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The k i n e t i c s  o f  t h e  r e a c t i o n  o f  a q u o n i c k e l  ( I I )  i o n  
w i th  N , N ' - d i m e t h y l e t h y l e n e d i a m i n e d i a c e t i c  a c i d  h a s  been 
s t u d i e d  a t  25°C and 0.1M i o n i c  s t r e n g t h  o v e r  a pH range  
of  6 . 0  to  9 . 3  u s i n g  s t o p p e d - f l o w  t e c h n i q u e s .  F o r m a t io n  
r e a c t i o n s  i n  a l l  c a s e s  were f i r s t - o r d e r  i n  N i ( I I )  and i n  
l i g a n d .  The f o r m a t i o n  r a t e  c o n s t a n t  f o r  t h e  p r o t o n a t e d  
and u n p r o t o n a t e d  s p e c i e s  were e v a l u a t e d  and compared t o  
t h e i r  t h e o r e t i c a l  v a l u e .  The r a t e - d e t e r m i n i n g  s t e p  i s  
shown t o  be r i n g  c l o s u r e .  A c o m p a r i s i o n  o f  t h i s  system 
w i th  o t h e r  s t u d i e s  i n v o l v i n g  c o m p l e x a t i o n  o f  n i c k e l ( I I )  
c o n f i r m  t h e  m a g n i tu d e  o f  th e  i n t e r n a l  c o n j u g a t e  b a se  
e f f e c t  and a l s o  shows a  c o r r e l a t i o n  b e tw ee n  the  i n t e r n a l  
c o n j u g a t e  b a se  r a t e  e n h an c e m en t  and t h e  s t r u c t u r a l  e n v i ­
ronm ent  o f  th e  n i t r o g e n  donor  a tom.

The exchange  r e a c t i o n  b e tw een  c o p p e r ( I I )  and 
N , N ' - d i m e t h y l e t h y l e n e d i a m i n e d i a c e t a t o n i c k e l a t e ( I I )  was 
s t u d i e d  a t  25°C o v e r  a f o u r  f o l d  v a r i a t i o n  i n  c o p p e r  
c o n c e n t r a t i o n  w i th  an i o n i c  s t r e n g t h  o f  1.25M and a  pH 
o f  3*26 .  The r e a c t i o n  was shown t o  be f i r s t - o r d e r  in  
NiDMEDDA and  z e r o - o r d e r  i n  c o p p e r .  T h i s  z e r o - o r d e r  
d ependence  shows t h e  i n a b l i t y  o f  DMEDDA t o  unwrap from 
n i c k e l  and t w i s t  i n t o ,  a  c o n f o r m a t i o n  s u i t a b l e  f o r  b o n d in g  
t o  c o p p e r  p r i o r  t o  t h e  r a t e  l i m i t i n g  s t e p .
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INTRODUCTION

The d e v e lo p m e n t  o f  t e c h n i q u e s  f o r  t h e  k i n e t i c  s t u d y  
o f  r a p i d  r e a c t i o n s  h a s  r e s u l t e d  i n  an e x t e n s i v e  accum- 
m u l a t i o n  o f  r a t e  d a t a  f o r  r e a c t i o n s  of t h e  t y p e

M(H20 ) 6n+ + Lb“  - H ( H 20 ) 5L (n“b )+  + H20 (1)

The r e s u l t s  o f  t h e s e  s y s t e m s  have been r e v i e w e d  by 
s e v e r a l  a u t h o r s  ( 1 - 3 )  • B ecause  many o f  i t s  r e a c t i o n s  
p r o c e e d  a t  r a t e s  a c c e s s i b l e  t o  s t o p p e d - f l o w  i n v e s t i ­
g a t i o n s ,  h e x a a q u o n i c k e l ( I I )  h a s  b e e n  u s e d  e x t e n s i v e l y  as 
a  s u b s t r a t e  f o r  t h e s e  s t u d i e s .  The b e h a v i o r  which  h a s  
b e e n  o b s e r v e d  f o r  n i c k e l ( I I )  i s  t y p i c a l  o f  t h a t  f o r  a  
l a r g e  c l a s s  o f  a q u o m e ta l  i o n s .  The c h a r a c t e r i s t i c  
k i n e t i c  f e a t u r e s  of t h e s e  r e a c t i o n s  can be summmarized 
b r i e f l y .  ( i )  The r a t e  law f o r  t h e  f o r m a t i o n  o f  M(H20)cjL 
i s  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  m e ta l  i o n ,  and
f i r s t - o r d e r  i n  l i g a n d ,  ( i i )  For a  g i v e n  m e ta l  i o n ,  l a r g e
v a r i a t i o n s  i n  f o r m a t i o n  r a t e s  can be o b s e r v e d  w i th  
d i f f e r e n t  l i g a n d s .  I n  g e n e r a l ,  l i g a n d s  b e a r i n g  a l a r g e  
n e g a t i v e  c h a r g e  r e a c t  r a p i d l y ,  w h i l e  t h o s e  b e a r i n g  a  
l e s s  n e g a t i v e  c h a r g e  r e a c t  more s l o w l y .  L i g a n d s  h a v i n g  
t h e  same c h a r g e  t e n d  t o  r e a c t  a t  t h e  same r a t e ;  such 
v a r i a t i o n s  as  a r e  o b s e r v e d  f a i l  t o  c o r r e l a t e  w i t h  
e x p e c t e d  r e l a t i v e  n u c l e o p h i l i c i t i e s . ( i i i )  F o r  a r a n g e  
o f  m e t a l  i o n s ,  l i g a n d - s u b s t i t u t i o n  r a t e s  p a r a l l e l  t h e
r a t e s  o f  w a te r  e x c h a n g e .

These  o b s e r v a t i o n s  a r e  a c c o u n t e d  f o r  by a  g e n e r a l  
d i s s o c i a t i v e  mechanism  f o r m u l a t e d  by E i g e n  (4 )  which h a s  
b e e n  s u c e s s f u l  i n  p r e d i c t i n g  e x p e r i m e n t a l l y  d e t e r m i n e d  
r a t e  c o n s t a n t s  f o r  many 1 :1  complex f o r m a t i o n  r e a c t i o n s  
i n v o l v i n g  a v a r i t y  o f  l i g a n d s .  F o r  th e  r e a c t i o n  of

1 ■
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a q u a t e d  N i2+ w i th  a b i d e n t a t e  l i g a n d ,  the  Eigen-Tamm 
mechanism i s  w r i t t e n  a s  f o l l o w s

N i(H 20 ) 6 2+ + ( L - L ) n" ------- 2 f _ . N l ( H 20)-6 *(.L-L)2“ n '■ (2)

k l

k- l
i ( H 20 ) 5N i - L - L 2- n + H20 (3)

B

k 2

k- 2
B . T:(H20) jiNl + H20 (4)

l '  -  C M N  j  c '

c  L

I n  t h e  above r e a c t i o n  s e q u e n c e ,  ( L - L ) n“ r e p r e s e n t s  t h e  
b i d e n t a t e  l i g a n d  w h e r e a s ,  N i (H 20 ) g 2+ i s  t h e  a q u a t e d  n i c k e l  
i o n  i n  s o l u t i o n .  The i n i t i a l  s t e p  ( e q u a t i o n  2) r e p r e s e n t s  
a d i f f u s i o n  c o n t r o l l e d  r a p i d  p r e - e q u i l i b r i u m  o f  r e a c t a n t s  
to  fo rm  an o u t e r - s p h e r e  complex A. The a s s o c i a t i o n  e q u i l ­
i b r i u m  c o n s t a n t  f o r  s p e c i e s  A i s  r e p r e s e n t e d  by Ko s . In  
e q u a t i o n  3 , s p e c i e s  A l o s e s  a w a te r  m o l e c u l e  from t h e  i n ­
ne r  c o o r d i n a t i o n  s p h e r e  o f  t h e  n i c k e l ( I I )  i o n ,  and t h i s  
p r o c e s s  i s  i m m e d i a t e l y  f o l l o w e d  by c o o r d i n a t i o n  of  l i g a n d  
L-L t o  g i v e  th e  m o n o c o o r d i n a t e d  s p e c i e s  B. The f o r w a r d  
r a t e  c o n s t a n t  f o r  t h i s  s t e p  ( e q u a t i o n  3) i s  d e n o te d

Ni-HpO (5 )
k l  = k

T his  l a t t e r  e q u a t i o n  d e s c r i b e s  w a t e r  exchange  a t  n i c k e l .  
The r e v e r s e  p r o c e s s  i n  e q u a t i o n  3 i n v o l v e s  r u p t u r e  o f  t h e  
Ni-L  bond t o  fo rm A, and  t h e  c o r r e s p o n d i n g  r e v e r s e  r a t e  
c o n s t a n t  i s  c a l l e d  k _ ^ .  The f i n a l  s t e p  ( e q u a t i o n  4) 
d e s c r i b e s  t h e  l o s s  o f  a  s econd  c o o r d i n a t e d  w a t e r  m o l e c u l e  
from t h e  i n n e r  c o o r d i n a t i o n  s p h e r e  o f  s p e c i e s  B, f o l l o w e d  
by r i n g  c l o s u r e  o f  L-L t o  fo rm  th e  b i n a r y  com plex ,  
s p e c i e s  C. The f o r w a r d  and r e v e r s e  r a t e  c o n s t a n t s  f o r  
the  l a s t  s t e p  a r e  g i v e n  by k 2 and k _ 2 r e s p e c t i v e l y .
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I n  o r d e r  to  d e r i v e  a  r a t e  e x p r e s s i o n  f o r  p r o d u c t  
f o r m a t i o n  u s i n g  t h e  Eigen-Tamm mechanism,  t h r e e  assump­
t i o n s  a r e  n o r m a l l y  made:

1) th e  p r e - e q u i l i b r i u m  ( e q u a t i o n  2) i s  r a p i d
2) the  m o n o c o o r d i n a t e d  s p e c i e s  B i s  a s t e a d y  

s t a t e  i n t e r m e d i a t e
3) k _ 2 i s  s m a l l  and maybe n e g l e c t e d

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

d[C] : = _ W 2  .  Q] P+i r f L  , ' n - i  (6)
d t  ( k _ 1+k2 ) 2 6 J l (L2). J

Thus t h e  k i n e t i c  b e h a v i o r  i s  e x p e c t e d  t o  be f i r s t - o r d e r  
w i th  r e s p e c t  t o  e a c h  r e a c t a n t ,  w i th  an  o v e r a l l  s e c o n d -  
o r d e r  r a t e  c o n s t a n t  k ^  g i v e n  by

k L = Ko s k l k 2 (7)
N1 ( k - l + k 2)

S t e p s  f o l l o w i n g  t h e  f i r s t  l o s s  o f  a  c o o r d i n a t e d  
w a te r  m o l e c u l e  from th e  m e t a l  i o n  i n  th e  o u t e r - s p h e r e  com­
p le x  a r e  u s u a l l y  r a p i d  s o  t h a t  t h e  f i r s t  su c h  m e t a l - w a t e r  
bond r u p t u r e  r e p r e s e n t s  t h e  r a t e - d e t e r m i n i n g  s t e p ,  even  
f o r  r e a c t i o n s  of m u l t i d e n a t e  l i g a n d s ' w h i c h  i n v o l v e  s u b s e ­
q u e n t  b o n d in g  s t e p s  ( 5 ) .  Under t h e s e  c o n d i t i o n s ,  t h e  f o r ­
m a t i o n  r a t e  c o n s t a n t ,  k ^ ,  can  be e x p r e s s e d  a s

L H-H pO
k Ko s k 2 (8

M os

F o r  su ch  s y s t e m s  t h e  r e a c t i o n  i n t e r m e d i a t e  p r e c e e d -  
in g  w a t e r  l o s s  i s  a  t r u e  " i o n  p a i r , "  and t h e  v a l u e  of t h e  
a s s o c i a t i o n  e q u i l i b r i u m  c o n s t a n t ,  Ko s , can  be c a l c u l a t e d
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( 5 , 6 )  w i t h  a f a i r  d e g r e e  o f  a c c u r a c y  f rom d i f f u s i o n  e q u a ­
t i o n s  ( 7 , 8 ) .  The r a t e  c o n s t a n t  f o r  m e t a l - w a t e r  bond r u p -  

ri-HpO
t u r e ,  k . , h a s  b e en  d e t e r m i n e d  I n d e p e n d e n t l y  f o r  m e ta l  
i o n s  from t e m p e r a t u r e - j u m p  ( 4 , 9 , 1 0 ) ,  sound  a b s o r p t i o n  
( 4 ) ,  and n u c l e a r  m a g n e t i c  r e s o n a n c e  m e asu rm e n ts  ( 4 , 1 1 ) .  
T h e r e f o r e ,  t h e  f o r m a t i o n  r a t e  c o n s t a n t  kfj, i n  many 
i n s t a n c e s ,  can  be a p p r o x i m a t e d  f ro m  a p r i o r i  c a l c u l a t i o n  
u s i n g  e q u a t i o n  8 .  In  t h i s  manner c o m p a r i s o n  c a n  be made 
b e tw een  t h e o r e t i c a l  and e x p e r i m e n t a l  r a t e  c o n s t a n t  v a l u e s  
a s  a  t e s t  f o r  t h e  a p p l i c a b i l i t y  o f  t h e  d i s s o c i a t i v e  mech­
an ism  ( 9 ) .  The c o n s t a n c y  o f  f o r m a t i o n  r a t e  c o n s t a n t s  f o r  
r e a c t i o n s  i n v o l v i n g  a  s e r i e s  of l i g a n d s  of  t h e  same c h a r g e  
r e a c t i n g  w i th  a  s p e c i f i c  a q u o m e t a l  i o n  a l s o  s e r v e s  t o  
s u p p o r t  t h i s  mechanism  ( 4 , 5 ) .

I n s t a n c e s  i n  which  t h e  t h e o r e t i c a l  and e x p e r i m e n t a l  
r a t e  c o n s t a n t s  d i f f e r  have l e d  t o  t h e  p o s t u l a t i o n  o f  
l i g a n d  e f f e c t s  t o  e x p l a i n  t h e s e  d i f f e r e n c e s .

S t u d i e s  w i t h  h i g h l y  b a s i c  N - s u b s t i t u t e d  d i a m i n e s  
( 1 2 , 1 3 )  have  shown f o r m a t i o n  r a t e  c o n s t a n t s  which  m a r k e d l y  
e x c e e d  t h e  t h e o r e t i c a l  v a l u e s .  To a c c o u n t  f o r  t h i s  a p p a r ­
e n t  d e v i a t i o n ,  a  m o d i f i c a t i o n  of  t h e  g e n e r a l  mechanism as 
g i v e n  i n  e q u a t i o n s  2 ,  3,  and 4 i s  p o s t u l a t e d  ( 9 )  w h e r e i n  
a  b a s i c  d o nor  atom o f  t h e  r e a c t i n g  m u l t i d e n a t e  l i g a n d  
f o r m s  a  h y d r o g e n  bond to  a c o o r d i n a t e d  w a te r  m o l e c u l e ,  
t h e r e b y  s t a b i l i z i n g  t h e  o u t e r - s p h e r e . I n t e r m e d i a t e  an d  
l a b i l i z l n g  s u b s q u e n t  w a te r  l o s s .  As a  r e s u l t ,  the  m u l t i -  
d e n t a t e  l i g a n d  p r o m o t e s  i t s  own c o o r d i n a t i o n .  This  
" i n t e r n a l  c o n j u g a t e  b a s e "  (ICB) mechanism  h a s  been 
o b s e r v e d  i n  t h e  f o r m a t i o n  r e a c t i o n s  o f  N i ( I I )  i o n  w i t h  a 
v a r i e t y  o f  m u l t i d e n t a t e  l i g a n d s  i n c l u d i n g  2 - a m in o m e th y l -  
p y r l d i n e  ( 1 4 ) ,  N , N ' - d l b e n z y e t h y l e n e d i a m i n e  (DBEDA),
N , N ' - b i s - ( 2 - p i c o l y l ) e t h y l e n e d i a m i n e  (BPEDA) ( 1 5 ) ,  a n d  
t r i e t h y l e n e t e t r a m l n e  ( t r i e n )  ( 1 6 ) .

In  c o n t r a s t  to  t h e  r a t e  en h an cem en t  o f  t h e  ICB
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e f f e c t ,  s t u d i e s  o f  t h e  r e a c t i o n  o f  N i ( I I )  i o n  w i th  N- 
a l k y l - s u b s t i t u d e d  monoamines  (17) and N - a l k y l - s u b s t i t u t e d  
e t h y l e n e d i a m i n e s  (1 2 )  have  shown t h a t  s t e r i c  c o n s t r a i n t s  
e x e r t  a  p ronounced  r a t e - d e p r e s s i o n  e f f e c t  on t h e  fo rm ­
a t i o n  r a t e  c o n s t a n t  a s  a r e s u l t  o f  b l o c k i n g  t h e  s i t e  o f  
c o o r d i n a t i o n .

T u r a n ' s  s t u d y  o f  N -m ethy l  s u b s t i t u t e d  e t h y l e n e -  
d iam in e  (18) d e m o n s t r a t e d  t h a t  f o r  a p p r o p r i a t e  l i g a n d s ,  
s t e r i c  e f f e c t s  a r e  s u p e r i m p o s e d  upon i n t e r n a l  c o n j u g a t e  
b a se  r a t e  e n h a n c e m e n t s  f o r  r e a c t i o n s  i n v o l v i n g  N i ( I I )  i o n  
w i t h  u n p r o t o n a t e d  l i g a n d s  and  t h a t  th e  m a g n i tu d e  o f  t h e  
ICB e f f e c t  i s  a d i r e c t  f u n c t i o n  o f  m u l t i d e n t a t e  l i g a n d  
b a s i c i t y .

O th e r  l i g a n d s  s u ch  a s  N , N , N ' , N' - t e t r a k i s ( 2 - h y d r o x y -  
e t h y l ) e t h y l e n e d i a m i n e  (TKED), N ,N ,N ' ,N ' - t e t r a k i s ( 2 -  
h y d r o x y p r o p y l ) e t h y l e n e d i a m i n e  and  amino a c i d s  ( 1 3 , 1 9 , 2 0 )  
r e a c t  a n o m a l o u s l y  s l o w l y  w i t h  N i ( I I )  i o n .  These  r e s u l t s  
have  b e e n  r a t i o n a l i z e d  by a s s u m in g  t h a t  th e  r a t e - d e t e r ­
m in in g  s t e p  i n  th e  r e a c t i o n  mechanism i s  s h i f t e d  t o  th e  
l o s s  o f  a s eco n d  w a t e r  m o l e c u l e .  I n  t h e s e  r e a c t i o n s ,  
" s t e r i c a l l y  c o n t r o l l e d  s u b s t i t u t i o n "  may o c c u r  when 
s t e r i c  c o n s t r a i n t s  b l o c k  "no rm a l  s u b s t i t u t i o n "  (5) o r  
when c h e l a t e  r i n g  c l o s u r e  i s  s u f f i c i e n t l y  s low  as  t o  
become t h e  r a t e - d e t e r m i n i n g  s t e p .

A n o th e r  w id e ly  s t u d i e d  ty p e  o f  c o m p l e x a t i o n  r e a c t i o n  
i n v o l v e s  m u l t i d e n t a t e  l i g a n d  t r a n s f e r  b e tw een  two m e t a l  
i o n s ,  a s  r e p r e s e n t e d  by e q u a t i o n  9* These  m e t a l  ex ch an g e  
r e a c t i o n s  have  been  t h e  s u b j e c t  o f  e x t e n s i v e  s t u d y  f o r  a 
v a r i e t y  o f  m e t a l  i o n  c o m b i n a t i o n s  and a m i n o c a r b o x y l a t e  
l i g a n d s  (21—31)

M + M' L ——;-----— M1 + ML (9)

The mechanism of  t h e s e  r e a c t i o n s  h a s  b e e n  shown to  f o l l o w
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t h e  s u c c e s s i v e  b r e a k i n g  of  a s e r i e s  o f  c o o r d i n a t e  bonds  
from th e  m e t a l - l i g a n d  com plex ,  f o l l o w e d  by a s t e p w i s e  
c o o r d i n a t i o n  t o  t h e  a t t a c k i n g  m e t a l  ( 2 1 - 2 3 , 2 6 - 2 9 , 3 1 ) •
Th is  p r o c e s s  l e a d s  t o  t h e  f o r m a t i o n  o f  a d i n u c l e a r  i n t e r ­
m e d i a t e  fo u n d  i n  a l l  c a s e s  where  s t e r i c a l l y  p o s s i b l e  (2 3 ,  
2 5 ,3 0 )  f o l l o w e d  by b r e a k u p  t o  fo rm  p r o d u c t s .  The s t a b i l ­
i t y  o f  each  r e a c t i o n  i n t e r m e d i a t e  r e l a t i v e  to  t h e  r e a c t ­
a n t s  c an  be e s t i m a t e d  f rom  t h e  s t a b i l i t y  c o n s t a n t  of t h e  
c o o r d i n a t e d  l i g a n d  s egm en ts  t o  eac h  m e t a l  and t e r m s  e s t i ­
m a t i n g  e l e c t r o s t a t i c  a t t r a c t i o n  o r  r e p u l s i o n .  F u r t h e r ,  
the  r a t e  c o n s t a n t  f o r  e a c h  s t e p  can  be e s t i m a t e d  from t h e  
exchange  r a t e  c o n s t a n t  o f  th e  a q u o m e t a l  i o n  and t h e  s t a ­
b i l i t y  c o n s t a n t  o f  the  c o o r d i n a t e d  s e g m e n t .  F i n a l l y ,  a  
change  i n  r e a c t a n t  c o n c e n t r a t i o n  and  h y d ro g e n  i o n  c o n c e n ­
t r a t i o n  can  c a u s e  a  s h i f t  i n  t h e  r a t e  d e t e r m i n i n g  s t e p  

( 2 8 , 3 1 ) .
P o l y a m i n o c a r b o x y l a t e  l i g a n d s  h a v i n g  N - a l k y l - s u b s t i t -  

u e n t  b r a n c h i n g  h a v e  n o t  been  s t u d i e d  w i th  r e s p e c t  t o  f o r m -  
m a t i o n  r e a c t i o n s .  S t e i n h a u s  h a s  r e c e n t l y  i n v e s t i g a t e d  
m e t a l  ex ch an g e  r e a c t i o n s  u s i n g  e t h y l e n e d i a m i n e d i a c e t i c  
a c i d  d e r i v a t i v e s  h a v i n g  a l k y l  s u b s t i t u e n t s  on t h e  a c e t a t e  
arms ( 3 2 , 3 3 ) .  These  s t u d i e s  h a v e  shown t h a t  an a - m e t h y l  
g ro u p  s u b s t i t u t e d  on t h e  a c e t a t e  arms of EDDA r e s u l t e d  
i n  a  1 0 - f o l d  d e c r e a s e  i n  th e  e x c h a n g e  r a t e  of  c o p p e r  w i th  
e t h y l e n e d i a m i n e - N , N ' - d I - a - p r o p I o n a t o n i c k e l ( I I )  (NiEDDP) 
and p r e v e n t e d  a  s h i f t  i n  r e a c t i o n  o r d e r  w i t h  r e s p e c t  t o  
c o p p e r  as  t h e  c o p p e r  c o n c e n t r a t i o n  was v a r i e d  ( 3 2 ) .  The 
r e l a t e d  s y s te m  i n v o l v i n g  2 , 7 - d l i s o p r o p y l - 3 , 6 - d i a z a o c t a n e -  
d i o a t o n i c k e l a t e ( I I )  and c o p p e r  which has  a - i s o p r o p y l  
g r o u p s  s u b s t i t u t e d  o n . t h e  a c e t a t e  arms o f  EDDA i s  
c u r r e n t l y  u n d e r s t u d y  and a p p e a r s  t o  r e a c t  i n  a f a s h i o n  
s i m l l i a r  t o  NiEDDP ( 3 3 ) .

The p r e s e n t  s t u d y  was u n d e r t a k e n  to  i n v e s t i g a t e  t h e  
mechanism o f  n i c k e l  complex f o r m a t i o n  w i th  a  s t e r i c a l l y
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h i n d e r e d  a m i n o c a r b o x y l a t e  l i g a n d ,  t o  e s t a b l i s h  t h e  
mechanism o f  the  m e t a l  e x ch a n g e  r e a c t i o n  o f  t h i s  complex ) 
w i th  c o p p e r ( I I )  and  t o  d e t e r m i n e  t h e  e x t e n t  of t h e  
s t e r i c  h i n d e r a n c e  o f  a  N -m ethy l  g ro u p  on a ' polyami.no- 
c a r b o x y l a t e .  The r e a c t i o n s  c h o s e n  a r e  shown i n  e q u a t i o n s )  
10 and  11, and i n v o l v e  N i ( I I )  w i th  N . N ' - d i m e t h y l e t h y l e n e -  
d i a m i n e d i a c e  t i c  a c i d ,  a b b r e v i a t e d  DMEDDA ( S t r u c t u r e  I ) ,  
which i s  shown h e r e  w i th  p r o t o n a t i o n  r e p r e s e n t a t i v e  o f  
t h e  p r e d o m in a te  r e a c t a n t  i n  n e u t r a l  s o l u t i o n  and 
c o p p e r ( I I )  w i th  N j N ' - d i m e t h y l e t h y l e n e d i a m l n e d i a c e t a t o -  
n i c k e l a t e ( I I ) , a b b r e v i a t e d  a s  NiDMEDDA

N i 2+ + HDMEDDA"  —— ►NiDMEDDA + H+ (10)

NiDMEDDA + Cu2+------  ► CuDMEDDA + N i2+ (11 )

hooc- ch2- n- ch2- ch2- n- ch2- cooh

S t r u c t u r e  I

The k i n e t i c  s t u d y  o f  t h e  r a t e  o f  complex f o r m a t i o n  
was d e s i g n e d  so a s  t o  d e t e r m i n e  the  l o c a t i o n  of t h e  r a t e  
d e t e r m i n i n g  s t e p .  Prom p r e v i o u s  s t u d i e s ,  b o th  ICB and 
s t e r i c  e f f e c t s  were a n t i c i p a t e d  f o r  t h i s  r e a c t i o n .

The n i c k e l  complex  f o r m a t i o n  s t u d y  w i l l  a t t e m p t  t o  
show ( ! )  t h a t  r e a c t i o n  10 p r o c e e d s  by the  E ig en  m echan ism ,  
( i i )  t h e  seq u e n c e  o f  bond f o r m a t i o n ,  ( i i i )  t h e  p r e s e n c e  
o r  a b s e n c e  o f  t h e  ICB e f f e c t ,  and ( i v )  t h e  m a g n i tu d e  o f  
t h e  s t e r i c  e f f e c t .  Com par ison  w i l l  be made of  t h i s  s t u d y  
w i th  o t h e r  work on  ti le k i n e t i c s  of f o r m a t i o n  of N i ( I I )  
c o m p le x es  w i t h  a v a r i e t y  o f  l i g a n d s  a n a l o g o u s  t o  DMEDDA.

The k i n e t i c  s t u d y  o f  the  m e t a l  e x c h a n g e  r e a c t i o n  i s
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p a t t e r n e d  a f t e r  t h e  work on c o p p e r ( I I )  and e t h y l e n e d i -  
a m i n e d i a c e t o n i c k e l a t e ( I I )  ( 3 1 ) .  Prom a c o n s i d e r a t i o n  of 
th e  g e n e r a l  mechanism f o r  t h i s  t y p e  o f  a  r e a c t i o n  and  
t h e  s i m i l a r i t y  o f  t h e  l i g a n d s ,  i t  was s u r p r i s i n g  t h a t  
th e  p r e s e n t  s t u d y  f o u n d  t h a t  t h e  r e a c t i o n  p ro c e e d e d  by a 
c o p p e r  i n d e p e n d e n t  pa thway  and t h a t  th e  o b s e r v e d  r a t e  
c o n s t a n t  i s  two o r d e r  o f  m a g n i t u d e  s m a l l e r  t h a n  f o r  t h e  
s i m i l a r  sy s tem  s t u d i e d  by S t e i n h a u s  and Swann ( 3 1 ) .
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EXPERIMENTAL

C h em ica l s

R eag en t  g r a d e  c h e m i c a l s  were u sed  e x c e p t  a s  n o t e d .  
A l l  s o l u t i o n s  were made u s i n g  d o u b le  d i s t i l l e d  w a t e r  and 
a l l  s t o c k  s o l u t i o n s  were f i l t e r e d  th r o u g h  a  0.1(5 m ic r o n  
M i l l i p o r e  f i l t e r  a t  t h e  t im e  o f  p r e p a r a t i o n .

Double  d i s t i l l e d  w a t e r

D i s t i l l e d  w a t e r  was p a s s e d  t h r o u g h  an i o n  ex ch a n g e  
column c o n t a i n i n g  a mixed  bed r e s i n  ( A m b e r l i t e  MB-3) 
p r i o r  t o  i t s  i n t r o d u c t i o n  t o  t h e  f i r s t  s t i l l .  Two a l l  
g l a s s  s t i l l s  were  s e t - u p  i n  s e r i e s  and a  p o l y p r o p y l e n e  
c o n t a i n e r  was u s e d  t o  s t o r e  th e  d i s t i l l a t e .

A c e t i c  a c i d - s o d l u m  a c e t a t e  b u f f e r

Sodium a c e t a t e  (NaCgH^C^'Bf^O),  f rom  t h e  J . T .
Baker  C o . ,  (270 g) was d i s s o l v e d  a l o n g  w i th  60 mL o f  
g l a c i a l  a c e t i c  a c i d  and  one l i t e r  o f  w a t e r  t o  g i v e  a  3 M 
s o l u t i o n  ( a c e t a t e  c o n c e n t r a t i o n )  a t  pH 5*0.

Ammonia-ammonlum c h l o r i d e  b u f f e r

Ammonium c h l o r i d e  (NHjjCl), from t h e  J . T .  Baker 
C o . ,  (70 g) was d i s s o l v e d  i n  1(30 mL o f  w a te r  t o  which  570 
mL o f  c o n c e n t r a t e d  ammonium h y d r o x i d e  was added  t o  p r o ­
d uce  a b u f f e r  w i t h  a  pH v a l u e  o f  1 0 . 0 .

HEPES B u f f e r

The b u f f e r  HEPES ( N - 2 - h y d r o x y e t h y l p i p e r z i n e - N ' - 2 -

9
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e t h a n e s u l f o n i c  a c i d ) ,  pKa 7*55  ( 3 *0 , was o b t a i n e d  from 
th e  Sigma Chem ica l  Co. T h i s  b u f f e r  was u s e d  o v e r  th e  6 . 8
t o  8 . 2  pH ra n g e  a t  a  c o n c e n t r a t i o n  of  0 . 0 5  M-

MES B u f f e r

The b u f f e r  MES ( 2[ N - m o r p h o l i n o ] e t h a n e  s u l f o n i c  a c i d ) ,  
pKa 6 . 1 5  ( 3 4 ) ,  was o b t a i n e d  f rom t h e  Sigma Chemical Co. 
T h i s  b u f f e r  was u s e d  o v e r  t h e  5-5  t o  6 .7  pH ra n g e  a t  a 
c o n c e n t r a t i o n  o f  0 . 0 5  M.

TAPS B u f f e r

The b u f f e r  TAPS ( t r i s [ h y d r o x y m e t h y l ] m e t h y l a m i n o -  
p ro p a n e  s u l f o n i c  a c i d ) ,  pKa 8 . 4  ( 3 4 ) ,  was o b t a i n e d  f rom  
t h e  Sigma Chem ica l  Co. Th is  b u f f e r  was u s e d  o v e r  t h e  7 .7
t o  9 . 1  pH ra n g e  a t  a  c o n c e n t r a t i o n  o f  0 . 0 5  M.

CHES B u f f e r

The b u f f e r  CHES ( c y c l o h e x y l a m i n o e t h a n e  s u l f o n i c  
a c i d ) ,  pKa 9 .5 5  ( 3 4 ) ,  was o b t a i n e d  from t h e  Sigma 
Chem ica l  Co. T h i s  b u f f e r  was u sed  ov e r  t h e  8 . 6  t o  1 0 .0  
pH ra n g e  a t  a  c o n c e n t r a t i o n  o f  0 . 0 5  M.

P r im a ry  s t a n d a r d  c o p p e r ( I I )  n i t r a t e

A s t a n d a r d  s o l u t i o n  of  c o p p e r  n i t r a t e  was p r e p a r e d  
by w e ig h t  f rom  a h e a v y  c o p p e r  f o i l .  T h i s  l a t t e r  c o n s t i t ­
u e n t  a t  99- 96/5 p u r i t y  was o b t a i n e d  from t h e  J . T .  Baker 
Co. The p r e p a r a t i o n  e n t a i l e d  r i n s i n g  th e  f o i l  w i t h  d i l ­
u t e  n i t r i c  a c i d ,  d e i o n i z e d  w a t e r ,  and a b s o l u t e  e t h a n o l .
The c o p p e r  f o i l  was t h e n  d r i e d ,  w e ig h ed ,  and d i s s o l v e d  i n  
a minimum amount o f  c o n c e n t r a t e d  n i t r i c  a c i d .  A f t e r
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d i l u t i o n  to  vo lum e,  t h e  c o n c e n t r a t i o n  was O .096 I 6 M.

N i c k e l ( I I )  p e r c h l o r a t e

N i c k e l ( I I )  p e r c h l o r a t e  ( N i ( ClOjj) 2 *6H2O) was o b t a i n e d  
f rom t h e  G. F r e d r i c k  Smith  Chem ica l  Co. A s o l u t i o n  was 
p r e p a r e d  and s t a n d a r d i z e d  a t  pH 10 (NH^ -  NHj|+ b u f f e r )  and 
6 0 °C by t i t r a t i o n  w i th  EDTA u s i n g  m u re x id e  a s  an i n d i c a ­
t o r  .

C o p p e r ( I I )  p e r c h l o r a t e

C o p p e r ( I I )  p e r c h l o r a t e  (Cu(ClOjj )2 *6H2O) was o b t a i n e d  
f rom  t h e  G. F r e d r i c k  Smith  Chem ica l  Co. A s o l u t i o n  was 
p r e p a r e d  and s t a n d a r d i z e d  a t  pH 10 (NH^ -  NHjj+ b u f f e r )  by 
t i t r a t i o n  w i t h  EDTA u s i n g  m u re x id e  a s  an i n d i c a t o r .

EDTA

E t h y l e n e d l a m l n e t e t r a a c e t i c  a c i d ,  d i so d iu m  s a l t  d i ­
h y d r a t e ,  was s u p p l i e d  by th e  A l d r i c h  Chem ica l  Co. The 
p u r i t y  o f  t h i s  compound was i n  e x c e s s  o f  99% (Gold L ab e l  
b r a n d ) .  S t a n d a r d i z a t i o n  o f  EDTA was p e r fo rm e d  by t i t r a ­
t i o n  a g a i n s t  a  s t a n d a r d  c o p p e r  n i t r a t e  s o l u t i o n  a t  pH 10 
(NHg. -  NHjj+ b u f f e r ) ,  u s i n g  m u re x id e  a s  an i n d i c a t o r .

I o n i c  s t r e n g t h

Sodium p e r c h l o r a t e  (NaClOjj) was s u p p l i e d  by th e  
J . T .  Baker Co. A 5.0M s o l u t i o n  was p r e p a r e d  by d i s ­
s o l v i n g  306 grams o f  a n h y d ro u s  sodium p e r c h l o r a t e  i n  
w a t e r  and  d i l u t i n g  t o  volume i n  a  500 mL v o l u m e t r i c  
f l a s k .  Th is  s t o c k  s o l u t i o n  was u sed  t o  p r e p a r e  a l l  
r e q u i r e d  i o n i c  s t r e n g t h  c o n t r o l  s o l u t i o n s .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



12

N, N ' - d i m e t h y l e t h y l e n e d l a m i n e d l a c e  t i c  a c i d

N,N ' - d i m e t h y l e t h y l e n e d i a m i n e d i a c e t i c  a c i d  was p r e ­
p a r e d  by the  r e a c t i o n  of  1 , 2  d i b r o m o e t h a n e  w i th  s a r c o s i n e  
i n  th e  p r e s e n c e  o f  a  base  ( 3 5 ) .

• S a r c o s i n e  ( 4 4 . 5  g ,  0 . 5  m o l ) ,  Columbia  O rg an ic  Chem­
i c a l  C o . ,  was d i s s o l v e d  i n  100 mL of  w a t e r  c o n t a i n i n g  
sodium h y d r o x i d e  (20 g ,  0 . 5  m o l ) .  To t h i s  s o l u t i o n ,  100 
mL of  w a t e r ,  125 mL o f  95% e t h a n o l  and  5 3 .2  g ( 0 . 5  mol) 
o f  an h y d ro u s  sodium c a r b o n a t e  were  a d d e d .  The m i x t u r e  
was h e a t e d  t o  r e f l u x  and a  t o t a l  of  4 7 -0  g ( 0 . 2 5  mol)  o f  
1 , 2  d i b r o m o e t h a n e ,  A l d r i c h  Chemical C o . ,  was added o v e r  a  
p e r i o d  o f  s i x  h o u r s .  R e f l u x l n g  was c o n t i n u e d  f o r  a  f u r ­
t h e r  t h r e e  h o u r s  a f t e r  which t h e  r e a c t i o n  was a l l o w e d  t o  
s t a n d  o v e r n i g h t .  The e t h a n o l  was d i s t i l l e d  from th e  
m i x t u r e  and t h e  d i s t i l l a t i o n  c o n t i n u e d  u n t i l  a w h i t e  p r e ­
c i p i t a t e  s t a r t e d  t o  fo rm i n  th e  r e a c t i o n  m i x t u r e .

The r e a c t i o n  m i x t u r e  was a l l o w e d  t o  c o o l  t o  room 
t e m p e r a t u r e  and  300 mL of  37% h y d r o c h l o r i c  a c i d  was 
ad d ed  w i t h  c o o l i n g .  The r e s u l t a n t  w h i t e  p r e c i p i t a t e  was 
f i l t e r e d  and washed w i t h  a  minimum volume o f  c o l d  10% 
h y d r o c h l o r i c  a c i d  f o l l o w e d  by a  minimum volume o f  c o l d  
w a t e r .  The p r e c i p i t a t e  was t h e n  d r i e d  a t  60°C

The f i l t r a t e s  were  combined  and r e d u c e d  i n  volume 
f o u r  more t i m e s ,  w i t h . e a c h  volume r e d u c t i o n  r e s u l t i n g  i n  
t h e  p r e c i p i t a t i o n  o f  w h i t e  c r y s t a l s .  Each p r e c i p i t a t e  
was t r e a t e d  a s  b e f o r e  and t h e n  was t e s t e d  f o r  t h e  p r e ­
s e n c e  o f  DMEDDA by a d d i n g  a  s m a l l  amount ( ~ 0 .1  g) t o  5 mL 
o f  a  c o p p e r  n i t r a t e  s o l u t i o n  and a d j u s t i n g  t h e  pH t o  4 by

2 HNCHoCOO "  + BrCHoCHpBr
0H“ , C 0 | ch2coo~

CH3NCH2CHoNCHo (12 )

HoO-ETOH
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t h e  d ro p w is e  a d d i t i o n  o f  b a s e .  Only t h e  l a s t  p r e c i p i t a t e  
f a i l e d  t o  g i v e  a  s t r o n g  p o s i t i v e  i n d i c a t i o n  ( i n t e n s e  b lu e  
c o l o r a t i o n )  f o r  the  p r e s e n c e  of DMEDDA. T h e r e f o r e ,  the  
l a s t  p r e c i p i t a t e -  was r e j e c t e d  a l o n g  w i th  a l l  r e m a i n i n g  
f i l t r a t e s .

The p r e c i p i t a t e s  were combined ( c r u d e  y i e l d  o f  47 g 
(64%)) and  d i s s o l v e d  i n  50 mL of  b o i l i n g  w a t e r  to  which 
10 mL o f  37% h y d r o c h l o r i c  a c i d  h a d  been  a d d e d .  The s o l u ­
t i o n  was f i l t e r e d  w h i l e  h o t  and t h e n  r e d u c e d  i n  volume 
u n t i l  c r y s t a l l i z a t i o n  s t a r t e d .  A f t e r  c o o l i n g  to  room 
t e m p e r a t u r e  t h e  m a t e r i a l  was a l l o w e d  t o  s t a n d  o v e r n i g h t .  
The p r e c i p i t a t e  was t h e n  removed by f i l t r a t i o n ,  washed 
w i t h  a minimum volume of  10% h y d r o c h l o r i c  a c i d ,  and 
s u c t i o n  d r i e d .  I t  was t h e n  was p l a c e d  i n  a vacumm 
d e s i c c a t o r  w i t h  sodium h y d r o x i d e  p e l l e t s  a c t i n g  as  a  
d e s i c c a n t  t o  n e u t r a l i z e  any  e x c e s s  h y d r o c h l o r i c  a c i d ,  
d r i e d  a t  60°C u n d e r  r e d u c e d  p r e s s u r e  f o r  tw e n ty  f o u r  
h o u r s ,  and  w eighed .

The f i n a l  y i e l d  was 29 g (39%) which  m e l t e d  a t  226 -  
229°C w i t h  d e c o m p o s i t i o n .  S p e c t r o p h o t o m e t e r l c  t i t r a t i o n  
o f  t h e  DMEDDA w i th  s t a n d a r d  c o p p e r  n i t r a t e  a t  685 nm (pH 
5 , 0 ,  a c e t i c  a c i d - s o d i u m  a c e t a t e  b u f f e r )  a s  shown i n  F i g u r e  
1,  gave  a  p u r i t y  of  88.3% c a l c u l a t e d  a s  DMEDDA*2HC1.
A p o t e n t i o m e t r i c  t i t r a t i o n ,  p e r fo rm e d  a t  25°C u n d e r  a 
n i t r o g e n  a tm o s p h e re  u s i n g  c a r b o n a t e  f r e e  sodium h y d r o x i d e  
gave  a p u r i t y  o f  89-0% c a l c u l a t e d  a s  DMEDDA'2HC1 w i t h  
20.9% c h l o r i d e  p r e s e n t  i n  t h e  fo rm  of  h y d r o c h l o r i c  a c i d .  
A n a l y s i s  f o r  t o t a l  c h l o r i d e  (Mohr m ethod)  showed t h e  
sam ple  t o  c o n t a i n  27.8% t o t a l  c h l o r i d e .  T h i s  d l s c r e p e n c y  
b e tw ee n  t h e  two c h l o r i d e  d e t e r m i n a t i o n s  i n d i c a t e s  a n  
i m p u r i t y  l e v e l  o f  11 .5%, c a l c u l a t e d  a s  sodium c h l o r i d e .  
E l e m e n t a l  a n a l y s i s  was p e r fo rm e d  by Midwest  M i c r o l a b  LTD. 
A n a l y s i s  f o r  C2Hi8N20|jCl2’xNaCl,  where x r e p r e s e n t s  the  
p e r c e n t a g e  of sodium c h l o r i d e  p r e s e n t  i n  th e  s a m p l e ,  gave
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F i g u r e  1. S p e c t r o p h o t o m e t r i c  t i t r a t i o n  o f  DMEDDA 
a t  68 5 nm and pH 5 . 0 .
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%C o f  U 
t o  n 5SN %0

C a l c u l a t e d 3 2 .5 5 6 . 16 9-49 2 1 .68
Found 33-68 6 .7 4 9-73 2 2 .3 9

P r o t o n  NMR s p e c t r o s c o p y  p e r fo r m e d  a t  60 MHz p ro d u ced  
a NMR s p e c t r u m  a s  shown i n  F i g u r e  2 t h a t  was c o n s i s t e n t  
w i t h  t h e  s t r u c t u r e  o f  DMEDDA. E x a m i n a t i o n  o f  t h e  NMR 
b a s e l i n e  i n d i c a t e d  t h a t  t h e  m a t e r i a l  was f r e e  o f  con tam ­
i n a t i o n  by s a r c o s i n e  h y d r o c h l o r i d e  which would h ave  
r e s o n a t e d  a t  2 .8 4  and 4 .0 2  ppm(S) w i th  b o t h  r e s o n a n c e s  
b e i n g  a s i n g l e t  ( 3 6 ) .

Due t o  t h e  p r e s e n c e  o f  an  i m p u r i t y ,  th e  mole  r a t i o  
method  was u s e d  t o  s t a n d a r d i z e  t h e  DMEDDA w i th  s t a n d a r d  
Cu (N0 2)2  a t  a  w a v e le n g th  o f  685 nm and pH 5*0 ( a c e t i c  
a c i d  -  sodium a c e t a t e  b u f f e r ) .

N ,N 1d l m e t h y l e t h y l e n e d l a m l n e d l a c e t a t o n l c k e l a t e ( I I )

In  o r d e r  t o  p r e p a r e  a  NiDMEDDA s o l u t i o n ,  a  s l i g h t  
m o l a r  e x c e s s  ( a b o u t  5 /0  o f  n i c k e l ( I I )  p e r c h l o r a t e  s o l u t i o n  
was added  t o  a  s t a n d a r d i z e d  DMEDDA s o l u t i o n .  The pH was 
a d j u s t e d  t o  11 ,  t o  p r e c i p i t a t e  th e  e x c e s s  n i c k e l  a s  t h e  
h y d r o x i d e .  The s o l u t i o n  was t h e n  f i l t e r e d  t h r o u g h  a 0 .4 5  
m i c r o n  M i l l i p o r e  f i l t e r ,  i n  o r d e r  t o  .remove t h e  p r e c i p i ­
t a t e  of  n l c k e l ( I I )  h y d r o x i d e .  The r e s u l t i n g  s o l u t i o n  
was f r e e  o f  p a r t i c u l a t e  and  i t s  pH was l o w e r e d  t o  8 by 
t h e  a d d i t i o n  o f  p e r c h l o r i c  a c i d .  A s p e c t r o p h o t o m e t r i c  
m ethod  was employed  t o  s t a n d a r d i z e  t h e  NiDMEDDA s o l u t i o n .  
The s t a n d a r d i z a t i o n  i n v o l v e d  d e t e r m i n a t i o n  o f  t h e  n i c k e l  
c o n t e n t  a t  267 nm. T h i s  was a c c o m p l i s h e d  by a d d i n g  a  100- 
f o l d  e x c e s s  o f  KCN ( u s i n g  an  ammonia -  ammonium c h l o r i d e  
b u f f e r  s y s te m  a t  pH 10) t o  t h e  unknown t o  o b t a i n  Ni(CN)/j .  
The a b s o r b a n c e  o f  t h i s  l a t t e r  s o l u t i o n  was t h e n  compared
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t o  t h e  a b s o r b a n c e  o f  a s t a n d a r d  t e t r a c y a n o n i c k e l a t e ( I I )  
s o l u t i o n  p r e p a r e d  f rom  s t a n d a r d  NiCClOjj^  and  a 1 0 0 - f o l d  
e x c e s s  of  KCN a t  pH 10.

A p p a r a t u s  and  P ro ce d u re

A l l  s p e c t r a  were r e c o r d e d  u s i n g  a  Cary Model 14 
s p e c t r o p h o t o m e t e r .  K i n e t i c  m e a s u re m e n t s  o f  f o r m a t i o n  
r e a c t i o n s  were made u s i n g  an Aminco Morrow S to p p e d -P lo w  
A p p a r a t u s  a t t a c h e d  t o  a Shimadzu QV-50 s p e c t r o p h o t o m e t e r .  
A T e k t r o n i c  5103N s t o r a g e  o s c i l l o s c o p e  was employed  t o  
m o n i t o r  t h e  s p e c t r a l  c h a n g e s .  In  a d d i t i o n ,  t h e s e  s p e c ­
t r a l  c h a n g e s  were s t o r e d  on a  B lo m a t io n  Waveform R e c o r d e r  
(Model 805) and d i s p l a y e d  f rom memory on a  Model SR 
S a r g e n t - W e l c h  R e c o r d e r .  K i n e t i c  m e a s u re m e n t s  f o r  the  
r a t e  o f  exchange  were  made u s i n g  a G i l f o r d  2000 M u l t i p l e  
Sample Absorbance  R e c o r d e r  i n  c o n j u c n t l o n  w i th  a  Beckman 
DU S p e c t r o p h o t o m e t e r .

A Beckman R e s e a r c h  Model 1019 pH M e te r ,  which pos ­
s e s s e s  a  r e l a t i v e  a c c u r a c y  of ±0.001 pH u n i t s ,  was 
em ployed  f o r  a l l  pH m e a s u r e m e n t s .  A l l  pH m e asu re m e n t s  
were done a t  a t e m p e r a t u r e  o f  25«0±0.1°C.

The f i n a l  pH f o r  e a c h  s o l u t i o n  u s e d  i n  the  r a t e  o f  
f o r m a t i o n  s t u d y  was o b t a i n e d  by  m e a s u r i n g  t h e  pH of  a 
s o l u t i o n  p ro d u c e d  by m ix in g  e q u a l  vo lum es  o f  each  
r e a c t a n t .  To p r e v e n t  i n t e r f e r e n c e  due  to  t h e  f o r m a t i o n  
o f  n i c k e l ( I I )  h y d r o x i d e ,  th e  pH of  t h e  n i c k e l  s o l u t i o n s  
were m a i n t a i n e d  a t  a  pH o f  5,  and  t h e  pH o f  the  l i g a n d  
s o l u t i o n s  were a d j u s t e d  t o  a v a l u e  s l i g h t l y  g r e a t e r  t h e n  
d e s i r e d .  S e v e r a l  n o n c o m p le x in g  b u f f e r s  were employed t o  
m a i n t a i n  t h e  d e s i r e d  pH.

The f i n a l  pH f o r  e a c h  s o l u t i o n  i n  t h e  r a t e  o f  
e x c h a n g e  s t u d y  was o b t a i n e d  by m e a s u r i n g  t h e  pH o f  the  
r e a c t a n t  m i x t u r e  p r i o r  t o  i t s  i n t r o d u c t i o n  i n t o  t h e  c e l l .
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P r i o r  t o  m ix in g  of t h e  r e a c t a n t s ,  th e  pH of  each  r e a c t a n t  
was a d j u s t e d  t o  the  d e s i r e d  pH. S in ce  t h e r e  i s  no 
n e t  change  i n  th e  h y d r o g e n  i o n  c o n c e n t r a t i o n  d u r i n g  the  
c o u r s e  o f  the  r e a c t i o n  ( s e e  e q u a t i o n  1 1 ) ,  a l l  k i n e t i c  
m e asu re m e n t s  were made w i t h  u n b u f f e r e d  s o l u t i o n s .

The w a v e le n g th  o f  maximum a b s o r b a n c e  f o r  t h e  fo rm ­
a t i o n  s t u d i e s  was l o c a t e d  by t h e  f o l l o w i n g  p r o c e d u r e .  
A b s o r p t i o n  s p e c t r a  o f  aqueous  s o l u t i o n s  of t h e  l i g a n d  L 
and  N i ( I I )  complex NIL were t a k e n  a t  known c o n c e n t r a t i o n s  
o f  t h e i r  r e s p e c t i v e  s o l u t i o n s .  These s p e c t r a  were t a k e n  
i n  th e  u l t r a v i o l e t  s p e c t r a l  r e g i o n  i n  which the  l i g a n d  L 
showed a  m o d e r a t e l y  s t r o n g  a b s o r p t i o n .  However, t h e  
a b s o r p t i o n  of th e  complex NIL was much g r e a t e r .  I t  was 
p o s s i b l e  t o  f i n d  a w a v e l e n g t h  a t  which t h e r e  was a  marked 
d i f f e r e n c e  be tw een  t h e  a b s o r p t i o n s  o f  t h e  l i g a n d  L and 
t h e  complex NIL. At 240 nm, t h e  complex NIL and t h e  f r e e  
l i g a n d  L each  p o s s e s s  an a b s o r p t i o n .  The m o la r  a b s o r p -  
t i v i t i e s  o f  t h e  f r e e  l i g a n d  L and  t h e  complex NIL a t  t h i s  
w a v e l e n g t h  a r e  46 and  237 L - m o l e - l - c m - * ( s e e  Tab le  1) 
r e s p e c t i v e l y .  T h e r e f o r e ,  a  w a v e le n g th  o f  240 nm was 
c h o s e n  t o  m o n i t o r  t h e  k i n e t i c s  o f  t h e  r e a c t i o n s  b e tw een  
N i ( I I )  I o n  and the  l i g a n d  L.

The r a t e  o f  f o r m a t i o n  o f  t h e  l i g a n d  complex was 
ex am ined  u s i n g  a  s t o p p e d - f l o w  t e c h n i q u e .  P r i o r  t o  each  
r u n ,  an a p p r o p r i a t e  b u f f e r  was added  t o  t h e  l i g a n d  s o l ­
u t i o n  t o  g iv e  a  t o t a l  b u f f e r  c o n c e n t r a t i o n  o f  0 .0 5  M 
upon  m ix in g  w i t h  t h e  n i c k e l ( I I )  s o l u t i o n .  The i o n i c  
s t r e n g t h  o f  e a c h  r e a c t a n t  s o l u t i o n  was a d j u s t e d  t o  0 .1  M 
w i t h  1 .0  M sodium p e r c h l o r a t e  and  th e  pH of  t h e  l i g a n d  
s o l u t i o n  was a d j u s t e d  to  t h e  d e s i r e d  f i n a l  pH by t h e  
a d d i t i o n  o f  sodium h y d r o x i d e .  The t e m p e r a t u r e  was m ain ­
t a i n e d  a t  25 -0± 0 .1°C  by t h e  means of a  c o n s t a n t  t e m p e r a ­
t u r e  b a t h  c o n n e c t e d  t o  t h e  r e s e r v i o r  s i t e  o f  a c o m p a r t ­
m en t  w i t h i n  t h e  s t o p p e d - f l o w  a p p a r a t u s .  The w a v e le n g th
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T a b le  1

Molar A b s o r p t i v i t i e s  of  DMEDDA 
and NiDMEDDA a t  240 nma

S p e c i e c s  C o n c e n t r a t i o n 13 C e l l  Length A b s .c Molar
(M) (cm) A b s o r p t i v i t y

DMEDDA 9.44 x 10“ 3 1 0 .4 3 1 4 5 -7
7*44 x 1 0 " 3 1 0 .3 4 8 4 6 .1
5.66 x 10~3 1 0 . 2 6 2 4 6 .3

Average  M olar  A b s o r p t i v i t y : 46 .0±0 • 3

Ni DMEDDA 4.88 x lO-2* 1 0 .5 2 8 238
3.01 x lO-2* 1 0 .4 9 1 235
2.15 x 10_2< 1 0 . 4 7 5 236
1 .03  x 10_i| 1 0 . 4 5 4 238

Average  Molar A b s o p t i v i t y : 237± 2

a .  I o n i c  
t o t a l

s t r e n g t h ,  u = 0.  
c o n c e n t r a t i o n  of

1M; pH = 8 .0  
0 .0 5  M)

(HEPES b u f f e r  a t  a

b.  R e f e r s  to  t o t a l  c o n c e n t r a t i o n  of  l i g a n d  o r  complex
c .  R e f e r e n c e d  a g a i n s t  a  s o l u t i o n  of  0 . 0 5  M HEPES b u f f e r  

a t  pH 8 .0  and  a t o t a l  i o n i c  s t r e n g t h  o f  0 . 1  H
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c o n t r o l  of  th e  Sch imadzu  QV-50 s p e c t r o p h o t o m e t e r  was s e t  
a t  2*10 nm, which gave a  maximum a b s o r b a n c e  change  be tw een  
p r o d u c t  and r e a c t a n t .

Fo r  e a c h  s e t  o f  r e a c t i o n  c o n d i t i o n s  t h e  f o r m a t i o n  of 
the  complex NiL was f o l l o w e d  by m e asu re m e n t  of  p e r c e n t  
t r a n s m i t t a n c e  (#T) v e r s u s  t im e  ( t ) .  A p r e l i m i n a r y  r u n  
was p e r f o r m e d  i n  o r d e r  t o  o b t a i n  a  v a l u e  f o r  t h e  f i n a l  
p e r c e n t  t r a n s m i t t a n c e  which c o u l d  be r e a d  from th e  
o s c i l l o s c o p e  t r a c e .  On i n i t i a t i n g  a  r e a c t i o n ,  #T v a l u e s  
v e r s u s  t ime c h a n g e s  were s t o r e d  i n  t h e  B io m a t io n  Waveform 
R e c o r d e r  a s  the  r e a c t i o n  p r o g r e s s e d .  These  v a l u e s  were 
s u b s e q u e n t l y  d i s p l a y e d  on  a S a r g e n t - W e l c h  Model SR 
R e c o r d e r .  From t h i s  l a t t e r  t r a c e ,  i t  was p o s s i b l e  t o  
make a  t a b l e  of %T v e r s u s  t i m e ,  which  was t h e n  e n t e r e d  
i n t o  a  com pute r  f i l e  so  t h a t  c a l c u l a t i o n s ,  f o r  t h e  
p u r p o s e  o f  e x t r a c t i n g  r a t e  c o e f f i c i e n t s  f rom  t h e  d a t a ,  
c o u l d  be p e r f o r m e d .

The k i n e t i c  m e a s u re m e n t s  were made u n d e r  p s e u d o -  
f i r s t - o r d e r  c o n d i t i o n s  i n  which  t h e  t o t a l  l i g a n d  was 
p r e s e n t  i n  a t  l e a s t  a 1 0 - f o l d  e x c e s s  ove r  t h a t  o f  t h e  
N i ( I I )  i o n  and  t h e  pH was s y s t e m a t i c a l l y  v a r i e d  o v e r  th e  
pH r a n g e  o f  6 .0  -  9*5* Each r e p o r t e d  k i n e t i c  r u n  i s  f o r  
a  s p e c i f i c  s e t  o f  r e a c t i o n  c o n d i t i o n s  and i s  t h e  a v e r a g e  
of  t h r e e  t o  s i x  s e p a r a t e  s t o p p e d - f l o w  r u n s .

The w a v e le n g th  of  maximum a b s o r p t i o n  f o r  t h e  exchange  
r e a c t i o n  was l o c a t e d  by t h e  f o l l o w i n g  p r o c e d u r e .  A bso rp ­
t i o n  s p e c t r a  of aq u eo u s  s o l u t i o n s  o f  th e  NiDMEDDA complex 
and t h e  CuDMEDDA complex were t a k e n  a t  known c o n c e n t r a t i o n s  
o f  t h e i r  r e s p e c t i v e  s o l u t i o n s .  These  s p e c t r a  were  t a k e n  
i n  t h e  v i s i b l e  r e g i o n ,  i n  which the  NiDMEDDA complex showed 
a  weak a b s o r p t i o n .  However,  t h e  a b s o r p t i o n  of  t h e  CuDMEDDA 
complex was much s t r o n g e r .  A t  685 nm, t h e  CuDMEDDA complex 
p o s s e s s e s  i t s  maximum a b s o r b a n c e  w i t h  a m o l a r  a b s o r p t i v i t y  
of  151 L -m o le -^ -c m - -*’ and  th e  NiDMEDDA complex h a s  a m o la r

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



21

a b s o r p t i v i t y  o f  2 .9  L -m n le“ -*--cm- -*- ( s e e  Table  2 ) .  The 
w a v e le n g th  of  68 5 nm was c h o s e n  t o  m o n i t o r  t h e  ex ch an g e  
r e a c t i o n .

The r a t e  o f  exchange  b e tw een  NiL and  C u ( I I )  i o n  was 
exam ined  u s i n g  a  G i l f o r d  2000 M u l t i p l e  Sample A bso rbance  
R e c o rd e r  a t t a c h e d  t o  a  Beckman Model DU S p e c t r o p h o t o m e t e r .  
P r i o r  to  e a c h  r u n ,  t h e  i o n i c  s t r e n g t h  o f  the  c o p p e r ( I I )  
s o l u t i o n  was a d j u s t e d  t o  1 . 2 5  M by th e  u se  o f  5 . 0  M sodium 
p e r c h l o r a t e  and th e  pH of  t h i s  s o l u t i o n  was a d j u s t e d  to  
t h e  d e s i r e d  f i n a l  pH by th e  a d d i t i o n  o f  sodium h y d r o x i d e  
o r  p e r c h l o r i c  a c i d .  The t e m p e r a t u r e  was m a i n t a i n e d  a t  
2 5 .0 ± 0 .1 ° C  by t h e  means o f  a  c o n s t a n t  t e m p e r a t u r e  b a t h  
c o n n e c t e d  t o  t h e  c e l l  co m par tm en t  of  t h e  s p e c t r o p h o t o m ­
e t e r .  The w a v e le n g th  c o n t r o l  of t h e  Beckman DU S p e c t r o ­
p h o t o m e t e r  was s e t  a t  685 nm, which  gave a  maximum a b s o r ­
bance  change  b e tw een  p r o d u c t  and r e a c t a n t .

For e a c h  s e t  of r e a c t i o n  c o n d i t i o n s  the  f o r m a t i o n  of  
t h e  complex CuL was f o l l o w e d  by m easu rem en t  o f  a b s o r b a n c e  
( a b s . )  v e r s u s  t im e  t .  From t h i s  t r a c e  I t  was p o s s i b l e  t o  
make a t a b l e  o f  a b s o r b a n c e  v e r s u s  t im e ,  which was t h e n  
e n t e r e d  i n t o  a c o m p u te r  f i l e  so t h a t  c a l c u l a t i o n s ,  f o r  
t h e  p u rp o s e  of e x t r a c t i n g  r a t e  c o e f f i c i e n t s  f rom  t h e  d a t a ,  
c o u l d  be p e r f o r m e d .

The k i n e t i c  m e a s u re m e n ts  f o r  t h e  r a t e  o f  ex ch a n g e  
were made u n d e r  p s e u d o - f i r s t  o r d e r  c p n d l t i o n s  i n  which  
C u ( I I )  i o n  was p r e s e n t  i n  a  10 to  5 0 - f o l d  e x c e s s  o v e r  
t h a t  of  t h e  NiDMEDDA co m p le x .  F o r  a l l  k i n e t i c  r u n s ,  the  
pH was h e l d  c o n s t a n t  a t  a pH o f  3 . 2 6 .
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T ab le  2

Molar A b s o r p t i v i t i e s  o f  NiDMEDDA 
and CuDMEDDA a t  685 nma

S p e c l e c s C o n c e n t r a t i o n
(M)

C e l l  Len g th  
(cm)

Abs. Molar
A b s o r p t i v i t y

NLDMEDDA 1.01  x 10“ 3 10 0 .0 3 0 2 .98
2 .21  x 10 -3 10 0 .0 6 4 3 . 0 2
11.07 x 10 -3 10 0 .1 1 8 2 .9 0
5-93 x 1 0 " 3 10 O. 169 2 .8 5

Average  Molar A b s o r p t i v i t y : 2 .9 4 ± 0 . 08

CuDMEDDA 5-18 x 10 2 0 .1 5 3 149
1 .0 9  x 10“ 3 2 0 .3 3 2 152
2 .46  x 10-3 2 0 .7 2 6 148
3-78  x 1 0 " 3 2 1 .1 6 3 154

Average  Molar A b s o r p t i v i t y : 151±3

a .  I o n i c  s t r e n g t h ,  y = 1..25 M; pH = 5 . 0  ( a c e t i c  a c i d -  
sodium a c e t a t e  b u f f e r )
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RESULTS

D ata  R e d u c t i o n

A l l  f o r m a t i o n  r e a c t i o n s  were c a r r i e d  o u t  t o  com ple ­
t i o n ;  th e  ex ch a n g e  r e a c t i o n s  were c a r r i e d  o u t  t h r o u g h  a t  
l e a s t  2 .5  h a l f - l i v e s .  Fo r  a l l  r u n s ,  p s e u d o - f i r s t - o r d e r  
c o n d i t i o n s  were m a i n t a i n e d .  The f o r m a t i o n  r e a c t i o n s  were 
c a r r i e d  o u t  by u s i n g  a t  l e a s t  a  t e n - f o l d  e x c e s s  ( i n  t o t a l  
c o n c e n t r a t i o n )  o f  l i g a n d  w i th  r e s p e c t  t o  n i c k e l ( I I )  i o n  
and t h e  exchange  r e a c t i o n s  were c a r r i e d  o u t  by u s i n g  a t  
l e a s t  a t e n - f o l d  e x c e s s  o f  c o p p e r ( I I )  i o n  w i th  r e s p e c t  to  
th e  NiDMEDDA c o n c e n t r a t i o n .

I n i t i a l l y  t h e  f i r s t - o r d e r  r a t e  e x p r e s s i o n  shown i n  
e q u a t i o n  13 was t e s t e d  i n  b o th  t h e  f o r m a t i o n  and exchange

L-̂ - = k 0 [N i ]  o r  [N iL]  (13 )
d t

s t u d i e s .  P l o t s  o f  t h e  i n t e g r a t e d  fo rm  of  e q u a t i o n  13 were 
l i n e a r  f o r  a t  l e a s t  t h r e e  h a l f - l i v e s  t h u s  e s t a b l i s h i n g  
f i r s t - o r d e r  b e h a v i o r  i n  n i c k e l  f o r  t h e  f o r m a t i o n  s tu d y  
and f i r s t - o r d e r  b e h a v i o r  i n  NiL i n  t h e  exchange  s t u d y .  
T y p i c a l  f i r s t - o r d e r  p l o t s  a r e  shown i n  F i g u r e  3 T o r  t h e  
f o r m a t i o n  s t u d y  and  F i g u r e  4 f o r  t h e  ex ch a n g e  s t u d y .
From t h i s  p o i n t  o n ,  an  i t t e r a t i v e  c u r v e  f i t t i n g  p rogram  
was u s e d  t o  c a l c u l a t e  t h e  r a t e  c o n s t a n t s  f rom  t h e  raw 
k i n e t i c  d a t a .  The method u s e d  i n v o l v e d  a n o n - l i n e a r  
l e a s t  s q u a r e s  a n a l y s i s .  The i n p u t  d a t a  s e t  f o r  t h i s  
p rogram  c o n s i s t e d  of  p e r c e n t  t r a n s m i t t a n c e  o r  a b s o r b a n c e  
v a l u e s  v e r s u s  t im e  f o r  a  c o m p le t e d  k i n e t i c  r u n .  The o u t ­
p u t  c o n s i s t e d  o f  t h r e e  p a r a m e t e r s  and  t h e i r  c o r r e s p o n d i n g  
s t a n d a r d  d e v i a t i o n s .  Two o f  t h e  o u t p u t  v a l u e s ,  A^ and 
A^, were a b s o r b a n c e  v a l u e s .  The f i r s t  o f  t h e s e ,  Af 
r e p r e s e n t s  t h e  f i n a l  a b s o r b a n c e  v a l u e  f o r  t h e  r e a c t i o n ;

23
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t h i s  c o r r e s p o n d s  to  t im e  i n f i n i t y .  The l a t t e r ,  A^, r e p r e ­
s e n t s  t h e  a b s o r b a n c e  change  of  t h e  r e a c t i o n  m i x t u r e ,  
d e n o te d  by Af-A^,  where  Â  i s  th e  i n i t i a l  a b s o r b a n c e  of 
th e  r e a c t i o n  m i x t u r e .  In  t h e  p r e s e n t  s t u d y ,  p r o d u c t  
f o r m a t i o n  was f o l l o w e d ,  so t h a t  a b s o r b a n c e  v a l u e s  a lw ays  
i n c r e a s e d  w i th  r e a c t i o n  t im e  t .  The t h i r d  and most 
i m p o r t a n t  p a r a m e t e r  o b t a i n e d  from th e  c o m p u te r  c a l c u l a t i o n  
was k Q, t h e  p s e u d o - f i r s t - o r d e r  r a t e  c o n s t a n t .  The f o r m u l a  
i n  which a l l  t h r e e  o f  t h e  above o u t p u t  v a r i a b l e s  a r e  
e x p r e s s e d  i s  g i v e n  by

Afc = (A-l -  Af ) e x p ( - k 0 t )  + Af  (.14)

On t h e  l e f t - h a n d  s i d e  o f  e q u a t i o n  14, t h e  te rm At  i s  the  
a b s o r b a n c e  o f  t h e  r e a c t i o n  m i x t u r e  a t  t im e  t .  Rate  con ­
s t a n t s  f o r  a l l  k i n e t i c  r u n s  were o b t a i n e d  by a p p l y i n g  the  
above m ethod .

K i n e t i c  Sys tems  I n v o l v i n g  NiDMEDDA 

N i ( I I )  -  DMEDDA

The above sys tem  was s t u d i e d  o v e r  t h e  pH ran g e  5*9 
t o  9 . 3  u s i n g  e i t h e r  HEPES, MES, TAPS, o r  CHES b u f f e r s  a t  
a c o n c e n t r a t i o n  of  0 . 0 5  M. For t h i s  r e a c t i o n  a  wave­
l e n g t h  of  240 nm was c h o s e n  f o r  s t u d y .  The o r d e r  i n  
l i g a n d  was e s t a b l i s h e d  by o b t a i n i n g  th e  p s e u d o - f i r s t - o r d e r  
r a t e  c o n s t a n t ,  k Q, a t  v a r i o u s  c o n c e n t r a t i o n s  o f  t o t a l  
l i g a n d  a t  t h e  same pH. T a b le  3 shows t h e  k i n e t i c  d a t a  
w hich  a r e  o r d e r e d  i n  t e r m s  o f  i n c r e a s i n g  t o t a l  l i g a n d  
c o n c e n t r a t i o n .  A p l o t  o f  k Q v e r s u s  t o t a l  l i g a n d  c o n c e n ­
t r a t i o n  i s  shown i n  F i g u r e  5 which d e m o n s t r a t e s  e x c e l l e n t  
l i n e a r  b e h a v i o r ,  t h u s  e s t a b l i s h i n g  f i r s t - o r d e r  b e h a v i o r  
i n  t o t a l  l i g a n d .  S in c e  th e  r e a c t i o n  i s  f i r s t - o r d e r  i n
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R ate  C o n s t a n t s k Q f o r  
N i ( I I )

T a b le  3

t h e  R e a c t i o n  o f  
a t  c o n s t a n t  pH

DMEDDA w i t h

[ L]ip x 103 
M

b .c d
k o
s -1

pH

1 .888

a v e .

5 .21
5-26
5 .13
5 .20

7 . 002

3 .7 7 6

av e .

10 .31
10 .40  
10 .48
1 0 .40

7 .008

5 .664

av e .

16 .28
16 . 60
17-22
17 .70

7 . 008

7 .5 5 2

ave .

21.31
21 .56
2 1 .7 2
21 .53

7 .013

9 .440

a v e .

26 .83
27 .24
2 8 .57
2 7 .55

7 .013

11 .3 2 8

ave .

29.61
3 3 .0 5
3 4 .70
3 2 .4 5

6 .9 7 8

a .  [ N i 2+] 0 = 1 ,801  x 1 0 ~ n II
b .  For  a l l  r u n s :  T '= 2 5 . 0 ± 0 . 1 °  C, m = 0 .1  M
c .  R e p o r t e d  a s  the  a v e r a g e  of  t h e  b e s t  of  t h r e e  o u t  of  

f i v e  d e t e r m i n a t i o n s .
d .  HEPES b u f f e r  a t  a  t o t a l  b u f f e r  c o n c e n t r a t i o n  o f  0 .0 5  M
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n i c k e l ,  t h e  o v e r - a l l  r e a c t i o n  i s  s e c o n d - o r d e r .  All  
r u n s ,  a s  p r e v i o u s l y  s t a t e d ,  were c o n d u c t e d  a t  a  t o t a l  
DMEDDA c o n c e n t r a t i o n  [DMEDDA]^ i n  e x c e s s  ov e r  N i ( I I )  by 
a  f a c t o r  o f  a t  l e a s t  t e n .

Over t h e  pH r a n g e  s t u d i e d ,  DMEDDA may e x i s t  i n  t h r e e  
d i s t i n c t  f o r m s :  H2DMEDDA, HDMEDDA", and DMEDDA2 - . S in ce  
t h e  d e n t a t e  s i t e s  a r e  b lo c k e d  i n  t h e  d i p r o t o n a t e d  s p e c i e s ,  
t h i s  s p e c i e s  i s  a ssumed t o  be u n r e a c t i v e .  C o n s e q u e n t l y ,  
f o r  the  N i ( II)-DMEDDA s y s t e m ,  t h e r e  a r e  two s i m u l t a n e o u s  
r e a c t i o n s  l e a d i n g  t o  th e  f o r m a t i o n  of  Ni(DMEDDA):

2
N i ( I I )  + DMEDDA

HL“
k

Ni ( I I )  + HDMEDDA-  ——-*■ Ni ( DMEDDA) + H+ ( 1 6 )

F u r t h e r m o r e , t h e  k i n e t i c  d a t a  can be r e s o l v e d  i n t o  t h e  
r a t e  c o n s t a n t s  shown i n  r e a c t i o n s  15 and  16 a c c o r d i n g  to  
t h e  f o r m u l a :

HL— L2 -  2
k n = k [HIT] + k [L ~] (17)o Ni Ni

The d e p r o t o n a t i o n  of  H^L p r o c e e d s  a c c o r d i n g  t o  e q u a t i o n s  
18 and 19

H2L'----— HL“ + H+ (18)

HL- ----- ----- - L 2-  + H+ (19)

w i t h  e q u i l i b r i u m  c o n s t a n t s  ( 3 7 ) g i v e n  by :

Ka = [HL~][H+ ]„„ = 1.03  x 10-6  (20)
a l  [H2L]

L 2 -
k

— ♦ Ni  ( DMEDDA) ( 1 5 )
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S o l v i n g  e q u a t i o n  21 f o r  [ L 2"7 and  s u b s t i t u t i n g  i n t o  
e q u a t i o n  17 g i v e s :

HL L 2  r t i t  —ik_ = k [HL“ 1 + k Ka lHL 22)
°  Ni Ni 2 [ H ]

E q u a t i o n  22 i s  e a s i l y  r e a r r a n g e d  t o :

= kHL" V k L2L 1 (2 3 )
Ni Ni a 2_

[HL-] [H+]

The c o n c e n t r a t i o n  o f  HL” c a n  be d e t e r m i n e d  u s i n g  
e q u a t i o n  2*J

[ L ] t  = [H2L] + [HL- ] + [ L 2” 1 (2.4)

w h ich ,  a f t e r  s u b s t i t u t i n g  a p p r o p r i a t e  v a l u e s  f o r  [H 2L1 a n d  
[ L 2 - ] f ro m  e q u a t i o n s  20 and  21, f o l l o w e d  by a  r e a r r a n g e ­
m e n t  g i v e s  e q u a t i o n  25* I n  e q u a t i o n  2 5 ,  Lip r e f e r s  t o  t h e  
t o t a l  amount o f  l i g a n d .

LpKa  [ H + ]

t HL  1 '  [ r t 2  + Ka i [ H+ 1 + Ka i Ka 2  <25)

In  Table  M a r e  p r e s e n t e d  t h e  k i n e t i c  d a t a  which  a r e  
o r d e r e d  i n  t e rm s  o f  i n c r e a s i n g  pH. W i th in  t h i s  t a b l e  a r e  
a l s o  p r e s e n t e d  c o n c e n t r a t i o n s  o f  t h e  r e a c t i v e  s p e c i e s ,  
HDMEDDA” and DNEDDA2 - , and th e  p s e u d o - f i r s t - o r d e r  r a t e  
c o n s t a n t s  kQ.

F i g u r e  6 shows a  p l o t  of  t h e  l e f t - h a n d  s i d e  o f
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T a b le  4

E x p e r i m e n t a l  C o n d i t i o n s  and  R a t e  C o n s t a n t s  f o r  t h e  
R e a c t i o n  o f  N i ( I I ) a  Io n  w i th  DMEDDAb

pH [ I T 2] x 1 0 5 
M

[HIT] x 103 
M s -1

5 .9 9 8 0 . 0 2 1 .9 1 5 . 7 9

6 .0 9 8 0 . 0 3 2 .1 3 6 . 2 2

6 .4 0 5 0 . 0 7 2 .7 3 8 . 6 0

6 .6 9 9 0 . 1 7 3 . 1 6 8 . 6 3

7 .1 1 0 0 .4 8 3 .6 4 1 2 . 8

7 .2 5 2 0 . 6 8 3 -75 1 3 . 4

7 .4 0 0 0 . 9 7 3-63 1 5 - 7
7-620 1 . 6 2 3 .6 7 1 9- 6

7 .8 0 8 2 . 5 2 3 . 6 9 1 8 . 5

7-901 3 - 1 2 3 .7 0 2 4 . 2

8 .0 5 8 4 .4 8 3-70 2 2 . 8

8 .2 2 3 6 .5 3 3 .6 9 2 5 - 3

8 .5 1 6 1 2 .7 3-64 2 7 . 7

8 .7 7 6 2 2 .4 3 -5 5 40. 9
9 .0 1 8 3 7-5 3-40 5 6 . 2

9 .1 4 0 48 .1 3 . 2 9 7 9 . 5

9 .2 2 0 5 6 .4 3 .2 1 9 4 . 2

9 -334 7 0 .2 3 -0 7 1 1 7 .1

a .  [ N i 2+] T = 1 . 8  x 1 0 " 4 H
b. [DMEDDA]T = 3 -7 8  x 10“ 3 M
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e q u a t i o n  23 v e r s u s  t h e  r e c i p r o c a l  of t h e  hy d ro g en  i o n  
c o n c e n t r a t i o n  u s i n g  th e  d a t a  l i s t e d  i n  Table  *1. The l i n e  
r e p r e s e n t s  t h e  l e a s t - s q u a r e s  b e s t  f i t  o f  t h e  d a t a .  The 
s l o p e  and  i n t e r c e p t  c o r r e s p o n d  t o  the  f o l l o w i n g  t e rm s  i n  
e q u a t i o n  23:

L2-
a )  V  K a 2 ’ S l ° Pe

HL“
b) k , i n t e r c e p t

Ni
R a te  c o n s t a n t s  f o r  t h e  r e a c t i o n  o f  b o th  HDMEDDA" and 
DMEDDA2- a r e  g i v e n  i n  T ab le  5- Also  r e p o r t e d  w i t h i n  
t h i s  t a b l e  a r e  t h e  s t a n d a r d  d e v i a t i o n s  f o r  e a c h  r a t e  
c o n s t a n t  a l o n g  w i th  th e  c o r r e l a t i o n  c o e f f i c i e n t  f o r  the  
k i n e t i c  p l o t .  As F i g u r e  6 shows , e x c e l l e n t  l i n e a r i t y  i s  
o b t a i n e d  u s i n g  e q u a t i o n  17 and t h e r e f o r e  t h e  a s s u m p t io n  
t h a t  t h e  d l p r o t o n a t e d  s p e c i e s  i s  u n r e a c t i v e  i s  v a l i d .

Fo r  DMEDDA, e q u a t i o n  22 a l l o w s  c a l c u l a t i o n  of t h e  
o b s e r v e d  r a t e  c o n s t a n t  a s  a  f u n c t i o n  o f  pH s i n c e  t h e  
r e s o l v e d  r a t e  c o n s t a n t s ,  a s  g i v e n  i n  Tab le  5 ,  and t h e  
a p p r o p r i a t e  l i g a n d  c o n c e n t r a t i o n s  a r e  known. The c a l ­
c u l a t e d  and e x p e r i m e n t a l l y  d e t e r m i n e d  v a l u e s  a r e  p r e ­
s e n t e d  i n  T ab le  6. C om par ison  o f  t h e s e  c a l c u l a t e d  v a l u e s  
w i t h  t h e  e x p e r i m e n t a l l y  o b s e r v e d  v a l u e s  g i v e s  e x c e l l e n t  
a g r e e m e n t  f o r  t h e  e n t i r e  pH ra n g e  s t u d i e d .  T h i s  i s  shown 
i n  F i g u r e  7 i n  which  th e  f r a c t i o n  of'DMEDDA and th e  e x p e r ­
i m e n t a l l y  d e t e r m i n e d  p e s u d o - f i r s t - o r d e r  r a t e  c o n s t a n t ,  k Q, 
a r e  p l o t e d  as a  f u n c t i o n  o f  pH. The s o l i d  c u r v e  f o r  k Q 
r e p r e s e n t s  th e  c a l c u l a t e d  v a l u e s  f o r  k Q as a  f u n c t i o n  
o f  pH.

NIDMEDDA -  CuDMEDDA R e a c t i o n

A l l  k i n e t i c  r u n s  f o r  t h e  NiDMEDDA-CuDMEDDA r e a c t i o n  
were p re fo rm e d  a t  a  w a v e l e n g t h  o f  685 run on u n b u f f e r e d
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T a b le  5

R eso lv e d  F r o m a t i o n  Rate  C o n s t a n t s  f o r  t h e  R e a c t i o n  
o f  N i ( I I )  I o n  w i th  -DMEDDA

. S p e c ie s k f
M -^sec- -*-

S t d .  Dev. 
M -^sec- ^

h 2dmedda - 0 -

HDMEDDA" 3-50  X 103 6 . 9  X 102

DMEDDA2 - 1 .4 6  X 1 0 5 8 . 4  X 103

C o r r e l a t i o n  C o e f f i c i e n t = 0 .9 9 4

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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T a b l e  6

E x p e r i m e n t a l  and  C a l c u l a t e d  V a lues  of  t h e  Observed 
Rate  C o n s t a n t s  as  a  F u n c t i o n  o f  pH

pH C a l c u l a t e d
k 0 , s e c " l

E x p e r i m e n t a l a
k o j s e c " 1

5-998 6 .71 5 -79
6 .0 9 8 7 .50 6 . 2 2
6 .4 0 5 9 .66 8 .6 0

6 .6 9 9 1 1 .3 8 .6 3
7 .110 1 3 .4 1 2 .8
7 .2 5 2 i 4 .  i 1 3 . 4
7-400 1 4 .4 1 5 . 7
7 .6 2 0 1 5 . 2 1 9 . 6
7-808 1 6 . 6 1 8 . 5
7 .901 1 7 .5 2 4 .2
8 .0 5 8 1 9 .5 2 2 .8

8 .2 2 3 2 2 .5 2 5 .3
8 .5 1 6 31*2 2 7 .7
8 .7 7 6 4 5 . 2 4 0 . 9
9 .0 1 8 6 6 .7 5 6 . 2
9-140 8 1 .8 7 9 -5
9 .2 2 0 93-6 9 4 .2
9 .3 3 4 113-3 I I 7 . I

a .  F o r  a l l  r u n s : T = 2 5 • 0± 0 . 1 0 c , u = 0.1M
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s o l u t i o n s  which had been  a d j u s t e d  t o  a pH of  3 .2 6  a t  an 
i o n i c  s t r e n g t h  o f  1 .2 5  M. The e x p e r i m e n t a l  r e s u l t s  a r e  
p r o v i d e d  i n  T a b le  7 where t h e  p s e u d o - f i r s t - o r d e r  r a t e  
c o n s t a n t s  a r e  a r r a n g e d  a c c o r d i n g  t o  i n c r e a s i n g  c o n c e n ­
t r a t i o n  o f  C u ( I I )  i o n .

T ab le  7

E x p e r i m e n t a l  C o n d i t i o n s  and O bse rved  R a te  C o n s t a n t s  
f o r  t h e  Exchange R e a c t i o n  Between NiDMEDDA3, and C u ( I I )

[C u 2+] x 102 M kQ x 105 s e c “ l

0 .5 3 2 5-58
0 .8 2 2 4 .6 3
1 .3 3 6 5 .2 3
1 .5 4 2 5 .4 3
1 .8 5 0 6 . 1 5
2 .0 5 5 5-53

a .  [NiDMEDDA]T = 4 .7 6  x lO4  M
b.  For a l l  r u n s :  T = 2 5 . 0 ± 0 . 1 °  C, u = 1 . 2 5  M, pH = 3-26

F i g u r e  8 shows a  p l o t  o f  t h e  p s e u d o - f i r s t - o r d e r  r a t e  
c o n s t a n t ,  k Q, v e r s u s  t h e  c o p p e r ( I I )  c o n c e n t r a t i o n  f o r  a 
g i v e n  pH. As F i g u r e  8 d e m o n s t r a t e s ,  t h e  c o p p e r ( I I )  
d e p en d e n c e  i s  z e r o - o r d e r .  The r e a c t i o n  h a d  p r e v i o u s l y  
b e e n  shown t o  be f i r s t - o r d e r  i n  NiDMEDDA. Due t o  t h e  
e x t r e m e l y  l o n g  h a l f  l i v e s ,  a p p r o x i m a t e l y  39 h o u r s ,  and  
t h e  z e r o - o r d e r  c o p p e r  d e p e n d e n c e ,  f u r t h e r  i n v e s t i g a t i o n  
o f  t h i s  r e a c t i o n  was t e r m i n a t e d .
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F i g u r e  8. O b se rv ed  ex ch a n g e  r a t e  c o n s t a n t  as  a f u n c t i o n  o f  c o p p e r  
c o n c e n t r a t i o n  a t  pH 3 . 2 6 .



DISCUSSION

As s t a t e d  i n  t h e  I n t r o d u c t i o n ,  t h e  Eigen-Tamm e q u a ­
t i o n s  7 and 8 a r e  u s e f u l  i n  p r e d i c t i n g  f o r m a t i o n  r a t e s  
o n l y  f o r  i d e a l i z e d  s y s t e m s ,  f o r  t h e s e  e q u a t i o n s  f a i l  t o  
t a k e  i n t o  c o n s i d e r a t i o n  th e  e f f e c t s  t h a t  th e  l i g a n d  e x e r t  
on th e  r a t e  o f  f o r m a t i o n .  E x p e r i m e n t a l  e v i d e n c e  h a s  been  
ad v an c e d  to  show t h a t  m o d i f i c a t i o n s  o f  t h e  Eigen-Tamm 
mechanism a r e  n e c e s s a r y .  The m o s t  i m p o r t a n t  f a c t o r s  t h a t  
have  b e t t e r  d e f i n e d  t h e  n a t u r e  o f  complex f o r m a t i o n  r e a c ­
t i o n s ,  and  a r e  r e l e v a n t  t o  t h e  p r e s e n t  s t u d y  i n c l u d e :

1) ICB ( I n t e r n a l  c o n j u g a t e  b a s e )  e f f e c t s
2) S t e r i c  h i n d r a n c e  e f f e c t s

Each o f  t h e  above e f f e c t s  a r e  d e p e n d e n t  upon t h e  n a t u r e  
o f  t h e  l i g a n d .  In  t h e  sy s te m  u n d e r  s t u d y ,  t h e  ICB e f f e c t  
i s  p r e c l u d e d  f o r  HDMEDDA- , b u t  m u s t  c o n t r i b u t e  to  t h e  
r e a c t i o n  i n v o l v i n g  DMEDDA- 2 , s i n c e  t h i s  s p e c i e s  c o n t a i n s  
a  donor  atom w i t h  a  pKa which i s  g r e a t e r  t h a n  e i g h t .
T h i s  h i g h  pKa  w i l l  a l l o w  t h e  d o nor  atom t o  fo rm  a 
h y d ro g e n  bond w i th  a  w a t e r  m o l e c u l e  c o o r d i n a t e d  t o  t h e
n i c k e l ( I I )  i o n ,  t h e r e b y  s t a b l i z i n g  t h e  o u t e r - s p h e r e  
i n t e r m e d i a t e  and  l a b i l i z i n g  s u b s q u e n t  w a t e r  l o s s .  As a
r e s u l t ,  t h e  l i g a n d  p ro m o te s  i t s  own c o o r d i n a t i o n .  ICB
e f f e c t s  w i l l  be d i s c u s s e d  i n  more d e t a i l  i n  l a t e r  
s e c t i o n s .  The s ec o n d  e f f e c t  p r e s e n t e d  above i n v o l v e s  
s t e r i c  h i n d r a n c e  and i t s  m e c h a n i s t i c  c o n s e q u e n c e s  and i s  
f o c a l  p o i n t  o f  t h e  p r e s e n t  s t u d y .  I t  w i l l  be d i s c u s s e d  
i n  d e t a i l  i n  t h e  f o l l o w i n g  s e c t i o n s .

G e n e r a l  Mechanism f o r  Nickel-DMEDDA F o r m a t i o n  R e a c t i o n

On t h e  b a s i s  o f  e a r l i e r  s t u d i e s  ( 5 , 1 6 )  o f  n i c k e l ( I I ) -  
p o ly a m in e  r e a c t i o n s ,  t h e  n i c k e l ( I I ) - p o l y a m i n o c a r b o x y l a t e

39
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r e a c t i o n s  a r e  p resum ed  to  f o l l o w  a s t e p w i s e  bond ing  o f  
t h e  l i g a n d  t o  t h e  m e t a l  w i th  th e  i n d i v i d u a l  b o n d in g  s t e p s  
b e i n g  d i s s o c i a t i v e  i n  n a t u r e  ( 4 ) .  On t h i s  b a s i s ,  th e  l o s s  
of a  c o o r d i n a t e d  w a t e r  m o le c u le  m us t  p r e c e d e  t h e  f o r m a t i o n  
of  each  m e t a l - d o n o r  bond and th e  s h o r t - l i v e d  n a t u r e  o f  
t h e  f i v e  c o o r d i n a t e  i n t e r m e d i a t e  d i c t a t e s  t h a t  t h e  r e a c t -  
t a n t s  m us t  be a d j a c e n t  a t  t h e  t im e  o f  m e t a l - w a t e r  bond 
r u p t u r e  i n  o r d e r  f o r  r e a c t i o n  t o  o c c u r .  Thus ,  t h e  r a t e  
of  I n i t i a l  bond f o r m a t i o n  i s  l i m i t e d  by th e  e x t e n t  of  
i o n - p a i r  ( o u t e r - s p h e r e )  f o r m a t i o n .

For DMEDDA, th e  r a t e - l i m i t i n g  s t e p  c a n  o c c u r  no 
f u r t h e r  i n  t h e  m echan ism  s e q u e n c e  t h a n  c o o r d i n a t i o n  of  
t h e  second  d e n t a t e  s i t e  o r  r i n g  c l o s u r e  o f  the  f i r s t  
r i n g .  The r e a s o n  i s  t h a t  c l o s u r e  o f  t h i s  r i n g  c o o r d i n ­
a t e s  an a l i p h a t i c  n i t r o g e n  t o  n i c k e l  w h ich ,  i n  t u r n ,  
c a u s e s  a  1 0 - f o l d  a c c e l e r a t i o n  i n  t h e  f o r m a t i o n  r a t e  o f  
t h e  n e x t  d e n t a t e  s i t e  ( 3 8 ) .  S in ce  t h e  r o t a t i o n a l  b a r ­
r i e r s  f o r  e a c h  r i n g  a r e  s i m i l i a r ,  h a v i n g  o n l y  s l i g h t  
d i f f e r e n c e s ,  which c o u l d  n o t  o f f s e t  a  1 0 - f o l d  i n c r e a s e  i n  
t h e  r a t e  o f  w a t e r  l o s s ,  t h e  s u b s e q u e n t  r i n g  c l o s u r e  r a t e s  
w i l l  be a t  l e a s t  10 t i m e s  f a s t e r  t h a n  th e  i n i t i a l  one .

The f i r s t  d e n t a t e  s i t e  t o  c o o r d i n a t e  i s  t h e  c a r b o x y -  
a t e  g ro u p  which i s  c o n s i s t e n t  w i t h  p u b l i s h e d  r e s u l t s  (3 9 ) -  
T he re  a r e  s e v e r a l  r e a s o n s  why t h i s  weaker  donor g ro u p  i s  
t h e  f i r s t  t o  bond: ( 1 )  e l e c t r o s t a t i c _a t t r a c t i o n ,  (2) ICB 
c o n t r i b u t i o n  from t h e  s t r o n g e r  d o n o r ,  and (3) s e c o n d a r y  or 
t e r t i a r y  n i t r o g e n  a to m s .

F o l l o w i n g  t h e  manner  o f  W i l k i n s  ( 5 ) , t h e  r e a c t i o n  
mechanism i s  r e p r e s e n t e d  s c h e m a t i c a l l y  i n  F i g u r e  9* 
Assuming t h a t  (1) o u t e r - s p h e r e  complex f o r m a t i o n  and 
d i s s o c i a t i o n  r a t e s  a r e  much f a s t e r  t h a n  t h e  s u b s e q u e n t  
s t e p s ,  (2)  t h e  p r o t o n a t i o n  e q u i l i b r i u m  i n  t h e  d o u b ly  
bonded complex ( % )  i s  r a p i d l y  e s t a b l i s h e d  r e l a t i v e  t o  
t h e  r a t e  o f  n i c k e l - n i t r o g e n  bond r u p t u r e  ( k ^ ) *  (3) t h e
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F i g u r e  9.  S c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  r e a c t i o n  mechanism f o r  
a q u o n i c k e l ( I I )  i o n  r e a c t i n g  w i t h  a t e t r a d e n t a t e  l i g a n d .  
The d i p r o t o n a t e d  s p e c i e s  i s  p re su m ed  t o  be u n r e a c t i v e .
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s t e a d y - s t a t e  c o n d i t i o n s  may be a p p l i e d  f o r  t h e  i n t e r m e d i ­
a t e s ,  and (4) th e  r a t e - d e t e r m i n i n g  s t e p  does n o t  l i e  p a s t  
s t e p  I I + I I I ,  t h e  r a t e  c o n s t a n t s  i n  e q u a t i o n  17 may be 
r e l a t e d  t o  t h e  s t e p w i s e  r a t e  c o n s t a n t s  as

L- 2  kpk, Knt.
k „ : = = k f  (26)

Ni (k_-,+ k 2)

HL“ kpk-i Kn „ , , %
k = — 2 1 .°-s— = k f  (27)

Ni (k _ x+- kp)

R e c o g n i z i n g  t h a t  any d i f f e r e n c e  i n  t h e  r a t e  of  
f o r m a t i o n  be tw een  HL“ and L- 2  would m a n i f e s t  i t s e l f  i n  t h e  
v a l u e s  o f  Kos and KqS , and n o t  i n  the  r a t e  c o n s t a n t s  
f o r  t h e  i n d i v i d u a l  s t e p s ,  a l l o w s  t h e  p r im e  d e s i g n a t i o n  
f o r  t h e s e  s t e p s  t o  be d ro p p p e d  f rom  e q u a t i o n  27.

P r e d i c t e d  F o r m a t i o n  R a t e  C o n s t a n t s

In  o r d e r  t o  p r e d i c t  t h e  f o r m a t i o n  r a t e  c o n s t a n t ,  i t  
w i l l  i n i t i a l l y  be assum ed  t h a t  c h e l a t e  r i n g  c l o s u r e  i s  
much f a s t e r  t h a n  b r e a k i n g  o f  t h e  s i n g l e  bond i n  i n t e r m e d i ­
a t e  I I  so  t h a t  kp >> k_j_, and  t h e  kf  v a l u e  r e d u c e s  t o  t h a t  
i n  e q u a t i o n  28

Ni-HpO
k f  = Ko s k l  = Ko s k 2 ( 28 )

A c t u a l l y ,  e q u a t i o n  28 can  be u s e d  even  when t h e  r a t e  
c o n s t a n t  f o r  r i n g  c l o s u r e  i s  n e a r l y  e q u a l  t o  t h e  r a t e  
c o n s t a n t  f o r  b r e a k i n g  o f  t h e  s i n g l e  bond i n  i n t e r m e d i a t e
I I .  I n  t h i s  c a s e ,

1 Ni-HpO
kf  = 2Ko s k 2 ( 29)
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and th e  p r e d i c a t e d  r a t e  c o n s t a n t  may be w i t h i n  e x p e r i ­
m e n ta l  e r r o r  of  th e  o b s e r v e d  r a t e  c o n s t a n t .

I t  i s  n e c e s s a r y  t o  e v a l u a t e  b o th  Kos and k Ni“ ^ 2 ° .
The a s s o c i a t i o n  c o n s t a n t ,  Ko s , f o r  t h e  o u t e r - s p h e r e  
complex i s  e s t i m a t e d  from d i f f u s i o n  t h e o r y  u s i n g  s t a t i s ­
t i c a l  c o n s i d e r a t i o n s  ( 7 , 8 ) .  The p ro p o se d  e q u a t i o n  f o r  
Kos i s  w r i t t e n :

Kos = ( 4 / 3 ) * N a 3 x i o " 3e x p ( - U a /k T )  (30)

In  t h e  above f o r m u l a :
1) k i s  B o l t z m a n ' s  c o n s t a n t
2) T i s  T e m p e r a tu r e  (°K)
3) N i s  A v o g a d ro ' s number
4) a  r e p r e s e n t s  t h e  c e n t e r - t o - c e n t e r  d i s t a n c e  

b e tw ee n  t h e  l i g a n d  and N i c k e l ( I I )  i o n
5) Ua i s  t h e  Debye-Huckel  i n t e r i o n i c  p o t e n t i a l  

g i v e n  by

Ua = ZMZLe2 _  ZMZLe2|C ( 31)
a ' D  D( 1+ica' )

In  e q u a t i o n  31,
6) and Z^ a r e  t h e  f o r m a l  c h a r g e s  on e ach  

of  t h e  r e a c t i n g  s p e c i e s  M and L (m e ta l  and 
l i g a n d  r e s p e c t i v e l y )

7) e r e p r e s e n t s  t h e  e l e c t r o n i c  c h a r g e
8)  D i s  t h e  d i e l e c t r i c  c o n s t a n t  o f  t h e  s o l v e n t  

(D = 7 8 .59 f o r  H20)
9) a '  = c e n t e r - t o - c e n t e r  r e p l u s i v e  d i s t a n c e  

b e tw ee n  M and L
10)  k i s  t h e ; Debye-Huckel  i o n  a tm o sp h ere  

p a r a m e t e r  g i v e n  by

k-2 _ 8nNe2u (32)
lOOODkT
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and i n  e q u a t i o n  32,
11) N, e ,  D, k ,  and T a r e  d e f i n e d  as  b e f o r e
12) p = i o n i c  s t r e n g t h

The v a l u e  o f  a '  was a s s i g n e d  u s i n g  t h e  f o l l o w i n g  
c o n s i d e r a t i o n s :  (1 )  t h e  z w i t t e r i o n  i s  t h e  m a jo r  mono- 
p r o t o n a t e d  form o f  a l i p h a t i c  amino a c i d s ,  and (2 )  the  
d i p o l a r  end  w i l l  behave  a s  i f  i t  were  a  n e u t r a l  s p e c i e s .  
T h e r e f o r e ,  a  r e f e r e n c e  s t a t e  was c h o s e n  i n  t h a t  t h e r e  i s  
no  n e t  c o n t r i b u t i o n  f rom  t h e s e  c h a r g e  c e n t e r s  i n  d e t e r ­
m in in g  t h e  t h e o r e t i c a l  v a l u e  o f  KqS . The u n p r o t o n a t e d  
c a r b o x y l a t e  g r o u p ,  which  a l s o  bonds  f i r s t ,  can be shown 
t o  be 4x10“ ® cm f rom  N i(H 20 ) g 2+ u s i n g  m o l e c u l a r  m o d e l s .
Thus ,  a  = a '  = 4x10"® cm ( w i t h  = +2 and  ZL = - 1 )  and  
e q u a t i o n  30 g i v e s  KqS -  2 M"1 .

For t h e  u n p r o t o n a t e d  s p e c i e s ,  a  r e f e r e n c e  model was 
c h o se n  i n  which b o th  n e g a t i v e l y  c h a r g e d  a c e t a t e  arms a r e  
e l e c t r o s t a t i c a l l y  a t t r a c t e d  t o  t h e  p o s i t i v e l y  c h a r g e d  
n i c k e l ( I I )  i o n  w i t h  b o th  c e n t e r - t o - c e n t e r  d i s t a n c e s  b e i n g  
e q u a l .  U s in g  a = a* = 4x10"® cm w i t h  Zr<j = +2 and ZL = - 2  
i n  e q u a t i o n  30 g i v e s  Kos  = 20 .

A c c o rd in g  t o  e q u a t i o n  28 , the  f o r m a t i o n  r a t e  con­
s t a n t ,  k f ,  c an  be c a l c u l a t e d  u s i n g  t h e  above  d e r i v e d  
v a l u e s  o f  Kos and t h e  l i t e r a t u r e  v a l u e  o f  k N1-H2°
( 2 . 7  x 10** s -1  ( 4 0 ) ) .  A summary o f  a l l  p r e d i c t e d  and 
m e as u re d  f o r m a t i o n  r a t e  c o n s t a n t s  a r e  p r e s e n t e d  i n  T a b le  8.

R e a c t i o n  Of N i c k e l ( I I )  With HDMEDDA"

The e x p e r i m e n t a l  v a l u e  f o r  t h e  f o r m a t i o n  r a t e  con ­
s t a n t ,  k f ,  i s  l o w e r  by a  f a c t o r  o f  15 ( s e e  Table  8 ) .
T hus ,  e q u a t i o n  28 d o es  n o t  a p p l y  and  e q u a t i o n  27 ,  which 
h a s  r i n g  c l o s u r e  a s  t h e  r a t e - l i m i t i n g  s t e p ,  m us t  be u s e d .  
A l th o u g h  no v a l u e s  have  been  d i r e c t l y  m easu red  f o r  the  
d i s s o c i a t i o n  r a t e  c o n s t a n t  k_^ o f  e q u a t i o n  27, i t  can
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T a b l e  8

Summary o f  P r e d i c t e d  and  E x p e r i m e n t a l  F o r m a t io n
R a te  C o n s t a n t s

P r e d i c t e d E x p e r i m e n t a l
S p e c i e s ^o s kf kf

r r 1 s _1 M“  ̂ s -1

HDMEDDA" 2 5 .4  X 10.1*- 3.50 X 103

DMEDDA2" 20 5.4  X 10? 1.46 X 10?

be a p p r o x i m a t e d  by t h e  known v a l u e  (41)  f o r  p e n t a a q u o -  
n i c k e l  a c e t a t e  (k_^ = 5 x 103 s - * ) .  The v a l u e  o f  k-  ̂
r e m a in s  e q u a l  t o  k N i-H 2 ° .  A p p l i c a t i o n  o f  t h e s e  v a l u e s  i n  
e q u a t i o n  33

k 2 =
kflc_i ( 3 • 5x103M“ 1 s - 1 ) ( 5 x l 0 ^ s - 1 )

(KoSk i -  kf ) (2  r r 1 ) ( 2 . 7 x i o i,s - 1 ) -  3 . 5 x i o 3r r 1 s “ 1
(33)

p r o d u c e s  a  v a l u e  o f  347 s - '*' f o r  t h e  r a t e  o f  r i n g  c l o s u r e ,  
k 2 . Thus k_^ >> k 2 and r i n g  c l o s u r e  i s  r a t e  l i m i t i n g .
The v a l u e  o f  k 2 i s  a  c o m p o s i t e  w h i c h ' c o n s i s t s  o f  t h e  r a t e  
o f  w a te r  l o s s  from t h e  n i c k e l ( I I )  i o n  and t h e  e n e r g y  
b a r r i e r  im posed  by t h e  n e c e s s i t y  t o  t w i s t  t h e  p o ly a m in o -  
c a r b o x y l a t e  l i g a n d  i n t o  a  c o n f i g u r a t i o n  f a v o r a b l e  f o r  t h e  
s e c o n d  bond f o r m a t i o n .  T h i s  r o t a t i o n a l  b a r r i e r  c a n  be 
c a l c u l a t e d  by *

Ni-HoO
r (34)

k-
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The e n e r g y  b a r r i e r  due to  t h e  t w i s t i n g  o f  the  p o ly a m in o -  
c a r b o x y l a t e  i s  e s t i m a t e d  t o  be :  2 - 7 x 1 0 ^ / 3 4 7  = 78 which 
th r o u g h  th e  a p p l i c a t i o n  of  e q u a t i o n  35

P o t e n t i a l  B a r r i e r  = RT I n  r  (35)

i s  e q u i l v a l e n t  t o  a  p o t e n t i a l  b a r r i e r  o f  2 .6  k c a l .  m o le - 1 .
The e n e r g y  b a r r i e r  f o r  r o t a t i o n  of  a  po lyam ine  segm ent  

of  t r i e n  h a s  b e e n  e s i m a t e d  t o  be 44 (16) and t h a t  of  a 
2 - h y d r o x y  e t h y l a m i n e  g r o u p  i n  TKED t o  be 30 (13 )  • Thus,  
t h e  v a l u e  o f  78 o b t a i n e d  i n  t h e  p r e s e n t  s t u d y  i s  q u i t e  
r e a s o n a b l e  and r e p r e s e n t s  a  m o d e s t  i n c r e a s e  due to  th e  
N-m ethy l  g ro u p  p r e s e n t  i n  DMEDDA.

R e a c t i o n  Of DMEDDA2- With N i c k e l ( I I )

S in c e  t h e  r e a c t i o n  o f  HDMEDDA-  p r o c e e d s  w i th  r i n g  
c l o s u r e  a s  th e  r a t e - l i m i t i n g  s t e p  and  s i n c e  DMEDDA2- i s  
i d e n t i c a l  t o  HDMEDDA-  save  f o r  t h e  a b s e n c e  of  a  p r o t o n  
on th e  t h i r d  d e n t a t e  s i t e  t o  bond,  i t  f o l l o w s  t h a t  r i n g  
c l o s u r e  m us t  a l s o  be r a t e - l i m i t i n g  f o r  DMEDDA2- and 
e q u a t i o n  26 e x p r e s s e s  t h e  a p p r o p r i a t e  t e r m s  i n  t h e  
f o r m a t i o n  mechanism.

T a b le  8 shows DMEDDA2- t o  r e a c t  f a s t e r  w i th  
N i(H 20 ) g 2+ by a  f a c t o r  of  42 compared  t o  HDMEDDA- . T h i s  
r a t e  enhancem en t  i s  a t t r i b u t e d  t o  a  two f o l d  e f f e c t .  The 
l a r g e r  f o r m a l  c h a r g e  on  DMEDDA2- c a u s e s  an  i n c r e a s e d  
e l e c t r o s t a t i c  a t t r a c t i o n  t o  th e  p o s i t i v e l y  c h a r g e d  n i c k e l  
and r e s u l t s  i n  a  Kos v a l u e  o f  20 M-1  a s  compared to  2 M-1  
which was fo u n d  f o r  t h e  r e a c t i o n  i n v o l v i n g  HDMEDDA- 1 .
A l s o ,  t h e  r a t e  o f  f o r m a t i o n  i s  e n h a n c e d  by the  ICB e f f e c t .
The ICB mechanism can  be b r o k e n  down i n t o  f i v e  s t e p s :  (1 )  
th e  f o r m a t i o n  o f  an  o u t e r - s p h e r e  com plex ,  (2)  t h e  e s t a b ­
l i s h m e n t  of a h y d ro g e n  bond b e tw een  a  c o o r d i n a t e d  w a t e r
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o t h e r  s i m i l a r  s y s t e m s  i s  h i n d e r e d  s i n c e  some sy s te m s  have 
n o t  y e t  been  s t u d i e d  and s i n c e  an a c c u r a t e  v a l u e  o f  t h e  
ICB e f f e c t  f o r  a m i n o c a r b o x y l a t e  l i g a n d s  ha s  n o t  been 
c a l c u l a t e d .  C o m p a r i s io n  t o  EDDA, i d e n t i c a l  w i t h  DMEDDA 
e x c e p t  l a c k i n g  t h e  N -m ethy l  g r o u p s ,  c an  n o t  be made 
b e c a u s e  t h e  r a t e  o f  f o r m a t i o n  of n i c k e l  EDDA complex h a s  
n o t  been  s t u d i e d .  S a r c o s i n e  i s  somewhat l i k e  DMEDDA i n  
t h a t  i t  h a s  a n  N -m e th y l  g ro u p  a l t h o u g h  i t  i s  a c o n s i d e r ­
a b l y  s m a l l e r  m o l e c u l e .  An i n d i r e c t  e s t i m a t e  f o r  th e  ICB 
e f f e c t  p r e s e n t  a s  s a r c o s i n e  r e a c t s  w i th  N i(H20 ) g 2+ c a n  be 
o b t a i n e d  from th e  r e c e n t  s t u d y  o f  th e  r e a c t i o n  o f  s a r c o ­
s i n e  and NiEDDA ( 4 2 ) .  A v a l u e  o f  8 was e s t i m a t e d  i n  t h a t  
s t u d y .  The p r e s e n t  s t u d y  i n v o l v e s  s i x  open c o o r d i n a t i o n  
s i t e s  w h e rea s  NiEDDA h a s  o n l y  two.  Thus s t a t i s t i c a l l y ,  
t h e  ICB v a l u e  of 8 f o r  NIEDDA and s a r c o s i n e  s h o u l d  be 
m u l t i p l i e d  by t h r e e  t o  c o r r e c t  f o r  t h e  i n c r e a s e d  a v a i l ­
a b i l i t y  o f  s i t e s  on N i(H 20 ) g 2+ . U s ing  an  ICB e f f e c t  o f  
24 a l o n g  w i th  o t h e r  p r e v i o u s l y  d e s c r i b e d  te rm  i n  e q u a t i o n  
28, g i v e s  a  v a l u e  o f  k ^ r = 1 . 3  x 10^ M- 1 s - ^ ,  which i s  
a b o u t  100 t im e s  g r e a t e r  t h a n  t h e  e x p e r i m e n t a l  v a l u e  o f
1 . 3  x 10^ ■M"-*-s"-*- ( 4 3 ) .  Thus a s  h a s  been  s u g g e s t e d  (39)> 
r i n g  c l o s u r e  m us t  be r a t e - l i m i t i n g  and e q u a t i o n  26 can  be 
u s e d  t o  c a l c u l a t e  t h e  r i n g  c l o s u r e  r a t e  c o n s t a n t ,  k 2 . 
S u p p o r t i n g  e v i d e n c e  f o r  r a t e - l i m i t i n g  r i n g  c l o s u r e  of  
a m i n o c a r b o x y l a t e s  i n c l u d e s  c o m p a r i s l p n  o f  t h e i r  r a t e  o f  
f o r m a t i o n  w i th  t h a t  o f  p o ly a m in e s  (39)* E q u a t i o n  26 
y i e l d s  a  v a l u e  o f  52 f o r  r i n g  c l o s u r e  o f  s a r c o s i n e  on 
n i c k e l .  S i m i l a r  c a l c u l a t i o n s  f o r  t h e  r e a c t i o n  o f  g l y c i n e  
w i t h  n i c k e l ,  u s i n g  a n  e s t i m a t e  o f  t h e  ICB e f f e c t  f o r  t h e  
r e a c t i o n  o f  g l y c i n e  w i th  NiEDDA (a  v a l u e  o f  32 i s  
o b t a i n e d  ( 4 2 ) )  y i e l d s  a  v a l u e  o f  130 f o r  r i n g  c l o s u r e .  
T a b le  9 l i s t s  th e  r e s u l t s .  C l e a r l y ,  u n h i n d e r e d  g l y c i n e  
h a s  a l a r g e r  v a l u e  f o r  k 2 compared  to  s a r c o s i n e .  However,  
b o th  g l y  and s a r  show k 2 v a l u e s  c o n s i d e r a b l y  l e s s  t h a n
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m o le c u le  and a  b a s i c  donor  atom o f  the  l i g a n d  , (3) l o s s  
o f  a  l a b i l i z e d  w a t e r  m o l e c u l e  from th e  i n n e r  s p h e r e  w i th  
r a p i d  s u b s t i t u t i o n  o f  a  second  d o nor  atom from t h e  same 
m u l t l d e n t a t e  l i g a n d  m o l e c u l e ,  (4) r u p t u r e  o f  t h e  o r i g i n a l  
h y d ro g e n  bond and ( 5 )  f u r t h e r  b o n d in g  o f  t h e  m u l t l d e n t a t e  
l i g a n d  by th e  norm al  r e a c t i o n  p a t h  a s  o u t l i n e d  i n  F ig u r e
9.  M o d i f i c a t i o n  o f  e q u a t i o n  26 by i n c l u d i n g  a te rm  f o r  
t h e  ICB e f f e c t  g i v e s

L  2  k 5 k i Kn e k t p p
k r  = k = 2 1 os  ICB (36)

1 Ni ( k _ 1+ k 2 )

R e a r r a n g e m e n t  o f  e q u a t i o n  36 ,  f o l l o w e d  by I n s e r t i o n  o f  
t h e  v a l u e s  g i v e n  e a r l i e r  f o r  k _ 1} k Ni-H2 ° ,  Ko s , k 2 and 
th e  e x p e r i m e n t a l l y  d e t e r m i n e d  f o r m a t i o n  r a t e  c o n s t a n t  
k f  i n t o  e q u a t i o n  37

kf (k •,+ k P) 1 . 4 6 x 1 0 5 M“ 1 s “ 1 ( 5 x 1 0 3 s “ 1 + 3 4 7 s - 1 ) 
k ICB -  --------- — ----- -  ----- -----------------------—  ---------   (37)

(Ko s k 1k 2 ) ( 20M ) ( 2 . 7 x 1 0  s ) ( 347s  )

g i v e s  a  v a l u e  o f  4 . 2  f o r  t h e  ICB e f f e c t .  T h i s  modes t  
v a l u e  f o r  th e  ICB r a t e  enhancem en t  i s  a  f a c t o r  o f  30 
l o w e r  t h a n  an e s t i m a t e d  v a l u e  o f  120 f o r  t h e  r e a c t i o n  of  
DMEDDA2- w i th  n i c k e l ( I I )  i o n .  T h i s  e s t i m a t e  i s  based  
on th e  work of  Turan  (1 8 )  i n  which th e  i n t e r n a l  c o n j u g a t e  
b a se  r a t e  enhancem en t  was shown t o  be a f u n c t i o n  of  t h e  
l i g a n d  b a s i c i t y .  The g r a p h i c a l  p r o o f  o f  t h i s  c o r r e l a t i o n  
(a  p l o t  o f  l o g  ICB v e r s u s  l o g  where i s  d e f i n e d  as
t h e  p r o t o n a t i o n  c o n s t a n t  f o r  th e  b a s i c  s i t e )  was used t o  
e s t i m a t e  t h e  i n t e r n a l  c o n j u g a t e  b a s e  e f f e c t  f o r  DMEDDA2 - .

C o m p a r i s io n  To O th e r  A m in o c a r b o x y la t e  Systems 

C o m p a r i s io n  of  t h e  r e s u l t s  f rom  th e  p r e s e n t  s t u d y  to
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T a b l e  9

C o m p a r i s io n  o f  t h e  R a te  o f  R ing  C lo s u r e  and ICB 
E f f e c t  f o r  S a r c o s i n e ,  G l y c i n e ,  and DMEDDA

S p e c i e s
R a te  of  Ring 

C l o s u r e  
s e c - -1-

ICB
E f f e c t PKa

S a r c o s i n e 52 24 9-99

G ly c in e 130 32 9-57

DMEDDA 347 4 .2 9 .9 7

t h a t  o f  DMEDDA, which  i s  a  l a r g e r  m o l e c u l e  w i t h  f o u r  
d e n t a t e  s i t e s  and which  h a s  n e g a t i v e  c h a r g e s  on e a c h  of  
t h e  t e r m i n a l  d e n t a t e  s i t e s .  T h i s  h a s  t h e  e f f e c t  o f  
b r i n g i n g  th e  whole m o l e c u l e  o f  DMEDDA I n  c l o s e  p r o x i m i t y  
t o  t h a t  o f  n i c k e l  su c h  t h a t  v e r y  l i t t l e  r e a r r a n g m e n t  and 
r o t a t i o n  p r i o r  t o  r i n g  c l o s u r e  i s  n e e d e d .  Hence ,  a  
l a r g e r  r i n g  c l o s u r e  r a t e  c o n s t a n t  i s  e x p e c t e d .  I t  i s  
l i k e l y  t h a t  c o m p a r i s i o n  o f  r i n g  c l o s u r e  r a t e s  b e tw een  
s m a l l  b i d e n t a t e  l i g a n d s  and  l a r g e  m u l t l d e n t a t e  l i g a n d s  i s  
n o t  v a l i d .  The s t e r i c  e f f e c t  o f  t h e  N-methyl  g ro u p  c an  
n o t  be a c c u r a t e l y  d e t e r m i n e d  u n t i l  t h e  f o r m a t i o n  r e a c t i o n  
b e tw e e n  Ni(H2 0 ) g 2+ and  EDDA i s  s t u d i e d .

The ICB v a l u e s  f o r  s a r  and g l y ,  e s t i m a t e d  to  be 24 
and  32 r e s p e c t i v e l y ,  a r e  h i g h e r  t h e n  t h a t  o f  4 . 2  fo u n d  
f o r  DMEDDA. A l th o u g h  s a r  ha s  an  N -m ethy l  g r o u p  l i k e  
DMEDDA, th e  n i t r o g e n s  I n  DMEDDA a r e  t e r t i a r y  w h i l e  t h a t  
i n  s a r  I s  a s e c o n d a r y  and th e  n i t r o g e n  o f  g l y  i s  p r i m a r y .
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C l e a r l y  l a r g e r  ICB e f f e c t s  a r e  to  bo e x p e c t e d  from 
u n c l u t t e r e d ,  u n h i n d e r e d  d e n t a t e  s i t e s  and th e  v a l u e s  i n  
t h e  t h r e e  c a s e s  c i t e d  above  f o l l o w  t h a t  p a t t e r n .  The 
N -m ethy l  g ro u p  o f  DMEDDA does  a p p e a r  t o  l i m i t  t h e  e f f e c ­
t i v e n e s s  o f  t h a t  l i g a n d  f rom  p a r t i c i p a t i n g  i n  a  s t r o n g  
ICB i n t e r a c t i o n .  The pKa  v a l u e s  o f  s a r  and DMEDDA a r e  
a l m o s t  i n d e n t i c a l  ( 9 . 9 9  and 9*97 r e s p e c t i v e l y  ( 3 7 ) )  such  
t h a t  d e n t a t e  s i t e  b a s i c i t y  d o es  n o t  c a u s e  any d i f f e r e n c e  
t o  be e x p e c t e d  i n  t h e s e  two ICB v a l u e s .  The pKa of 
g l y ,  9 .5 7  ( 3 7 ) ,  i s  l o w e r  t h a n  s a r  and DMEDDA. Thus,  t h e  
l a r g e r  ICB e f f e c t  s e e n  f o r  g l y  i s  d e c e i v i n g  and p l a c e d  on 
a  s c a l e  o f  b a s i c i t y  e q u a l  t o  t h a t  o f  s a r  and DMEDDA, t h e  
ICB e f f e c t  of  g l y  would be c o n s i d e r a b l y  l a r g e r .  Thus 
s e c o n d a r y  and t e r t i a r y  n i t r o g e n s  do l i m i t  t h e  e f f e c t i v e ­
n e s s  o f  ICB p a r t i c i p a t i o n .

NiDMEDDA-Copper(II) Exchange R e a c t i o n

The p r e v i o u s  d i s c u s s i o n  h a s  e s t a b l i s h e d  t h a t  th e  
r a t e - l i m i t i n g  s t e p  i n  t h e  f o r m a t i o n  of  NiDMEDDA from 
N i(H 20 ) 6 2+ and DMEDDA2-  i s  t h e  f o r m a t i o n  o f  t h e  s econd  
bond.  M ic r o s c o p ic  r e v e r s i b i l i t y  t h u s  d i c t a t e s  t h a t  t h e  
r a t e - l i m i t i n g  s t e p  i n  t h e  d i s s o c i a t i o n  o f  NiDMEDDA i s  
r u p t u r e  o f  the  s eco n d  n i c k e l - n i t r o g e n  bond o r  o p e n in g  o f  
t h e  t h i r d  c h e l a t e  r i n g  o f  NiDMEDDA.

As shown i n  F i g u r e  8 t h e  c o p p e r ( I I )  d ep en d en ce  i s  
z e r o - o r d e r  f o r  t h e  e x ch a n g e  r e a c t i o n  b e tw ee n  NiDMEDDA and 
c o p p e r ( I I ) .  For  t h i s  t o  o c c u r ,  t h e  r a t e - d e t e r m i n i n g  s t e p  
m u s t  o c c u r  p r i o r  to  a t t a c k  by c o p p e r ( I I )  i o n .  A f t e r  t h e  
r a t e - l i m i t i n g  s t e p ,  c o p p e r  may a t t a c k  t o  form a d i n u c l e a r  
i n t e r m e d i a t e  h a v i n g  t h e  r e m a i n i n g  c a r b o x y l  g ro u p  o f  DMEDDA 
s t i l l  bonded t o  n i c k e l  and o n e ,  two,  or  a l l  t h r e e  o f  t h e  
unwrapped  d e n t a t e  s i t e s  bonded to  c o p p e r ,  o r ,  DMEDDA may 
c o m p l e t e l y  d i s s o c i a t e  f rom  n i c k e l  b e f o r e  f o r m i n g  a  complex
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w i t h  c o p p e r .  I n  e i t h e r  c a s e ,  t h e  c o p p e r  d e p e n d e n c e  i s  

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

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

u n w r a p p e d  DMEDDA o r  s a r c o s i n e  s e g m e n t .  A p o s s i b l e  

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

f r o m  n i c k e l  and  t w i s t  i n t o  a  c o n f i g u r a t i o n  s u i t a b l e  f o r  

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

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

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

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

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

t o  t h e  p a r t i a l l y  u n w r a p p e d  l i g a n d .  T h i s  may p r e v e n t  

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

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

a n d  r e s u l t s  i n  a  z e r o - o r d e r  b e h a v i o r  i n  c o p p e r .  EDDA 

( 3 1 ) ,  h a v i n g  no  s u c h  m e t h y l  s u b s t i t u t i o n  t o  h i n d e r  i t s  

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

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

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

C o n c l u s i o n s

The p r e s e n t  s t u d y  h a s  f o u n d  t h a t  f o r  t h e  f o r m a t i o n  

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

b o nd  f o r m a t i o n  t o  s e c o n d  bond  f o r m a t i o n  ( r i n g  c l o s u r e )  

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

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

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

l i t t l e  r e a r r a n g m e n t  a n d  r o t a t i o n  p r i o r  t o  r i n g  c l o s u r e .  

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

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

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

i n  t h e  r e a c t i o n s  o f  n i c k e l ( I I )  w i t h  t r i e n  a n d  TKED. I n  

c o n t r a s t ,  t h e  ICB r a t e  e n h a n c m e n t s  o f  g l y c i n e  a n d  s a r c o -
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s i n e  a r e  l a r g e r  t h a n  t h e  ICB c o n t r i b u t i o n  o f  DMEDDA. The  

e f f e c t i v e n e s s  o f  ICB p a r t i c i p a t i o n  i s  n o t  o n l y  d e p e n d e n t  

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

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

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

The m e t a l  e x c h n g e  r e a c t i o n  was  f o u n d  t o  h a v e  a  z e r o -  

o r d e r  d e p e n d e n c e  i n  c o p p e r .  DMEDDA may l a c k  t h e  a b l i t y  

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

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

l i m i t i n g  s t e p .

S u g g e s t i o n s  F o r  F u r t h e r  S t u d y

The f o r m a t i o n  r e a c t i o n  b e t w e e n  N i C ^ O ) ^ *  a n d  EDDA 

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

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

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

N - m e t h y l e t h y l e n e d l a m i n e d i a c e t a t o n i c k e l a t e ( I I )  w i t h  

c o p p e r ( I I )  i o n  t o  s e e  i f  i t  a l s o  h a s  a  z e r o - o r d e r  d e p e n ­

d e n c e  i n  c o p p e r .
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