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The k ine t i c  l aws  fo r  the  f o r m a t i o n  of n-C3H~Br f r o m  n-C3H7OH and HBr  in aqueous  so lu t i ons  wi th  and 
wi thout  H2SO 4 at  80-100~ h a v e  been  d e s c r i b e d  in [1]. In o r d e r  to avo id  a l a r g e  change  in the  a c i d i t y  of  the  
m e d i u m  du r ing  the  c o u r s e  of  the  r e a c t i o n ,  the  e x p e r i m e n t s  w e r e  c a r r i e d  out at  r e l a t i v e l y  low in i t i a l  c o n c e n -  
t r a t i o n s  of  the  r e a c t a n t s :  0 . 7 1 - 0 . 8 4  m o l e / l i t e r  n-C3HTOH in e x p e r i m e n t s  wi th  and without  B2SO 4 and 0 .5  m o l e /  
l i t e r  HBr  in t he  e x p e r i m e n t s  wi th  H2SO 4. In the  e x p e r i m e n t s  in which  no add i t i ons  of  H2SO 4 w e r e  m a d e ,  the  
HBr  c o n c e n t r a t i o n  was  v a r i e d  f r o m  6 .56  to  8 .28  m o l e / l i t e r .  In th i s  c a s e ,  a d e c r e a s e  in  the  r a t e  c o n s t a n t  was  
r e c o r d e d  a f t e r  h igh d e g r e e s  of  c o n v e r s i o n  had  been  a c h i e v e d  which  m a y  be a t t r i b u t a b l e  to a d e c r e a s e  in the  

a c i d i t y  of  the  m e d i u m .  

Both fo r  t h e o r y  and p r a c t i c e ,  the  r e s u l t s  of k ine t i c  e x p e r i m e n t s  on the  f o r m a t i o n  of a l k y l b r o m i d e s  in  
aqueous  s o l u t i o n s  of  s t r o n g  a c i d s  wi th  high c o n c e n t r a t i o n s  of  a l coho l  a r e  of i n t e r e s t .  It i s  i m p o r t a n t  tha t  two 
q u e s t i o n s  should  be e x a m i n e d :  1) how to q u a n t i t a t i v e l y  t a k e  a c c o u n t ' o f  the  change  in the  a c i d i t y  of t he  m e d i u m  
d u r i n g  the  c o u r s e  of  a k ine t i c  e x p e r i m e n t  when t h e r e  i s  a d e c r e a s e  in the  c o n c e n t r a t i o n  of the  s t r o n g  a c i d ;  2) 
how r e l a t i v e l y  h igh  c o n c e n t r a t i o n s  of the  a l coho l  a f fec t  the  t r u e  r a t e  c o n s t a n t  which  c h a r a c t e r i z e s  the  r e a c t i v -  
i ty  of the  r e a g e n t s .  

The a i m  of the  p r e s e n t  w o r k  was  to  s tudy  t h e s e  q u e s t i o n s  u s i n g  the  h y d r o b r o m i n a t i o n  of n-C3H7OH by 

h y d r o g e n  b r o m i d e  in  aqueous  s o l u t i o n s  of  HBr  in the  p r e s e n c e  of  R2SO 4 as  a c a t a l y s t  and without  H2SO 4 as  the  

e x a m p l e .  

E X P E R I M E N T A L  

The c h a r a c t e r i s t i c s  of the  r e a g e n t s ,  the  t e chn ique  u s e d  to c a r r y  out the  k ine t i c  e x p e r i m e n t s ,  and the  

m e t h o d  of c a l c u l a t i n g  the  chang ing  c o n c e n t r a t i o n s  of  the  a l c o h o l ,  H B r ,  n-CuHTBr,  the  a l k y l s u l f o n i c  a c i d  (n-  

C3H7OSO3H ) , and H2SO 4 have  been  d e s c r i b e d  in [1]. 

Al l  the  e x p e r i m e n t s  w e r e  c a r r i e d  out at  80~ and unt i l  the  r e a c t i o n  had  gone to c o m p l e t i o n .  At c e r t a i n  

c o n c e n t r a t i o n s  of the  r e a g e n t s ,  an e q u i l i b r i u m  is  e s t a b l i s h e d  be tween  the  a l coho l  and n-C3HTBr. The c a l c u -  
l a t e d  c o n c e n t r a t i o n  e q u i l i b r i u m  c o n s t a n t s  Kp and the  d e n s i t i e s  of the  s o l u t i o n s  at  the  m o m e n t  of  m i x i n g  the  r e -  
agen t s  and a f t e r  the  r e a c t i o n h a d  gone t o  c o m p l e t i o n ,  m e a s u r e d  at 25~ a r e  shown in T a b l e  1. 

D I S C U S S I O N  O F  R E S U L T S  

The e x p e r i m e n t s  in aqueous  so lu t i ons  wi thout  H2SO 4 w e r e  c a r r i e d  out wi th  c o n c e n t r a t i o n s  of n-C3HTOH 
f r o m  1 .5  to 4 . 2  m o l e / l i t e r  and at  HBr  c o n c e n t r a t i o n s  f r o m  6.11 to 8 . 0  m o l e / l i t e r .  The a c i d i t y  of the  m e d i u m  

d e c r e a s e d  s h a r p l y  d u r i n g  t h e s e  e x p e r i m e n t s  due to the  change  in the  c o n c e n t r a t i o n  of HBr .  

In the  e x p e r i m e n t s  on the  h y d r o b r o m i n a t i o n  in aqueous  so lu t i ons  of H2SO 4, the  i n i t i a l  c o n c e n t r a t i o n  of the  
a l coho l  was  v a r i e d  f r o m  1 .45  to 4 .23  m o l e / l i t e r  at r e l a t i v e l y  low c o n c e n t r a t i o n s  of  HBr  ( f rom 0. 267 to 0. 783 
m o l e / l i t e r ) .  In t h i s  c a s e ,  the  change  in the  a c i d i t y  of  the  m e d i u m  d u r i n g  the  c o u r s e  of an e x p e r i m e n t  was  s m a l l -  
e r  than  in the  e x p e r i m e n t s  wi th  aqueous  s o l u t i o n s  of HBr .  Th i s  i s  a t t r i b u t a b l e  not  only  to the  u s e  of low in i t i a l  
HBr  c o n c e n t r a t i o n s  but a l so  to the  f o r m a t i o n  of  H2SO 4 as  a r e s u l t  of  the  h y d r o l y s i s  of the  p r o p y l s u l f o n i c  a c i d  

v~hich i s  in e q u i l i b r i u m  with  the  a l coho l  and H2SO 4 
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n-CaHTOSQOH + H20 ~- n-CaHTOH ~- H2SO~ 

It fo l lows  that  one shou ld  a l so  a l low fo r  the  change  in the  a c i d i t y  of the  m e d i u m  du r ing  the  c o u r s e  of the  
r e a c t i o n  in c a l c u l a t i n g  the  r a t e  c o n s t a n t s  fo r  h y d r o b r o m i n a t i o n  in e x p e r i m e n t s  with s o l u t i o n s  of  the  r e a g e n t s  

in H2SO 4. 

According to [i], the rate of formation of n-C3HTBr, when the acidity of the medium and the volume of the 

reaction mixture remain constant, is expressed by the equation 

t dNx Nnnr Nr~ori Nx  Nmo (1) 
-V- d---t- = kl '  V V k2' V V 

w h e r e  NX, N H B r ,  NROH, and NH20 a r e  the  n u m b e r  of m o l e s  of the  a l k y l b r o m i d e ,  H B r ,  the  a l c o h o l ,  and  w a t e r  
in the  r e a c t i o n  m i x t u r e  r e s p e c t i v e l y ,  k l '  and  k2 f a r e  the  e f f ec t i ve  r a t e  c o n s t a n t s  fo r  the  f o r w a r d  and r e v e r s e  
r e a c t i o n s ,  and V i s  the  v o l u m e  of the  r e a c t i o n  m i x t u r e .  

In Eq.  (1), the to ta l  n u m b e r  of m o l e s  of the  a l choho l  not bound  up in  the a l k y l s u l f o n i c  ac id ,  and 
of  the  a lky l  a c i d i s  deno t ed  by NRO H. As has  been  shown in [2], n - p r o p y l s u l f o n i c  a c i d  i s  u n r e a c t i v e  in the  h y -  
d r o b r o m i n a t i o n  of a l coho l  wi th  HBr  and the c o n c e n t r a t i o n  of the  a c t i v e  s p e c i e s  C3H7OH is  r e d u c e d  on accoun t  
of i t s  f o r m a t i o n .  Hence  in a n a l y z i n g  the  k ine t i c  da ta  f r o m  e x p e r i m e n t s  u s i n g  so lu t i ons  of the  r e a g e n t s  in H2SO 4 
in  a c c o r d a n c e  with  Eq.  (1), account  shou ld  be t aken  of the  fac t  tha t  the  r a t e  cons t an t  k l '  con t a in s  a f a c t o r  which 
a l l ows  fo r  the  r e l a t i v e  c o n c e n t r a t i o n  of the  r e a c t i v e  f o r m  of  the  a l c o h o l .  The  n-C3H7Br which  i s  f o r m e d  i s  
p o o r l y  s o l u b l e  in the  so lu t i on  of  the  a c i d  and i s  e vo lve d  into  the  gas  p h a s e  w h e r e  i t  p a r t i a l l y  c o n d e n s e s  in the  
f o r m  of d r o p l e t s  which  l e a d s  to a r e d u c t i o n  in the  v o l u m e  of the  r e a c t i o n  m i x t u r e .  The d e n s i t i e s  p of  the  i n i t i a l  
so lu t i on  and the  so lu t ion  ob t a ined  a f t e r  the  r e a c t i o n  has  gone to c o m p l e t i o n  a r e  p r a c t i c a l l y  i d e n t i c a l .  H e n c e ,  
when x m o l e s  of n - p r o p y l b r o m i d e  a r e  f o r m e d  in 1 l i t e r  of  the  i n i t i a l  so lu t i on  and they  a r e  r e m o v e d  into the  gas  
p h a s e ,  the  v o l u m e  of  the  r e a c t i o n  m i x t u r e  d e c r e a s e s  by the  amount  

~,X = MC~H:BrX 
10009 

w h e r e  MC3HTBr i s  the  m o l e c u l a r  weight  of  the  a l k y l b r o m i d e .  The in i t i a l  v o l u m e  of the  r e a c t i o n  m i x t u r e  i s  d e -  
no ted  by V 0 and the  c u r r e n t  v o l u m e  of  the  r e a c t i o n  m i x t u r e  V = Vo(1 - kx).  When V is  r e p l a c e d  by  Vo in Eq.  (1) 

and we i n t r o d u c e  the  no t a t i on  N x / V  0 = x ,  and N H B r / V  0 = a ,  NROH/V 0 = b,  NH20/V 0 = C ~ fo r  the  i n i t i a l  s o l u -  
t i o n s ,  t hen ,  fo r  a c o n s t a n t  a c i d i t y  of  the  so lu t ion  

dx k 1' (a - -  x ) (b  - -  x)  k ' I['~ ~- x)  x -- ~ W H ~ O  (2) 
- ~ - =  1 - -  ~x 

In Eq.  (2) and the  subsequen t  e q u a t i o n s ,  x has  the  m e a n i n g  of the  c u r r e n t  c o n c e n t r a t i o n  of the  n - p r o p y l -  

bromide if it had all remained in the solution. The rate constant k i ' changes in proportion to the acidity of the 

medium h 0 [I] and k I' = (k I') oho . The rate constant for the hydrolysis of n-propylbromide k 2' also includes a 

coefficient describing the solubility of n-C3H7Br in the reaction mixture. It follows from the data cited in [I] 

that k 2' only changes insignificantly when there is a change in the acidity of the medium. Under the conditions 

which were employed, the equilibrium of the hydrobromination reaction was strongly displaced in favor of n: 

C31:[TBr, i.e., k 2' << k I '. Hence, in order to simplify the calculations, we assume that k2 f also changes propor- 

tionally to ho, i.e., k 2' = (k2)oho . In calculating kl f, this assumption can only lead to significant errors when 

points on the kinetic curve close to equilibrium are employed. With the above assumption the rate of the re- 

action is described by the equation 

_ ( 2)0 (Cmo + x) x] (ho)cur (3) dx [(kl')0 (a - -  x) (b - -  x) - -  k 0 
dt 1 - -  ~x 

w h e r e  (h0)cu r i s  the  c u r r e n t  a c i d i t y  of the  so lu t ion .  

F o r  i n t e g r a t i o n ,  Eq.  (3) i s  w r i t t e n  as  

w h e r e  

d z  _ (,~1')o ( m  - -  x)  (,~ - -  z )  (ho)cu r 

d t  ( ~ - -  K ~ )  ( ~ - -  ~.x) 

a + b + K~C~o ~ o~ 
m-~- n ~ I - - K ~  ; n---Cc~HTBr=X (4) 

(4) 

1584 



K e is  the e q u i l i b r i u m  cons t an t  for  the h y d r o b r o m i n a t i o n  e x p r e s s e d  in c o n c e n t r a t i o n  t e r m s  

I (e  = (a - -  C&mBr) (b - -  CC~.,,r) 
C o C ~ C ~ ( ~ o  :~- c~TBr) c ~ B r  

oO 

CC H ~ r  is  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  of n - p r o p y l b r o m i d e  in the so lu t ion  if it  had not evapora t ed  into the 
3 7 ~ ~o 

gas phase .  By C~ , ,  ~ we a lso  denote  the f inal  c o n c e n t r a t i o n  of n - p r o p y l b r o m i d e  which would have been ob-  
~ 3 r l T ~ r  

t a i n e d i n t h e  so lu t ion  d u r i n g  the comple te  c o n v e r s i o n  of the alcohol  into n - Q H T B r  sub jec t  to the condi t ion  that  
the l a t t e r  c o m p l e t e l y  r e m a i n e d  in so lu t ion .  

In o r d e r  to i n t e g r a t e  Eq.  (3) it  is  n e c e s s a r y  to e x p r e s s  (h0)cu r in  t e r m s  of the c u r r e n t  c o n c e n t r a t i o n s  of 

HBr ,  H2SO4, H20 , and n-C3HTOH. It is  i m p o s s i b l e  to m e a s u r e  the ac id i ty  funct ions  of a q u e o u s - p r o p a n o l  so lu-  
t ions  of HBr and m i x t u r e s  of HBr with H2SO 4 at 80~ u s i ng  the i nd i c a t o r  method .  The va lues  of H 0 for  the so lu -  
t ions  u n d e r  i n v e s t i g a t i o n  at 80~ can  be ca l cu l a t ed  on the bas i s  of r e s u l t s  p r e s e n t e d  in  [2] where  it  was shown 

that  at 25~ the  ac id i ty  func t ions  of a q u e o u s - a l c o h o l i c  and aqueous  so lu t ions  of a s t rong  ac id  change by the 
s a m e  amount  o v e r  the s a m e  r ange  of ~/ (7 is  the ra t io  of the sum of the c o n c e n t r a t i o n s  of the s t r o n g  ac ids  to 

the sum of the c o n c e n t r a t i o n s  of the ba se s ) .  We a s s u m e  that  th is  law is  a lso  va l id  at h ighe r  t e m p e r a t u r e s .  

The ac id i ty  func t ions  of aqueous  so lu t ions  of s t r o n g  ac ids  can  be m e a s u r e d  by the i nd i c a t o r  method .  If t hese  

data a r e  a v a i l a b l e ,  the ac id i ty  func t ions  of a q u e o u s - a l c o h o l i c  so lu t ions  can  a l so  be ca l cu l a t ed .  In  o r d e r  to do 
this  it  i s  n e c e s s a r y  to ca l cu l a t e  the va lue  of 7 for  the so lu t ions  u n d e r  i nves t i ga t i on  and to find H 0 of an aqueous  
so lu t ion  of the s t r o n g  ac id  with the s a m e  value  of 7 f rom the t abu la t ed  data .  The ac id i ty  func t ions  of aqueous 

so lu t ions  of H2SO 4 at t e m p e r a t u r e s  above 25~ a r e  known f rom [3]. These  data have been  used  in  [1] and in  the 

p r e s e n t  work  to ca l cu l a t e  H 0 for so lu t ions  of HBr and HBr with H2SO 4 in a q u e o u s - p r o p a n o l  m i x t u r e s ~  

It i s  i~own [4, 5] tha t ,  at 25~ and at c o n c e n t r a t i o n s  of a s t r o n g  acid in  an aqueous  solut ion of m o r e  than  
4 m o l e s  p e r  1000 g w a t e r ,  t h e r e  is  a l i n e a r  r e l a t i o n s h i p  be tween  H 0 and the mo la t i t y  of the ac id  (the n u m b e r  of 
m o l e s  of the acid p e r  55 .5  m o l e s  of wa te r ) .  

Acco rd ing  to [2], the s a m e  r e l a t i o n s h i p  a l so  holds  at 25~ in the ca se  of a q u e o u s -  a lcohol ic  so lu t ions  of 

H2SO 4 and a m i x t u r e  of H2SO r and HBr and is  app l i cab le  t o  the m i x t u r e s  i nves t i ga t ed  in  th is  work .  It can  be 
e x p r e s s e d  by the equat ion  

- -  (Ho) ~ 55.5.~'7 + d (5) 

The fac tor  of 55 .5  in  th i s  equa t ion  was i n t roduced  in  o r d e r  to r e f e r  the n u m b e r  of mo l e s  of the s t r o n g  ac id  to 

55 .5  m o l e s  of the sum of the b a s e s .  It i s  expedien t  to r e f e r  to the n u m b e r  of mo l e s  of the acid p e r  55.5 mo le s  
of w a t e r  and a lcohol  in  the a q u e o u s - a l c o h o l i c  so lu t ion  as the m o l a l i t y  of the a q u e o u s - a l c o h o l i c  so lu t ion  of the 
ac id .  

Wa te r  and alcohol  m o l e c u l e s  a r e  the b a s e s  in  a q u e o u s -  a lcohol ic  so lu t ions  of H2SO4. Any alkyl  a o i d p r e -  

sen t  in  the so lu t ion  is  not a l lowed for  in the sum of the c o n c e n t r a t i o n s  of the ac ids  [2]. Accord ing  to [2], a 

m o l e c u l e  of an a lkyl  acid binds a w a t e r  m o l e c u l e  which is  a l lowed for  in  the sum of the n u m b e r  of mo le s  of the 
b a s e s .  In our  ca se  the ac id i ty  func t ions  of the in i t i a l  and c u r r e n t  so lu t ions  can be e x p r e s s e d  by the equa t ions  

- -  (Ho)cur= 55.5.{  (y - -  z ~ - -  x) 
C O ~o + C~o~ 

§  

- -  (I/O)in . =  55.5 .  ~' (y - -  Zo) + d 
C~:o + C~oH 

(6) 

where y is the sum of the concentrations of H2SO 4 and HBr inthe initial solutions in mole/liter, z 0 is the con- 

centration of the alkylsulfonic acid in the initial solution in mole/liter, Zcu r is the concentration of the alkyl- 

sulfonic acid in the current solution subject to the condition that the volume remains constant during the course 

of the reaction, and e' and d are constants which are temperature dependent but independent of the nature of 
the strong acid. 

Since Eqs .  (5) and (6) a r e  e m p i r i c a l  and have not been checked e x p e r i m e n t a l l y  at t e m p e r a t u r e s  exceed -  
ing 26~ i t  i s  r e a s o n a b l e  to a s s u m e  that  the c ons t a n t s  ~' and d only r e t a i n  t h e i r  c ons t a nc y  over  a n a r r o w  range  
of the ac id i ty  funct ion  at high t e m p e r a t u r e s .  If t hese  c ons t a n t s  r e a l l y  r e m a i n  cons t an t  even  wi th in  the l i m i t s  
of a s ing le  H 0 un i t ,  then  th i s  is  accep tab le  for  the d e s c r i p t i o n  of the k ine t ic  c u r v e s  of e x p e r i m e n t s  where  the 
ac id i t i e s  of the i n i t i a l  and f inal  so lu t ions  d i f fer  by an o r d e r  of m a g n i t u d e .  In these  e x p e r i m e n t s ,  the c o n c e n -  
t r a t i o n  of the s t r o n g  acid d e c r e a s e s  by a l m o s t  2 - 2 . 5  m o l e / l i t e r .  The coef f ic ien t  T is  equal  to the n u m b e r  of 
mo le s  of the s t r o n g  ac id  r e m o v e d  f r o m  the so lu t ion  dur ing  the f o r m a t i o n  of 1 mo le  of n - a l k y l b r o m i d e .  
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Only the  i n i t i a l  c o n c e n t r a t i o n s  of w a t e r  CH2 O 0  and a l coho l  C~O H a r e  u s e d  in Eqs .  (6) s i n c e  the  t o t a l  n u m -  
b e r  of  m o l e s  of t h e s e  c o m p o n e n t s  in  the  so lu t i on  r e m a i n s  c o n s t a n t  d u r i n g  the  c o u r s e  of  the  r e a c t i o n .  F r o m  
Eqs .  (6) we ob ta in  tha t  

e" (x-zo 4- Zcur) 55, ~ 
0 (h0)in ~---t0 C~ = e ~  (7) 

(h0)c~r 

In e x p e r i m e n t s  wi thout  add i t i ons  of  H2SO~, on ly  1 m o l e  of the  s t r o n g  a c i d  (HBr) i s  c o n s u m e d  in the  f o r m a t i o n  
of  1 m o l e  of  n - p r o p y l b r o m i d e .  In the  a n a l y s i s  of  such  e x p e r i m e n t s  when t h e r e  i s  no H2SO ~ in the  s o l u t i o n ,  t he  

�9 quan t i ty  2 . 3 " e ' .  5 5 . 5 / ( C ~ 2  O + C~OI_I) i s  deno ted  by e in Eq.  (7). 

It has  a l r e a d y  been  m e n t i o n e d  above  t h a t ,  in e x p e r i m e n t s  wi th  H2SO 4 s o l u t i o n s ,  the  a c i d i t y  a l s o  c h a n g e s  
d u r i n g  the  c o u r s e  of  the  e x p e r i m e n t  due to  h y d r o l y s i s  of  the  a l k y l s u l f o n i c  a c i d .  The change  in the  c o n c e n t r a -  
t ion  of  the  a l k y l s u l f o n i c  a c i d  can  be  e x p r e s s e d  in t e r m s  of x .  It has  been  e s t a b l i s h e d  by an e X p e r i m e n t a l  rou t e  
t ha t ,  d u r i n g  the  c o u r s e  of  the  h y d r o b r o m i n a t i o n  of  n-C3HTOH, the  r a t i o  of  the  c u r r e n t  c o n c e n t r a t i o n s  of  the  a l -  

cohol  and the  a l k y l s u l f o n i c  ac id  i s  p r a c t i c a l l y  c o n s t a n t  [1]. We s h a l l  deno te  t h i s  r a t i o  by f~. 

C ~ 
ROH - -  x - -  ZCu r in the current solution 

Z c u r  
0 

C R O H  - -  Z0 in the initial solution 
t~=- -20 

Consequently 

�9 C~oH . C ~ o u - x  13z Z o = ~ , Z c u r =  t §  ;(X--ZO+%u~)=f+p 

H e n c e ,  in  a n a l y z i n g  the  e x p e r i m e n t s  wi th  s o l u t i o n s  of  the  r e a g e n t s  in H2SO4, the  quan t i ty  

2.3.8' .55.5 13 

C~.o + @o~ i + 1~ 
i s  deno ted  by e in Eq.  (7). We sha l l  r e p r e s e n t  the  exponen t i a l  func t ion  e ~ X i n t h e  f o r m  of  a s e r i e s .  In ou r  

e x p e r i m e n t s  ex was  not  g r e a t e r  than  1 .8 .  Hence ,  even  at  the  m a x i m u m  va lue  of  ex ,  only  t he  f i r s t  fou r  t e r m s  

in the  s e r i e s  

e ~ - i 4 - ~ x +  ~ + 6 

a r e  r e q u i r e d  to  d e s c r i b e  the  change  in  h 0 and 

(ho) in 
(ho)cu r ~--- (p,.~ 2 (ex)a (8) 

t + ~x + ~ 
6 

When E q s .  (4) and (8) a r e  s o l v e d  s i m u l t a n e o u s l y ,  we have  

dx (kl')o (m - z)  (n - -  z )  (ho)in (9) 
( (~z)~ 4- (~zY)(1- ~x) d t  ( l - - K e )  1 4 - e x 4 -  2 6 

As a r e s u l t  of  the  i n t e g r a t i o n  of Eq.  (9), f o r m u l a  (10) i s  ob t a ined  fo r  the  c a l c u l a t i o n  Of the  r a t e  c o n s t a n t  fo r  

the  h y d r o b r o m i n a t i o n  of  n-C3H7OI-I by h y d r o g e n  b r o m i d e  

A l n  r a - - x  4 - B l n ( m - - x ) + C l n ( n ~ x ) 4 - D x +  
n - -  x (1 O) 

- ~  M x  ~ __  N x  3 ~ ( k l ' ) o  (ho)in t + A In m -t- B In m -~ C in n 
t - -  Ke n 

When a l l  four  t e r m s  of the  s e r i e s  a r e  u s e d ,  which  i s  n e c e s s a r y  in the  e x p e r i m e n t s  wi thout  H2SO 4 w h e r e  a lot  
of  HBr  i s  c o n s u m e d ,  the  c o e f f i c i e n t s  in Eq.  (10) a r e  c a l c u l a t e d  u s i n g  the  f o r m u l a s  

E2 E 3 A =  ( l + e n + S m n ) ( t - - % n )  ," 6 = y 4 -  

B ----- (a 4: 5m) (t  - -  ~,n) - -  (1 + ~m + 6m~)~ 
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- �9 N = - f E ~  M - - 2 L  6 

For the analysis of experiments where the change in sx is not greater than 0.5, it suffices to use just 

three terms in the series expansion of the exponential function eSX. in this case the coefficients appearing 

in Eq. (10) should be ca l cu l a t ed  u s ing  the f o r m u l a s  

,( l 4- sn -by-st 2ran) (t --in) 
A-- 

l f t  - -  r t  

C=-~-n(t--~n); D=--~-  (l - -  ~n) - -  se m)~. 

M - -  
4 

In our calculations we took dilute solutions of a strong monobasic acid in a mixture of water and alcohol of 
fixed composition* as standard states of the values of H 0 for aqueous-propanol solutions. Hence the coeffi- 

cient s depends on the ratioofC O r~to C~ The coefficients s' and s were determined for each experiment 

in the following manner. The mo~-a~'litieso~he initial (55.5(y 2 z0)/(C~f20 + C~OH)) aqueous-alcoholic HBr and 

HBr/HzSO 4 solutions and the aqueous-alcoholic HBr and HBr/H2SO 4 solutions obtained at the end of the reaction 
co / 0 + 0 

( 5 5 . 5 ( y  -- Z T -- X )z ( C H 2 0  C R O H )  ) w e r e  c a l c u l a t e d ~  U s i n g  t h e  t a b u l a t e d  d a t a ,  w e  f o u n d  t h e  v a l u e s  o f  H 0 f o r  

aqueous  so lu t ions  of H2SO 4 with the s a m e  m o t a l i t i e s  at the e x p e r i m e n t a l  t e m p e r a t u r e .  The va lues  of s ' we re  
c a l c u l a t e d  by the s i m u l t a n e o u s  so lu t ion  of the two equa t ions  (6). The va lues  of s w e r e  subsequen t ly  ca lcu la ted  

u s ing  the known va lues  of s~ and/3 . The va lues  of H 0 for  aqueous  so lu t ions  at 80~ were  d e t e r m i n e d  u s ing  the 
l i n e a r  r e l a t i o n s h i p  be tween  H 0 and 1 / T  o v e r  a r a nge  f rom 25-90~ u s i ng  the data  c i ted  in  [3]. The poin ts  for  

80~ did not l i e  on th is  l ine  and they w e r e  not  t aken  account  of in  c o n s t r u c t i n g  the g raph .  The k ine t ic  c u r v e s  

for  the h y d r o b r o m i n a t i o n  of n - p r o p y l  a lcohol  a r e  comple t e ly  d e s c r i b e d  by Eq. (10). Values of (kl ')0/(1 - Kp) 

w e r e  ca l cu l a t ed  f r o m  the t angen t  of the s lope of the l ine  plot ted  in the coo rd ina t e s  of Eq.  (10). The va lues  ob-  

t a ined  for  the c o n s t a n t s  (kl')0 a r e  p r e s e n t e d  in  Tab le  1. In the e x p e r i m e n t s  without tf2SO4, (kl')0 is  the effec-  
t ive  r a t e  cons t an t  for  h y d r o b r o m i n a t i o n  in  a so lu t ion  with a cons t an t  ac id i ty  equal to (ho)in sub jec t  to the 
condi t ion  that  the vo lume  of the so lu t ion  does not w r y  du r ing  the c o u r s e  of the r e a c t i o n .  

In e x p e r i m e n t s  with so lu t ions  of the r e a g e n t s  in  H2SO 4 (k l ')0 i s  the ra t io  of the r a t e  of r e a c t i o n  to the c u r -  
r e n t  to ta l  c o n c e n t r a t i o n  of the  a lcohol  (the to ta l s  of that  not bound in  the a lkyl  ac id  of the  alcohol  and of the a l -  

kyl acids)  and HBr .  Hence ,  (k 1') 0 i nc ludes  the f ac to r  (1 +/3)/fl which takes  account  of the f r ac t i on  of the o v e r -  
al l  c o n c e n t r a t i o n  of the a lcohol  which is  in  the r e a c t i v e  f o r m .  We denote  the r a t e  cons tan t  obta ined  a f t e r  mak ing  
a l lowance  for  the f r a c t i o n  of the r e a c t i v e  f o r m  of the a lcohol  by k i and a c c o r d i ng  to [1] 

As would be expec ted ,  k 1 v a r i e s  l i n e a r l y  with the ac id i ty  (h0)in �9 log k 1 + gH 0 = const ,  g = 0.99 • 0.01, cons t  = 
- 5.92 • 0.04. 

It was found in  [1], u s i n g  an in i t i a l  c o n c e n t r a t i o n  of alcohol  equal  to ~ 0.75 m o l e / l i t e r ,  that  g = 1 .00  • 
0 .04 ,  cons t  = - 5 .98 • 0 .13 .  The e r r o r s  in  these  c ons t a n t s  w e r e  ca l cu l a t ed  at a conf idence  leve l  of 0.95 wi th-  
out t ak ing  account  of the e r r o r s  in  the p a r a m e t e r s  h 0 and f i .  In [1], the e r r o r s  in  g and eons t  we re  g r e a t e r  

than  in the p r e s e n t  work which m a y  be a t t r i b u t a b l e  to the f a i l u re  to take account  of the v a r i a t i o n  in  h 0 d u r i n g  
the c o u r s e  of the e x p e r i m e n t .  It should be noted  tha t ,  when a l lowance  is  made  for the v a r i a t i o n  in h0, the m a i n  
e r r o r  in  k 1 is  i n t r o d u c e d  by the fac to r  (1 +/~)/fl. T h i s  e r r o r  l i e s  wi th in  the bounds of 5-15% s ince  ,B is  c a l -  
cu la ted  as the d i f f e r ence  be tween two l a r g e  quan t i t i e s  and the lower  the c o n c e n t r a t i o n  of the a lcohol ,  the g r e a t -  
e r  the e r r o r  in  ft. Thus ,  the va lues  of k l /h0 ,  wi th in  the l i m i t s  of the e r r o r s  in  the m e a s u r e m e n t s ,  a r e  the 

* As the r e s u l t  of the r e a c t i o n  t ak ing  p lace  in  the so lu t ion  t h e r e  is  a s m a l l  change  in  the r a t io  be tween  the a l -  
cohol and w a t e r  but we have neg l ec t ed  th i s  in  the c a l c u l a t i o n s .  
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same in experiments with relatively low (~ 0.75 mole/liter) and high (up to 4.2 mole/liter) concentrations of 

alcohol in aqueous solutions of HBr, H2SO 4, and H2SO 4 with HBr. 

As has already been mentioned above, its own standard state was chosen in calculating H 0 for each mix- 
ture of water and alcohol: a dilute solution of a strong monobasic acid in the mixture. If the values of h 0 of a 

dilute solution of the strong acid in water and in aqueous-propanol solutions containing up to 4.2 mole/liter 
CaHTOH are equal to the concentration of the acid then it may be asserted that, in these solutions, the true 

rate constant for the hydrobromination of alcohol is independent of the composition of the medium. If, how i 

ever, at the same concentrations of the acid, the values of h 0 are different in the dilute aqueous and aqueous- 
alcoholic solutions of the strong acid then the result which is obtained is a consequence of a change inthe acid- 
ity of the medium which has been referred to a single standard state and a change in the true rate constant. 

CONCLUSIONS 

I. The kinetic laws for the hydrobromination of n-C3HTOH by hydrogen bromide at 80~ in a solution 

with and without additions of H2SO 4 have been investigated. 

2. A method is proposed for taking account of the reduction in the acidity of the medium due to the con- 

sumption of HBr from the solution during the hydrobromination reaction. The kinetic curves are described by 

a second order equation for the reactions involving the formation of n-C3HTBr and its hydrolysis. 

3. When the reagents are mixed, an equilibrium is rapidly achieved between n-C3HTOH, I,I2804, and n- 

C3H7OSO2OI!. The alkyl acidis unreaetive in the hydrobromination of n-propyl alcohol. 

4. The rate of reaction, referred to the current concentrations of HBr and the alcohol which is not 
bound up in the alkyl acid, varies proportionally to the acidity of the medium h 0. A dilute solution of the strong 

acid in the mixture was chosen as the standard state. At 80~ this law is obeyed up to 4.2 mole/liter n-pro- 

panol in the solution. 
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The work reported here is a continuation of our studies ol the re~ ationship s and mechanism of formation 

of nitrogen-containing macroheterocycles, hexazocyelanes, which are obtained by the condensation of o-phthalo- 

nitrile with diamines in phenols 
N ,R N 

CN II II 

CN N ]~ 
N ~ R  N 

Since this reaction is complex and proceeds in many stages, it appeared desirable to investigate the reac- 
tion of phthalonitrile with a monoamine, aniline, as this reaction can be regarded as a model of the interaction 

of phthalonitrile with diamines. 
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