b i d . ,  1961, 5077 .
3 .  de l a  Mare,  D.M. H a l l ,  M.M# H a r r i s ,  a n d  H a ss a n ,

Chem. a n d  I n d . ,  1958,  1086 ;  de l a  Mare,  i n  " T h e o r e t i c a l  
O rg a n ic  C h e m i s t r y  -  K ek u le  Symposium", B u t t e r w o r t h s ,  
London, 1959 ,  p .  2 1 9 .
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2*1* P r e p a r a t i o n  and P u r l f l o a t i o n  o f  M a t e r i a l s > —  ------- #

P u r i f i o a t i o n  o f  A o e t i o  a o i d :

A s o l u t i o n  o f  b ro m in e  ( 0 . 5  m l . )  i n  a o e t i o  a o i d  ( 2 1 . )  

was k e p t  a t  room t e m p e r a t u r e  f o r  a b o u t  24 h r s .  The s o l u t i o n  

was t h e n  v i g o u r o u s 1 y s h a k e n  w i t h  s m a l l  am ounts  o f  f r e s h l y  

p r e p a r e d  s i l v e r  o x id e  u n t i l  t h e  r e s u l t i n g  m i x t u r e  beoame 

w h i t e .  The a o e t i o  a o i d  o b t a i n e d  f ro m  t h e  d i s t i l l a t i o n  o f  

t h i s  m i x t u r e  was r e f l u x e d  w i t h  p o t a s s i u m  d io h r o m a t e  (2 0 0  &*),  

and w a t e r  (100 m l . )  f o r  8 -1 0  h r s .  On r e d i s t i l l i n g  t h e  a o e t i o  

a o i d ,  t h e  f i r s t  250 m l .  w ere  r e j e c t e d . .  The r e s t  o f  t h e  

d i s t i l l a t e  was f r a c t i o n a t e d  f rom  an e f f i c i e n t ,  h e l i x - p a o k e d  

column t o  a  c o n s t a n t  f r e e z i n g  p o i n t  (16 .65*^).  The subseg ,uen t  

f r a c t i o n s ,  d i s t i l l i n g  a t  a  c o n s t a n t  b o i l i n g  p o i n t  ( 1 1 9 » ) ,  

w e re  o o l l e o t e d ,  and t a k e n  a s  t h e  p u r e  d r y  a o i d .

P u r i f i o a t i o n  o f  Brom oform ;

F r e s h l y  d i s t i l l e d  bromoform (M* & B . )  was u s e d .  The 

d i s t i l l a t i o n s  w e re  c a r r i e d  o u t  u n d e r  r e d u c e d  p r e s s u r e  (oa#

18 mm.)#

S t a n d a r d  S o l u t i o n s  o f  C h l o r i n e  i n  A o e t i o  a c i d ;

C h l o r i n e  g a s  ( I . C . I . )  was  p a s s e d  i n  t u r n  t h r o u g h  

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

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

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

s u b s e q u e n t l y  d i l u t e d  t o  t h e  d e s i r e d  c o n c e n t r a t i o n *
36 C lg  g a s  was s u p p l i e d  i n  am pu les  by  t h e  R a d i o c h e m i c a l  

C e n t r e ,  Amersham* The am pu les  u s e d  had  t h e  f o l l o w i n g  

s p e c i f i c a t i o n s ;  Volume a t  H*T*P*, 11*2 c c s * ;  s p e c i f i c  

a c t i v i t y ,  44*2 uo*/mM*; t o t a l  a c t i v i t y ,  22*1 uc*

F o r  a  s t a n d a r d  s o l u t i o n  c o n t a i n i n g  l a b e l l e d  c h l o r i n e ,
36

C lg  was s e p a r a t e l y  d i s s o l v e d  i n  a  s m a l l  ( b u t  know n) amount 

o f  a c e t i c  a c i d ,  and t h i s  was t h e n  added  t o  a n o t h e r  s o l u t i o n  

o f  n o n - l a b e l l e d  c h l o r i n e  o f  known c o n c e n t r a t i o n *  

R e s t a n d a r d i s a t i o n  w a s ,  h o w e v e r ,  n e c e s s a r y *

G a r b a z o l e : m*p* 246® ( l i t * ^ ;  245®)*

I t  was a  co m m e rc ia l  sp e c im en  r e c r y s t a l l i z e d  f rom

a l c o h o l *

2
l " ^ C h l o r o c a r b a z o l e : m*p* 106-107® ( l i t * ; 109-110®)*

The method u s e d  f o r  t h e  p r e p a r a t i o n  o f  1 - c h l o r o o a r b a z o l e
2

was e s s e n t i a l l y  t h a t  o f  B a r c l a y  and Cam pbel l  • 6 - C h i o r o -  

p h e n y l h y d r a z i n e ,  p r e p a r e d  f ro m  0 - o h l o r o a n i l i n e , was t r e a t e d

1 .  S .H .  T u c k e r ,  J .  Chem. 8 0 0 . ,  1 9 26 ,  5 4 6 .
2 .  B.M. B a r c l a y  and N. C a m p b e l l ,  J .  Chem. S o o . ,  1945 ,  5 3 0 .
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w i t h  o y o lo h ô x a n o n e  t o  g i v e  t h e  c o r r e s p o n d i n g  p h e n y l h y d r a z o n e ,  

w h ic h ,  i n  t u r n ,  was c y o l i s e d  t o  8 - o h L o r o -  1 , 2 , 2 , 4 -  t e t r a -  

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

f o r  t h e  d e h y d r o g e n a t i o n  o f  8 - c h l o r o t e t r a h y d r o c a r b a z o l e  t o

1 - c h l o r o c a r b a z o l e  was a s  f o l l o w s .  A m i x t u r e  i n  b e n z e n e  (35 m l# )  

o f  t h e  t e t r a h y d r o c a r b a z o l e  ( 1 . 2 3  g . )  and c h l o r a n i l  (3  g . )  

s e a l e d  i n  a  s t r o n g  g l a s s  t u b e ,  was l e f t  f o r  3  d a y s  i n  a  

f u r n a c e  a t  120-130® . The c o n t e n t s  o f  t h e  t u b e  w ere  t h e n  

c h r o m a to g ra p h e d  on a l u m i n a ,  and e l u t e d  w i t h  b e n z e n e .  The 

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

f i r s t  f ro m  a  m i x t u r e  o f  b e n z e n e  and p e t r o l e u m  e t h e r  ( 6 0 - 8O®), 

and t h e n  f ro m  e t h a n o l .  A n a l y t i c a l  R e s u l t s ’*": (F o u n d : C, 7 1 . 4 ;

H, 4 . 1 ;  C l ,  1 7 . 8 ;  N, 7 . 0 .  C a l c u l a t e d  f o r  Cj^gFlgClN: C, 7 1 . 5 ;

H, 4 ;  C l ,  1 7 . 6 ;  R, 7 . 0 . )

2 - G h l o r o c a r b a z o l e ; m . p .  244® ( l i t .  ; 244® ).

T h i s  compound was p r e p a r e d  f rom  2 - a m i n o c a r b a z o l e  

( L i g h t  So C o . )  by t h e  Sandm eyer  r e a c t i o n .  I t  was found  n e c e s s a r y ,  

h o w e v e r ,  t o  b o i l  t h e  r e a c t i o n  m i x t u r e  f o r  some t im e  t o  a f f e c t  

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

complex i n t o  2 - o h l o r o o a r b a z o l e .  2 - C h l o r o c a r b a z o l e  was

*  A l l  a n a l y s i s  was by D r .  A. B e r n h a r d t ,  M ulhe im ,  Germany.
1 .  F .  U l lm an n ,  A nnal  e n ,  1904 ,  332, p p .  9 6 ,  9 7 .
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r e o r y a t a l L i z e d  f rom  m e th a n o l#

3 - C h I o r o o a r b a z o I e : m.p# 200® ( l i t # ^ ;  244®).

3 - C h l o r o o a r b a z o l e  was p r e p a r e d  f rom  3 - a m i n o o a r b a z o I e

(A L d r io h )  a s  i s  d a s o r i b e d  f o r  2 - o h l o r o o a r b a z o l e . The d i a z o n iu m  

s a l t  f ro m  3 - a m i n o o a r b a z o l e  was so  s t a b l e ,  t h a t  i t  was p o s s i b l e  

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

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

c h l o r i d e .  R e c r y s t a l l i z a t i o n  o f  3 - c h l o r o c a r b a z o l e  was f ro m  

a l c o h o l #

2
4 - C h l o r o o a r b a z o l e : m .p .  95.5® ( l i t .  ; 96®).

T h i s  compound and 4 - c h l o r o - R - a c e t y l o a r b a z o l e  w ere  a  

v e r y  much a p p r e c i a t e d  g i f t  f ro m  D r .  E .A .  J o h n s o n .

g
H - A o e t y l o a r b a z o l e ; m .p .  76® ( l i t .  ; 76® ).

N - A c e t y l o a r b a z o l e ,  and a l l  o h l o r o - R - a o e t y l c a r b a z o l e s  

( e x c e p t  l - o h l o r o - R - a c e t y l c a r b a z o l e )  w ere  p r e p a r e d  by a c e t y l a t i n g  

t h e  c o r r e s p o n d i n g  c a r b a z o l e  by t h e  r o u t e  d e s c r i b e d  b e lo w .

E x c e s s  a c e t i c  a n h y d r i d e ,  and a  few d r o p s  o f  o o n o e n t r a t e d  

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

1 .  F .  U l lm a n n ,  A n n a le n ,  1904 ,  332 ,  p p .  9 6 , 9 7 .
2 .  R .C .G .  M oggr idge  and S . G . P .  P l a n t ,  J .  Chem.- S o c . ,  1937 ,  1 1 2 5 .
3 .  J .  B o e s e k e n , R e c .  T r a v .  o h i m . , 1912 ,  ^ 1 ,  3 6 4 .
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a p p r o p r i a t e  o a r b a z o l e .  The m i x t u r e  was r e f l u x e d  on a 

w a t e r - h a t h  f o r  a b o u t  1 h r .  The c o n t e n t s  w ere  t h e n  p o u re d  

i n t o  a  l a r g e  volume o f  i c e - c o l d  w a t e r ,  and t h e  p r e c i p i t a t e  

o b t a i n e d  was c o l l e c t e d ,  and r e o r y s t a l l i z e d  f ro m  a  s u i t a b l e  

s o l v e n t .

N - A c e t y l o a r b a z o l e  was r e c r y s t a l l i z e d  f rom  e t h a n o l .

E - C h l o r o - N - a o e t y l o a r b a z o l e : m .p .  122-124® .

R e o r y s t a l l i z e d  f ro m  m e t h y l a t e d  s p i r i t .

A n a l y t i c a l  R e s u l t s :  (Found:  6 9 . 0 ;  H, 4 . 2 ;  G l ,  1 4 . 5 ;  N, 5 . 9 .

Gi ^Hi q GINO r e q u i r e s :  G, 6 9 . 0 ;  H, 4 . 1 ;  G l ,  1 4 . 6 ;  N, 5 . 7 . )

3 - G h I o r o - N - a c e t y l c a r b a z o I e : m . p .  124-125® ( l i t 124®) .

R e c r y s t a l l i z a t i o n  was f rom  a l c o h o l .

2
4 - G h l o r o - N - a c e t y l c a r b a z o l e : m .p .  101-107® ( l i t .  ; 126® ).

l - G h l o r o - N - a c e t y l c e i r b a z o l e ;

The f o l l o w i n g  s t a n d a r d  t e c h n i q u e s  o f  a c é t y l a t i o n  w ere  

t r i e d  on l - o h l o r o o a r b a z o l e ; b o i l i n g  w i t h  a c e t i c  a n h y d r i d e  

w i t h  (and w i t h o u t )  added  c o n c e n t r a t e d  s u l p h u r i c  a c i d ;  a  

m i x t u r e  o f  a c e t i c  a o i d  and a c e t i c  a n h y d r i d e  w i t h  a  t r a c e  

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

1 .  S .H .  T u c k e r ,  J . Ghem. S o c * ,  1924 ,  1 1 4 5 .
2 .  R .G .G .  M oggr idge  and S . G . P .  P l a n t ,  J • Ghem. S o c . ,  1927, 

1 1 2 5 .
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h y d r o x i d e ;  and i s o - p r o p e n y l a o e t a t e  w i t h  p - t o l u e n e s u l p h o n i o  

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

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

c h r o m a to g r a p h y .  From t h e  r e s u l t s  i t  c o u ld  be i n f e r r e l t h a t

1 - c h l o r o - N - a c e t y l c a r b a z o l e  was p r e s e n t  i n  a l l  t h e s e  r e a c t i o n  

m i x t u r e s .  A l l  a t t e m p t s  t o  i s o l a t e  l - c h l o r o - N - a c e t y l c a r b a z o I e  

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

a lw a y s  gave f r a c t i o n s  t h a t  c o n t a i n e d  e i t h e r  1 - o h l o r o c a r b a z o l e  

by  i t s e l f ,  o r  a  m i x t u r e  o f  i t  and i t s  N - a c e t y l  d e r i v a t i v e  ; 

b u t  i t  n e v e r  gave  p u r e  1 - o h l o r o - N - a c e t y l c a r b a z o l e .

D i p h e n y l a m i n e ; m .p .  53-54® ( l i t . ;  54® ).

R e o r y s t a l l i z e d  f ro m  a q u e o u s  a l c o h o l .

N - A c e t y l d i p h e n y l a m i n e : m .p .  101® ( l i t . ^ ;  103® ).

T h i s  compound was p r e p a r e d  by t h e  a c é t y l a t i o n  o f  

d i p h e n y l a m i n e .  D ip h e n y la m in e  was r e f l u x e d  f o r  a b o u t  3o m i n s .  

i n  a  m i x t u r e  o f  a c e t i c  a o i d  and a c e t i c  a n h y d r i d e .  N - A c e t y l -  

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

4 - C h l o r o - N - a c e t y l d i p h e n y l a m i n e ^ :  m . p .  65®.

The m ethod  u s e d  f o r  p r e p a r i n g  t h i s  compound was t h a t
2

u t i l i z e d  by  W ie lan d  and Weoker t o  o b t a i n  t h e  c o r r e s p o n d i n g

The h e l p  o f  M r.  C. S i g g e r s  i n  p r e p a r i n g  t h i s  compound i s  
g r a t e f u l l y  a c k n o w le d g e d .

1 .  A .  C l a u s ,  B a r . ,  1 8 81 ,  4 4 1 ,  2365 .
2 .  I . H .  W ie land  and A .  W eoker ,  B e r . , 1922 ,  1 8 0 4 .
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a m in e .  The r e a c t i o n  was c a r r i e d  o u t  u n d e r  s t r i c t l y  a n h y d r o u s  

c o n d i t i o n s ;  s t e a m - d i s t i l l a t i o n  was r e p l a c e d  by d i s t i l l a t i o n  

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

t h e  4 - c h l o r o - N - a c e t y l d i p h e n y l a m i n e ,  w ere  p u r i f i e d  by column 

c h r o m a to g ra p h y  u s i n g  a l u m i n a .  The p r o d u c t s  w ere  e l u t e d  f i r s t  

w i t h  b e n z e n e ,  and t h e n  w i t h  p e t .  e t h e r  (40-60® )*  The r e s i d u e  

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

f i r s t  f ro m  a l c o h o l  and t h e n  f ro m  p e t r o l e u m  e t h e r  ( 8 0 - l0 0 ® )*  

A n a l y t i c a l  R e s u l t s :  (Found:  C, 6 8 . 5 ;  H, 4 . 9 ;  C l ,  1 4 . 3 ;  N» 5 . 6 ;  

Ci^HigClli’O r e q u i r e s :  C, 6 8 . 5 ;  H, 4 . 9 ;  C l ,  1 4 . 4 ;  N, 5 . 7 . )

if
3 - C h l o r o - N - a c e t y l d i p h e n y l a m i n e  : m .p .  84-86®.

T h i s  i s o m e r  was p r e p a r e d  by t h e  same p r o c e d u r e  

d e s c r i b e d  f o r  t h e  s y n t h e s i s  o f  4 - c h l o r o - R - a o e t y l d i p h e n y l a m i n e .  

A n a l y t i c a l  R e s u l t s :  (Found: C, 6 8 . 3 ;  H, 5 . 2 ;  G l ,  1 4 . 2 ;  N, 5 . 6 . )

S t a n d a r d  Sodium t h i o s u l p h a t e  S o l u t i o n s :

The c o m m e r c i a l l y  a v a i l a b l e  r / 10 sod ium  t h i o s u l p h a t e  

s o l u t i o n  (B .D .H . )  was u s e d .  The s t o c k  s o l u t i o n  was f u r t h e r  

d i l u t e d  when n e c e s s a r y .

if The h e l p  o f  M r.  G. S i g g e r s  i n  p r e p a r i n g  t h i s  compound 
i s  g r a t e f u l l y  a c k n o w le d g e d .
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2 . 2 .  R a t e  M easu rem en t  T e c h n i q u e .  -------   •

Grade  (B) v o l u m e t r i c  f l a s k s ,  p i p e t t e s ,  and b u r e t t e s  

w ere  u s e d .

A l l  c h l o r i n a t i o n  r e a c t i o n s  w ere  c a r r i e d  o u t  i n  

b l a c k e n e d  f l a s k s  immersed  i n  a t h e r m o s t a t  k e p t  a t  25®^ 0*05®. 

S o l u t i o n s  o f  r e a g e n t s  w ere  l e f t  t o  a t t a i n  t h e  t e m p e r a t u r e  o f  

t h e  t h e r m o s t a t  b e f o r e  t h e y  w ere  made t o  r e a c t  w i t h  ea ch  o t h e r .  

B l a n k s  w ere  a lw a y s  ru n  f o r  an a p p r o p r i a t e  l e n g t h  o f  t im e  b e f o r e  

t h e  r e a c t i o n s  w ere  s t a r t e d ,  t o  ch e ck  upon any  l o s s  o f  c h l o r i n e  

due t o  v o l a t i l i t y ,  and t o  p r o v i d e  z e r o  t i t r e s  f o r  f a s t  r e a c t i o n s  

I n  t h e  s low  r u n s  t h e  i n t i a l  c o n c e n t r a t i o n s  o f  c h l o r i n e  w ere  

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

s h o r t e s t  l a p s e  o f  t im e  f ro m  a c t u a l  z e r o  t i m e .

The r a t e s  o f  t h e s e  r e a c t i o n s  w ere  d e t e r m i n e d  by 

f o l l o w i n g  t h e  c h l o r i n e  u p t a k e  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 .  

U s in g  a  f a s t  p i p e t t e ,  a l i q u o t  p a r t s  (5 m l . )  w ere  sam pled  f ro m  

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

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

i o d i n e  was t h e n  t i t r a t e d  a g a i n s t  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 s ,  u s i n g  s t a r c h  (and  so m e t im es  sod ium  s t a r c h  

g l y c o l l a t e )  s o l u t i o n  a s  i n d i c a t o r .
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The o o n o e n t r a t i o n s  o f  t h e  r e a g e n t s  i n  a l l  t h e  k i n e t i o  r im s  

to%be d e s c r i b e d  w ere  i n  t h e  r e g i o n  o f  m/BO;  t h e  c o n c e n t r a t i o n s  

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

e x c e s s  t o  t h o s e  o f  c h l o r i n e .

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

w e re  c a l c u l a t e d  u s i n g  t h e  i n t e g r a t e d  r a t e  e q u a t i o n  d e r i v e d  

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

2 .3 0 3  b ( a - x )
k g  •  ------  l o g     #

t ( a - b )  a ( b - x )

w here  ( a )  i s  t h e  i r ^ i a l  c o n c e n t r a t i o n  o f  t h e  a r o m a t i c

compound, (b )  i s  t h e  i n f e i a l  c o n c e n t r a t i o n  o f  c h l o r i n e ,  and
K

( a - x )  and ( b - x )  a r e ,  r a s p e o t i v e l y ,  t h e  o o n o e n t r a t i o n s  o f  

t h e  a r o m a t i o  s u b s t r a t e  and  o h l o r i n e  a t  t im e  ( t ) .
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2 # 3 # a .  K i n e t i c  D a ta  and R a te  C o n s t a n t  f o r  N -A c e ty l  

c a r b a z o l e .  ------- .

I .  F i r s t  R u n .

I r j ^ i a l  c o n c e n t r a t i o n s ;

N - A c e t y l c a r b a z o l e  » 0 .0 1 5  M

C h l o r i n e  ■ 0 .0 1 1 2 8  M

Time 

( m i n s . )

T i t r e

( m l . o f  O.OIN BagSgOg) ( l . m o l e “^ m i n .  )

0 . 0 0 1 1 .2 8  ^

0 . 8 3 1 0 .7 4 . 2

2 .9 3 9 .7 5 4 . 4

5 . 4 8 . 4 4 . 0
-  .

9 .3 7 7 4 . 1

1 4 . 4 5 .7 4 . 1

1 7 .7 5 4 . 7 4 . 5

4 2 .2 5 2 . 2 4 . 5

b "  Z e ro t i t r e . t a k e n  f ro m  a  b l a n k .

^ 2  “
*1 *“1 + l . m o l e  m in .  ( -  0 . 2 ) «
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I I *  Second  Run#

I n t i a l  c o n c e n t r a t i o n s :•s.
H -A o e ty lo a r b a z o L e  ■ 0 . 0 1 5  M

C b l o r l n a  -  0 .0 1 2 8  M

Tima T i t r e ^ 2  ^
(mins#  ) ( m l . o f  O.OIN NagSgOg) (l .DK)le“ ^ra ln .  )

0#00 1 2 . 8  ^

3#2 1 0 .6 5 4 . 1

11#5 7 . 3 4 . 1

18#35 5 .6 7 4 . 2

2 6 .6 6 4 . 4 4 . 2

3 3 .4 3 . 4 4 . 6

4 3 .7 5 2 .8 4 . 4

58 2 .1 4 . 4

6 9 .2 5 1 . 8 4 . 4

ko  «■ 4 . 3  l . jn o L e"^  m ln .* ^  (± 0 . 2 ) .
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I I I .  Third Run#

I n t i a l  o o n o e n t r a t i o n s :  

N - A o e t y l c a r h a z o l e  = 0 .0 1 6 1 6  M

C h l o r i n e  ■ 0 .0 1 3 7 3  M

Time T i t r e k 2

(mins* ) ( m l . o f  O.OUr N a-S _ 0 „ )6 6 10
—1 *1 

( l# m o le  min# )

0 . 0 0 1 3 .7 3  ^

2 .4 5 1 1 .2 3 4 . 1

1 1 . 5 7 .4 7 4 . 3

1 8 .3 3 5 .6 8 4 . 3

2 6 .7 5 4 . 3 4 . 4

3 3 . 4 3 . 7 " 4 #2

kp  -  4 . 3  
** . . .

l . m o l e ” ^ mi n . ( *  0 . 1 ) #



I V . F o u r t h  R u n .

I z ^ l a l  o o n o e n t r a t i o n s :  

N -A o e ty lo a r h a z o L e  ■ 0 .0 1 5  M

C h l o r i n e  -  0 .0 1 1 7  M

59

Time T i t r e kg

( m in s .  ) ( m l . o f  O.OIN HagSgOg)
—1( l . m o l e  m i n .  )

0 . 0 0 1 1 . 7  ^

2 .4 5 1 0 .1 4 . 2

9 . 4 7 4 . 4

1 6 .3 3 5 .1 5 4 . 4

3 1 . 2 3 . 3 4 . 3

5 1 .2 5 1 . 9 4 . 4

7 2 .1 5 1 .1 5 n 4 . 6

8 7 .3 0 . 8 5 4 . 6

k g  -  4 . 4  l . m o l e ” ^ m i n . “^ ( -  0 . 2 ) .
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2 . 3 . b .  K i n e t i o  D a ta  and R a te  C o n s t a n t  f o r  2 - C h l o r o -

N - a o e t y l o a r b a z o i e •

I r ^ i a L  o o n o e n t r a t i o n s :

2 - G h L o r o -N - a o e t y L o a r b a z o l e  » 0 .0 1 2 5  M

C h l o r i n e  ■* 0 .0 1 0 0 8  M

Time 

( m i n s . )

T i t r e

( m l . o f  0 . 0 2 W  NagSgOg)

^ 2
( l . m o l e " ^  m i n . ” ^ )

0 . 0 0 4 . 2  ®

2 9 .8 5 3 .2 1 0 . 8 0

4 6 .3 5 2 .3 2 0 . 8 0

5 9 .9 5 2 .5 6 O .B l

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

90 2 .0 8 0 . 8 2

110 1 .8 5 0 . 8 2

130 1 .5 6 0 . 8 3

e » Z e ro  t i t r e  f ro m  f i r s t  e x p e r i m e n t a l  p o i n t .
- 1 . - 1kg  ■ 0 . 8 1  l . m o l e  m i n . ( — 0 . 0 1 ) .
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2 . 3 . 0 #  K i n a t i o  D a ta  and R a ta  C o n s t a n t  f o r  3 - C h l o r o -

N - a o e t y l o a r b a z o l e .

I n t i a l  o o n o e n t r a t i o n s :

3 - O h l o r o - N - a o e t y l o a r b a z o l e  ■» 0 .0 1 2 5  M

C h l o r i n e  ■ 0 .0 1 0 4 4  M

Time T i t r e k g

( m i n s .  )
■ , 

( m l . o f  0 .024N  NagSgOg) ( l . m o l a “ ^ mi n . )

0 .0 0
e

4 .3 5

5 . 3 4 . 2 0 .5 7

7 .7 5 4 . 1 2 0 . 5 8

1 5 .6 6 3 . 9 0 i 5 8

1 8 .6 5 3 .8 4 0 . 5 6

4 2 .7 3 . 3 2 0*56

6 6 .9 5 2 .9 0 .5 7

9 3 . 4 2 .5 8 0 . 5 6

k g  = 0 . 5 7  l .m o L e “ ^ m i n . " ^  ( -  0 , 0 1 ) .



62

2 . 3 . d . K i n e t i o  D a ta  and R a te  C o n s t a n t  f o r  H-Aoe t y l  

d i p h e n y l a m i n e .  — ------- •

I .  F i r s t  Run .

I n t i a l  o o n o e n t r a t i o n s :

N - A o e t y l d l p h e n y l a m i n e

C h l o r i n e

0 . 0 1  M 

0 .0 0 6 6 1 6  M

l im e  

( m i n s . )

T i t r e

( m l . o f  0 ;008N NagSgOg)

k2
- 1  “ 1 ( l . m o l e  m i n .  )

0 . 0 0 8 .2 7  ®

6 . 6 7 . 7 1 .1 0

1 4 .6 5 7 . 1 1 .1 0

06 5 .8 7 1 . 8

6 0 .1 4 .7 9 1 . 8

8 9 . 7 5 0 . 8 3 1 , 9

122 3 . 0 4 1 .1 1

e ■ Z e ro  t i t r e  t a k e n  f roin  f i r s t  e x p e r i m e n t a l  p o i n t ,  

k g  “ 1 .0 9  i , m o l e  ^ m in .  ^ ( -  0 . 0 1 ) .
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I I *  Second  Run*

I n % i a l  o o n o e n t r a t i o n s :

N - A o o ty l d ip h e n y la m in e

C h l o r i n e

0 . 0 1  M 

0 .0 0 8 3 4  M

Time T i t r e kg

( m i n s . ) ( m l . o f  0 .008H  HagSgOg) ( l . m o l e “ ^ m i n . ” ^ )

0 , 0 0 1 0 .4 2 5  ®

5 . 5 9 .5 4 1 . 1

1 7 .1 8 1 .1 1

8 7 .1 5 7 1 .0 9

4 3 .7 5 .6 9 1 .0 8

5 5 .2 5 4 . 9 3 1 .0 9

7 2 .2 5 4 .0 6 1 . 1

9 4 . 2 3 ,1 8 1 .1 1

124 2 . 4 2 1 .0 9

k  -  1 . 1 l . m o l e ” ^ m i n .  ^ ( -  0 . 0 1 ) •
^  mmm
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2 . 4 .  M ethods  o f  P r o d u o t  A n a l y s i s .

I n f r a r e d  s p e o t r o s o o p y ,  i s o t o p i o  d i l u t i o n ,  v a p o u r -  

p h a s e  o h r o m a to g r a p h y ,  and t h i n - l a y e r  o h ro m a to g ra p h y  t e c h n i q u e s  

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

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

N - a o e t y l d i p h e n y l a m i n e  w ere  s t u d i e d  by v a p o u r - p h a s e  o h ro m a to 

g r a p h y .

2 . 4 . a .  I n f r a r e d  s p e c t r o s c o p y  m e th o d :

I t  was fo u n d  t h a t  2 - c h l o r o - N - a o e t y l o a r b a z o l e  a b s o r b s

s t r o n g l y  a t  915 cm~^. T h i s  band w a s ,  h o w ev e r ,  a b s e n t  f rom  t h e

s p e c t r a  o f  b o t h  N - a c e t y l c a r b a z o l e  and 3 - c h l o r o - I î - a c e t y l -

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

t h e  2 - o h l o r o - i s o m e r ,  and t o  g i v e  a  ro u g h  e s t i m a t e  o f  t h e  e x t e n t

t o  w h ic h  i t  i s  fo rm ed  i n  t h e  r e a c t i o n  p r o d u c t s .

P u r e  b rom oform  was found  t o  be  an i d e a l  s o l v e n t ,
1

b e c a u s e  i t  d o e s  n o t  a b s o r b  s e r i o u s l y  i n  t h e  9 - 1 3  u  r e g i o n ,
-1e x c e p t  f o r  a  v e r y  weak band  a t  870 cm •

To b e g i n  w i t h  a  s e r i e s  o f  m i x t u r e s  o f  N - a o e t y l o a r b a z o l e ,

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

w ere  p r e p a r e d  so  t h a t  t h e  c o n c e n t r a t i o n  o f  I l - a c e t y l c a r b a z o l e  

i n  any  one m i x t u r e  was a lw a y s  50 ^  o f  t h e  t o t a l  c o n c e n t r a t i o n

1 .  J . R .  Knowles and R .O .C .  Norman, J .  Chem. S o c . ,  1961 ,  2 9 3 8 .
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o f  t h e  m i x t u r e ,  and t h a t  t h e  o o n o e n t r a t i o n  o f  o h i o r o - N -  

a o e t y l c a r b a z o l e  ( w h e th e r  o n l y  2 - c h l o r o -  o r  3 - c h l o r o - ,  o r  

b o t h )  was a p p r o x i m a t e l y  0 .0 2 5  g .  p e r  m l .  o f  s o l u t i o n ,  i n  

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

v a r i e d  f ro m  2 .5  ^  t o  50 The s p e c t r a  o f  t h e s e  s o l u t i o n s  

w ere  t h e n  d e t e r m i n e d .

Known am oun ts  o f  N - a c e t y l c a r b a z o l e  w e re  t r e a t e d  w i t h  

c h l o r i n e  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 ,  so t h a t  a b o u t  

50 ^  m o n o - o h l o r o - N - a c e t y l c a r b a z o l e  were  p r o d u c e d .  T hese  

r e a c t i o n s  w ere  c o n d u c te d  i n  a c e t i c  a c i d  a s  s o l v e n t .  Two 

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

t h e  a c id o

I )  A c e t i c  a c i d  was d i s t i l l e d  u n d e r  r e d u c e d  p r e s s u r e .

The r e s i d u e  was washed t w i c e  w i t h  e t h e r ,  d r i e d ,  and d i s s o l v e d  

i n  p u r e  brom oform t o  g i v e  a b o u t  0 .0 2 5  g .  o f  o h l o r o - N - a c e t y l -  

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

I I )  A s o l u t i o n  o f  t h e  r e a c t i o n  m i x t u r e  i n  e t h e r  was w ashed  

s e v e r a l  t i m e s  w i t h  w a t e r  t o  remove a c e t i c  a c i d .  The e t h e r  

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

d i s s o l v e d  i n  an a p p r o p r i a t e  amount o f  b rom ofo rm .

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

and compared w i t h  t h o s e  o f  t h e  s y n t h e t i c  m i x t u r e s .
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- A i l  t h e  a p B o t r o s c o p i o  meaauremeritu  w ere  done 

on a  Grubb P a r s o n s  1 . r .  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 ,  Type 

G .S .E ^ ,  u s i n g  sod ium  c h l o r i d e  c e l l s  o f  0 . 8  nm. t h i c k n e s s .  

B l a n k s  o f  p u r e  bromoform w ere  u s e d .  Base  l i n e s  w ere  drawn 

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

E . 4 . b .  I s o t o p i c  d i l u t i o n  m e th o d ;

T h i s  t e c h n i q u e  was u s e d  t o  d e t e iT i i n e  t h e  p e r c e n t a g e  

o f  3 - c h l o r o - K - a c e t y l c a r b a z o l e  i n  t h e  c h l o r i n a t i o n  p r o d u c t s .

The w ho le  p r o c e d u r e  c o n s i s t e d  o f  d i s s o l v i n g  a  known 

w e i g h t  o f  t h i s  i s o m e r ,  i n  i t s  i n a c t i v e  fo rm ,  i n  a  m easu red  

sam ple  t a k e n  f rom  a  r e a c t i o n  m i x t u r e  ( o f  known c o n c e n t r a t i o n )  

i n  w h ic h  a l l  t h e  i s o m e r s  w ere  o b t a i n e d  i n  t h e i r  r a d i o a c t i v e  

fo rm ;  by  u s i n g  l a b e l l e d  c h l o r i n e .  The i s o m e r  was t h e n  

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

volume o f  c o l d  w a t e r .  The d i l u t e d  i s o m e r  was t h e n  f i l t e r e d  

o f f ,  and f r a c t i o n a l l y  r e c r y s t a l l i z e d  from a l c o h o l .  The i s o m e r  

was doomed p u r e  when n e i t h e r  i t s  m e l t i n g  p o i n t ,  n o r  i t s  

a c t i v i t y  showed any  s i g n i f i c a n t  change  o v e r  a  r a n g e  o f  t h r e e  

c o n s e c u t i v e  r e c r y s t a l l i z a t i o n s .

The s p e c i f i c  a c t i v i t y  o f  t h e  s t a r t i n g  m a t e r i a l  was 

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

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

w h ic h  was t h e n  n e u t r a l i z e d  w i t h  l i t h i u m  h y d r o x i d e .  The 

n e u t r a l i z e d  m i x t u r e  was e v a p o r a t e d  t o  d r y n e s s ,  and t h e  

r e s i d u e  was washed w i t h  p u r e  a c e t o n e  t o  s e l e c t i v e l y  a b s t r a c t  

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

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

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

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

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

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

The r e l a t i o n  o f  t h e  s p e c i f i c  a c t i v i t y  (Aq ) o f  t h e  

s t a r t i n g  m a t e r i a l  (x  g . )  t o  t h e  s p e c i f i c  a c t i v i t y  (A i )  o f  

t h e  d i l u t e d  i s o m e r  (x 4- d ;  w here  d i s  t h e  w e i g h t  o f  t h e  

i n a c t i v e  i s o m e r  a d d e d )  i s  g i v e n ^  b y ,

A|^(x 4- d )  -  AqX

Aq/Ajl -  1 + à / x  

Aq / A i  i s  d e s i g n a t e d  d i l u t i o n  r a t i o  ( D . R . ) .

H en ce ,

X " dyjè.R. -  1 ^

1 .  C . J .  C o l l i n s ,  * A dv an ces  i n  P h y s i c a l  O r g a n i c  Chemistry ,** 
e s .  V. G o ld ,  Academic P r e s s ,  London, 1964 ,  V o l . l l ,  p . 4 .
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E . 4 . 0 .  V a p o u r -p h a a e  o h ro m a to g ra p h y  m e th o d :

P r o d u c t s  o f  c h l o r i n a t i o n  o f  N - a c e t y l c a r b a z o L e  w ere  

p r e p a r e d ,  and i s o l a t e d  by t h e  same t e c h n i q u e  t h a t  was 

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

a n a l y s i s #  G a s - c h r o m a to g ra p h y  a n a l y s i s  on s a m p le s  f rom  

t h e s e  r e a c t i o n  p r o d u c t s  was c a r r i e d  o u t  by Dr# B#A# Jo h n so n ^#

E#4#d.  T h i n - l a y e r  c h r o m a to g ra p h y  m e th o d :

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

c h l o r i n a t i o n  o f  N - a c e t y l c a r b a z o l e #  I t  was a l s o  u s e d  t o  

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

c o m p e t i t i v e  c h l o r i n a t i o n  o f  c a r b a z o l e  and d ip h e n y la m in e #  

T h i n - l a y e r  c h ro m a to g ra p h  ( T . L . C # ) p l a t e s  w ere  

p r e p a r e d  by s p r e a d i n g ,  e v e n l y ,  a q u e o u s  s l u r r i e s  (E g # /5  ml# 

o f  w a t e r )  o f  s i l i c a g e l  G# (E# M erck ,  Germany) on t h i n ,  c l e a n ,  

d r y  g l a s s  p l a t e s .  E g .  o f  s i l i c a g e l  w ere  u s e d  f o r  e v e r y
o

8 X 10 cm ♦ The a d s o r b e n t  was r e a c t i v a t e d  by a l l o w i n g  t h e  

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

and t h e n  i n  an oven a t  95® f o r  a  p e r i o d  o f  a p p r o x i m a t e l y  

3 h o u r s # The r e a c t i v a t e d  p l a t e s  w ere  s t o r e d  i n  a  d e s i c c a t o r

o v e r  s i l i c a g e l .

M i c r o - p i p e t t e s  w ere  u se d  f o r  s p o t t i n g  t h e  v a r i o u s  

s o l u t i o n s  on t h e  p l a t e s ♦. S p o t s  on t h e  same p l a t e  i n t e n d e d

1 .  Dr# B.A# J o h n s o n ,  M e d ic a l  R e s e a r c h  C o u n c i l ,  H o l l y  H i l l ,  
London,  N.W.E.
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f o r  q u a n t i t a t i v e  o o m p a r i s o n s  w ere  d e l i v e r e d  by  t h e  same 

p i p e t t e .

The i d e a l  s o l v e n t  f o r  d e v e l o p i n g  t h e  c h ro m a to g ram s  

was fo u n d  t o  be a  m i x t u r e  o f  b e n z e n e  (40 and p e t r o l e u m  

e t h e r  (40 -60® ; 60 ^ ) .  I t  was found  n e c e s s a r y ,  h o w ev e r ,  t o  

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

A f t e r  t h e  s o l v e n t  was removed f ro m  them ,  t h e  d e v e lo p e d  

p l a t e s  w ere  ex p o sed  t o  u l t r a  v i o l e t  r a d i a t i o n s  f ro m  a  u # V .S .

500 lamp (H a n o v ia )  u n t i l  a l l  t h e  s p o t s  on t h e  p l a t e s  w ere  

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

s p o t s  f ro m  t h e  r e a c t i o n  m i x t u r e s  w ere  m a tched  i n  s i z e  and 

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

The f o l l o w i n g  c h l o r i n a t i o n  r e a c t i o n s  w ere  c a r r i e d  

on N - a c e t y l o a r b a z o l e :

I )  C h l o r i n a t i o n  o f  50 ^  o f  t h e  N - a c e t y l c a r b a z o l e .

I I )  C h l o r i n a t i o n  u s i n g  e q u i m o l a r  c o n c e n t r a t i o n s  o f  r e a g e n t s .

I I I )  C h l o r i n a t i o n  i n  p r e s e n c e  o f  e x c e s s  o f  o h l o r i n e .

The p r o d u c t s  o f  t h e s e  r e a c t i o n s  w ere  i s o l a t e d ,  and

t h e n  h y d r o l y s e d  by b o i l i n g  u n d e r  r e f l u x  and f o r  30 m i n u t e s  

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

made a l k a l i n e  w i t h  sodium  h y d r o x i d e ,  and t h e n  c a r e f u l l y
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e x t r a c t e d  w i t h  e t h e r .  A f t e r  i t  was washed s e v e r a l  t i m e s  

w i t h  w a t e r ,  t h e  e t h e r  e x t r a c t  was e v a p o r a t e d  t o  d r y n e s s ,  

and t h e  r e s i d u e  was f i n a l l y  d i s s o l v e d ,  q u a n t i t a t i v e l y ,  

i n  b e n z e n e . y

The p r o d u c t s  o f  t h e  50 fo c h l o r i n a t i o n  r e a c t i o n  w ere  

t e s t e d  i n  b o t h  t h e  h y d r o l y s e d ,  and t h e  u n h y d r o l y s e d  f o r m .
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2 . 5 .  D a ta  and R e s u l t s  o f  P r o d u c t  A n a l y s i s .  -------   •

2 . 5 . a .  N - A o e t y l o a r b a z o l e .

2 . 5 . a . I .  A n a l y s i s  by t h e  I n f r a r e d  s p e o t r o s o o p y  m e th o d .

D a t a :

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

was p r e p a r e d ,  and s u b m i t t e d  f o r  a n a l y s i s .

R e a c t a n t s ,

N - A c e t y l c a r b a z o l e  » 0 .5 2 3 1  g .

C h l o r i n e  = 0 .1 8 0 8  g .

P r o d u c t s ,

N - A c e t y l c a r b a z o l e  ( u n r e a c t e d )  ■ 0 .2 5 6 3  g .

C h l o r o - H - a c e t y l c a r b a z o l e  -  0 .3 1 0 7  g .

Added U - a c e t y l c a r b a z o l e  ■ 0 .0 5 4 4  g .

T o t a l  amount o f  p r o d u c t s  0 .6 2 1 4  g#
m um mt tm

T hese  0 . 6 2 1 4  g .  w ere  d i s s o l v e d  i n  1 2 . 4  m l .  o f  p u r e  

h ro m o fo rm .

R e s u l t s ; ...................., . .  ̂ . .  . .  .. . V ... ........

Com par ison  o f  t h e  s p e c t r a  o f  t h e  above r e a c t i o n
   -       '  .

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

t h e  f o l l o w i n g  c o n c l u s i o n s .
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1 .  E - C h l o r o - N - a o e t y l o a r b a z o l e  i s  one o f  t h e  p r o d u c t s  

o f  c h l o r i n a t i o n  o f  N - a c e t y l c a r b a z o l e .

2 .  The p e r c e n t a g e  o f  t h i s  i s o m e r  i s  5 ^  a p p r o x i m a t e l y #
■s«s#e

2 . 5 . a . I I .  A n a l y s i s  by t h e  i s o t o p i c  d i l u t i o n  m e th o d .

D a t a : .

I )  250 m l .  o f  r e a c t i o n  m i x t u r e  w ere  p r e p a r e d  t o  c o n t a i n ,

N - a o e t y l c a r b a z o l e  » 1 .0 4 6  g#

c h l o r i n e  (0 .1 8 4 7  25 m l .

I I )  A sam ple  (100 m l . )  o f  t h i s  r e a c t i o n  m i x t u r e  was

rem oved ,  and was eu ia lysed  f o r  3 - c h l o r o - N ‘- a o e t y l c a r b a z o l e #

A ssum ing  t h a t  a l l  t h e  c h l o r i n e  w en t  i n t o  mono sub  s t  i  t u t  i o n , 

t h e n  t h i s  sam ple  w ould  c o n t a i n  0^225  g .  o f  mixed c h l o r o - n -  

a o e t y l c a r b a z o l e s .

I I I )  W eigh t  o f  i n a c t i v e  3 - o h l o r o - î r - a o e t y l o a r b a z o l e  added  

( d i l u e n t )  » 2 g .

IV) A c t i v i t y  o f  t h e  s t a r t i n g  m a t e r i a l  (0 .0 0 1 6 4  M

s o l u t i o n )  » 9510 c o u n t s /  15 mins#

V) A c t i v i t y  o f  t h e  d i l u t e d  i s o m e r  (0 .0 2 0 5 2  M s o l u t i o n )

« 9100 c o u n t s /  15 m i n s .

R e s u l t s :

D .R .  -  9 5 1 0 /0 .0 0 1 6 4  x  0 . 0 2 0 5 2 /9 1 0 0  -  1 3 .0 8

W eigh t  o f  r a d i o a o t i v e  3 - o h l o r o - ^ - a o e t y l o a r b a z o l e
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( i n  100 m l .  s a m p le )

-  2 / 1 2 .O8 -  0 .1 6 5 6  g .

. .  P e r c e n t a g e  o f  3 - o h l o r o - N - a c e t y l c a r b a z o l e  

» 100 X 0 ^ 1 6 5 6 / 0 .2 2 5  -  74

B u t  t h i s  p e r c e n t a g e  had t o  be c o r r e c t e d  f o r  t h e  

c h l o r i n e  t h a t  was removed a s  d i c h l o r o - N - a c e t y l o a r b a z o l e .

I t  was fo u n d  r e a s o n a b l e  t o  assume t h a t  t h e  l o s s  due t o  

t h i s  am oun ts  t o  a b o u t  5 ^  o f  t h e  t o t a l  c h l o r i n e  c o n c e n t r a t i o n  

.% The p e r c e n t a g e  o f  3 - c h l o r o - H - a o e t y l c a r b a z o l e  « 83

2 . 5 . a . I l l #  A n a l y s i s  by t h e  v . p . c .  m e th o d .

D a t a :

Two r e a c t i o n  m i x t u r e s  w ere  p r e p a r e d  i n  w h ich  n - a c e t y l -  

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

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

1 .  N - A c e t y l o a r b a z o l e  •  0 .5 2 9 2  g .

C h l o r i n e  ( 0 . 4 7 2  ïï) -  5 m l .

2 .  N " A c e t y l c a r b a z o l e  » 0 .5 2 3 5  g .

C h l o r i n e  ( 0 .5 0 3 6  E )" 5 m l .

R e s u l t s :

I n  e a c h  c a s e  t h e  r e a c t i o n  p r o d u c t s  w ere  r e c o v e r e d ,  

q u a n t i t a t i v e l y ,  and a n a l y s e d  by v . p . o .

The r a t i o  o f  2 - c h l o r o -  t o  3 - o h l o r o -  t o  4 - o h l o r o - E »  

a c e t y l c a r b a z o l e  was found  t o  be i n  t h e  o r d e r  o f  3 : 4 4 13 ,  

r e s p e c t i v e l y .
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2 . 5 . a . I V . A n a l y s i s  by t h e  t . l . o .  m e t h o d .

D a t a :

1 .  50 ^  C h l o r i n a t i o n  r e a o t i o n .

R e a o t a n t s ,

E - a o e t y l o a r b a z o l e  » 0 .8 2 7 6  g .

c h l o r i n e  ( 0 . 8  N) ■ 5 m l .

P r o d u c t s ,

c h l o r o - N - a o e t y l c a r b a z o l e  « 0 . 4 6  g .

o h l o r o c a r b a z o l e  •  0 . 3 8  g .

2 .  C h l o r i n a t i o n  r e a c t i o n  u s i n g  e q u im o le o u l a r  q u a n t i t i e s  

o f  r e a g e n t s .

R e a o t a n t s ,

E - a o e t y l c a r b a z o l e  « 0 .8 2 7 6  g .

c h l o r i n e  ( 0 . 8  ï )  » 10 m l .

P r o d u c t s ,

c h l o r o - E - a c e t y l c a r b a z o l e  « 0 . 9 2  g .  

o h l o r o c a r b a z o l e  ■ 0 . 7 6  g .

3 .  C h l o r i n a t i o n  r e a o t i o n  u s i n g  e x c e s s  o f  c h l o r i n e .

R e a c t a n t s ,

R - a o e t y l c a r b a z o l e  » 0 . 4 1  g .

c h l o r i n e  ( 0 .3 6  N) •  15 m l .

R e s u l t s  and C o n c l u s i o n s :

A n a l y s i s ,  by t h i n - l a y e r  c h r o m a to g ra p h y ,  o f  t h e  above 

r e a o t i o n  m i x t u r e s  ( b e f o r e  and a f t e r  t h e y  w ere  h y d r o l y s e d )
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e n a b l e d  t h e  f o l l o w i n g  o o n o l u s i o n s  t o  be  d raw n .

I )  C a r b a a o l a s  t r a v e l l e d  f a s t e r  t h a n  t h e i r  N - a o e t y l  

d e r i v a t i v e s .  ( F i g . I )  The f o l l o w i n g  o d e r  f o r  t h e  r a t e  o f  

e l u t i o n  was a l s o  g i v e n  f o r  t h e  oompounds d e s o r i b e d :  

l - o h l o r o o a r b a z o l e >  2 - ^  3*--^4---w-oarbazole> E - a c e t y l -  ^  

o h l o r o - N - a o e t y l o a r b a z o l e s .

I I )  H y d r o l y s i s  o f  t h e  N - a o e t y l c a r b a z o l e s  was c o m p le te  

u n d e r  t h e  r e a c t i o n  c o n d i t i o n s  u s e d .  ( P l a t e  I . )

I I I )  A n a l y s i s  o f  t h e  p r o d u c t s  o f  100 ^  c h l o r i n a t i o n  

o f  N - a o e t y l o a r b a z o l e ,  i n  w h ich  a l l  t h e  i s o m e r s  were  

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

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

c h l o r i n a t i o n .  ( P l a t a  I I . )

IV )  The s e p a r a t i o n  o f  t h e  c h l o r o - E - a c e t y l o a r b a z o l e s  was 

v e r y  p o o r .  C o n s e q u e n t l y ,  no  a t t e m p t  was made t o  a n a l y s e  

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

3 - c h l o r o - ,  and 4 - o h l o r o c a r b a z o l e  was e q u a l l y  p o o r .  However,

1 - c h l o r o - ,  and 2 - o h l o r o o a r b a z o l e  s e p a r a t e d  n e a t l y  f rom  one 

a n o t h e r ,  and f ro m  a l l  t h e  o t h e r  i s o m e r s .  ( F i g .  I ) I t  w a s ,  

t h e r e f o r e ,  p o s s i b l e  t o  o b t a i n  a  r e a s o n a b l e  e s t i m a t e  o f  

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

V) The p e r c e n t a g e s  o f  1 - c h l o r o - N - a o e t y l o a r b a z o l e , and

2 - o h I o r o c a r b a z o l e  w ere  e s t i m a t e d  t o  be 3 and 6 r e s p e c t
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3 -  ■ 3 - '  4 -
o h L o rd - ï ï - a o e t  yL < 

c a r b a z o l e

H - à o e ty L -
o a r b a z o l e

I -  2— 3 — 4

o h l o r o c a r b a z o l e

o # r b a
z o l e

F i g . I .  Order o f  e l u t i o n  o f  c a r b a z o l e , o h l o r o c a r b a z o l e .  a n d

t h e i r  N - a c e t y l  d e r i v a t i v e a .  u s l n ^  b e n z e n e - l l A h t  p e t r p l e u m  

( 2 : 4 )  a s  s o l v e n t .
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P l a t a . 1 .

T h i n - l a y e r  ohrom atogram  o f  

p r o d u c t s  ( h y d r o l y s e d )  o f  

c h l o r i n a t i o n  o f  B - a c e t y l -  

c a r b a z o l e .

I -  2 -  3 -  4 -  ^0^

•  R e a c t i o n  m i x t u r e  

^ 0  ̂ m o a r b a z o l eT
I - ,  2 - ,  3 - ,  4 - c b L o r o c a r b a -  

z o l e .

©

R e a c t i o n
m i x t u r e

. . 4

4 - , 3 - , 2 - , I -
c b l o r o c a r b a z o l e

P l a t e e l l .

Two-d imen a i o n a l  

d e v e lo p m e n t  o f  

p r o d u c t s  ( h y d r o 

l y s e d )  o f  100 

c h l o r i n a t i o n  o f  

N - a c e t y l c a r b a z o l e .



78

i v e L y .  ( P l a t e  I I I .  and I V . )

V I )  1 - C h l o r o - N - a o e t y I o a r b a z o l e  h y d r o l y s e d  d u r i n g  t h e  

p r o c e s s  o f  i s o l a t i o n ;  t h i s  would a c c o u n t  f o r  i t s  a b s e n c e  

f ro m  t h e  r e s u l t s  o b t a i n e d  by v a p o u r - p h a s e  c h r o m a to g ra p h y .  

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

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

r e c a l c u l a t e d  t o  ac com oda te  f o r  t h e  r e l a t i v e  c o n t r i b u t i o n  

by 1 - c h l o r o - N - a c e t y l c a r b a z o l e  t o  t h e  o v e r a l l  i s o m e r i c  

d i s t r i b u t i o n .

S . S . a . V .  Summary o f  m e th o d s  and r e s u l t s .

The f o l l o w i n g  t a b l e  l i s t s  t h e  i s o m e r  r a t i o  a g a i n s t  

t h e  m e th o d s  by  w h ich  i t  was o b t a i n e d .

A n a l y t i c a l  Method P e r c e n t a g e

1 -

o f

2-

C h l o r o - I I - a c e t y l c a r b a z o l e  

3 -  4 -

I n f r a r e d  s p e c t r o 
sco p y 5

I s o t o p i o  d i l u t i o n 83

v . p . c . * 6 86 6

T .L .C . 3 6

R e p r e s e n t a t i v e  r a t i o 3 6 85 6

The c o r r e c t e d  v a l u e s  a r e  q u o te d  h e r e .
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\-

P l a t e . I I I .

A b s o l u t e  p e r o e n t a g e  o f  t h e

I - o h l o r o - l s o m e r  In  t h e  

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

o f  E - a c e t y l c a r b a z o l e .

•  o

2 3 "M" 4 h io

P l a t e . I V .

A b s o l u t e  p e r o e n t a g e  o f  

t h e  2 - o h l o r o - I s o m e r  I n  

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

a t l o n  o f  H - a o e t y l o a r b a z o l e

#

6 “IT* 6 8



Bo

2 . 5 . b .  E - A c è t y l d i p h e n y l a m i n e .

2 . 5 . b . 1 .  A n a l y s i s  by t h e  v . p . o .  m e th o d .

D a t a :

E - A o e ty ld ip h e n y la r a i n e  and c h l o r i n e  w ere  made t o  

r e a c t  i n  p u r e  a c e t i c  a c i d  a s  s o l v e n t .  The tv/o compounds 

w e re  p r e s e n t  i n  t h e  f o l l o w i n g  c o n c e n t r a t i o n s .

1 .  E - A c e t y l d i p h e n y l a m i n e  = 0 . 5 3 2  g .

C h l o r i n e  = 5 m l .

2. E-Acetyldiphenylamine = 0.5265 g.
C h l o r i n e  = 5 m l .

The p r o d u c t s  o f  t h e s e  r e a c t i o n s  v/ere i s o l a t e d  by 

t h e  s t a n d a r d  method d e s c r i b e d  e a r l i e r .

R e s u l t s :

2 -G h lo r o -E -a o e ty ld ip h e n y la m in e  « 34
4 -C h lo r o -E -a o e ty ld ip h e n y la m in e  = 66
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2 . 6 .  C o m p é t i t i v e  C h l o r i n a t i o n  o f  C a rb a z o le  and 

D ip h e n y l a m i n e . ----------  •

2 . 6 . a .  Method o f  a n a l y s i s .

To b e g i n  w i t h  o a r b a z o l e  and d ip h e n y la m in e  w ere  

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

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

o f  c h l o r i n e  was 3 : 1 .  The p r o d u c t s  o f  t h e  r e a c t i o n s  w ere  

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

i s o l a t e d  m a t e r i a l  i n  a c e t o n e  (A .R . )  w ere  a n a l y s e d  by 

t h i n - l a y e r  c h r o m a to g ra p h y .  Prom t h i s  a n a l y s i s  i t  was p o s s i b l e  

t o  e s t i m a t e  t h e  r e l a t i v e  p e r c e n t a g e  o f  a l l  t h e  m o n o - c h l o r o -  

c a r b a z o l e s .

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

a m in e .  The r a t i o  o f  t h e  mixed s u b s t r a t e  t o  t h a t  o f  c h l o r i n e  

was a l s o  3 : 1 .  The c h l o r i n a t i o n  p r o d u c t s  w ere  a n a l y s e d  f o r

1 - o h l o r o c a r b a z o l e . By com par ing  t h e  amount o f  1 - c h l o r o -  

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

i n  p r e s e n c e ,  and in  a b s e n c e  o f  d ip h e n y la m in e  i t  v/as p o s s i b l e  t o  

e s t a b l i s h  an o r d e r  o f  r e a c t i v i t y  f o r  c a r b a z o l e  r e l a t i v e  t o  

d i p h e n y l a m i n e .

2 . 6 . b .  C h l o r i n a t i o n  o f  c a r b a z o l e .

D a ta :
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R e a o t a n t s ,

c h l o r i n e  ( 0 .0 9 1 2  E)  « 5 m l .

o a r b a z o l e  » 0 .1 1 4  g .

P r o d u c t s ,

c h l o r o o a r b a z o l e s  ( e x p e c t e d )  » 0 .0 4 6  g .

1 - c h l o r o c a r b a z o l e  = 0 .0 0 4 1 4  g .

R e s u l t s :

1 - C h l o r o c a r b a z o l e  » 9

3 - C h l o r o c a r b a z o l e  -  91

2 - C h l o r o c a r b a z o l e  was found  t o  be a b s e n t  f rom  t h e  

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

t o  assume t h a t  t h e  4 - c h l o r o  i s o m e r  was a l s o  a b s e n t .

2 . 6 . C .  C h l o r i n a t i o n  o f  d i p h e n y l a m i n e .

D a t a :

D ip h e n y la m in e  •  0 .1 1 6 4  g .

C h l o r i n e  (0 .0 9 1 2  E) -  5 m l .

R e s u l t s :

The p r o d u c t s  o f  c h l o r i n a t i o n  o f  d ip h e n y la m in e  w ere

a n a l y s e d  q u a l i t a t i v e l y ,  w i t h  p a r t i c u l a r  em p h as is  on t h e

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

1 - c h l o r o c a r b a z o l e .
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C h l o r l n a t l o D  o f  o a r b a z o l e  In  p r e a enoe o f  d l p b e n y l a m i n e •

D a t a :

R e a c t a n t s ,

c h l o r i n e  ( 0 .0 9 1 2  H) -  5 m l .

c a r b a z o l e  ■ 0 .1 1 4  g .

d i p h e n y la m in e  ■ 0 .1 1 6 1  g .

P r o d u c t s ,

1 - c h l o r o c a r b a z o l e  ■ 0 ,0 0 0 6 9  g ,

o h l o r o c a r b a z o l e  -  0 .0 0 7 6 6 7  g .

R e s u l t s :

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

c h l o r i n a t i o n  r e a o t i o n ,  i t  was assumed t h a t  t h e  p r e s e n c e  

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

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

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

c a r b a z o l e  ( 2 . 6 . b . ) ,  and t h o s e  f ro m  c o m p e t i t i v e  c h l o r i n a t i o n  

( 2 . 6 . d . )  gave  t h e  f o l l o w i n g  r e s u l t s :

C a r b a z o l e  ( u n r e a c t e d ) ■ O.lOB g .

D ip h en y lam in e  ( u n r e a c t e d )  ■ 0 . 0 8 4  g .

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

am ine w ere  t h e n  e v a l u a t e d  u s i n g  t h e  e q u a t i o n  d e r i v e d  by I n g o l d ^

1 .  O.K. I n g o l d  and E .H .  I n g o l d ,  J .  Chem. Ü o c . ,  1 9 31 ,  2 3 5 4 .
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f o r  t h e  o a l o u l a t i o n  o f  t h e  r e l a t i v e  r a t e s  o f  any two 

r e a c t i v e  s u b s t r a t e s  i n  a  c o m p e t i t i v e  r e a c t i o n ,

k y / k ,  .  ^ o g  yo -  l o g  y^^og  Xq -  l o g  x ^ ,

w here  yo and Xg a r e  t h e  i n t i a l  c o n c e n t r a t i o n s  o f  t h e  two 

c o m p e t in g  s u b s t r a t e s ,  and y and x a r e  t h e i r  r e s p e c t i v e  

c o n c e n t r a t i o n s  a f t e r  t im e  t .

H ence ,

lo g  0 .1 1 4  -  l o g  0 .1 0 8  

o a r b a z o l e  d ip h e n y la m in e  0 . 1 1 6 1 -  l o g  0 .0 8 4

» l/S.
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2 . 7 .  C o m p i l a t i o n  o f  I n f r a r e d  S p e c t r a  o f  C a r b a z o le  and

Some o f  i t s  D e r i v a t i v e s .   -----------•

The i n f r a r e d  s p e c t r a  o f  o a r b a z o l e ,  1 - ,  2 - ,  3 - ,  and

4 - o h l o r o c a r b a z o l e  t o g e t h e r  w i t h  t h e i r  E - a c e t y l  d e r i v a t i v e s ,  . 

a r e  r e p o r t e d  i n  T a b le  1 . and T a b le  2 . The s p e c t r a l  m e a su rem e n ts  

w e re  made on s a m p le s  o f  t h e s e  compounds i n  n u j o l , and u s i n g  

sod ium  c h l o r i d e  p l a t e s .  The s p e c t r a  w ere  r e c o r d e d  w i t h  a 

Unicam S . P .  200 s p e c t r o p h o t o m e t e r .

T a b le  1 .

I n f r a r e d  a b s o r p t i o n  b a n d s  (cm. ^ ) o f  o a r b a z o l e ,  and 

i t s  f o u r  m o n o ch lo ro  d e r i v a t i v e s .

C a r b a z o l e

1 -

O h l o r o c a r b a z o l e  

2 -  3 -

680 w 670 w 665 m

722 8 725 8 725 3 718 s

750 s 740 3 750 3 745 s 750 3

785 w 780 w 782 3

810 w 812 3 818 s 815 w

860 m 865 w 855 m 850 w 850 w

885 m 895 w

( s  # s t r o n g ;  m = medium; w » w eak .  )
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Tabla 1 .  (oontinuacl)

C a r b a z o l e

1 -

C h l o r o o a r b a z o l e  

E-  3 - 4 -

930 s  

1011 m

1100 w 

1133 m 

1197 m 

1218 w 

1230 w 

1280 w

1332 3

1593 m

1615 m 

1765 w 

1880 w 

3380 s

935 m 

1030 m 

1068 w

1135 m 

1182 w 

1210 w 

1228 w 

1268 w

1317 w 

1332 m 

1495 m 

1560 m 

1602 w 

1620 w

905 w

985 m 

1000 w 

1065 m

1150 w

1200 w 

1230 m

1323 s

1593 m

1695 w

935 m

1065 m 

1110 w 

1160 w

1200 w 

1240 w 

1270 m

1335 w

950 s  

iQOO w 

1022 w

1140 m 

1175 8

1230 w 

1280 m 

1295 w

1330 w

1570 m 

1610 w 

1625 w

3390 m 3360 8 3420 m 3470 8
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Table 2«
- II n f r a r e d  a b s o r p t i o n  bonds  (om. ) o f  E -* a o e ty I -  

o a r b a z o l e ,  and i t s  m onoch lo ro  d e r i v a t i v e s #

N - A c e t y l c a r b a z o l e  C h l o r o - N - a c e t y l c a r b a z o l e

2 -  3 -  4 -

p r o d u c t à o f  
a c é t y l a t i o n  
o f  1 - c h l o r o -  
c a r b a z o l e

665 w 665 w 668 w 668 w

682 w

720 s 720 a 720 m 710 a

750 3 740 a 750 a 740 a 745 a

763 m 770 m

780 w 784 a 788 ffl

815 m 815 a 810 ffl

865 m 865 0 880 m 87q ffl

915 ffl

940 m 935 m 935 w 940 w

980 w 960 w 952 w

1015 m 1015 W 1010 w 1000 w

1020 w

1030 m 1030 w 1035 ffl 1228 a 1035 a

1065 w 1070 ffl 1065 w 1070 w

1120 w 1120 w 1125 ffl

1135 a
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Table 2# ( continues)

E - A c e t y l c a r b a z o l e  C h l o r o - E - a o e t y l c a r b a z o l e  P r o d u c t s  o f
a c é t y l a t i o n

2 -  3 -  4 -  o f  1 - o h l o r o
c a r b a z o l e

1150 w 

1188 m 

1205 m

1235 m

1295 3 

1325 3

1595 w

1695 8 

1785 w

1900 w

1155 8

1178 w 1185 w 1170 8

1200 m 1205 m 1205 m

1215 w ,

1230 w 1225 w 

1266 w 1270 w ' 1263 m

1295 m 1295 s 1290 3

1320 m 1325 w

1410 m

1585 w 1575 w 1585 m

1605 w 1600 w 

1660 m 1678 3  1683 3

1695 w

1185 3

1225 ffl 

1265 s

1332 3 

1412 ffl 

1425 8 

1490 3 

1555 3 

1600  ffl

1620 w 

1695 ffl 

1765 w

1880 w

3340 3
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3 . 1  K i n e t i c s  a n d  Mechanism 

3 . 1 a  K i n e t i c s .

The rate coefficien ts for molecular chlorination 

in pure acetic acid at 25  ̂ of E-acetyldiphenylamine, N-acetyl- 

carbazole, 2-chloro- and 3-chloro-N-acetylcarbazole were 

calculated using the integrated rate equation for bimolecular 
reactions.

C o n s i s t e n t  v a l u e s  were o b t a i n e d  f o r  t h e  r a t e  c o n s t a n t s  

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

t h e s e  v a l u e s  was a b o u t  4F/o, t h e  r e a c t i o n s  u s u a l l y  b e i n g  

f o l l o w e d  f o r  o v e r  60% o f  t h e  r e a c t i o n  r a n g e .  From t h i s  

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

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

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

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

c h l o r i n a t i o n  r e a c t i o n s  o f  o t h e r  a n i l i d e s  w ere  a l s o  fo u n d  

t o  b e  o f  s e c o n d  o r d e r  . The f o l l o w i n g  k i n e t i c  e q u a t i o n
Q

h a s  b e e n  a d o p t e d  f o r  t h e s e  r e a c t i o n s .

- d [ C l g ] / d t  = k g [ A r n ] [G lg ]

1 .  O.M.H, e l  D usougui  and  M. H assan ,  J .C h e in .S o c . ,  1966,  B, 
374; an d  r e f e r e n c e s  t h e r e i n .

2 .  P .W. R o b e r t s o n ,  J .C h e m .S o c . ,  1954, 1276 .
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I t  h a s  a l s o  b e e n  p ro v e d ^  t h a t  t h e  c h l o r i n a t i n g  e n t i t y  

i n  t h e s e  c h l o r i n a t i o n  r e a c t i o n s  i s  m o l e c u l a r  c h l o r i n e ,  r a t h e r  

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

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

t h e  compounds e n u m era te d  above a r e  s u im ia r i s e d  i n  t h e  f o l l o w i n g  

t a b l e :

Compound k g ^ t l . m o l e ' ^ i l n " ^ )

Ïï-Ace tyldipheuy lamine 1 . 1

E-Ac e t y l c a r b a z o l e  4 . 3

2-Ghloro-E-acetylcarbazole 0.81

3-Ghloro-K-acetylcarbazole 0.57

»Mean o f  v a l u e s  i s  g i v e n .

No r a t e  c o n s t a n t  h a s  a s  y e t  b e e n  f u r n i s h e d  foP t h e  

c h l o r i n a t i o n  o f  c a r b a z o l e ,  b u t  t h e  r e a c t i o n  i s  known t o  be

v e r y  f a s t ,  so much so t h a t  i t s  r a t e  c o u l d  n o t  b e  f o l l o w e d  by
2

c o n v e n t i o n a l  k i n e t i c  m e thods  . A c é t y l a t i o n  o f  c a r b a z o l e  

t o  E - a c e t y l c a r b a z o l e ,  how ever,  g r e a t l y  r e d u c e d  t h e  r e a c t i v i t y  

Q)f t h e  l a t t e r  compound to w a r d s  m o l e c u l a r  c h l o r i n e .  The h i g h  

r e a c t i v i t y  o f  c a r b a z o l e  d e r i v e s  f ro m  th e  l o n e - p a i r  o f  e l e c t r o n s  

w h ic h  r e s i d e  on  t h e  n i t r o g e n  a tom  b e i n g  a v a i l a b l e  f o r  

c o n j u g a t i o n  w i t h  t h e  v a r i o u s  a p p r o p r i a t e  p o s i t i o n s  i n  t h e  

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

1 .  P.W. R o b e r t s o n ,  J .C h e m .S o c . ,  1954, 1276 .
2 .  R .  Oda a n d  K. Tamura,  S c i . P a p e r s  In d .C h e m .R e s e a r c h  (T o k y o ) ,  

1937 ,  Eo .  728, 129; f ro m  Chem.Abs. ,  1938, 2517'^.
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i n  m a rk ed  r e d u c t i o n  o f  t h e  e l e c t r o n - r e l e a s i n g  power o f  t h e  

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

t h e  e l e c t r o n s  a v a i l a b l e  f o r  c o n j u g a t i o n  by  t h e  c a r b o n y l  

c e n t r e  o f  t h e  s u b s t i t u t e d  a c e ta in id o - g ro u p  i n  N - a c e t y l c a r b a z o l w ;

■O

The f u r t h e r  r e d u c t i o n  i n  t h e  r a t e  o f  r e a c t i o n  o f  

M - a c e t y l c a r b a z o l e  on  i n t r o d u c i n g  c h l o r i n e  a tom s ( a t  t h e  2 -  

o r  3 - p o s i t i o n )  i n  t h i s  sy s t e m ,  a c c o r d s  w i t h  t h e  g e n e r a l  

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

h a l o g e n s  by  v i r t u e  o f  t h e i r  - I  e f f e c t .

3 . 1 b .  Mechanism

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

d i s c u s s e d  e a r l i e r  ( S e c t i o n  "A” , X .b ) ,  an d  t h e  a c c e p t e d ^  

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

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

3 .2 ,  I s o m e r  D i s t r i b u t i o n  i n  R e a c t i o n  P r o d u c t s

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

o f  R - a c e t y l c a r b a z o l e  were a n a l y s e d  by i n f r a r e d  s p e c t r o s c o p y ,  

i s o t o p i c  d i l u t i o n ,  v a p o u r - p h a s e  c h ro m a to g ra p h y ,  an d  t h i n  -

1 .  P.W. R o b e r t s o n ,  J .C h e m .S o c . ,  1954, 1276 .
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l a y e r  c h r o m a to g ra p h y  tech a iq ^u e .  The r e s u l t s  o b t a i n e d  by 

one m e thod  o f  a n a l y s i s  s e r v e d  t o  s u p p le m e n t ,  an d  where  p o s s i b l e  

a l s o  to  c o n f i r m  t h e  r e s u l t s  fu i^ n i s h e d  by t h e  o t h e r  m e thods  

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

c o n d i t i o n s  o f  H - a c e t y l c a r b a z o l e ,  U - a c e t y l d i p h e n y la m in e ,  an d  

c a r b a z o l e  w ere  a l s o  i n v e s t i g a t e d  by  t h i n - l a y e r  c h ro m a to g ra p h y  

a n d  by  v . p . c . .  The r e s u l t s  o f  t h e s e  a n a l y s e s  (%) a r e

g i v e n  b e lo w :
6é)

H Ac

The a b s e n c e  o f  t h e  2 - i s o m e r  f ro m  t h e  p r o d u c t s  o f  

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

a n d  t h e  r e a s o n a b l e  a s s u m p t io n  t h a t  t h e  4 - i s o m e r  v/ould 

c o n s e q u e n t l y  b e  a b s e n t  h a s  t h e n  b e e n  made.

The ab o v e  r e s u l t s  c l e a r l y  d e m o n s t r a t e  t h e  g r e a t e r  

r e a c t i v i t y  i n  t h e s e  s y s t e m s  o f  t h e  1 -  a n d  3 - p o s i t i o n s  a s  

com pared  w i t h  t h e  2 -  an d  4 - p o s i t i o n s ,  i n  a c c o r d a n c e  w i t h
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w h a t  h a s  p r e v i o u s l y  b e e n  r e p o r t e d  f o r  t h e  r e a c t i o n  o f  t h e s e  

compounds w i t h  o t h e r  e l e c t r o p h i l i c  r e a g e n t s ^ ' T h e s e  r e s u l t s  

a r e  a l s o  i n  e s s e n t i a l  a g r e e m e n t  w i t h  t h e o r e t i c a l  p r e d i c t i o n s  • 

The s u p e r i o r i t y  o f  t h e  amino ^ d  t h e  ac e t  ami do g roup  i n  

c o n t r o l l i n g  o r i e n t a t i o n ,  ev e n  when i n  c o m p e t i t i o n  w i t h  a n  

a r y l  g ro u p  h e l d  i n  a  p l a n a r  c o n f i g u r a t i o n ,  h a s  b e e n
4

c o n s i d e r e d  b e f o r e .

The d e c r e a s e  i n  t h e  p e r c e n t a g e  o f  t h e  1 - i s o m e r  on 

g o i n g  f ro m  c a r b a z o l e  (9%) t o  K - a c e t y l c a r b a z o l e  (3%) c o u l d  

be e x p l a i n e d  i n  t e r m s  o f  g r e a t e r  s t e r i c  ( a n d  may b e  a l s o  

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

t o  t h e  b u lk y  a c e t y l  g roup  i n  E - a c e t y l c a r b a z o l e .

The 2 - p o s i t i o n  and  t h e  4 - p o s i t i o n  a r e  shown to  be  more 

r e a c t i v e  i n  E - a c e t y l c a r b a z o l e  t h a n  i n  c a r b a z o l e .  T h i s  w ou ld  

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

l i k e  s y s t e m  i s  p r o b a b l y  more i m p o r t a n t  i n  t h e  fo rm e r  compound 

t h a n  i n  t h e  l a t t e r  compound. One l i k e l y  r e a s o n  c o u l d  b e  

t h a t  t h e  i n t r o d u c t i o n  o f  t h e  a c e t y l  g roup  i n  t h e  9 - p o s i t i o n  

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

o f  t h e  e l e c t r o n - r e l e a s i n g  power o f  t h e  l o n e - p a i r  o f  e l e c t r o n s .

1 .  Sumpter  a n d  M i l l e r ,  "The C h e m is t ry  o f  H e t e r o c y c l i c  
Compounds; H e t e r o c y c l i c  Compounds w i t h  I n d o l e  and  
C a r b a z o l e  S y s te m s" ,  I n t e r s c i e n c e ,  W orm erveer ,  1954 .

2 .  Dewar a n d  U rc h ,  J .C h e m .S o c . ,  1958, 3079 .
3 .  H .C .  L o n g u e t - H i g g i n s  an d  C.A. C o u l s e n ,  T r a n s . F a ra d a y  

S o c . ,  1947,  4 3 f 87 ;  G. B e r t h e i r  an d  B. P u l lm a n ,  
C o in p t . r e n d .  1948,  2 2 6 , 1 7 25 .

4 .  de l a  Mare a n d  R idd ,  "A ro m a t ic  S u b s t i t u t i o n " ,  
B u t t e r w o r t h s ,  London, 1 9 5 9 .
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t o  g i v e  t h e  p h e n y l  g roup  p a r t i a l  c o n t r o l  o f  o r i e n t a t i o n  i n

t h i s  s y s t e m .  N i t r a t i o n  o f  c a r b a z o l e  was r e p o r t e d ^  t o  have

g i v e n  a b o u t  2% o f  2 - n i t r o c a r b a z o l e ,  w h e re a s  i n  t h e  î ' r i e d e l -

C r a f t s  a c y l a t i o n  o f  N - a c e t y l c a r b a z o l e  a p p a r e n t l y  t h e  p h e n y l

g ro u p  t a k e s  o v e r  c o n ^ l e t e  c o n t r o l  o f  t h e  p o s i t i o n  o f

s u b s t i t u t i o n  i n  t h i s  compound, h en ce  th e  i s o l a t i o n  o f  a

s i n g l e  i s o m e r ,  t h e  2 , 9 - d i a c  e t y l c  a r b a z o l e , f ro m  t h e  p r o d u c t s
o

o f  t h i s  r e a c t i o n  •

I t  i s  known t h a t  t h e  m esom er ic  e l e c t r o n - r e l e a s e  by  b o t h  

t h e  amino a n d  t h e  ac e t  ami do g r o u p s  to  t h e  r e s i d u e s  th e y  

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

p a r a  t h a n  a t  t h e  o r t h o  p o s i t i o n s .  W ith  s e l e c t i v e  e l e c t r o 

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

s u b s t i t u t i o n  w o u ld  be  e x p e c t e d  f o r  su c h  m o l e c u l e s  . The 

i p / p  r a t i o  f o r  t h e  c h l o r i n a t i o n  o f  a c e t a n i l i d e  was r e p o r t e d ^  

t o  b e  0 . 2 4 .  The r e s u l t s  o b t a i n e d  h e r e  g iv e  a  v a l u e  o f  0 .2 6  

f o r  t h e  same r a t i o  f o r  N - a c e t y l d i p h e n y l a m i n e ,  a p p r o x i m a t i n g  

t h a t  o f  a c e t a n i l i d e .  However, t h e  p / p - r a t i o  f o r  b o t h  

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

o n l y  0 . 1  an d  0 . 0 3 5  r e s p e c t i v e l y .  T h i s  m arked  d e c r e a s e  i n

1 .  Dewar a n d  U rch ,  J .C h e m .S o c . ,  1958, 3079.
2 .  P l a n t ,  R o g e r s  an d  W i l l i a m s ,  J .C h e m .S o c . ,  1935, 741 .
3 .  de l a  Mare, i n  " p r o g r e s s ,  i n  S t e r e o c h e m i s t r y " ,  e d s .  

W. K lyne an d  de l a  Mare, B u t t e r w o r t h s ,  London, 1958, 
V o l .  I I ,  p .  6 5 .

4 .  de l a  Mare a n d  H assan ,  J .C h e m .S o c . ,  1958, 1519 .
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t h e  0/ 2 - r a t i o ,  on  g o in g  f ro m  a c e t a n i l i d e  an d  K - a c e t y l -  

d i p h e n y la m in e  t o  U - a c e t y l c a r b a z o l e ,  i s  a c co m p a n ied  by an  

i m p o r t a n t  s t r u c t u r a l  ch an g e ,  i . e .  r i n g  c l o s u r e  i n  N - a c e t y l -  

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

c h l o r i n a t i o n  o f  d ip h e n y l  ( ^ p / p —r a t i o  = 0 .6 1 )  a n d  f l u o r e n e ^  

( 0 . 1 3 ) ;  t h e  n i t r a t i o n  o f  d i p h e n y l ^  ( 1 . 6 ) ,  d ip h e n y lm e th a n e  

( 0 . 3 1 )  an d  f l u o r e n e ^  ( 0 . 2 ? ) ;  an d  t h e  n i t r a t i o n ^  o f  d i p h e n y l ' 

am iné  ( 1 . 2 2 )  a n d  c a r b a z o l e  ( 0 . 4 ) .

I f  one t a k e s  i n t o  a c c o u n t  t h e  f a c t  t h a t  r i n g - c l o s u r e  

m i g h t  c o n c e i v a b l y  make t h e  " c l o s e d "  s y s te m s  more p l a n a r  

t h a n  t h e  c o r r e s p o n d i n g  "open"  s y s t e m s ,  one i s  l e f t  w i t h  t h e  

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

a c t i v a t i n g  s u b s t i t u e n t s ,  f u r t h e r  enhancem ent  o f  s u b s t i t u t i o n  

p a r a  t o  t h e s e  g r o u p s  c o u l d  be  a f f e c t e d  th r o u g h  srach s t r u c t u r a l  

c h a n g e s .  E v i d e n t l y ,  f u r t h e r  r e s e a r c h  on  t h i s  s u b j e c t  i s  

n e c e s s a r y  i f -  t h i s  s t a t e m e n t  i s  to  be  q u a l i f i e d .  The l o w e s t  

v a l u e s  r e c o r d e d  so f a r  f o r  t h e  p / p - r a t i o ,  and  w h ich  c o u l d ,  

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

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

Hence one w onders  w h e th e r  t h e  e l e c t r o p h i l i c  r e a g e n t ;  p l a y s  

an y  p a r t  i n  a u g m e n t in g  t h e s e  e f f e c t s ,  p r o v i d e d ,  o f  c o u r s e ,  

i t  i s  a ssum ed  i n  t h e  f i r s t  p l a c e  t h a t  t h e s e  t f f e c t s  a r e  i m p o r t a n t

1 .  Beaven ,  de l a  Mare, J o h n s o n ,  and  H assan ,  J .C h e m .S o c . ,  1962 ,  
98 9 .

2 .  Dewar, T.  Mole,  U rch  an d  E.W.T. W a rfo rd ,  J .C h e m .S o c . ,  1956, 
3573 .

3 .  Dewar a n d  U rch ,  J .C h e m .S o c . ,  1958, 3079 .
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2 # 3 .  E f f e c t  o f  R l n g - C l o s u r e  on Rea o t i v i t y  i n  t h e  C a rb a z o le
S y s t e m . " —

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

d i p h e n y l a m i n e  w ere  fo u n d  t o  be more r e a c t i v e  i n  n i t r a t i o n ^ ,  

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

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

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

i n  t h e s e  s y s t e m s .  The c o n c l u s i o n  drawn f rom  t h e  r e s u l t s  

o f  c o m p e t i t i v e  n i t r a t i o n  i n  a c e t i c  a n h y d r i d e  o f  d i p h e n y la m in e  

and c a r b a z o l e  was t h a t  t h e  f o r m e r  compound was a b o u t  tw e n ty  

t i m e s  more r e a c t i v e  t h a n  t h e  l a t t e r .

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

c a r b a z o l e  and d i p h e n y l a m in e  ( S e c t i o n  "B**, E . 6 ) i t  was p o s s i b l e  

t o  e s t i m a t e  t h e  r e l a t i v e  r e a c t i v i t i e s  o f  t h e s e  two compounds 

i n  t h i s  r e a c t i o n  ; and d ip h e n y la m in e  was fou n d  t o  be more 

r e a c t i v e  t h a n  c a r b a z o l e  by a  f a c t o r  o f  a b o u t  6 .  T h i s  

r e s u l t  was q u a l i t a t i v e l y  s i m i l a r  t o  t h a t  o b t a i n e d  by Dewar 

and Urch^ f o r  th e  n i t r a t i o n  r e a c t i o n ,  b u t  n u m e r i c a l l y  s i g n i 

f i c a n t l y  d i f f e r e n t .  I t  i s  t o  be n o t e d ,  h o w e v e r ,  t h a t  t h e s e  

a u t h o r s  gave  t h e i r  r e s u l t s  a  w ide  m a r g i n a l  e r r o r .

1 .  Dewar and U rc h ,  J ;  Chem. S o c . ,  1958, 3079 .
E. B a b o m  and S p e r r y ,  J .  Chem. S o c . ,  1961, 4 9 2 1 .
3 .  B aborn  and B a k e r ,  J .  Ghem. S o c . ,  1961, 5 0 7 7 .
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A r e a s o n  h a s  b e e n  s u g g e s t e d  by  E a b o rn ^  and  h i s  c o - w o r k e r s  

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

a n d  c l o s u r e  o f  t h e  f iv e -m e i i ib e re d  r i n g  i n  t h e  s y s t e m s  

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

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

t h r o u g h  r e s o n a n c e ,  a r o m a t i c  c h a r a c t e r  t o  t h e  f i v e - i æ m b e r e d  

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

a p p r o p r i a t e  p e r i p h e r a l  p o s i t i o n s  i n  t h e  b e n z e n e  r i n g s  o f  t h e s e  

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

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

On t h e  o t h e r  h an d ,  m o l e c u l a r  c h l o r i n a t i o n  o f  N - a c e t y l -  

d ip h e n y la m in e  (kg  = 1 . 1 )  and  N - a c e t y l c a r b a z o l e  (kg = 4 . 3 )  

showed t h a t  t h e  l a t t e r  compound was t h e  more r e a c t i v e  o f  t h e  

two, t h e r e b y  g i v i n g  an  o r d e r  o f  r e a c t i v i t y  w h ic h  i s  d i r e c t l y  

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

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

d i p h e n y la m in e  an d  N - a c e t y l - c a r b a z o l e  c o u l d  be  a t t r i b u t e d  to  

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

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

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

s u s c e p t i b i l i t y  o f  t h e i r  m o l e c u l a r  c h l o r i n a t i o n  r e a c t i o n s  t o
2

s t e r i c  i n h i b i t i o n  o f  m esomerism .

1 .  E ab o rn  a n d  S p e r r y ,  J .C h e m .S o c . ,  1961, 4 9 2 1 .
2 .  de l a  Mare an d  H assan ,  J .C h e m .S o c . ,  1958, 1519 .
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Im pedance  o f  c o p l a n a r i t y  b e tw e e n  t h e  s u b s t i t u t e d  

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

r e s u l t i n g  f ro m  s t e r i c  r e p u l s i o n  b e tw e e n  t h e  b u l k y  a c e t y l  

g ro u p  an d  t h e  h y d r o g e n  a tom  o r t h o  t o  i t  i s  e x p e c t e d  to  

i n f l u e n c e  c o n j u g a t i o n  i n  t h e  sy s te m ,  an d  t o  r e d u c e  t h e  

m esom er ic  e f f e c t  o f  t h e  a c e t a m id o  g r o u p .  However,  by  a n a l o g y  

w i t h  t h e  s i m i l a r  s i t u a t i o n  i n  b i p h e n y l  and  f l u o r e n e ,  r i n g -  

c l o s u r e  w ould  e f f e c t i v e l y  r e s t o r e  c o p l a n a r i t y  i n  N - a c e t y l -  

c a x b a z o l e ,  a n d  w ou ld  l e a d  to  g r e a t e r  c o n j u g a t i v e  e l e c t r o n  

r e l e a s e  f ro m  t h e  a c e t a m id o  g r o u p .  T h i s  a l o n e  v/ould make 

N - a c e t y l c a r b a z o l e  more r e a c t i v e  t h a n  N - a c e t y l d i p h e n y l a m i n e .
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3 . 4  P a r t i a l  R a t e  F a c t o r s .

The r a t e  c o n s t a n t s  ( S e c t i o n  "B", 3 . 1 )  a n d  i s o m e r

d i s t r i b u t i o n  ( S e c t i o n  "B", 3 . 2 )  o f  c o n t r o l l e d  m o l e c u l a r

c h l o r i n a t i o n  o f  N - a c e t y l d i p h e n y la m in e  and  H - a c e t y l c a r b a z o l e

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

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

two c o n f o u n d s .  The r e l a t i v e  r a t e s  ( a l s o  g i v e n  be low )  a r e
1

b a s e d  on t h e  v a l u e  o b t a i n e d  b y  de l a  Mare a n d  H assan  f o r  

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

The a c c u r a c y  o f  t h e s e  v a l u e s  i s ,  o f  c o u r s e ,  a  f u n c t i o n  o f  

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

t h e  r a t e s  an d  i s o m e r  d i s t r i b u t i o n  i n  t h e s e  r e a c t i o n s .  T h i s

h a s  b e e n  d i s c u s s e d  b e f o r e .  The p a r t i a l  r a t e  f a c t o r s  f o r
1 2 a c e t a n i l i d e  an d  f l u o r e n e  a r e  i n c l u d e d  f o r  c o m p a r i s o n .

B e ca u se  o f  t h e  u n c e r t a i n t y  i n  t h e  m easu rem en t  o f  t h e  r a t e

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

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

r e a c t i o n  a r e  g i v e n  ; t h e  a c t u a l  m a g n i tu d e  o f  t h e  r a t e s  a r e

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

1 .  de l a  Mare a n d  H assan ,  J .C h e m .S o c . ,  1958 ,  1519 .
2 .  de l a  Mare, J o h n s o n ,  an d  J . S .  Lomas, J . C h e m .S o c . ,  

1964, 5317 .
3 .  de l a  Mare a n d  c o - w o r k e r s ,  J .C h e m .S o c . ,  i n  t h e  p r e s s
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C onrpom id X R e l a t i v e  R a te  
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H
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C a r b a z o l e > 4000

>10
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F l u o r e n e 1 1 . 3
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The s r e s u l t s  d e m o n s t r a t e  t h e  s t r i k i n g  r e a c t i v i t y  

o f  c a r b a z o l e  t o w a r d s  m o l e c u l a r  c n l o r i n e .  C o m p ar iso n  o f  t h e  

p a r t i a l  r a t e  f a c t o r  p a r a  t o  t h e  a c e ta m id o  g ro u p  i n  N - a c e t y l -  

c a r b a z o l e  ( 1 2 . 2  x  lo"^) w i t h  t h e  p a r t i a l  r a t e  f a c t o r  p a r a
o

t o  t h e  -NH g ro u p  i n  c a r b a z o l e  0 10 ) shows t h a t  t h e  s u b s t i t 

u t e d  a c e t a m i d o  g roup  i n  t n i s  s t r u c t u r a l  p o s i t i o n ,  a s  w e l l  a s  

i n  N -ac  e t y  I d i p h e n y  laii i ine = 2 . 4  x  10^) i s  s t i l l  a

p o w e r f u l  c o n j u g a t i v e  e l e c t r o n - r e l e a s i n g  s u b s t i t u e n t ,  i n  s p i t e  

o f  t h e  g r e a t  d e a c t i v a t i n g  e f f e c t  o f  t h e  a c e t y l  g ro u p .  T hese  

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

o f  m o l e c u l a r  c h l o r i n e  i n  e v o k i n g  e l e c t r o m e r i c  e l e c t r o n - r e l e a s e .

P a r t i a l  r a t e  f a c t o r s  a r e  now a v a i l a b l e  f o r  t h e  
1

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

c a r b a z o l e  r e s p e c t i v e l y :

50j,IOO

H E l
The s i m i l a r i t y  o f  t h e  p a r t i a l  r a t e  f a c t o r s  a t  t h e  3 - p o s i t i o n

2
i n  t h e s e  two compounds l e d  E a b o rn  a n d  h i s  c o - w o r k e r s  to  

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

c a r b a z o l e )  m i g h t  be  o f  l i t t l e  i m p o r t a n c e  i n  c a r b a z o l e  a s

1 .  Dewar an d  U rch ,  J .C h e m . S o c . ,  1958,  3079 .
2 .  E ab o rn  a n d  S p e r r y ,  J . C h e m .S o c . ,  1961,  4 9 2 1 .
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compared, with dibeiizothiphen and dibenzofxiran. However, the 

partial rate factors now established for molecular chlorination  

of carbazole and E-acetylcarbazole give greater spread of 

rates than is  so far observed for these systems. In th is  

connection i t  has been pointed out by de la Mare and Ridd 

that electromeric electron-release is  usually evoked much 

more effective ly  by neutral reagents (e .g . molecular halogens) 
than by positive e n tit ie s . It could, therefore, be concluded 

that po larisab ility  e ffects  are of great importance in the 

carbazole system, at least insofar as molecular chlorination  

reactions are concerned.

The following argument refers, unless otherv/ise stated, 

to the partial rate factors given above for the positions 

para to the acetamido group in acetanilide, and para to the 

substituted acetamido group in N-ac ety Idipheny lamine and 

N-acetylcarbazole.
Steric e ffects  play an important role in determining

the reactiv ity  of E-acetyIdiphenylamine and substituted
1anilides generally ; N-acetyIdiphenylamine i s  le ss  reactive 

than acetanilide (by a factor of about 100), and than 

N-acetyIcarb%zole (by a factor of about 8, allowance being 

made for deactivation by a meta phenyl group in N-acety1-

1. de la Mare and Ridd, "Aromatic Substitution", But ter worths, 
London, 1959.
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carbazole) •

I f  we assume that the enforced coplanarity in N-acetyl

carbazole has restored to th is system much of the reactiv ity  

that has been lo st  through steric inliibition of mesomerism, 

i t  would then be possible to determine the factors, other 

than this ster ic  effect, which determine the relative  

reactiv ity  of N-acetylcarbazole.

N-AcetyIcarbazole is  21 times less  reactive than 

acetanilide. The reactiv ity  in N-acetylcarbazole is  partly 

reduced by the meta phenyl substituent. Indirect e stimates 

(tiirough the use of the additivity principle) showed that 
a phenyl substituent reduces the rate of substitution meta 

to i t  by a factor of about 1 .5 . I f  the assumption is  made 

that the rate of substitution of N-acetylcarbazole is  reduced 

by th is same factor, there w ill s t i l l  remain a discrepancy 

of about 14 to be accounted for. This might partly be due to 

the replacement of hydrogen by a phenyl group in N-acetyl

carbazole, and partly to the "special aromatic character" of

the five-membered ring in th is compound. The la tter  factor
2has been proposed by Eaborn and his coworkers to explain the 

rea c tiv itie s  of some other similar heterocyclic compounds, 

namely dibenzofuran and dibenzothiophen. They argued that

1. de la Llare and Hassan, J.Chem.Soc., 1958, 1519.
2. Eaborn and Sperry, J.Chem.Soc., 1961, 4921; Baker and 

Eaborn, ib id ., 5077.
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the engagement of the lone-pair of electrons on the hetero- 

atoms in giving aromatic character to the five-meiiibered rings 

in these systems, reduces the ava ilab ility  of the lone-pair 

for conjugation with the various positions (mainly the 1-, 

and 3-positions) in the benzene rings, and consequently lowers 

the raoe of substitution at the ring positions in  question: •

However, by considering the rate by which reactivity  

is  ebing reduced on going from acetanilide to N-acetyldiphenyl- 

amine (105), and the factor by which an ortho methyl group 

lowers the rate (through steric inhibition of mesomerism) in  

acetanilide (about 20), i t  is  possible to assign, s tr ic t ly  

from these considerations, a factor of roughly 5, to the 

inductive e ffec t of the aryl group in N-ac ety Idiphenylamine, 

and probably also in N-acetylcarbazole. An essentia lly  

qualitative prediction would then be that the above "special 

aromatic character", though probably of a small magnitude, 
could nevertheless be an important factor in determining the 

reactiv ity  of N-acetylcarbazole.

No partial rate factors are available for the 

chlorination of diphenylamine, but the enormous reactiv ity  

of carbazole (f~^^" = > 10^) could be taken as an indication  

that the special resonance factor described earlier is  not 

of great importance in carbazole either. Hov/ever, the

1. de la Mare and Hassan, J.Chem.Soc., 1958, 1519.
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magnitude of th is factor in the carbazole system cannot as 

yet be decided upon.

The 2-position in fluorene = 30 x lO"̂ ) is

roughly 35 times more reactive than the same position in* 

N-acetylcarbazole = 0.86 x lo" )̂. The me ta acetamido

group mi gilt be responsible for part of this factor. The 

effect of tliis group on the rate of substitution me ta to i t  

has been considered by de la Mare and Hassan with reference to 

some methyl derivatives of acetanilide. Using their values 

for the appropriate partial rate factors, a change from a 

me ta methyl substituent = 5) to a me ta acetamido group

= 0.38) involves a 13-fold reduction in the rate of 

substitution at th is position. On this basis i t  could be 

assuned that factors other than the effec t of a me ta acetamido 

group might have contributed to the observed low reactivity  

of the 2-position in N-acetylcarbiazole. One of these factors 

could be identified  with the special resonance effect, which 

has been mentioned earlier in connection with the reactivity  

of the 3-position in th is system.

1. de la i^re and Hassan, J.Chem.Soc., 1958, 1519.
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1.1 Introductory Mote

Most of the material and ideas that are presented 

in the following pages can he found in the paper by 

de la Mare, D usouqui, ï i l l e t t  and Zeltner^.

1.2 Kinetics and Mechanism of Bromination of Phenol 
and Anisole.

2Bromination of anisole in acetic acid usually gave 

reaction orders that were higher than one with respect 
to bromine, following the pattern observed for bromination 

reactions in general. However, i t  was observed that 

in concentration regions (M/640) where the bromination 

of phenol proceeded essen tia lly  by second-order kinetics, 

that of anisole v«ras accompanied by a significant 

contribution from a third order term.

1. de la Mare, Dusouqui, T ille t t  and Zeltner, J.Chem.Soc., 
1964, 5306.

2. de la Mare, Robertson, and Swedlund, J.Chem.Soc.,
1953, 782.

3. de la Mare and Ridd, "Aromatic Substitution - ", 
Butterv/orths, London, 1959.
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The b r o m i n a t i n g  e n t i t y  f o r  m oIeouL ar  b r o m i n a t i o n  

r e a c t i o n s  was p r o v e d l  t o  be m o l e c u l a r  b ro m in e ,  and t h e  

t r a n s i t i o n  s t a t e  was i d e n t i f i e d  a s  a  com plex  c o n t a i n i n g  

b o t h  t h e  a r o m a t i c  m o l e c u l e  a n d  t h e  brom ine  m o l e c u l e  a s  

a  whole# A s i m i l a r  mechanism  h a s  been  s u g g e s t e d ^  f o r  t h e  

b r o m i n a t i o n  r e a c t i o n  o f  p h e n o l#  The same was eJao 

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

M o re o v e r ,  e x p e r i m e n t  p ro v e d  th e  a b s e n c e  (or n e a r  

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

b o t h  p h e n o l ^  and a n i s o l e ^ .

I n  t h e  l i g h t  o f  t h e  above  f i n d i n g s ,  t h e  f o l l o w i n g  

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

o f  p h e n o l  and a n i s o l e  (R «= e i t h e r  H o r  Me):

G^HgOR + B rg  -—sk B rg ,  C^HgOR f a s t

B rg ,  OgHgÜR ^  C(^EgORBr+ + B r "  s low

CgHgORBr'^ »  BrC^H^OR + f a s t

Iw de l a  Mare and R id d ,  "A ro m a t i c  S u b d i t u t i o n - " , 
B u t t e r w o r t h s ,  London,  1959 .

E# L#M# Y e d d a n a p a l l i  and N-.S. G-nanapragasam,
J#  Chem. S o c . ,  1956, 4 9 3 4 .

3 .  B e r l i n e r ,  Chem. & Ind#  (L o n d o n ) ,  I 9 6 0 ,  177
4 .  V a i n s h t e i n ,  S h i l o v  and G r i s h i n ,  Z h u r .  V s e s o y u z .  

Khim. o b s h c h e s t v a  im# D . I .  M e n d e le v a ,  1960 ,  5 ,  119;  
f ro m  Ghem. A b s . , 54 ,  E449Ee#

5 .  B e r l i n e r .  Chem & I n d .  (L o n d o n ) ,  1960 ,  177 .
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By c o n s i d e r i n g  w ha t  i s  known now a b o u t  the  sp e ed  o f  

t h e  p r o c e s s  o f  o o m p le a t - f o rm a t io n , and t h e  a b s e n c e  o f  

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

t h e  l a s t  s t e p s  i n  t h e  above scheme can  be c o n s i d e r e d  t o  

be f a s t ,  a n d ,  t h e r e f o r e ,  o f  no c o n s eq u en c e  i n a s f a r  a s  th e  

o v e r a l l  r a t e  o f  r e a c t i o n  i s  c o n c e r n e d .  The second  s t e p  

i s  t h e n  th e  r a t e - d e t e r m i n i n g  s t a g e .  D e t a i l e d  a n a l y s i s  o f  

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

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

1 . 3 .  R e l a t i v e  R e a c t i v i t y  o f  P h e n o l  and A n i s o l e  - - -

R e s u l t s  o f  a  number o f  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

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

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

d i f f e r e n c e  m ig h t  be  due to  t h e  p r e s e n c e  i n  t h e  r e a c t i o n

medium o f  a  s m a l l  amount o f  t h e  v e r y  r e a c t i v e  p h e n o x id e

i o n  h a s  been  e x c lu d e d  by th e  c o n d i t i o n s  of  t h e  e x p e r i m e n t s .

A n i s o l e ,  h o w e v e r ,  i s  e x p e c t e d  t o  be  i f  a n y t h i n g

more r e a c t i v e  t h a n  p h e n o l ,  s i n c e  t h e  i n d u c t i v e  o r d e r  o f
2

t h e  a l k y l  g r o u p s  h a s  b ee n  shown t o  o b t a i n  f o r  a n i s o l e ,  

and some o t h e r  r e l a t e d  a r o m a t i c  e t h e r s .

1 .  de l a  M are ,  T e t r a h e d r o n ,  1959,  5 ,  10 7 .
2 .  B r a d f i e l d  and J o n e s ,  T r a n s . ,  F a r a d a y ,  S o c . ,  1941,  

37,  7 2 6 .
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s t e r i c  I n h i b i t i o n  o f  mesomerism i n  a n i s o l e ,  

and 05" h y p e r c o n j u g a t i o n  i n  p h e n o l  w ere  c o n s i d e r e d ^  t o  

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

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

O t h e r  f a c t o r s ,  e . g .  h y d ro g e n  b o n d in g  betv /een  p h e n o l  and 

t h e  s o l v e n t ,  have  b een  s u g g e s t e d ^ .

1 . 4 .  S o l v e n t  I s o t o p e  E f f e c t s  i n  B r o m in a t io n  R e a c t i o n s .

As f a r  a s  t h e  a u t h o r  i s  a w a re ,  th e  o n ly  r e f e r e n c e  

t o  s o l v e n t  i s o t o p e  e f f e c t s  i n  b r o m i n a t i o n  r e a c t i o n s  i n  

a c e t i c  a c i d  a p p e a r s  to  be t h a t  o f  K e e f e r  a n d  /oidrews®.

T h e se  a u t h o r s  b r o m in a t e d  m e s i t y l e n e  i n  d r y ,  and 90jé 

aq u e o u s  a c e t i c  a c i d ,  and in  t h e i r  d e u t e r a t e d  a n a l o g u e s  

( i . e .  ChgGOOD and 90fo aq u e o u s  ChgOOOD; u s i n g  DgO) ,  and  

t h e n  c a l c u l a t e d  t h e  s e c o n d  and t h e  t h i r d - o r d e r  r a t e  c o n s t a n t s  

f o r  t h e s e  r e a c t i o n s .  They r e p o r t e d  t h a t  t l i e  change  i n  t h e  

t h i r d - o r d e r  r a t e  c o n s t a n t  accom panying  "the change  o f  the  

medium f ro m  a c e t i c  a c i d  t o  d e u t e r o - a c e t i c  a c i d  was 

i n s i g n i f i c a n t ,  w h e r e a s  t h e  c o r r e s p o n d i n g  change  i n  k ^  was 

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

(kg/kj^)  o f  m a g n i tu d e  o f  a b o u t  1 . 2  -  2 .5  f o r  a c e t i c  a c i d ,  and

1 . 3  f o r  90^a a q u e o u s  a c e t i c  a c i d .

l T de l a  H a r e ,  t e t r a h e d r o n ,  l 9 ë 9 ,  5,  1Ô7.
2 .  E a b o r n ,  J .  Chem. S o c .  1956 .  4858
3 .  K e e f e r  and A ndrew s,  J .  Amer. Chem S o c .  1 9 5 6 .7 8 .  3637 .
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The authors further coinpared these results with the 

rate constants for the bromination of mesitylene in 

chlorobenzene, inwhich was found to be v irtually  

absent, and k̂  considerably lower than in acetic acid.

In an attempt to explain the large increase in the 

rate of bromination of mesitylene on going from dry to 

90% aqueous acetic acid, Keefer and Andrews concluded, 

by referring to the results of the experiments discussed 

above, that the observed.rate increase could be attributed  

in part to an increase in the d ielectric constant of the 

medium, and in part to the hydroxylic nature of the 

solvent. It is  to be noted, however, that the saiae 

authors fa iled  to observe any appreciable isotope 

effect for the bromination of mesitylene in carbon 

tetraciiloride containing ligh t and heavy water.
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1.5 Purpose of This Work

The greater reactivity  of phenol tlian of 

anisole is  attributed^ in part to the presence in phenol 

and absence in anisole of a hyperconjugative effect, 

namely 0-E hyperconjugation. The hydrogen of the 

ixydroxyl group ( i .e .  as in phenol) is  laiown  ̂ to exchange 

rapidly with hydroxylic solvents. If hydrogen exchange 

follows hyperconjugation, and i f  the loosening, or an 

actual f is s io n  of the 0-H bond in phenol occurs in the 

rate-determining step of the reaction, then the 

bromination of phenol in a hydroxylic solvent such as 

acetic acid would be expected to be susceptible to solvent 

isotope e ffec ts . One aim of the present investigation is  

to test the truth of this argument.
g

Keefer and Andrews tentatively suggested that 
in bromination reactions by molecular bromine in the 

presence of in it ia l ly  added bromide ion, tribromide ion 

might be an effective  brominating agent i f  pure acetic 

acid was used as solvent. The experimental evidence 

needed to confirm this proposal has been sought for in 

th is study.

1. de la Mare, Tetrahedron, 1959, 5, 107.
2. Bell, Quart.Revs., 1959, 169.
5. Keefer and Andrée v/s, J .Amer .Chem. Soc., 1956, 78, 3637.
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2 . 1 .  P r e p a r a t i o n  and P u r i f i o a t i o n  o f  M a t e r i a l s .

D e u t e r o a o e t i o  a o i d : f . p .  15.35® ^ 0 . 5 ® .

T r e a tm e n t  o f  d e u t e r i u m  o x id e  w i t h  a  s l i g h t  e x o e s s  

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

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

p u r e  d e u t e r o a c e t i c  a c i d  ( a c e t i c  a c i d - d )  i n  good y i e l d s .  

U n f o r t u n a t e l y ,  a n a l y s i s  by n . m . r .  o f  a  sam ple  o f  t h e  a c i d  

p r e p a r e d  by t h i s  method showed t h a t  i t ,  i n  f a c t ,  c o n t a i n e d

a b o u t  50 -  60 % a c e t i c  a c i d .  T h a t  t h i s  s h o u ld  happen  i s
Z

e x p l a i n e d  by t h e  f a c t  t h a t  a s e t i c  a o i d - d  was found  t o  

ex c h an g e  r a p i d l y ,  and e x t e n s i v e l y  w i t h  t h e  h y d ro g e n  o f  t h e  

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

c a t a l y s t s .
3

A more s u c c e s s f u l  method o f  s y n t h e s i s  was p r o v i d e d  

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

u n d e r  s t r i c t l y  a n h y d ro u s  c o n d i t i o n s .  T h i s  m ethod i s  d e s c r i b e d  

i n  g r e a t e r  d e t a i l  b e lo w .

F o r  t h i s  p r e p a r a t i o n  o n ly  h i g h l y  c l e a n ,  and d ry  

eq u ip m en t  was u s e d .  The r e a c t i o n  v e s s e l  and a t t a c h m e n t s  w ere  

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

1 .  A .M u rry ,  I I I ,  and D .L .  W i l l i a m s ,  ^ O rg a n ic  S y n t h e s i s  w i t h  
I so to p e s ,* *  I n t e r s c i e n c e  P u b l i s h e r s ,  London 1958,  P a r t  I I . ,
p . 1 261 .  _ _
A l l  n . m . r .  a n a l y s i s  w e re  by D r.  M.D. J o h n s o n ,  U .C . ,  London.

2 .  G .P .  M ik l u k h in  and A .F .  R e k a s h e r a ,  Doklady  A kad .  Nauk8 . 8 . 8 .a . ,  1955, 101, 881; f rom  Ghem. A b s . , 49, 12090 e (1955).
3 .  R .  Renaud and L .C .  Le i t c h ,  C anad .  J .  Chem.,  1956 ,  34 ,  9 8 .
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R e s e a r c h  g r a d e  a c e t y l  c h l o r i d e  (M. & B . )  was f u r t h e r  

p u r i f i e d ,  by f i r s t  d i s t i l l i n g  i t  o v e r  d i r i e t h y l a n i l i n e  

(1 0  v / v ) ,  and th e n  f r a c t i o n a t i n g  i t ,  a g a i n  o v e r

d i m e t h y l a n i l i n e  (5 ^ ) #  The p u r e ,  h y d r o g e n - c h l o r i d e - f r e e  

f r a c t i o n  ( b . p .  51®) was c o l l e c t e d ,  and k e p t  i n  a v e r y  

d r y  a tm o s p h e re #

P u re  a c e t y l  c h l o r i d e  (300 m l # ) was v e r y  q u i c k l y  

m e asu red  i n t o  a  3 - n e c k e d ,  r o u n d -b o t to m e d  f l a s k  (500 m l#)#

The a c e t y l  c h l o r i d e  was s t i r r e d ,  m a g n e t i c a l l y ,  and a 

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

b e f o r e  t h e  r e a c t i o n  was s t a r t e d ,  and t h r o u g h o u t  t h e  

r e a c t i o n  d u r a t i o n .  D e u te r iu m  o x id e  (75 g # ) v/as added 

s l o w l y ,  and i n  s m a l l  am o u n ts ,  a l l o w i n g  each  p o r t i o n  t o  

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

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

d e u t e r i u m  o x id e  v/as i n t r o d u c e d . A f t e r  a l l  t h e  heavy  w a t e r  

v/as a d d e d ,  t h e  r e a c t i o n  m i x t u r e  was g e n t l y  b o i l e d  u n d e r  

r e f l u x  u n t i l  d e u t e r i u m  c h l o r i d e  was no l o n g e r  ev o lv ed #

The d e u t e r o a o e t i o  a c i d  was d i s t i l l e d ,  and t h e n  f r a c t i o n a t e d  

by t h e  method d e s c r i b e d  f o r  a c e t i c  a c id #  ( S e c t i o n  *B*; E # l# )  

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

b#p# 119® ; f  #p# 15*35®; 9 9 - 9 9 . 5  fo CH3C0OD ( a n a l y s i s  by n . m . r . )  

Y i e l d  o f  t h e  p u re  a o i d  «= 60 -  75 Jo.
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P r e p a r a t i o n  o f  S t a n d a r d  s o l u t i o n s  o f  B rom ine i n  Ao e t i o  

a o i d  (and  a o i d - d ) :

Brom ine (A .R . )  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 .  

S t o c k  s o l u t i o n s  o f  b ro m in e  i n  t h e  a o id  w ere  p r e p a r e d ,  and 

s t a n d a r d i s e d ,  i o d o m e t r i o a l l y , a g a i n s t  a s t a n d a r d  sodium  

t h i o s u l p h a t e  s o l u t i o n .

L i t h i u m  b r o m i d e :

L i t h i u m  brom ide  ( B . D . H . ) was d r i e d  by h e a t i n g  f o r  

6 h r s .  u n d e r  a  c o n s t a n t  s t r e a m  o f  n i t r o g e n .  A s t o c k  

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

( o r  a o i d - d )  was p r e p a r e d ,  and s t a n d a r d i s e d  a g a i n s t  s t a n d a r d  

s i l v e r  n i t r a t e  s o l u t i o n .

L i t h i u m  p e r c h l o r a t e :

P u r e ,  d r y - l i t h i u m  p e r c h l o r a t e  was p r e p a r e d  by t h e  

method d e s c r i b e d ^  by P u l l i n  and P o l l o c k .  S t o c k  s o l u t i o n s  

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

r a t i o n s ,  w ere  p r e p a r e d  by w e ig h i n g  q u i c k l y  knov/n am ounts  

o f  p u r e  l i t h i u m  p e r c h l o r a t e  i n  s t a n d a r d  vo lum es  o f  s o l u t i o n .

P h e n o l : m .p .  41-40® ( l i t . ;  43® ).

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

m i d d l e  f r a c t i o n  was u s e d .

I .  A .D .E .  P u l l i n  and F.McC. P o l l o c k ,  T r a n s .  F a r a d a y  S o c . ,  
1958 ,  54 ,  1 1 .
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1 ■ ■ '
A n i s o l e ; b . p .  151® ( l i t .  ; 15 3 -1 5 4 ® ) .

Dry a n i s o l e  (GaClg) was f r a o t i o n a t e c l  and t h e  m id d le  

o u t ,  d i s t i l l i n g  a t  c o n s t a n t  t e m p e r a t u r e  (151®),  was u s e d .

1 .  **Organic S y n th e s i s ,* *  e d . A;H. B l à t t ,  Ghapman and H a l l ,  
London,  1941 ,  G o l .  V o l .  I . ,  p . 5 8 .
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2 . 2 .  D e t e r m i n a t i o n  o f  t h e  E q u i l i b r i u m  oons t a n t  f o r  

T r i b r o m i d e  i o n  F o r m a t i o n . ----------  .

2 . 2 . a .  P r o c e d u r e ;

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

t r i b r o m i d e  io n  i n  a c e t i c  a o i d ,  and i n  a c e t i c  a c i d - d  were  

d e t e r m i n e d  by t h e  same g e n e r a l  m e th o d .

R e a c t i o n  m i x t u r e s  o f  v a r y i n g  c o m p o s i t i o n s ,  b u t  

c o n s t a n t  i o n i c  s t r e n g t h  ( 0 . 2  M) w ere  p r e p a r e d  i n  a c e t i c  a c i d  

( o r  a o i d - d )  a s  s o l v e n t .  These  s o l u t i o n s  c o n t a i n e d  b rom ine  

( t h e  same t o t a l  c o n c e n t r a t i o n  i n  a l l  s o l u t i o n s  o f  t h e  same 

s o l v e n t ) ,  l i t h i u m  b ro m id e  ( c o n c e n t r a t i o n  r a n g e ,  0 . 0 0  -  0 . 0 4  m )» 

and l i t h i u m  p e r c h l o r a t e  ( c o n c e n t r a t i o n ,  M ® 0 . 2  -  c o n c e n t 

r a t i o n  o f  l i t h i u m  b ro m id e  i n  t h e  same m i x t u r e ) .  B l a n k s  w ere  

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

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

o f  b ro m in e  i n  t h e  f o r m e r .

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

m easu red  a t  s e l e c t e d  w a v e - l e n g t h s  i n  t h e  r a n g e  3400 -  3800 A. 

The m e a s u re m e n ts  w ere  made i n  1 cm. c e l l s ,  and u s i n g  a  

Unicom 3 . P .  500 s p e c t r o p h o t o m e t e r .

From t h e  r e c o r d e d  o p t i c a l  d e n s i t i e s  (D ) ,  and t h e  

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

e x t i n c t i o n  c o e f f i c i e n t s  (E) w ere  c a l c u l a t e d  u s i n g  t h e
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B e e r -L a m b e r t  law :

B « D /o1 ,

w h ere  1 i s  t h e  l e n g t h  o f  t h e  c e l l  u s e d  (1  c m . ) ,  and c i s  

b ro m in e  c o n c e n t r a t i o n  ( g - m o l . / t i t r e )•

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

f o r m a t i o n  was t h e n  e v a l u a t e d ,  g r a p h i c a l l y ,  f o r  each  w ave

l e n g t h  f rom  t h e  c o n c e n t r a t i o n  o f  l i t h i u m  b rom ide  i n  t h e  

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

t h e s e  s o l u t i o n s  a t  t h a t  w a v e l e n g t h .  The c a l c u l a t i o n s  were 

b a s e d  on t h e  e q u a t i o n  d e r i v e d  by K e t e l a a r ^  f o r  a n a l y s i n g  

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

c a rb o n  t e t r a c h l o r i d e ,  and i n  n - h e x a n e .  When i t  i s  t r a n s 

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

t h e  above e q u a t i o n  assum es  t h e  f o l l o w i n g  fo rm ^ :

*/®app.- '«Br; - ^[«'3 • ‘V j -  - *

+  1 /  ( % r g -  " »

w h e r e ,

^ a p p .  “ t h e  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 ,  m easu red

1 . S .A .A .  K e t è l a à r ' ,  C. van  de S t o i p e ,  A. Goudsmit  and 
W. D zcubas ,  R ec .  T r a v .  c h i m . ;  1952, 71 ,  1 1 0 4 .

2 .  R . M . 'K e e f e r  and L . J .  Andrew s,  J .  Amer. Chem. S o c . ,  
1956 ,  78, 3 6 37 .
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e x p e r i m e n t a l l y ,  o f  b o t h  f r e e  and ooxnplexed b ro m in e ,

B s r  •  t h e  e x t i n c t i o n  c o e f f i c i e n t  o f  f r e e  b ro m in e ,  i . e .  i n

t h e  a b s e n c e  o f  b rom ide  i o n ,

SBrg** = t h e  e x t i n c t i o n  c o e f f i c i e n t  o f  t h e  t r i b r o m i d e  i o n ,

[Br*^ « b rom ide  i o n  c o n c e n t r a t i o n ,  and

K * t h e  e q u i l i b r i u m  c o n s t a n t  f o r  t h e  r e a c t i o n ,

B rg - ^  Brg + [Br^^ .
I m p l i c i t  i n  t h e  above e q u a t i o n  a r e  t h e  f o l l o w i n g  

a s s u m p t i o n s :

I .  The e q u i l i b r i u m  c o n c e n t r a t i o n  o f  t h e  brom ide  io n  i s

e s s e n t i a l l y  e q u a l  t o  i t s  s t o i c h i o m e t r i c  c o n c e n t r a t i o n .

E. S i n c e  t h e  o p t i c a l  d e n s i t y  m e asu rem e n ts  v/ere made i n  a

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

s t r o n g l y  and b ro m in e  o n ly  v e r y  w e a k ly ,  t h e n  , a t
E

e q u i l i b r i u m ,  c o u l d ,  c o n v e n i e n t l y ,  be r e p r e s e n t e d  by t h e  

e x t i n c t i o n  c o e f f i c i e n t  o f  a m i x t u r e  in  w h ich  o n ly  t h e  b rom ide  

i o n  i s  a b s e n t .

3 . The o p t i c a l  d e n s i t y  o f  any m i x t u r e  i s  a d d i t i v e l y

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

s p e c i e s  i n  t h a t  m i x t u r e .

The above e q u a t i o n  i s  t h a t  o f  a  s t r a i g h t  l i n e ,  whose
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i n t e r o e p t  -  l / E „ „  -  « ,B rg  Brg
and

s l o p e  -  K/Eg ■ -  Eg
•^3 "Tg

Henoe,

K » S L o p e / l n t e r o e p t .

F o r  e a c h  w a v e l e n g th ,  l/Eg^pp^» was p l o t t e d

a g a i n s t  l /  [Br“]  , t h e  s l o p e  and i n t e r o e p t  o f  t h e  c u rv e  

m e a s u r e d ,  and t h e  e q u i l i b r i u m  o o n s t a n t  t h e n  c a l c u l a t e d .
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E . 2 . b .  D a ta  and R e s u l t s  i n  A o e t i o  a c i d .

D a t a :

The o p t i o a l  d e n s i t i e s  o f  a number o f  s o l u t i o n s  o f  

v a r y i n g  l i t h i u m  b rom ide  o o n o e n t r a t i o n s ,  m easu red  a t  a 

number  o f  d i f f e r e n t  w a v e l e n g t h s ,  a r e  summ arised  i n  T a b le  1 .  

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

d a t a  a r e  l i s t e d  i n  T a b le  2 .
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Table 1 #

R eoorded  o p t i o a l  d e n s i t i e s  ( D . ) ,  o f  t h e  s o l u t i o n s  d e s o r i b e d ,  

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

t h e y  w ere  m e a s u r e d .

Brom ine » 5 .3 1  x 10~^ M

L1 G1 0 4 , M 0 . 2 0 .1 9 8 4 0 .1 9 6 0 .1 9 2 0 .1 8 4 0 .1 6

L i B r ,

mm H  mm g  mm mm m

M 0 . 0 0 0 .0 0 1 6  

B  VSm B  B  C  B  B  B  i

0 .0 0 4

B  B  B  B  S  B B S

0 . 0 0 8  

Z fS K  flS BZ X S  C  C  B

0 .0 1 6 0 . 0 4

mm mm mm ^m  Am mm mm |

(A)
*

D. D. D.

» mm mm wm mm m » mm mm 9>m p

D. D. D.

3450 0 . 0 2 5 0 .2 1 9 0 . 3 8 2 0 .5 6 3 0 .7 2 8 0 . 8 6 0

3500 0 .0 3 6 0 .1 8 3 0 .3 1 6 0 .4 4 9 0 .5 7 8 0 . 6 7 2

3550 0 .0 4 4 0 .1 5 6 0 .2 6 2 0 .3 7 2 0 .4 9 0 0 .5 4 3

3600 0 . 0 5 2 0 . 1 4 3 0 .2 3 0 0 .3 2 0 0 .4 1 0 0 .4 6 7

3700 0 .0 7 0 0 . 1 4 3 6 . 2 1 2 0 . 2 8 0 0 .3 4 8 0 .3 9 7

^  Mean o f v a l u e s o b t a i n e d b e f o r e and a f t e r t h e  o t h e r
m e a s u r e m e n t s .
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T a b le  2 .

The o a l o u l a t e d  m o l e c u l a r  e x t i n c t i o n  c o e i f i c i o n t s  ( B . )  

t a b u l a t e d  a g a i n s t  t h e  c o r r e s p o n d i n g  w a v e l e n g t h s  ( \ )  a t  

w h ic h  t h e  m e a s u re m e n ts  w ere  m ade .

L i B r ,  M 0 .0 0 0  0 .0 0 1 6  0 .0 0 4  0 * 0 0 8  0 . 0 1 6  0 .0 4 o

o
(A) E . S . E . E . E . E .

3450 4 7 .0 8 4 1 2 .4 7 1 9 .4 1060 1371 1619

3500 6 6 .8 6 3 4 4 .6 5 9 5 .1 8 4 5 .5 1088 1266

3550 98 2 9 3 .8 4 9 3 .4 7 0 0 .4 9 2 2 .8 1023

3600 1 3 1 .8 2 6 9 .3 4 3 3 .1 6 0 2 .6 7 7 2 ,1 8 7 9 .4

3700 1 6 3 .8 2 6 9 .3 3 9 9 .2 5 2 7 .3 6 5 5 .1 7 4 7 .6
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R e s u l t s ;

F o r  each  r e p o r t e d  w a v e le n g th  a g r a p h  was o o n s t r u o t e d

i n  w h ich  l / ( ^ a p p . " *  ^ B r  ) was p l o t t e d  a g a i n s t  l / p r * 3, when
2

(B r i  i s  t h e  bromide" io n  c o n c e n t r a t i o n ,  i s  t h e  e x t i n c t i o n
2

c o e f f i c i e n t  t a k e n  f rom  t h e  v a l u e s  g i v e n  i n  t h e  f i r s t  column 

i n  T a b le  2 *, and E^ppc t h e  e x t i n c t i o n  c o e f f i c i e n t  o f  any 

o f  t h e  o t h e r  s o l u t i o n s  i n  t h e  t a b l e #  A r e p r e s e n t a t i v e  example 

o f  s u c h  a  p l o t  i s  g i v e n  i n  F i g . I ;  t h e  w a v e l e n g t h  chosen  i s  

3500 A#

The e q u i l i b r i u m  o o n s t a n t  was t h e n  c a l c u l a t e d  from 

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

i n t e r c e p t ,  and u s i n g  t h e  r e l a t i o n :

K B S l o p e / i n t e r c e p t #

The e q u i l i b r i u m  c o n s t a n t s  e v a l u a t e d  i n  t h i s  way a r e  

sum m arised  i n  T a b le  3 ;

T a b le  3 #

\ { A )  3450 3500 3550 3600 3?00

K (mole l i t r e ^ )  0 .0 0 6 5  0 .0 0 6 6  0 .0 0 6 5  0 . 0 0 6 7  0 * 0 0 6 6
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F l g . I . P l o t  ul" t h e  r e o l p r o o a l  o f  t h e  o y . t l n o t io n

p o e f f i o l e n t ,  a t  "X «= 3500 o f  oorapleaked b ro m in e 

(Eapp« -  . ) i n  a o e t i c  a o l d ,  a g a i n s t  t h e  r e o l p r o o a l

o f  t h e  o o n o e n t r a t i o n  o f  b rom ide  i o n .

ro
O

2 50

I / [ a r ]
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2 . 2 . 0 *  D a ta  and R e su l t s  i n  A o e t i o  aoid->d.

D ata  o f  t h e  r e o o r d e d  o p t i o a l  d e n s i t i e s  ( D . ) ,  and t h e  

c a l c u l a t e d  e x t i n c t i o n  c o e f f i c i e n t s  (B . )  o f  t h e  s o l u t i o n s  

s t u d i e d  i n  a o e t i o  a o i d - d  a s  s o l v e n t  a r e  g i v e n  i n  T a b le  4 .  end 

T a b le  5 .  r e s p e c t i v e l y .
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Table 4 .

R eoorded  o p t i o a l  d e n s i t i e s  ( D . ) ,  o f  t h e  s o l u t i o n s  d e s o r i b e d ,  

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

t h e y  w ere  m e a s u r e d .

••4
Bromine = 4 .2 5 6  x 10 M

LiClG^.M 0 , 2 0  0 . 1 9 8  0 .1 9 6  0 . 1 9 2  0 .1 8 4  0 .1 6 84 —
L l B r ,  M 0 . 0 0  0 . 0 0 2  0 .0 0 4  0 .0 0 8  0 .0 1 6  0 .0 3 2

IX (Â) DÎ D. D. D. D. D.

3400 0 . 0 4 1 0 .3 1 6 0 .4 4 8 0 .6 2 0 0 .7 7 4 0 .9 1 2

3450 0 .0 4 2 0 . 2 5 4 0 .3 6 1 0 .4 9 8 0 .6 1 8 0 .7 1 4

3500 0 .0 4 4 0 .2 1 1 0 .2 9 9 0 .4 0 4 0 .4 9 5 0 .5 7 1

3550 0 . 0 5 2 0 .1 8 1 0 .2 5 3 0 .3 3 4 0 .4 0 0 0 .4 6 4

3600 0 .0 5 5 0 .1 6 4 0 .2 2 4 0 .2 9 2 0 .3 5 0 0 .3 9 4

3650 0 . 0 6 3 0 .1 5 4 0 .2 1 2 0 .2 6 9 0 .3 1 4 0 .3 5 8

3700 0 . 0 6 8 0 . 1 5 1 0 . 2 0 3 0 ♦ 25 2 0 .2 9 3 0 . 330

3800 0 .0 7 9 0 .1 5 0 0 .1 9 0 0 .2 3 7 0 .2 7 4 0 .3 0 3

^  Mean o f  v a l u e s  o b t a i n e d  b e f o r e  and a f t e r  t h e  o t h e r  
m e a s u r e m e n t s .
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Table 5*

The c a l c u l a t e d  m o l e c u l a r  e x t i n c t i o n  c o e f i i o i e n t s  ( E . )
j

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

L i B r ,  M 0 . 0 0 0  0 . 0 0 2  0 . 0 0 4  0 .0 0 8  0 . 0 1 6  0 . 0 3 2

S B e s B B S S S t S B B S t S B B S B B B B B B B B B B B S B B B B B B B B B C B B B B B B t S B B B B B B B B B C : :

^  (A) E . S . E . E . E . Bo

3400 96  ̂ 742 1053 1456 1819 2143

3450 99 597 849 1170 1452 1678

3500 103 496 702 949 1162 1342

3550 122 425 594 785 959 1090

3600 129 385 526 686 822 926

3650 148 362 498 632 738 841

3700 160 355 477 592 689 776

3800 186 353 446 557 644 712
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R e s u l t s :

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

f o r m a t i o n  i n  t h i s  medium w ere  s i m i l a r l y  a n a l y s e d  by t h e  

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

p l o t  ( F i g .  I I . )  i s  f o r  r e s u l t s  o b t a i n e d  a t  36Q0 A .

A summary o f  t h e  e q u i l i b r i u m  c o n s t a n t s  i s  g i v e n  i n  

T a b l e  6 .

T a b le  6 .

3400 3450 3500 3550 3600

0 . 0 0 5 4 0 . 0 0 5 3 0 . 0 0 5 2 0 .0 0 5 4 0 .0 0 5 3

3650 3700 3800

0 .0 0 5 4 0 .0 0 5 4 0 .0 0 5 2
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F i g . I I . P l o t  o f  t h e  r e o l p r o o a l  o f  t h e  c x t l n o t l o n

o o e f f l o i e n t ,  a t  c 3600 %,  o f  o o u p lg x a d 

b r o m i n e ( ^ a p p .  -  % r 2 ) l n  d e u t e i ’o a o e t l o  a o l d .  

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

o f  b ro m id e  i o n .
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T e c h n iq u e  o f  R a te  M e a s u re m e n t»  -------- «

P h e n o l  and a n i s o l e  w ere  h r o m in a t e d  a t  E5® i n  b o t h  

a c e t i c  a c i d  and d e u t e r o a c e t i o  a c i d  a s  s o l v e n t s ;  m o l e c u l a r  

b ro m in e  was u s e d #  The k i n e t i c  c o n d i t i o n s  u n d e r  w h ic h  t h e  

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

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

B e s i d e  b ro m in e  and t h e  a r o m a t i c  s u b s t r a t e ,  t h e  

r e a c t i o n  medium c o n t a i n e d  l i t h i u m  b rom ide  (0#05-0#E  M), 

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

was a lw a y s  c o n s t a n t  (0#E M )o

The c o n c e n t r a t i o n s  o f  b o t h  b ro m in e  and t h e  a r o m a t i c  

compound w e re  i n  t h e  r e g i o n  l / 6 4 0  M, w i t h  t h e  l a t t e r  i n  a 

s l i g h t  e x c e s s #  F o r  a n i s o l e  i n  a c e t i c  a c i d ,  r u n s  v/ere a l s o  

made w i t h  b ro m in e  and a n i s o l e  h a v i n g  i n i t i a l  c o n c e n t r a t i o n s  

In  t h e  r e g i o n s  l / l 2 8 0  M, and 1 /3 2 0  M, r e s p e o t i v e l y .  F o r  f a s t  

r e a c t i o n 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  b ro m in e  was c a l c u l a t e d  

f ro m  t h e  s t r e n g t h  o f  t h e  c o r r e s p o n d i n g  s t o c k  s o l u t i o n .

R a t e s  w e re  f o l l o w e d  by t h e  s a m p l in g  t e c h n i q u e  u s e d  

f o r  d e t e r m i n i n g  r a t e s  o f  c h l o r i n a t i o n  r e a c t i o n s  ( S e c t i o n  B . ;  

2 .2 .).
S e c o n d - o r d e r  r a t e  c o n s t a n t s  ( a p p a r e n t )  w ere  

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

law  f o r  b i m o l e o u l a r  r e a c t i o n s .  F o r  p h e n o l  i n  b o t h  a c e t i c
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and d e u t e r o a c e t i o  a c i d ,  t h e  s e c o n d - o r d e r  r a t e  c o n s t a n t s  

w ere  a l s o  o b t a i n e d  f o r  v a l u e s  t a k e n  from  g r a p h s  o f  p e r c e n t a g e  

r e a c t i o n  (x )  a g a i n s t  t im e  ( t ) ,  and u s i n g  t h e  r e l a t i o n :

k  = x / t a ( a - x )  , 

w h e re  ( a )  i 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  b ro m in e  (and  o f  t h e  

a r o m a t i c  s u b s t r a t e ) ,  and (x )  i s  t h e  amount o f  b ro m in e  consumed 

a f t e r  t i m e  ( t ) .
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2#4# K l n e t i o  D a ta  and R a te  C o e f f i c i e n t s # 

E # 4 # a . l .  P h e n o l  i n  A o e t i o  a c i d #

I .

I n i t i a l  c o n c e n t r a t i o n s :

P h e n o l  ■ 0 .0 0 1 5  M

Brom ine  = 0 .0 0 1 4 7 8  M

L i t h i u m  b ro m id e  = 0 . 2 0  M

Volume o f  e a c h  sam ple t i t r a t e d  « 5 ml #

Time T i t r e ^ a p p . X ^ a p p .

( m i n s . ( m l . o f  0.004W 

HagSgOg)

( l . m o l e

r a i n . " ^ )

ifo)

0 . 0 0
b

3 .6 9 5

2 .0 6 3 . 4 2 30 10 30

9 . 4 1 2 .6 0 30 20 28

1 1 .9 5 2 .3 8 31 30 30

1 8 . 9 3 1 .9 7 31 40 81

2 8 .0 5 1 .5 8 32 50 32

3 9 .0 1 1 . 2 8 32 60 32

4 5 .8 5 1 .1 4 32 70 33

B ased  on t h e  c o n c e n t r a t i o n  o f  t h e  s t o c k  s o l u t i o n  u s e d #
#•1 “*1 4.

= 32 L.moLa m in .  ( -  1 ) .app Ù
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I n i t i a l  o o n o e n t r a t i o n a :

P h e n o l  = 0 .0 0 1 5  M

Brom ine  .  0 .0 0 1 4 7 5  M

L i t h i u m  b rom ide  = 0 . 1 5  M

L i t h i u m  p e r c h l o r a t e  = 0 . 0 5

1 33

Volume o f  e a c h  sam ple t i t r a t e d  = 5 m l .

Time T i t r e v
a p p . X ^ a p p .

( m i n a . ) ( m l . o f  0 .004H (l .m o le""^ (f.)

RagSgOg) m in .  )

0 . 0 0
b

3 .6 9

2 . 0 4 3 . 2 3 43 10 49

9 . 4 0 2 .3 5 41 20 42

1 5 .7 0 1 .8 6 41 30 41

1 8 . 3 2 1 . 7 3 41 40 40

2 4 .6 8 1 .4 3 42 50 42

3 4 .0 4 1 .1 4 43 60 43

4 2 . 7 3 0 . 9 5 44 70 44

5 7 . 6 5 0 . 7 6 43

k a p p .  -  45 l . m o l e  ^ m i n .  ^ ( *  4 ) .
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I I I .

I d t i a l  c o n c e n t r a t i o n s :  

P h e n o l  B

B rom ine  =

L i t h i u m  b rom ide  «

L i t h i u m  p e r c h l o r a t e  *=

0 .0 0 1 5  M 

0 .0 0 1 4 4 2  M 

0 . 1 0  M 

0 . 1 0  M

Volume o f  e a c h  sam ple t i t r a t e d  = 5 ml .

Time T i t r e ^ a p p . X V
a p p .

( m i n s .  ) ( m l . o f  0 . 0 0 # (1 .mole"*^

HagSgOg) m i n . )

0 . 0 0
b

3 .6 0 5

1 . 5 6 3 .1 2 5 63 10 74

3 . 0 2 2 .7 7 68 SO 69

4 . 2 5 2 .5 6 63 30 67

5 . 5 8 2 . 3 66 40 66

9 . 1 7 1 . 9 64 50 66

1 0 .2 4 1 .7 8 66 60 67

1 2 . 0 5 1 . 6 4 65 70 71

1 7 .4 4 1 .3 1 65

1 8 .8 6 1 . 2 2 67

‘app
- I  - I66 l . m o l e  m in . { *  3 ) .
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IV.

I n i t i a l  c o n c e n t r a t i o n s :

P h e n o l  .  0 .0 0 1 5  M

Brom ine  = 0 .0 0 1 4 4  M

L i t h i u m  b ro m id e  * 0 . 0 5  M

L i t h i u m  p e r c h l o r a t e  = 0 . 1 5  M

Volume o f  ea ch  sam ple t i t r a t e d  * 5 m l .

Time T i t r e ^ a p p . X ^app
( m i n s . ) ( m l . o f  0 .004N  

NagSgOg)

(l .m ole"*^  

m i n . " I )

( ^ )

0 . 0 0 3 . 6  ^

1 . 0 7 3 . 0 126 10 106

2 . 3 2 . 5 3 124 20 119

3 .3 9 2 .2 3 125 30 124

4 . 8 4 1 .9 1 120 40 127

6 . 0 6 1 .6 6 126 50 126

8 .1 7 1 .4 1 123 60 127

9 . 6 5 1 .2 6 124 70 130

1 0 .6 8 1 .1 8 123

—1 —1 .
^ a p p .  "  122 l . m o l e  m in .  ( *  3 ) .
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2 . 4 . a . 2 .  P h e n o l  i n  D e u t e r o a o e t l o  a c i d .  

I .

I n i t i a l  c o n c e n t r a t i o n s :

P h e n o l  = 0 . 0 0 1 2  M

Brom ine  = 0 .0 0 1 1 7 3  M

L i t h i u m  b ro m id e  = 0 . 2 0  M

Volume o f  e a c h  sam ple t i t r a t e d  = 5 m l .

Time T i t r e • ^ a p p . ^ X k a p p .
( m i n s . ) ( m l . o f  0 . 0 0 4 1 ( 1 .mole (/»)

Ha2S203)
“ 1 .m in .

0 . 0 0 2 . 9 3  ^ -

1 . 8 2 . 8 , 19 10 19

5 . 5 5 2 .6 2 20 20 18

1 2 . 7 0 2 .2 8 19 30 19

2 1 .3 5 2 . 18 40 20

3 5 . 8 1 .5 4 21 50 22

5 5 . 7 1 .0 4 21 60 26

70 27

b

^ a p p .

m B a sed  on t h e  c o n c e n t r a t i o n  o f  
s t o c k  s o l u t i o n .  .

= 19 1 .m o le -1  m i n . "  (*  1 ) .

t h e c o r r e s p o n d i n g
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I n i t i a l  c o n c e n t r a t i o n s :

P h e n o l  .  0 .0 0 1 2  M

B rom ine  = 0 .0 0 1 0 4  M

L i t h i u m  b ro m id e  = 0 .1 5  M

L i t h i u m  p e r c h l o r a t e  = 0 . 0 5  M
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Volume o f  e a c h  sam ple t i t r a t e d  •= 5 m l .

Time 

( m i n s . )

T i t r e  

( m l , o f  0 . 0 0 4 1  

^BgSgOg)

^ a p p i

( l . m o l e

m in .

X

(^ )

^appo

0 . 0 0 2 . 6  ^

1 . 8 5 2 .4 8 25 10 23

4 . 8 3 2 . 3 2 21 20 23

7 .8 5 2 .1 4 22 30 24

1 5 . 4 1 . 8 2 23 40 25

2 3 . 1 .5 4 24 50 28

3 1 .3 7 1 .2 4 25 60 31

4 2 . 1 . 1 25 70 38

^ a p p .  “
- 1

23 1 .mole  m i n . ( i  2 ) .
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I n i t i a l  c o n c e n t r a t i o n s :

P i ien o l  e 0 .0 0 1 2  M

Brom ine = 0 .0 0 1 0 6  M

L i t h i u m  b ro m id e  = 0 .1 0

L i t h i u m  p e r c h l o r a t e  = O .lO

1 38

Volume o f  ea ch  sam p le  t i t r a t e d 5 m l .

Time 

( m i n s . )

T i t r e  

( m l . o f  0 . 0 0 4 1  

l a 2 S 2 0 3 )

k a p p , ^
( l . m o l e

- 1 ,  m i n .  )

X Ir
a p p .

0 . 0 0 2 .6 5  ^

2 .2 8 2 . 4 3 33 10 34

4 . 8 7 2 .2 4 31 20 33

1 2 .7 0 1 . 7 3 34 30 34

2 4 .4 5 1 .1 9 39 40 37

3 2 .5 7 0 s 9 4 42 50 39

4 2 . 4 5 0 . 6 7 50 60 44

5 1 . 0 . 4 7 61 70 52

^ a p p .  = 35 l . m o l e  ^ m in . (±  4 ) .
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I n i t i a l  c o n c e n t r a t i o n s :

P h e n o l  .  0 .0 0 1 2  M

Brom ine  = 0 .0 0 1 0 6 6  M

L i t h i u m  b ro m id e  = 0 . 0 5  M

L i t h i u m  p e r c h l o r a t e  = 0 . 1 5  M
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Volume o f  e a c h  sam ple t i t r a t e d  «= 5 m l .

Time 

( m i n s . )

T i t r e  

( m l . o f  0 . 0 0 4 1

^appo

( l . m o l e

X

ifo)

^ a p p .

l a g S 2 0 g )
-1

m i n .  )

0*00
b

2 .6 6 5

1 . 2 5 2 .4 4 62 10 62

4 . 5 2 .0 5 55 20 60

8 . 1 . 7 1 57 30 60

1 1 .7 1 . 4 3 59 40 59

1 5 .5 5 1 .2 3 59 50 62

2 0 .8 0 .9 5 66 60 67

3 0 . 2 0 . 6 1 79 70 79

^ a p p *  “ 62 l . m o l e  min ( •  6 ) .
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2 « 4 « b * l .  A n i s o l e  I n  A o e t i o  a o l d .

I .

I n i t i a l  o o n o e n t r a t i o n a :

A n i s o l e  « 0 .0 0 1 4 8 5  M

Brom ine  ■> 0 .0 0 1 4 4  M

L i t h i u m  b ro m id e  = 0 , 2 0  M

Volume o f  e a c h  sample  t i t r a t e d = 5 m l .

Time 

( m i n s . )

T i t r e

( m l . o f  0 .0 0 4 1  lagSgO g)

■ ^ a p p . • 

( l . m o l e ” ^ m i n . “ ^ )

0 . 0 0 3 . 6  ®

8 6 .9 3 .4 4 0 . 3 5

1 7 6 . 2 3 . 3 0 . 3 5

2 6 2 .9 3 .1 8 0 . 5 3

3 5 1 .6 3 . 0 3 0 . 3 5

4 2 0 . 2 .9 6 0 . 3 3

4 8 0 . 5 2 .8 7 0 .3 5

app

Z e ro  t i t r e  f ro m  f i r s t  e x p e r i m e n t a l  p o i n t ,  

0 . 3 4  1 .mole ^ m in .  ^ ( *  0 . 0 1 ) .
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I I .

I n i t i a l  c o n c e n t r a t i o n s :

A n i s o l e  -  0 .0 0 1 4 8 5  M

Brom ine  = 0 .0 0 1 2 6 4  M

L i t h i u m  b ro m id e  •  0 ,1 5  M

L i t h i u m  p e r c h l o r a t e  «= 0 . 0 5  M

Volume o f  e a c h  sam ple  t i t r a t e d » 5 m l .

Time 

( m i n s . )

T i t r e

( m l . o f  0 .0 0 4 1  lïagBgOg)

^ a p p .  ■

-1  -1  
( l . m o l e  m in .  )

0 . 0 0
e

3 .1 6

4 0 . 3 7 3 .0 7 0 . 5 0

7 9 .4 9 2 .9 7 0 . 5 1

1 2 1 . 8 2 .8 8 0 . 5 3

1 6 9 .8 2 .7 8 0 . 5 4

2 2 0 . 2 2 .6 8 0 . 5 4

2 7 6 .8 2 .5 9 0 . 5 4

3 2 2 .7 2 .4 8 0 . 5 6

^ap p *  ■i 0 . 5 3  l . m o l e  ^ m in .  ^ ( - 0 . 0 3 ) .
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I I I .

I n i t i a l  o o n o e n t r a t i o n a :

A n i s o l e  .  0 .0 0 1 4 8 5  M

B rom ine  » 0 .0 0 1 2 7 2  M

L i t h i u m  b ro m id e  » 0 . 1 0  M

L i t h i u m  p e r c h l o r a t e  ■ 0 . 1 0  M

Volume o f  e a c h  sam ple  t i t r a t e d « 5 ml#

Time 

( m i n s . )

T i t r e

( m l . o f  0 .0 0 4 1  lag S g O g )

^ a p p .  .
•»1

( l . m o l e  m in .  )

0 . 0 0
e

3 .1 8

1 9 .5 3 . 1 0 . 9 0

5 1 . 2 .9 6 0 . 9 3

9 0 . 2 .8 2 0 . 9 3

1 4 0 . 2 .6 5 0 . 9 4

1 9 9 .7 2 .4 9 0 . 9 1

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

3 1 9 .7 2 .1 8 0 . 9 4

^ a p p .  ", 0 . 9 2  l . m o l e " ^  m i n .* ^  ( -  0 . 0 2 ) .



17.
I n i t i a l  o o n o e n t r a t i o n a :

A n i s o l e  = 0 .0 0 1 4 8 5  M

Brom ine  .  0 .0 0 1 2 7 2  M

L i t h i u m  b ro m id e  ■ 0 .0 5  M

L i t h i u m  p e r c h l o r a t e  •= 0 . 1 5  M
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Volume o f  e a c h  sam ple  t i t r a t e d 5 m l .

Time 

( m i n s . )

T i t r e

( m l . o f  0.00417 RagSgOg)

^ a p p .
•“1 #*1

( l . m o l e  m in .  )

0 . 0 0
e

3 .1 8

1 9 . 8 3 .0 0 2 . 0

5 0 . 8 2 .7 7 1 . 9

9 4 . 2 2 .4 7 2 .0

1 2 9 . 8 2 .2 7 2 . 0

1 6 0 .5 2 .1 4 2 . 0

1 9 0 . 1 2 .0 1 2 . 0

2 2 5 . 2 1 . 9 1 . 9

^ a p p .  “ ^ .9 5  l . m o l e ” ^ m i n . " ^  ( -  0 . 0 5 ) .
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7 .

I n i t i a l  o o n o e n t r a t i o n a :

A n i a o l e  -  0 .0 0 2 1 4 5  M

Brom ine  = 0 .0 0 0 7 5 8  M

L i t h i u m  b ro m id e  = 0 . 2 0  M

Volume o f  eao h  sam ple  t i t r a t e d = 10 m l .

Time T i t r e ^ap p  .

( m i n s . ) ( m l . o f  O.OOM BagSgOg) ( l . m o l e " ^  mi n . )

0 . 0 0
e

3 .7 9

1 2 0 . 3 . 3 4 0 . 3 4

2 4 0 . 3 .0 0 0 . 3 2

3 6 0 . 2 .6 1 0 . 3 4

4 5 0 . 2 .4 4 0 . 3 3

5 4 0 . 2 .2 4 0 . 3 2

6 0 0 . 2 .0 8 0 . 3 4

k a p p .  .= 0 . 3 3  l . m o l e " ^  m i n . “ ^ ( -  0 . 0 1 ) .



V I .

I n i t i a l  o o n o e n t r a t i o n a :

A n i s o l e  » 0 .0 0 3 1 4 5  M

Brom ine  « 0 .0 0 0 7 4 4  M

L i t h i u m  b ro m id e  = 0 . 1 5  M

L i t h i u m  p e r c h l o r a t e  = 0 . 0 5  M
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Volume o f  eaoh  sam ple  t i t r a t e d  = 10 m l .

Time T i t r e ^ a p p .
( m i n s . ) ( m l . o f  0 . 0 0 #  NagSgOg) '

■•1, **1- 
( l . m o l e  m in .  )

* 0 . 0 0
a

3 . 7 2

1 2 0 . 3 . 1 2 0 .4 8

2 4 0 . 2 .6 0 0 .4 9

3 3 0 . 2 .2 8 0 . 5 0

4 5 0 . 1 . 9 2 0 . 5 0

5 7 0 . 1 .6 4 0 .4 9

6 3 0 . 1 .5 2 0 .4 9

0 . 4 9  l . m o l e * ^  ra in .  ^ ( -  0 . 0 1 )-1 , +
■app
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V I I .

I n i t i a l  c o n c e n t r a t i o n s :

A n i s o l e  « 0 ,0 0 3 1 4 5  M

Brom ine  = 0 .0 0 0 7 4 5  M

L i t h i u m  b ro m id e  = 0 . 1 0  M

L i t h i u m  p e r c h l o r a t e  ■ 0 . 1 0  H

Volume o f  ea o h  sam ple  t i t r a t e d  « 10 m l .

Time T i t r e ^a&p.

( m i n s . ) ( m l . o f  0 .0 0 4 5  NagSgOg) ( l . m o l e ” ^ m i n . “ ^)

0 . 0 0 3 .7 2 5  ®

9 0 . 2 .9 4 0 .8 6

1 8 0 . 2 .3 4 0 .8 6

2 7 1 . 1 .8 9 0 . 8 5

3 6 0 . 1 . 5 3 0 . 8 6

4 5 0 . 1 .2 5 0 . 8 5

5 4 0 . 1 .0 1 0 .8 6

6 0 0 . 0 .8 9 0 . 8 6

^ a p p .  “
—1 “ 1 

0 . 8 6  l . m o l e  m i n .
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V I I I ,

I n i t i a l  o o n o e n t r a t i o n a :

A n i s o l e  .  0 ,0 0 3 1 4 5  M

Brom ine  .  0 .0 0 0 3 7 9  M

L i t h i u m  b ro m id e  » 0 . 0 5  M

L i t h i u m  p e r o h l o r a t e  = 0 . 1 5  M

Volume o f  ea o h  sam ple  t i t r a t e d = 10 m l .

Time 

( m i n s .  )

T i t r e

( m l . o f  0 . 0 0 #  NagSgOs)

k a p p .
“ 1 -*1, 

( l . m o l e  m in .  )

0 . 0 0
e

3 .7 9

6 0 . 3 2 .6 4 1 .9

9 0 . 2 .2 7 1 .9

1 3 5 . 1 . 8 1 .9

1 6 5 . 1 .5 5 1 .8 8

1 9 5 . 1 .3 3 1 ,8 8

2 4 0 . 1 .0 6 1 .8 9

2 8 5 . 0 . 8 6 1 .8 8

-1 -1
2^nnn “ 1 . 9  l . f f lo le  m in .  • a p p .
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2 . 4 . b . 2 .  A n i s o l e  I n  D e u t e r o a o e t i o  a o l d .

I .

I n i t i a l  c o n c e n t r a t i o n s :  

A n i s o l e  = 0 .0 0 1 7 6  M

Brom ine  = 0 .0 0 1 5 5  M

L i t h i u m  b ro m id e  = 0 . 2 0  M

Volume o f  eaoh  sam ple  t i t r a t e d = 5 m l .

Time T i t r e ^ a p p .

( m i n s . ) ( m l . o f  0 .0 0 4 5  NagBgOg) ( l . m o l e ” ^ m i n . ” ^ )

0 . 0 0
e

3 .8 8

4 5 . 3 .6 1 0 . 9 6

1 0 5 . 3 .4 1 0 . 7 5

1 5 0 . 3 .0 6 1 .0 0

1 9 5 . 2 .8 1 1 .0 9

2 2 5 . 2 .6 9 1 .0 4

2 7 5 . 2 .4 0 1 . 2 2

3 1 0 . 2 .3 0 1 .2 0

a • Z e ro  t i t r e , f ro m  f i r s t  ex p e r i m e n t a l  p o i n t .

^ a p p .  "
- 1  . **1 , + 

0 , 9  l . m o l e  m in .  ( - 0 . 1 5 ) .



I I .

I n i t i a l  o o n o e n t r a t i o n a :

A n i a o l e  = 0 .0 0 1 7 6  M

B rom ine  = 0 .0 0 1 5 5  M

L i t h i u m  b ro m id e  = 0 . 1 5  M

L i t h i u m  p e r c h l o r a t e  = 0 . 0 5  M
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Volume o f  eaoh  sam ple  t i t r a t e d  «> 5 m l .

Time 

( m i n s . )

T i t r e

( m l . o f  0 ,0 0 4 5  5agSgO g)

k a p p .
•*L( 1 .mole m i n . )

0 . 0 0 3 .8 8  ®

3 0 . 3 . 0 4 1 . 3

6 0 . 3 .4 6 1 . 2

9 0 . 3 .2 4 1 . 2

1 2 0 . 3 .0 2 1 . 3

1 5 5 . 2 . 8 1 . 4

1 8 5 . 2 .6 5 1 . 4

2 2 0 . 2 .4 5 1 . 5

2 4 0 . 2 .3 5 1 . 5

^ a p p .  “ 1 . 3  l . m o l e " ^  m in .  ^ 0 . 1 ) »
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I n i t i a l  c o n c e n t r a t i o n s :

A n i s o l e  = 0 ,0 0 1 7 6  M

B rom ine  .  0 ,0 0 1 5 5  M

L i t h i u m  b ro m id e  = 0 . 1 0  M

L i t h i u m  p e r o h l o r a t e  = 0 .1 0  M
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Volume o f  eao h  sam ple  t i t r a t e d -  5 m l .

Time T i t r e ^ u p p .

( m i n s .  ) ( m l . o f  0 .0 0 4 5  NagSgOg) ( l . m o l e “ ^ n i n . ” ^)

0 . 0 0 3 .8 7 5  ®

M . 3 .4 8 1 .4 8

9 0 . 3 .1 0 1 .5 7

1 2 2 . 2 .7 7 1 . 3 3

1 5 0 . 2 .5 5 1 .9 1

1 8 0 . 2 .3 4 2 .0 1

2 1 5 . 2 .1 5  : 2 .0 3

2 4 5 . 2 .0 0 2 .0 6

^ a p p .  l . m o l e * ^  m i n .  ^ ( •  0 . 3 ) .
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IV.

I n i t i a l  c o n c e n t r a t i o n s :

A n i s o l e  .  0 .0 0 1 7 6  H

B rom ine  = 0 .0 0 1 6 7  M

L i t h i u m  b ro m id e  = 0 . 0 5  M

L i t h i u m  p e r o h l o r a t e  = 0 . 1 5  M

Volume o f  eaoh  sam ple  t i t r a t e d “ 5 m l .

Time 

( m i n s . )

T i t r e

( m l . o f  0 .0 0 4 5  NagSgOg)
-1  -1

( l . m o l e  m in .  )

0 . 0 0 4 . 1 8  ®

2 1 . 3 .8 2 2 .7

5 0 . 3 . 4 4 2 . 5

8 0 . 3 . 0 2 2 . 5

1 1 0 . 2 .7 0 2 . 8

1 4 0 . 2 .3 1 3 . 2

1 7 2 . 2 .0 0 3 . 4

2 0 0 . 1 .7 4 3 .8

k a p p .  “ 3 .4  l . m o l e ” ^ m i n . ” ^ ( -  0 . 4 ) .
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5.1 'i'r-ibromide Ion In Acetic Acid and in Deuteroacetic 
Acid,

The magnitude of the equilibrium constant (K) for 

the d issociation  of tribromide ion in acetic acid,

Brg Br̂  + Br ,

was found to be 0.0066 -  .001 mole litre"^ (Section "C",

2 .2 .6 ) . This, together with the literature^^^ values for 

50, 60, 70, 75, and 80Jo aqueous acetic acid enable a graph 

(Fig. I l l )  to be drav/n for the relation between the 

magnitude of the equilibrium constant and the composition 

of the medium. I t  is  to be noted that these measurements 

were made at constant ionic strength, by adding to the

medium lithium  perchlorate (the present v/ork), sodium
1 2 perchlorate or perchloric acid •

From the graph i t  can be seen that a linear relation

ship ex ists  between the magnitude of the equilibrium constant 

and the water content of the medium, especially when the 

difference in the experimental procedures, and the temper

atures at which the different measurements were made, are 

born in mind. The graph also indicates that the value 

now assigned to the equilibrium constant in dry acetic acid 

does not seem to be unreasonable.

1. Berliner and Beckett, J.Amer.Ghem.Soc., 1957, 79, 1425 
Berliner and Landry, J.Org.Chem., 1962, 27̂ f 1083

2. E. Gr ovens te in, Jr., and U.V. Henderson, Jr ., J.Amer. 
Chem.Soc., 1956, 78, 569.
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P i g .  I l l  Plot of the equilibrium constant for the 

dissociation  of tri~bromide ion in aqueous 

acetic acid mixtures

0.015

0.010

0 . 0 0 5

so 100

^ a^ueouLs CĤ COOH
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F u r t h e r m o r e ,  K e e f e r  and Andrews^ o b t a i n e d  a  v a l u e  of

a b o u t  0 . 0 0 6 8  m o le  l i t r e f o r  the  o c n s t a n t  i n  ^0^

a q u e o u s  a c e t i c  a c i d ,  and r e p o r t e d  ( w i t h o u t  q u o t i n g  a c t u a l

f i g u r e s )  t h a t  t h e  v a l u e  o f  t h e  c o n s t a n t  i n  d ry  a c e t i c

a c i d  i s  o f  a  s i m i l a r  o r d e r  o f  m a g n i tu d e .  The c u rv e  a l s o
2

s e r v e s  to  c o n f i r m  t h e  e a r l i e r  o b s e r v a t i o n :  t h a t  t h e  

d i s s o c i a t i o n  o f  t r i b r o m i d e  i o n ,  a s  m easu red  by th e  

r e l a t i v e  m a g n i t u d e  o f  th e  e q u i l i b r i u m  c o n s t a n t  o f  th e  

r e a c t i o n ,  d e c r e a s e s  ( o r  c o n v e r s e l y ,  tlie e x t e n t  o f  i t s  

f o r m a t i o n  and s t a b i l i t y  i n c r e a s e s )  a s  the w a t e r  c o n t e n t  

o f  t h e  medium i s  d e c r e a s e d .

The v a l u e  o b t a i n e d  f o r  t h e  same e q u i l i b r i u m  

c o n s t a n t  i n  d e u t e r o - a c e t i c  a c i d  i s  0 .0 0 5 3  mole l i t r e - 1 *

(^  0 . 0 0 1 ) ,  a p p r e c i a b l y  lo w e r  t h a n  in  a c e t i c  a c i d .

C o n s e q u e n t l y ,  i t  i s  t o  b e  e x p e c t e d  t h a t  t h e r e  v/ouiM be 

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

and a v a i l a b l e  t o  r e a c t  w i t h  any r e a c t i v e  s u b s t r a t e  t h a t  

m ig h t  be p u t  i n  t h e  medium; h e r e  i t  i s  assumed ( b u t  

w i l l  be  p r o v e d  l a t e r ;  S e c t i o n  3 . 4 )  t h a t  t h e  

b r o m i n a t i n g  e n t i t y  i s  f r e e  b rom ine  o n l y .  T h i s  o b s e r v a t i o n

m ig h t  p r o v e  u s e f u l  f o r  t h e  e n s u in g  d i s c u s s i o n .

1 .  K e e f e r  and  A id re w s , .  J * Amer..  Chem. S o o . ,  1956 ,  78,  3637 

2# W . j .  J o n e s ,  J .  Ohem. S o o . ,  1911,  392
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3.2. Kinetics of Bromination of Phenol in Acetic
and in Deuteroacetic acid. ----- .
The rate constants (Section 2.4.a.i.) for

molecular bromination of phenol in pure acetic acid at 25^ 
and in presence of added bromide ion are tabulated below 
against the respective concentrations of bromide ion (Table 7.) 
In all these reactions the ionic strength was kept constant 
(0.20 M) by adding lithium perchlorate. The rate constants 
for the bromination of phenol in deuteroacetic acid under 
identical conditions are also given.

Table 7.
Summary of the - rate coefficients (kapp.) for the bromination 
rea.ctions of phenol.

Solvent
LiBr 
(M)

0 . 2 0

0.15
0.10
0 . 0 5

CH^COOH 
4app. 

(l.mole min,-l)

32
43
65

1 2 2

GH^COOD
“idpp.

(l.mole min.-l)

19
23
35
6 4

)H,COOH 
ÎĤ COÔII

1.7
1.9
1.9
1.9
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These rate constants were calculated, using the

integrated rate equation for bimolecular reactions. For

phenol in  acetic  acid the devia,tion within one kinetic run of

the rate c o e ffic ien ts  from the mean value was well within

the lim it of experimental error. The constancy of the rates

could be taken to indicate that bromination reactions of

phenol in  acetic  acid are of second-order overall, f ir s t -

order in  both bromine and phenol. Generally, bromination

reactions in  acetic  acid, and in aqueous acetic acid are

notable for y ield ing  k inetic orders which are higher than

one in bromine. However, in t ia l addition of a large excess

of bromide ion to the reaction medium has in many instances

reduced the order to one with respect to bromine. A reason

for th is  was given by Berliner and his c o w o r k e r s T h e y

consider that the removal, tnough complex/^j,of part of the

bromine (to Br' )̂ , reduces free bromine concentration to

the extent that the contribution from the term involving

fer J in  A .o
 ̂ -KBrg) /  dt = #A rH )(B rp  + k^ArH)(Br2 )‘'

to the overall rate of reaction becomes k in etica lly  in- 

s ig n ifica n t.

1. Zimmerman and Berliner, J. Amer. Chem. Soc., 1962,
84, 3953; and references therein
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The corresponding rate coefficients of bromination
of phenol in deuteroacetic acid were essentially constant 
over the first 40/o of reaction, but were found to increase in 
the latter stages of bromination..

The reason why the rate of bromination%henol 
should behave in this way in deuteroacetic acid is not yet clear. 
An explanation could be presented on the basis of an 
interference from p-bromophenol - the major product of 
substitution in this reaction.

The ratio of the ionization constant of acetic acid 
in water to that of deuteroacetic acid in deuterium oxide 
is given^ as 3.3. If this is attributed mainly to the 
strengths of ther- e acids, then deuteroacetic acid v/ould be the
weaker acid by roughly that factor.

2It has also been shown that phenol was not basic 
towards acetic acid. Furthermore, substiuion of chlorine 
at the para- position in phenol led to an increase in the 
proi^-donating property of phenol^ and bromine should be 
expected to do the same.

r. Rule and La Mer, J. Amer. Chem. Soc., 1938, 60, 1974
2. M. Prytz, Acta Chem. Scand., 1947,
3. S. Nagakura, J. Chem. Soc. Japan, 73,743, irom

Chem. Abs. 1954, 48, L034h
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I f  we o o n s i d e r  t h a t  p r o t o n  l o s s  i n  h y p e r o o n j u g a t i o n  

e n h a n c e s ,  o r  i t s  h i n d r a n c e  r e d u c e s ,  r e a c t i v i t y ,  and t h a t  t h i s  

p r o c e s s  i s  more i m p o r t a n t  f o r  g -b ro m o p h e n o l , a s  compared w i t h  

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

t h e  c o n t r i b u t i o n  f rom  g -b ro m o p h en o l  t o  t h e  o v e r a l l  r e a c t i o n  r a t e  

c o u ld  be  a p p r e c i a b l e  when d e u t e r o a c e t i c  a c i d  i s  u s e d  a s  s o l v e n t *  

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

in g  £ -b ro m o p h en o l  i n  b o t h  a c i d s ,  and t h e n  com par ing  t h e  r e s u l t s  

o f  t h e  i s o t o p e  e f f e c t  w i t h  t h a t  o f  p h e n o l .  F o r  t h e  above . cni

a rgum en t  t o  h o l d  a  s l i g h t l y  s m a l l e r  i s o t o p e  e f f e c t  s h o u ld  be 

o b s e rv e d  f o r  p -b rom opheno l#

One o t h e r  f e a t u r e  o f  t h e  r e a c t i o n  i n  d e u t e r o a c e t i c  a c i d  

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

r e a c t i o n  medium t h r o u g h  t h e  r e p l a c e m e n t  o f  h y d ro g en  by b rom ine  # 

Exchange b e tw e e n  p r o t i u m  i o n s  and t h e  s o l v e n t  r e s u l t s  i n  t h e  

f o r m a t i o n  o f  a c e t i c  a c i d  i n  t h i s  medium# S in c e  p h e n o l  b r o m in -  

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

e x p e c t e d  t o  i n c r e a s e  a s  t h e  r e a c t i o n  p r o g r e s s e s *  However,  t h i s  

i n c r e a s e  i n  r a t e  can  be a p p r e c i a b l e  o n l y  when 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  p h e n o l  i s  u se d #  I n  t h e  r e a c t i o n s  c o n d u c t 

ed i n  t h i s  e x p e r i m e n t  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 h e n o l  

n e v e r  e x c e e d e d  0 .0 0 1 2  Mj  ̂ n e v e r t h e l e s s  u s e f u l  i n f o r m a t i o n  

m ig h t  be d e r i v e d  f rom  a  co m p ar i so n  o f  t h e  b e h a v i o u r  i n  t h i s  

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

1# de l a  M are ,  D u so u q u i ,  T i l l e t t , a n d  Z e l t n e r ,  J#Chem*8oo# 

1964 ,5306*
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t h a t  o f  2 , 4 , 6 , “t r i d e u t e r o p h e r o L  i n  t h e  same s o l v e n t .
$ ,

The r a t e  c o n s t a n t s  i n  T ab le  7 b'Were c a l c u l a t e d  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  e q u a t i o n  f o r  b i m o l e c u l a r  r e a c t i o n s ,

- d x / d t  « [ B r ^  ^

where  j^Brg^ ^ «= t o t a l  b rom ine  c o n c e n t r a t i o n .

The r a t e  c o n s t a n t s  r e f e r  t o  r u n s  co n d u c ted  a t  c o n s t a n t  

b rom ide  i o n  c o n c e n t r a t i o n .  As s u c h ,  t h e  r e s u l t s  do n o t  b e t r a y  

t h e  n a t u r e  o f  t h e  b r o m i n a t i n g  a g e n t s ,  i . e . ,  w h e th e r  i t  i s  

m o l e c u l a r  b ro m in e ,  any  e n t i t y  d e r i v e d  f rom  t h i s ,  o r  b o th *  

However,  a  method o f  a n a l y s i s  h a s  b een  d e v e lo p e d ^  by  w hich  

th e  r a t e  o f  b r o m i n a t i o n  by f r e e  b rom ine  (u n co m p le x ed ) i n  a  

medium known t o  c o n t a i n  b rom ide  i o n  i n  a p p r e c i a b l e  c o n c e n t r a 

t i o n s ,  can  be a s s e s s e d ^  a n d u lh e  p a r t i c i p a t i o n  and r e l a t i v e  

c o n t r i b u t i o n  t o  t h e  o v e r a l l  r a t e  o f  any  o t h e r  c o n c e i v a b l e  

b r o m i n a t i n g  e n t i t i e s  c o u ld  a l s o  be d e t e r m i n e d .

To b e g i n  w i t h ,  t h e  f o r m a t i o n  o f  t h e  t r i b r o m i d e  i o n  i n  

t h e  r e a c t i o n  medium i s  assumed t o  r e s u l t  f rom  t h e  oom plex-  

i n g  o f  f r e e  b rom ine  w i t h  b ro m id e  i o n :

Brg (Br2)f + [Br"]

The e q u i l i b r i u m  c o n s t a n t  f o r  t h i s  r e a c t i o n  would t h e n  be

1 .  B e r l i n e r  and B e c k e t t ,  J . J im e r .  Chem . S o c . ,  1957, 79, 1 4 25 .
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given by the equation

K = [ B r g l ^ . [ B r " ] / [ B r g ]

It is  further assumed that the total bromine 

concentration, [Br^]determined iodometrically, 
could be expressed essentia lly  in terms of the concen

trations of the following species.

By suggesting that free bromine is  the only effective  

brominating entity , the relationship given below could be 

formulated on the basis of the above assmptions, and i t  

v/ould be expected to hold:
i .  = kK/(K + [Br-])app

k being the specific rate constant for bromination 

by free bromine, K the equilibrium constant for the dis
sociation of tribromide ion, and [Br”] the concentration
of the bromide ion. If ^  is  then plotted against

™PP
K/(K + [Bt”]) ,  a straight lin e would be expected to 

resu lt, and the slope of th is would of course give the 

magnitude of k. For exclusive bromination by free 
bromine, the straight line should pass through the origin; 
and any appreciable positive intercept would then mean 

that some species other than free broinine is  probably 

participating in the reaction.

'Suoh a plot is  given in Pig. IV for the bromination
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Pig. IV Dependence on the tribroiTiide ion concentration 

of the rate of bromination of phenol in  

acetic acid (A), and in deuteroacetic acid (b)
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of phenol in acetic acid (A), and in deuteroacetic acid (b),

using the rate constants given in Table 7, and the equilibrium
constants obtained for the dissociation of tribromide ion

in these two solvents.
From these plots i t  can be inferred that bromination

of phenol in  both acids involves molecular bromine, in i t s
free form, as the exclusive brominating agent. This resu lt

1is  consistent with earlier observations relating to 

bromination reactions in media of comparable nature. It  

does not, however, prove the prediction of Keefer and 

Andrews as regards the expected effectiveness of the t r i 
bromide ion as a brominating agent in pure dry acetic acid.

The slopes of the curves (Pig. IV) for the bromination 
of phenol in acetic acid (A) and in deuteroacetic acid (B) 

can be used to calculate the specific rate constants (k)

of these reactions. These were found to be 1050 and 700 
—1 —1l.mole" min respectively. The isotope effect (k^^k )̂ 

for the bromination by free halogen of phenol would then 

be 1.5, no allowance being made for the e ffec t of change 

of solvent.

1. Zimmerman and Berliner, J.Amer.Ghem.Soc., 1962, 84, 3953
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3•5 Kinetics of Bromination of Anisole in Acetic and 
in Deuteroacetic acid."------- .
Anisole was 'brominated under conditions identical 

to those used for the bromination of phenol. The rate 
constants for the bromination reactions in these two 
acids are summarised below.

Table 8.

Summary of the' rate coefficients C^pp ) for 
the bromination reactions of anisole.

SOLVENT CH^GOOH GH^GOOD3
Li Br 
(M)

^app.
(1.mole"^min."^)

^pp.
—1 —1 (l.mole min." ) ^H^GOOH/

I^^GOOD
0.20 0.54 0,9 0.4
0.15 0.53 1.5 0.4
0.10 0.92 1.8 0.5
0.05 1.96 5.4 0.6

The bromination of anisole is slower in acetic
acid, hence the inverse isotope effect. A plot of
K -against K/K+[Br“] is given in Pig. V. It is app.
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Pig. V PeDendence on the trilronilde ion concentration 

of the rate of bromination of anisole in

acetic acid (A), and in deuteroacetic acid (b)

I
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evident that the kinetics of the bromination reactions 
of anisole are identical with those of phenol (part 3.2., 
in this section). The brominating agent can again be 
identified as molecular bromine, in its uncomplexed form. 
However, whereas a straight line is obtained for the 
reaction of anisole in deuteroacetic acid (B), the plot 
for the bromination reaction of anisole in acetic acid 
shows a small curvature. This is thought to be due to 
catalysis by bromine (Section , 3-4.).

The specific rate constant for bromination by free 
bromine (k) was found to be 12 1.mole”^min.~^ for anisole 
in acetic acid, and 36 1 .mole"”^min."^ in deuteroacetic 
acid. This reaction would then have an isotope effect

of about 0.33" This is qualitatively in 
keeping with the suggestion^ that an inverse isotope 
effect is to be expected for reactions not involving 
appreciable proton exchange with the solvent. It is 
difficult, however, to account for the relatively large 
magnitude of the effect. A possible reason would be 
to consider that hydrogen-bonding between anisole and 
the solvent (Ph -̂ 0;. . .. H - 0 - CO.CH^) is more 
important in acetic than in deuteroacetic acid.
Long and Watson, J. Chem. Soc., 1958, 2019.
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3.4. The Mechanism of the Bromination Reactions of
Phenol and Anisole.  -------- .
A preliminary discussion on the mechanism of 

the bromination reactions of phenol and anisole has 
been given in Section (B): 1.2.

If we assume that molecular bromination of phenol 
and anisole under the conditions of the present experiment 
(i.e., 23°, large excess of bromide ion in dry acetic 
acid as solvent) involves^ formation of a complex 
between the aromatic substrate and a molecule of bromine, 
then the rate-determining stage of these two reactions 
could be approximated to the following structures.

H Br

+ 0 \
H

" a "

B r

n e
? 't

The demand for resonance-stabilization of these 
transtion-8tates ("a" for phenol, and “b" for anisole)
1 de la Mare, Dusouqui, Tillett and Zeltner, J. Chem. 
Soc., 1964, 3$06.
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is very large, and therefore, the activating powers of 
the OH and OMe groups would he expected to be fully 
utilized. The OH group in phenol copes with this demand 
by shifting part of the positive charge from the oxygen 
to the hydrogen atom. As the positive charge on the 
hydrogen atom increases, the potential acidic character 
of this atom increases as well, and hence its loss as 
a proton becomes imminent. The loss of this hydrogen 
atom would in turn facilitate the simultaneous loss of 
bromide ion in the transition state of the reaction.
This does not happen in anisole, and the loss of the 
bromide ion from the complex of this compound would, 
therefore, require the participation of another species 
as catalyst. Additional bromine molecules could act 
as catalysts for this process. The contribution from 
the third-order rate-constant to the overall rate of 
bromination of anisole, indicated by the curvature in 
plot (A) in Fig. V, is explained in terms of this cata
lytic ,effect.

The same overall picture is also given by the 
reactions of these two compounds in dry acetic acid, in 
the absence of bromide ion. This finding is consistent 
with Berliner's^ suggestion that bromination "reactions 
^Zimmerman and Berliner, J. Amer. Ghem. Soc., 1962, 84-,

3953
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in presence and absence of bromide ion, are kinetically,
and presumably mechanistically, identical, and that the
decisive factor is the reduced bromine concentration."
This suggestion is further confirmed by the absence of
such catalytic effects in the bromination of anisole in
deuteroacetic acid.

The value of the equilibrium constant for the
dissociation of the tribromide ion, as given by

K = [(Brg)jJ [Br“] / CBr^"] ,
is 0.0055 mole litre~^ in acetic acid, but only 0.0055 

—  1mole litre in deuteroacetic acid. Consequently, not 
enough bromine would be available for the contribution 
from third-order reaction to be significant when 
deuteroacetic acid is used as solvent.
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3.5 . Relative Reactivity of Phenol and Anisole

The rate constants for broniination by free bronline 

in dry acetic acid at 25  ̂ of phenol and anisole were
— "I — '1found to be 1050 and 12 l.mole" min" respectively.

Accordingly, in th is reaction phenol i s  at least 88 times

more reactive than anisole. Coirparing the rate of
reaction of phenol v/ith that of 2 ,6-dime thy Iphenol

allov/ed a factor of roughly four to be assigned to the

magnitude by which the rate of reaction is  being reduced
1through steric hindrance of resonance • I t  was also 

1suggested ‘ that the rate of bromination of anisole is  

expected to be reduced by about the same factor (by not 

more than four) i f  only steric  hindrance were involved. 
Consequently, some other reason has to be furnished to 

account for the reiriaining rate discrepancy — a factor 

of about 22. Recourse had to be made to -OH hyper
conjugation to account for th is extra reactiv ity  in phenol. 
The acceptance of th is postulate, however, poses some 
questions which, i f  answered successfully, would serve to 

strengthen the valid ity  of the postulate.

One of these questions concerns the possible occurrence 

of a normal isotope effect in the bromination of phenol, 
i f  the medium is  changed from acetic to'deuteroacetic acid.

1. de la Mare, Tetrahedron, 1959, 5, 107.
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An isotope effect = 1.5) has in fact been observed

for the bromination of phenol. Thisnindicates that the 

O-H bond in phenol has been stretched considerably in the 

rate-determining step of the reaction. The stretching of 

th is bond might have resulted from it s  engagement in 

releasing electrons conjugatively to the residue vihich i t  

activates, and hyperconjugation could, therefore, be con

sidered to be indirectly responsible for th is isotope
1effec t. Secondary isotope effects  have in fact been used 

before to corroborate the occurrence of hyperconjugative 

effec ts .
The fact that phenol was less  susceptible than anisole 

to catalysis by bromine (Section 3.4) indicates a

simultaneous loss of the bromide and the hydrogen ions in  

the rate-determining stage for the reaction of phenol:

Hv

+

The loss of the la tter  ion could again be attributed to 

the engagement of 0-H in hyperconjugation.

1. Olah, in "Organic Reaction Mechanisms -  An International 
Symposium", Cork, Ireland, 1964. The Chemical Society, 
London, 1965, p. 21


