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INTRODUCTION

M etal exchange r e a c t i o n s  o f  m u l t i d e n t a t e  l ig a n d  com plexes, 

r e p r e s e n t e d  by e q u a t io n  1 , have been th e  s u b je c t  o f  v e ry  e x te n s iv e  

s tu d y  ( 1 - 6 ) .

M + M'L "> ML + M' ( l )

S y s tem a tic  s t u d i e s  in v o lv in g  com parisons betw een a s e r i e s  o f  s i m i l a r  

l ig a n d s  and a s e r i e s  o f  s i m i l a r  m e ta ls  has been ve ry  f r u i t f u l  in  

r e v e a l i n g  th e  mechanism by which th e s e  r e a c t i o n s  p roceed  and in  form­

in g  a b a s i s  from which mechanisms and r a t e  c o n s ta n t s  can a c c u r a t e l y  be 

p r e d i c t e d .

D e ta i le d  s t u d i e s  have shown th e  mechanism o f  th e s e  r e a c t io n s  to  

be  th e  s u c c e s s iv e  b re a k in g  o f  a s e r i e s  o f  c o o r d in a te  bonds from the  

m e ta l - l i g a n d  complex, fo llow ed  by a s te p w ise  c o o r d in a t io n  to  the  

a t t a c k i n g  m e ta l  (3 ) .  This p ro c e s s  le a d s  to  th e  fo rm a t io n  o f  a d in u c l e a r  

i n t e r m e d i a te  found in  a l l  c a se s  where s t e r i c a l l y  p o s s i b l e  ( 5 ) )  fo llow ed  

by breakup  to  form p ro d u c ts .  Depending upon th e  system , th e  p o s i t i o n  

o f  th e  r a t e - d e t e r m in in g  s te p  has  been found to  be  a f u n c t io n  o f  pH 

( 6 - 8 ) ,  a t t a c k i n g  m e ta l  c o n c e n t r a t i o n  ( j , 8 ) ,  r e l a t i v e  s t a b i l i t y  o f  th e  

i n t e r m e d i a te  m e ta l  segments (3 ) and th e  r e l a t i v e  r a t e  o f  w a te r  lo s s  o f  

th e  m e ta ls  inv o lv ed  (9 ) .  In  m ost c a s e s  th e  r a t i o  o f  r a t e  c o n s ta n t s  o f  

th e  system  can  be approx im ated  by th e  r a t i o  o f  r e l a t i v e  s t a b i l i t y  

c o n s t a n t s  f o r  th e  d in u c le a r  in t e r m e d i a t e s  in v o lv e d  (3 ) .

1
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O ther i n v e s t i g a t i o n s  have d e a l t  w i th  th e  k i n e t i c  e f f e c t  ions 

c o o rd in a te d  to  th e  a t t a c k i n g  m e ta l  have upon the  exchange r a t e .  

Hydroxide a p p e a rs  to  s i g n i f i c a n t l y  a c c e l e r a t e  th e  exchange r a t e  in  a l l  

c a s e s  where a z id e  and a c e t a t e  have r e l a t i v e l y  sm all  e f f e c t s .

Most o f  th e  system s s tu d ie d  thus  f a r  have in v o lv e d  am inocar- 

b o x y la te  l i g a n d s ,  w hereas on ly  two r e p o r t s  o f  m e ta l  exchange r e a c t i o n s  

in v o lv in g  po lyam ine l ig a n d s  have appea red  (10 , l l ) .  None o f  th e s e  have 

d e a l t  w i th  th e  i n t e r e s t i n g  c l a s s  o f  po lyam ines  h av in g  b o th  a l i p h a t i c  

and a ro m a t ic  d e n t a t e  s i t e s .  These l ig a n d s  a r e  u n u su a l  in  t h a t  the 

a ro m a t ic  n i t r o g e n s  a r e  r e l a t i v e l y  q u i t e  a c i d i c  y e t  w i th o u t  a c o r r e s ­

ponding  d e c r e a s e  in  m e ta l  s t a b i l i t y .  Thus t h e i r  complexes a r e  f a r  

more s t a b l e  i n  a c i d i c  s o l u t i o n s  th an  th e  complexes o f  th e  a l i p h a t i c  

a n a lo g u e s .

The p r e s e n t  s tu d y  i s  concerned  w ith  th e  m e ta l  exchange r e a c t i o n

+2betw een 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 n i c k e l ( l l )  (NiBPEDA ) and 

copper ( l l ) .  BPEDA ( s t r u c t u r e  i )  has  b o th  a ro m a t ic  and a l i p h a t i c  n i t r o ­

gens p o s i t i o n e d  such t h a t  t h r e e  f i v e  membered c h e l a t e  r i n g s  can form 

w ith  a m e ta l  io n .

ch2nhch2ch2nhch2

i i

h2n ch 2ch2nhch2ch 2nhch2ch2nh2
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3

The r a t e  o f  the  exchange r e a c t i o n  i s  shown to  in c r e a s e  w i th  

i n c r e a s i n g  pH i n  the  r e g io n  where h y d r o ly s i s  o f  copper io n  i s  s i g n i f i -
_i_ +2

c a n t .  The in c r e a s e  in  r a t e  i s  e x p la in e d  as  CuOH and Cu2 (OH)2 be ing

+2 +2 more r e a c t i v e  than  Cu towards NiBPEDA

A g e n e r a l  mechanism i s  p roposed  f o r  the  exchange r e a c t i o n  and 

i s  found to  be c o n s i s t e n t  w i th  th e  k i n e t i c  d a t a .  The d in u c le a r  i n t e r ­

m ed ia te  p r i o r  to  the r a t e - d e t e r m in in g  s t e p  i s  c h a r a c t e r i z e d  as be ing  

two n i t r o g e n s ,  an am ionm ethy lpy rid ine  (AMP) u n i t ,  bonded to  n i c k e l  and 

an a l i p h a t i c  n i t r o g e n  bonded to  copper w i th  th e  te rm in a l  p y r id in e  

n i t r o g e n  unbonded.

Comparison to  o th e r  system s p o in t s  o u t  i n t e r e s t i n g  d i f f e r e n c e s  

in  th e  r e a c t i o n  mechanism due to  th e  in f lu e n c e  o f  th e  l i g a n d .
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k

APPARATUS AND REAGENTS 

A pparatus

A ll  abso rbance  m easurem ents and r e c o rd in g s  were made w i th  a Cary- 

Model li+ S pec tro p h o to m ete r  u s in g  a hydrogen  o r  tu n g s te n  so u rce  where 

a p p r o p r i a t e ,  s l i t  c o n t r o l  2 0 ,  dynode v o l t a g e  s e t t i n g  2 ,  and a 10 mm or 

100 mm q u a r tz  c e l l  in  a w a te r  j a c k e te d  c e l l  h o ld e r .

A l l  pH measurements were made w ith  a Beckman R esearch  Model 1019 

pH m e te r .  A g la s s - c a lo m e l  e l e c t r o d e  p a i r  was used .  In  o rd e r  to  p re ­

v en t  i n t e r f e r e n c e  due to  p o ta ss iu m  p e r c h l o r a t e  p r e c i p i t a t i o n ,  a s a tu r ­

a te d  sodium c h lo r id e  s o l u t i o n  was s u b s t i t u t e d  fo r  p o ta ss iu m  c h lo r id e  

in  th e  ca lom el e l e c t r o d e .

During k i n e t i c  m easurem ents  a l l  s o lu t i o n s  were m a in ta in e d  a t  

25 + 0 . 1 °  C w ith  a c i r c u l a t i n g  c o n s ta n t  te m p era tu re  b a th .

Reagents

A l l  s o l u t i o n s  were made u s in g  d e io n iz e d  w ate r  p re p a re d  by p ass ­

ing  d i s t i l l e d  w a te r  th ro u g h  a column o f A m berli te  MB- 3  mixed bed r e s i n .  

A ll  ch em ica ls  were r e a g e n t  g rade u n le s s  o th e rw ise  s p e c i f i e d .

Prim ary  S tan d a rd  Copper N i t r a t e

Reagent grade  copper w ire  (B & a)  was c leaned  w ith  d i l u t e  n i t r i c  

a c i d ,  r i n s e d  w i th  w a te r ,  d r i e d ,  w eighed and d i s s o lv e d  in  a minimum 

amount o f  n i t r i c  a c id .  A f te r  d i l u t i o n  to  volume th e  c o n c e n t r a t i o n  was 

0.0993T M.
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E th y le n e d ia m in e te t r a a c e t i c  Acid (EDTA)

D i s o d i u m ( e t h y l e n e d i n i t r i l o ) t e t r a a c e t a t e  d ih y d r a t e  ( j .  T. Baker) 

was d i s s o lv e d  in  w a te r .  The s o l u t i o n  was s ta n d a rd iz e d  a g a i n s t  s ta n d a rd  

copper n i t r a t e  s o l u t i o n  a t  pH 10 u s in g  m urexide  as  th e  i n d i c a t o r  and a 

pH 10 b u f f e r .  (12)

Copper P e r c h lo r a te

Copper p e r c h l o r a t e  h ex ah y d ra te  ( j .  T. Baker) was d i s s o lv e d  in  

w a te r .  The r e s u l t i n g  s o l u t i o n  was s ta n d a rd iz e d  a g a i n s t  s ta n d a rd  EDTA 

u s in g  m urexide  i n d i c a t o r  and a pH 10 ammoniacal b u f f e r .  (12)

N icke l C h lo r id e

N ick e l  c h l o r i d e  h ex ah y d ra te  ( j .  T. Baker) was d i s s o lv e d  in  w a te r .  

The s o lu t i o n  was s ta n d a rd iz e d  a g a i n s t  s ta n d a rd  EDTA s o l u t i o n  a t  pH 10 

u s in g  m urexide i n d i c a t o r  and a pH 10 ammoniacal b u f f e r .  (12)

Ammoniacal B u f f e r . pH 10

To an aqueous s o lu t i o n  o f  JO grams o f  ammonium c h l o r i d e  was added 

570 ml c o n c e n t r a te d  ammonium h y d rox ide  s o l u t i o n .  A f te r  d i l u t i o n  to  1 

l i t e r  th e  s o l u t i o n  was ap p ro x im a te ly  pH 10.

N . N ' - b i s ( 2 - p ic o ly l ) e th y le n e d ia m in e  (BPEDA)

N,N’- b i s ( 2 - p i c o l y l ) e t h y l e n e d i i m i n e  was p re p a re d  as  summarized by 

th e  fo l lo w in g  r e a c t i o n .
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CHO

+ h 2 n c h 2 c h 2 n h 2 EtOH

c h = n c h 2 c h 2 n = c h

(2 )

T h i r ty  grams (0 .2 8  mole) o f  p y r id in e - 2 - a ld e h y d e  (A ld r ich )  was 

d i s s o lv e d  in  a p p ro x im a te ly  50 nil o f  a b s o lu t e  e th a n o l  in  a  300 ml round 

bo ttom  f l a s k .  To t h i s  s o l u t i o n  was added 8 . ^  grams (O.lU mole) o f  

e th y le n e d ia m in e  w i th  r a p id  s t i r r i n g .  A f te r  s ta n d in g  f o r  about 30 

m in u te s  th e  s o lv e n t  was removed u s in g  a r o t a r y  e v a p o ra to r  a t  abou t 

60° G. As th e  s o lv e n t  was removed th e  p ro d u c t  s o l i d i f i e d  i n t o  a ta n  

w a x - l ik e  s o l i d ,  which y ie ld e d  p a l e  y e l lo w  c r y s t a l s  upon r e c r y s t a l l i z a ­

t i o n  from lo w - b o i l in g  (3O-6O0) p e t ro leu m  e t h e r .  The r e c r y s t a l l i z e d  

p ro d u c t  m e lted  a t  66 -6T 0C compared to  th e  l i t e r a t u r e  v a lu e  o f  67 -68°  C.

(13)

N ,N '- b i s ( 2 - p i c o ly l ) e th y l e n e d ia m in e  was p re p a re d  from the  im ine as

shown in  th e  fo l lo w in g  r e a c t i o n .

 .>

P d /C

CH2NHCH2CH2NHCH2
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T h i r ty  grams (0 .13  mole o f  N ,N '- b i s ( 2 - p ic o ly l - ) e th y l e n d i im in e  d i s ­

s o lv e d  in  e th a n o l  c o n t a in in g  1 .5  grams o f  iQPjo Pd/C c a t a l y s t  was reduced  

fo r  4 to  5 hours  in  a P a r r  h y d ro g e n a t io n  a p p a ra tu s  w i th  a  hydrogen 

p r e s s u r e  o f  50 p . s . i .  a t  room te m p e ra tu re .  The s o l u t i o n  was f i l t e r e d  

to  remove th e  c a t a l y s t  and th e  s o lv e n t  removed u s in g  a  r o t a r y  e v a p o ra to r  

a t  abou t 60° C. The p r o d u c t ,  an ex tre m e ly  v i s c o u s ,  y e l lo w  l i q u i d ,  was 

d i l u t e d  w i th  anhydrous e t h y l  e t h e r .  Dry HC1 was p assed  th rough  t h i s  

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

Double r e c r y s t a l l i z a t i o n  from m e th a n o l - e th e r  ( 4 : l )  y i e ld e d  c o l o r l e s s  

c r y s t a l l i n e  m a t e r i a l  which m e lted  w ith  d eco m p o si t io n  a t  223° C as  r e ­

p o r te d  by Gruenwedel ( l 4 ) .

A n a ly s is  fo r  C14H22N4CI4

i c ion

C a lc u la te d 4 3 .3 2 5 ,7 1 1 4 .4 4

Found k 2 . 2 1 5 .65 14.12

The t e t r a h y d r o c h l o r i d e  was d i s s o lv e d  in  w a te r  and s t a n d a r d i z e d  

a g a i n s t  copper n i t r a t e  u s in g  th e  mole r a t i o  m ethod. S e v e ra l  r e s t a n ­

d a r d i z a t i o n s  o f  th e  s to c k  s o l u t i o n  over a p e r io d  o f  a week showed i t  

to  be u n s t a b l e  un d er  o r d in a r y  c o n d i t io n s  and th e  compound was th e r e ­

a f t e r  s t o r e d  in  c r y s t a l l i n e  form u n t i l  needed .

NiBPEDA S o lu t io n

The t e t r a h y d r o c h l o r i d e  o f  BPEDA was d i s s o lv e d  in  w a te r  c o n ta in ­

in g  a 5$ mole e x c e ss  o f  n i c k e l  c h l o r i d e .  The s o l u t i o n  was a d j u s t e d  to  

a p p ro x im a te ly  pH 10 by th e  a d d i t i o n  o f  c o n c e n t r a te d  aqueous sodium
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h y d ro x id e .  The e x ce ss  n i c k e l  was removed as th e  p r e c i p i t a t e d  h y d ro x id e  

by draw ing th e  s o l u t i o n  th ro u g h  a M i l l ip o r e  0 .^ 5  m icron  f i l t e r .  The pH 

o f  th e  f i l t e r e d  s o l u t i o n  was im m edia te ly  a d ju s t e d  to  pH 5 by th e  ad d i­

t i o n  o f  c o n c e n t r a te d  p e r c h l o r i c  a c id .

CuBPEDA S o lu t io n

CuBPEDA was p re p a re d  i n  a manner s i m i l a r  t o  NiBPEDA u s in g  copper 

p e r c h l o r a t e .

2 - P y r id y lm e th y l - 2 ' -  am inoethy lam ine  (A m inoe thy lam inom ethy lpy rid ine :

c a rb o n a te .  A f te r  rem oval o f  th e  p r e c i p i t a t e d  KC1, th e  f r e e  b ase  

s o l u t i o n  was added dropw ise  w i th  r a p id  s t i r r i n g  to  a r e f l u x i n g  so lu ­

t i o n  o f  25 grams (0 .2 7  mole) o f  2 -a m in o m e th y lp y r id in e  (A ld r ich )  d i s ­

so lv ed  in  an eq u a l  volume o f  e t h a n o l .  The m ix tu re  was r e f lu x e d  f o r  

2 hours  a f t e r  a l l  th e  2 - c h lo ro e th y la m in e  had been  added . The e th a n o l

AEAMP)

AEAMP was p re p a re d  as shown in  r e a c t i o n  U ( 15) .

CH2NH2

ch2nhch2ch2nh2

+ HC1 ( b )

A 13.65 gram (0 .1 7  m ole) sample o f  2 - c h lo ro e th y la m in e  monohy­

d r o c h lo r id e  (A ld r ic h )  was n e u t r a l i z e d  w i th  s a t u r a t e d  aqueous p o ta ss iu m
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was removed by r o t a r y  e v a p o ra t io n ,  th e  r e s id u e  poured on to  crushed  

ic e  and th e  m ix tu re  n e u t r a l i z e d  w ith  25$ KOH fo llow ed  by th e  ad d i­

t i o n  o f  e x c e ss  KOH p e l l e t s .  The d a rk  o range-brow n s o l u t i o n  was ex­

t r a c t e d  s e v e r a l  tim es  w i th  ch lo ro fo rm , th e  ch lo ro fo rm  e x t r a c t s  com­

b in e d  and d r i e d  over anhydrous MgS04 . A f te r  rem oval o f  th e  c h lo ro ­

form by r o t a r y  e v a p o ra t io n  th e  r e s id u e  was vacuum d i s t i l l e d .  The 

l i q u i d  b o i l i n g  a t  120° C a t  0 .5  mm Hg was c o l l e c t e d .  A f te r  a second 

d i s t i l l a t i o n  th e  l i q u i d  was d i s s o lv e d  in  e th a n o l  and th e  t r i h y d r o ­

c h l o r i d e  was p r e c i p i t a t e d  by s a t u r a t i n g  th e  s o l u t i o n  w ith  d ry  HC1. 

R e c r y s t a l l i z a t i o n  from m e th a n o l - e th e r  ( 4 : l )  p roduced  a f i n e  w h ite  

c r y s t a l l i n e  m a t e r i a l  which m e l te d  a t  209° C compared w ith  a l i t e r a ­

t u r e  v a lu e  o f  217° C. ( 15) A n a ly s is  f o r  C8H i6N3C13 .

$C $H $N

C a lc u la te d 36.87 6 .19 16.12

Found 36.99 6.17 1 6 .k2

The t r i h y d r o c h l o r i d e  was d i s s o lv e d  in  w a te r  and s ta n d a r d iz e d  

p o t e n t i o m e t r i c a l l y  a g a i n s t  s ta n d a rd  c a r b o n a t e - f r e e  sodium hydrox ide  

s o l u t i o n .
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EXPERIMENTAL

S p ec tro p h o to m e tr ic  Study o f  R e a c ta n ts  and P ro d u c ts

The s p e c t r a  o f  a l l  r e a c t a n t s  and p ro d u c ts  o f  e q u a t io n  5 were

o b ta in e d  from 200 to  800 nm.

NiBPEDA*2 + Cu+2 <—  - -  > CuBPEDA+2 + Ni+2 ( 5 )

+2 +2Maxima were observed  f o r  CuBPEDA and NiBPEDA a t  610 nm and 560 nm, 

r e s p e c t i v e l y .  The maximum change in  ab so rbance  from r e a c t a n t s  to

p ro d u c ts  was seen  a t  610 nm and t h i s  w ave leng th  was used  f o r  a l l  k in e -

+2 +2 +2 t i c  s t u d i e s .  The m olar  a b s o r p t i v i t i e s  o f  Ni , NiBPEDA and CuBPEDA

a t  610 nm were 0 . 1 ,  k . l 6 j ,  and 1 5 ^ .1 ,  r e s p e c t i v e l y ,  a t  25 + 0 .1 °  C.

+2and 0 .1  M io n i c  s t r e n g t h .  The m olar  a b s o r p t i v i t y  o f  Cu v a r ie d  w ith  

pH. Molar a b s o r p t i v i t y  as  a f u n c t io n  o f  pH i s  l i s t e d  in  Table 1.

+2S ta n d a rd i z a t io n  o f  NiBPEDA S o lu t io n

+2The c o n c e n t r a t i o n  o f  NiBPEDA was de te rm in ed  by m easuring  th e

+2n ic k e l  c o n te n t  o f  NiBPEDA in  th e  fo l lo w in g  manner: A 2 ml a l i q u o t

+2o f  a p p ro x im a te ly  0 .05  M NiBPEDA was t r a n s f e r r e d  to  a 100 ml v o lu m e tr ic  

f l a s k ,  10 ml pH 10 b u f f e r  and 40 ml o f  1M NaCN (1 0 0 -f o ld  e x c e ss )  were 

added and d i l u t e d  to  volume. From 1 to  5 ml a l i q u o t s  o f  t h i s  s o l u t i o n  

were d i l u t e d  to  100 ml w i th  w a te r  and the  ab so rbance  m easured a t  268 

nm. The abso rb an ce  a t  t h i s  w ave leng th  and pH i s  due to  Ni(CN) 4 and 

BPEDA, which have m olar a b s o r p t i v i t i e s  o f  I . I 76 X 104 and b. ' j b  X 103 , 

r e s p e c t i v e l y ,  and i s  r e p r e s e n te d  m a th e m a t ic a l ly  as

10
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TABLE 1

MOLAR ABSORPTIVITY OF COPPER(ll) AS A FUNCTION OF pH.

[Cu(C l04 ) 2 ] = 2 .4 9 1  x 10"2 M Temp. = 2-5 + .1 °  C.

C e l l  p a t h l e n g th  = 10 .0  cm Wavelength = 610 nm

pH Absorbance
Molar

A b s o r p t iv i ty

3 .93 0 .2 7 4 l . l o

4 .6 4 0 .2 8 0 1.12

4 .9 0 0 .286 1 .14

5.13 0 .3 0 4 1.22

5 .24 0 .3 1 7 1.27

5 M 0 .372 1.49
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A '  e(Ni(CN) = )CN±(CN> : >  + eBPEDAf BPEDA]b <6 >

where A i s  th e  a b so rb a n c e ,  e i s  th e  m o la r  a b s o r p t i v i t y  o f  th e  s u b s c r i p ­

te d  s p e c i e s ,  b i s  th e  c e l l  p a th  l e n g th  i n  cm and [ ]  r e p r e s e n t s  m olar 

c o n c e n t r a t i o n  o f  th e  en c lo se d  s p e c i e s .  S in ce

[Ni(CN )4 ] = [BPEDA] = C (7)

th e n

C = A/  ( e(Ni(C N )4 ) + ^PED A ^ (8)

The v a l i d i t y  o f  th e  above s t a n d a r d i z a t i o n  p ro ced u re  was confirm ed

+2by d e te rm in in g  th e  c o n c e n t r a t i o n  o f  b o th  Ni and BPEDA u s in g  a d i f f e r ­

e n t  method. An aqueous s o l u t i o n  o f  th e  t e t r a h y d r o c h l o r i d e  o f  BPEDA was 

p r e p a re d  and s ta n d a r d iz e d  a g a i n s t  s t a n d a r d  copper p e r c h l o r a t e  s o l u t i o n  

s p e c t r o p h o t o m e t r i c a l l y  by th e  mole r a t i o  method. This  s t a n d a r d i z e d  

s o l u t i o n  was u sed  im m edia te ly  t o  d e te rm in e  th e  molar a b s o r p t i v i t y  o f  

BPEDA a t  f o u r  d i f f e r e n t  w a v e le n g th s .  A s o l u t i o n  o f  Ni(CN)4 o f  known 

c o n c e n t r a t i o n  was p re p a re d  from s ta n d a r d  N iC l2 and e x ce ss  NaCN and th e

m olar a b s o r p t i v i t y  o f  Ni(CN)4 ) was d e te rm in e d  a t  th e s e  same w a v e le n g th s .

+2The ab so rb an ce  o f  a  NiBPEDA s o l u t i o n  c o n ta in in g  a  100 f o ld  e x c e s s  o f

CN~ was th e n  d e te rm in e d  a t  each  o f  th e  fo u r  w a v e le n g th s .  The concen -

+2t r a t i o n  o f  b o th  Ni and BPEDA was o b ta in e d  by s im u ltan eo u s  s o l u t i o n  

o f  s e v e r a l  p a i r s  o f  th e  fo l lo w in g  e q u a t io n .

e(Ni(CN)I)CNi<CN):]b + W J “ ,!DA]b -  A 0 )

Data and r e s u l t s  of t h i s  method a r e  summarized in  T ab les  2 and 3«
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TABLE 2

VALUES NECESSARY TO CALCULATE [Ni+ 2 ] AND [BPEDA] BY THE SECONDARY METHOD. 

[BPEDA] = 1 .392  X 10"4M, [Ni(CN)4 ] = 7*976 X 10_5M, [NiBPEDA+2 ] = 5 .3 2  X 10_5M

W avelength
(nm)

ANi(CN)4 GNi(CN)4 abpeda ^PEDA
A +2 

NiBPEDA

250 0.075 9 .4 0  X 102 O.699 4 .8 1  X 103 0.303

261 O.U78 5 .9 9  X 103 1.038 7 .3 8  X 103 0.713
268 0 .955 1 .2 0  X 104 0.6914- 4 .9 8  X 103 0 .304

290 O .I 99 2 .5 0  X 103 0.004 2 .8 7  x 101 0 .128



TABLE 3

CONCENTRATIONS OF N i+2 AND BPEDA CALCULATED 

BY THE SECONDARY METHOD.

W avelengths 
Used (nm) [Ni+2 ],M [BPEDA ],M

250 & 261 5 .4 7 X 10“5 5.23 X 10"5

261 & 268 5.35 X 10"5 5.32 x 10"5

268 & 290 5.06 x 10"5 5.98 X 10-5
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+2 +2 K in e t ic s  o f  the  R e a c t io n  o f  Cu w i th  NiBPEDA

+2 +2 The k i n e t i c s  o f  th e  r e a c t i o n  o f  Cu w ith  NiBPEDA were s tu d ie d

by fo l lo w in g  th e  in c re a s e  i n  absorbance  a t  610 nm due to  th e  fo rm a t io n

+2o f  CuBPEDA . The r e a c t i o n  was fo llow ed  under p s e u d o - f i r s t  o rd e r  con-

+2d i t i o n s  by m a in ta in in g  a Cu c o n c e n t r a t i o n  o f  a t  l e a s t  1 0 - f o ld  m olar 

e x c e s s .  The e x p e r im e n ta l  c o n d i t io n s  a r e  summarized in  T ab le  U.

The s o lu t i o n s  f o r  the  k i n e t i c  s t u d i e s  were p rep a red  i n  th e  f o l lo w ­

ing  manner: S o lu t io n s  o f  copper p e r c h l o r a t e  o f  th e  r e q u i r e d  concen­

t r a t i o n  were p rep a red  by d i l u t i o n  o f  a p p r o p r i a t e  volumes o f  s to c k  

Cu(C104 )2 c o n ta in in g  sodium p e r c h l o r a t e  fo r  io n i c  s t r e n g th  c o n t r o l .

The pH was a d ju s t e d  by a d d i t i o n  of c o n c e n t r a te d  s o lu t i o n s  o f  NaOH or

+2HC104 . NiBPEDA s o l u t i o n s  were p rep a red  by d i l u t i n g  a p p r o p r i a t e

+2volumes o f  s to c k  NiBPEDA . These s o l u t i o n s  were p la ced  i n  a w a te r  

b a th  m a in ta in ed  a t  25 + 0 .1  C f o r  a t  l e a s t  t h i r t y  m inu tes  b e f o r e  u s e .

The sp ec tro p h o to m e te r  was allow ed to  warm up fo r  15 m in u tes  b e fo re  

u s e .  Zero abso rbance  was s e t  u s in g  w a te r  f i l l e d  c e l l s .  A w a te r  f i l l e d  

c e l l  was always used a s  the  r e f e r e n c e  c e l l .

A l iq u o ts  o f  b o th  the  NiBPEDA and Cu(C104 )2 s o l u t i o n s  were p i p -
1

e t t e d  in t o  a f l a s k  and mixed w e l l  by sh ak in g .  The sp e c tro p h o to m e te r  

c e l l  was r in s e d  s e v e r a l  tim es  w ith  a p o r t i o n  o f  t h i s  s o l u t i o n  b e fo re  

f i n a l l y  be ing  f i l l e d .  The c e l l  was p la c e d  in  a th e rm o s ta te d  w a te r  j a c ­

k e t  in  the sp ec tro p h o to m e te r  and the  absorbance  re c o rd in g  begun e x a c t l y  

one minute a f t e r  m ixing . I n i t i a l l y ,  r e c o rd in g s  were made c o n t in u o u s ly  

f o r  the  f i r s t  100 m inu tes  and then  a t  a p p r o p r ia te  i n t e r v a l s  f o r  k  to  5 

h a l f - l i v e s .  A*© was measured when the  abso rbance  was a t  a f i n a l
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TABLE 4

EXPERIMENTAL CONDITIONS FOR REACTION RATE STUDIES

[NiBPEDA ] i f .05 x 10 “4 to  8 .1 0  x 10~4 M

[Cu+ 2 ] 4 .4 0 4  x 10-3  to  1 .743 x 10"2 M

I o n ic  s t r e n g t h 0 .1  M

pH range 3 .4 4  - 6 .0 7

Tem perature 25+ 0 .1°  C.

W avelength 610 nm

S l i t  program 20

L ig h t  so u rce Tungsten  f i l a m e n t  lamp

C e l l  p a t h l e n g th 100 nm
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maximum. In  l a t e r  s t u d i e s  th e  ab so rb an ce  was measured f o r  t h e  f i r s t  

200 m inu tes  o n ly .

The pH o f  th e  s o l u t i o n  was d e te rm in ed  soon a f t e r  m ixing and was 

found to  rem a in  c o n s ta n t  th rough  th e  r e a c t i o n .  The pH ran g e  over  which 

k i n e t i c  measurem ents cou ld  be made was l i m i t e d  a t  h ig h e r  pH by th e  

fo rm a t io n  o f  a copper h y d ro x id e  p r e c i p i t a t e  and a t  lower pH by th e  

ex trem e s lu g g is h n e s s  o f  the  exchange r e a c t i o n .

The r a t e  e x p r e s s io n  f o r  r e a c t i o n  1 may be e x p re s s e d  by th e  fo l lo w ­

in g  s e c o n d -o rd e r  e q u a t io n ,

-dfNiBPEDA+ 2 l = d |"CuBPEDA+2 ] k [NiBPEDA+2 ][Cu ] (10)
d t  d t

w here Cu ,̂ r e f e r s  to  th e  sum o f  i n d i v i d u a l  copper s p e c ie s  p r e s e n t .

Assuming a c o n s t a n t  copper  c o n c e n t r a t i o n  due to  a 1 0 - f o ld  o r

g r e a t e r  ex ce ss  e q u a t io n  10 red u ce s  to  th e  p s e u d o - f i r s t - o r d e r  e q u a t io n ,

-d[NiBPEDA+2 ] = d[CuBPEDA+2 ] = k [NiBPEDA+2 ] ( l l )
d t  d t

w here k i s  th e  o bserved  f i r s t  o rd e r  r a t e  c o n s ta n t  o

kQ = k [ C u T ] (12)

I n t e g r a t i o n  o f  e q u a t io n  11 y i e l d s

Ln[NiBPEDA+2 ] = Ln[NiBPEDA+2 ]q - k o t  (13)

+2 +2 where [NiBPEDA ]q i s  th e  i n i t i a l  c o n c e n t r a t i o n .  The l o s s  o f  NiBPEDA

+2i s  eq u a l  to  th e  fo rm a t io n  o f  CuBPEDA and i s  r e l a t e d  to  change i n  a b ­

so rb an ce  a s  the  r e a c t i o n  p r o g r e s s e s .  E q u a t io n  1̂4- r e l a t e s  th e  f i n a l  a b -
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s o rb a n c e ,  ; th e  ab so rb an ce  a t  any tim e t ,  At , th e  m olar a b s o r p t i v i -

t i e s  o f  r e a c t a n t s  and p ro d u c ts  and th e  c e l l  p a th  le n g th  t o  th e  concen-

+2t r a t i o n  o f  NiBPEDA and i s  d e r iv e d  in  th e  append ix .

[NiBPEDA+ 2 ] = ___________ A° °  ~ At______________________  ( l b )

b ( SCuBPEDA+2 " SNiBPEDA+2 " 6Ni+2 -®Cu+ 2)

P lo t s  o f  lo g  (Aqq-  At ) v e r s u s  tim e showed e x c e l l e n t  l i n e a r  b eh av io r

+2d e m o n s t r a t in g  f i r s t - o r d e r  dependence on NiBPEDA

Due to  th e  i m p r a c t i c a b i l i t y  o f  d e te rm in in g  Aoo fo r  each r e a c t io n  

b eca u se  o f  th e  tim e in v o lv e d ,  th e  method o f  i n i t i a l  r a t e s  was used in  

d e te rm in in g  k c a f t e r  th e  k i n e t i c  b e h a v io r  o f  th e  system  had been w e ll

e s t a b l i s h e d .  To employ t h i s  method th e  assum ption  m ust be made th a t

+2over  a sm a l l  enough tim e i n t e r v a l  -ANiBPEDA /A t i s  c o n s ta n t .  With 

the  u se  o f  a d i g i t a l  computer k 0 cou ld  be de te rm ined  over many sm all 

o v e r la p p in g  tim e i n t e r v a l s  from a knowledge o f  A, t ,  i n i t i a l  concen­

t r a t i o n  and m o lar  a b s o r p t i v i t i e s . By t a k in g  th e  av e ra g e  o f  th e se  many 

i n d i v i d u a l  v a l u e s ,  k D could  be d e te rm in e d  by fo l lo w in g  on ly  th e  f i r s t  

200 m in u te s  o f  a  r e a c t i o n  which could  ta k e  up to  1^ days to  re a c h  

e q u i l ib r iu m .  V alues o b ta in e d  by t h i s  method were checked w i th  those  

o b ta in e d  by measurement o f  A ^  and su b seq u en t p l o t t i n g  o f  th e  i n t e ­

g r a te d  r a t e  e q u a t io n  u s in g  th e  same s o l u t i o n s .  The r e s u l t s ,  which 

gave e x c e l l e n t  ag ree m en t ,  a r e  shown in  Table  5- T ab le  6 l i s t s  the  

v a lu e s  o f  k G as a fu n c t io n  o f  pH and t o t a l  copper c o n c e n t r a t i o n .
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TABLE 5

COMPARISON OF EXCHANGE RATE CALCULATED BY THE INITIAL 

RATES METHOD TO VALUES OBTAINED BY MEASUREMENT OF A M 

AND PLOTTING OF THE INTEGRATED RATE EQUATION.

[NiBPEDA+ 2 ] = 8 .1 0  X 10_4M [Cu+ 2 ] = 7 . ^ 9  X 10"3 M

|i = 0 .1  M T = 25 + 0 .1 °  C

Rate by Rate by
pH P l o t t i n g  I n i t i a l  R ates

(sec r l ) ( sec- 1 )

^ •33 5 .16 X 10“ 6 5 .30 X 10" 6

5 .05 X 10“ 6 5 .16 X 10" 6

k .36 5 .08 X 10" 6 5 .22 X 10“ 6

5 .08

-=t
COt-1 X 10- 6 8 .3 5 X 10" 6

5 .09 Q . l k X 10" 6 8 .3 5 X 10" 6

5 .1 0 8 . 0k X 10" 6 8 .5 1 X 10" 6

5 .58 1.82 X 10" 5 2 .2 8 X 10" 5

5 .61 2 .2 6 X 10“ 5 2 .5 7 X 10- 5

5 .62 2 .1 8 X 10" 5 2 .3 1 X 10“ 5
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TABLE 6

KINETIC DATA FOR THE EXCHANGE REACTIONS.

PH k0 X 105 , sec  1

= 4 .4o4  X 10" 3 MT

3.73 0 .224

01 0.272

4 .0 9 0.228

4 .2 1 0.269

i t . 30 0 .294

it. 31 0.303

i t .32 0 .268

i t .33 0 .279

4 .39 0.282

l*. 48 0 .314

4 .5 4 0 .308

4 .6 8 0 .335

4 .6 9 0 .334

4 .9 9 0 .421

5.25 0.715

5.28 0 .708

5 .50 1.12

5.52 1.12

5-55 1.20
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TABLE 6 ( C o n t . )

5 .59  

5 .61  

5 .65  

5 . TO 

5 .80  

5 .89  

5 .97

6 .0 1

6 .0 2

6 .0 3  

6 .0 7

5 .00

5 .00

5 .00

5.32

5.33

5 .33

5 .62

5 .62

5 .63

1.56

1.56

1.71 

2 . 1 0  

2 .6 0  

3 .1 7  

4 .2 1  

3 .9 6  

4 .4 1  

3-95 

^•79  

CuT = 7 .471  x io _3m

0 .5 2 8

0 .5 4 0

0.559

1.10  

1 .08

1 .10

2 .4 2  

2 .4 6

2 .4 3
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TABLE 6 (C o n t.)  

CuT = 7 .948  X 10"3 M

3 .9 6 0 .385

4 .4 3 0 .4 9 5

4 .6 6 0 .5 2 0

3 . 0k 0 .709

5.23 1 .0 3

5.39 1 .37

CuT = 8 .315  X 10" 3 M

3.42 0 .277

3 .4 4 0 .274

3 .44 0 .324

3 .6 9 0 .2 6 0

3 .69 0 .2 7 7

3.71 0 .268

3 .9 7 0 .305

3 .98 0 .3 1 8

4 .3 0 0 .378

4 .3 2 0 .340

4 .3 3 0 .3 1 5

4 .6 4 o .46o

4 .6 8 0.466

5 .08 0 .4 7 9

5 .0 8 0 .541

5 .0 8 0 .581
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TABLE 6 (Cont.)

5 .30 0 .541

5.31 0 .5 9 7

5.32 0 .6 1 7

5.40 1.50

5.54 2 .1 1

5.61 2 .7 4

Cu_T = 9 .9 6 2  X 10"3 M

4 .96 0 .681

4 .96 O.696

4 .9 9 0 .719

5 . o4 0 .773

5.o4 0.775

5 . o4 0 .815

5.15 1.01

5.31 1 .33

5.31 1.39

5.31 1 .35

5.33 i.4 o

5.33 1.42

5.33 1 .57

5 .44 1-95

5 .44 1.99

5.49 1 .94

5.58 2 .8 8
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5-59

5 . 60

5 . 60

5 .60

5 .60

4 .6 1

4 .6 5

4 .6 5  

5 .01

5 .04

5 .04

5 .31

5 .31

5.32

5 .48  

5 .^9

5 .49

5 .65

5 .65  

5 .6 7

TABLE 6  ( C o n t . )

2 .8 3

2 .9 0

3 .4 5  

3 .42

3 .46

= 1.245 x lo ” 2 m

0 .554

0 .535

0 .569

0 .8 6 5

0 .777

0 .819

1.45

1.49

1.50  

2 .1 9

2 .1 1

2 .1 2  

3.82 

3 .9 0  

3 .71
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TABLE 6  (C o n t)

4 .3 2

4 .3 2

4 .3 3

4 .4 9

4 .5 0

4 .5 9

4 .5 9

4 .5 9

4 .8 4

4 .8 4  

4 .8 7

5 .05

5 .05

5 .06  

5 . IT 

5 .18  

5.20

5.32

5 .33

5 .33

5 .4 3

5 .4 3

5 .44

CuT = 1.495 X 10" 2 M

0.489

0 .512

0 .491

0 .523

0 .522

0 .514

0 .548

0 .5 6 3

0 .73^

0 .743

0 .8 0 7

i .o 4

1 .07

1.26 

1 . 5C 

1.38

1.43 

1 .78

1.72

1.74

2 .12  

2.26  

2 . 11
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5-55

5.55

4 .2 7

4 .2 8  

4 . J 0

4 .9 7

4 .9 7

4 .9 7

5.25

5.25

5.25

5.56

5.58

5.58

( C o n t . )

.02  

.02

2 M

0.668 

0 .643  

0 .6 2 0  

1 .0 0  

l . o o  

1 .07  

1.64 

1 .70  

1.75 

3.81 

3.86 

3-91

TABLE 6

4

4

=  1.743  x 10“

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



2 7

+2D e te rm in a t io n  o f  Ni S t a b i l i t y  C o n s ta n ts  o f  AEAMP

+2The complex s t a b i l i t y  c o n s ta n t s  o f  Ni w ith  AEAMP, d e s c r ib e d  

by e q u a t io n s  15 and 16 , were o b ta in e d  u s in g

K i ,  . M W a. L  (15)

[Ni ] [AEAMP]

[ (N i)2AEAMP+ 4 ]
K2 = -----7=--------------- - p -  (16)

[Ni ][NiAEAMP ]

th e  method o f  Bjerrum (16) d e s c r ib e d  by J o n a s s e n ,  LeBlanc and Rogan 

(1 7 ) .  Data from p o te n t io m e t r i c  t i t r a t i o n s  were o b ta in e d  as  fo l lo w s .

A 100 ml a l i q u o t  o f  a s o l u t i o n  which was 1 .007  X 10"3 M in  r e s p e c t  to  

AEAMP•3HC1, 0 .1  M i n  NaC104 , and 5 .3 7  X 10~4 M in  Ni(C104 )2 was de­

l i v e r e d  i n t o  a  fo u r-n e c k e d  f l a s k  immersed in  a c o n s ta n t  te m p e ra tu re  

b a th  m a in ta in e d  a t  25 ±  0 .1 °  C. The fo u r -n e c k e d  f l a s k  was equ ipped  

w i th  a m e ch an ic a l  s t i r r e r ,  a g la s s  and ca lom el e l e c t r o d e  p a i r  and a 

n i t r o g e n  b u b b le r .  The t i t r a t i o n  was c a r r i e d  o u t  by th e  a d d i t i o n  o f  

O .I 727 N c a r b o n a te - f r e e  NaOH from a 5 ml b u r e t .  The r e s u l t s  a r e  

l i s t e d  in  T ab le  J .  The v a lu e s  o f  lo g  Ki and lo g  K2 were c a l c u l a t e d  

u s in g  th e  a c id  d i s s o c i a t i o n  c o n s ta n t s  d e te rm in e d  by Romary, B arger 

and Z a c h a r ia s e n  (15) and a r e  l i s t e d  in  T ab le  8 .
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TABLE 7

EXPERIMENTAL DATA FOR THE POTENTIOMETRIC TITRATION 
OF AEAMP-Ni+2 WITH NaOH.

[NaOH] = 0.1727 N Initial volume = 100.0 ml

fi = 0.1 M [AEAMP*3HC1 ]t = 1.007 X 10"3 M

T = 25 + 0.1° C [Ni(Cl04)a = 5.370 X 10- 4  M

NaOH (ml) pH

0 .000 2 .8 9 8

0 .1 0 0 2 .955
0 .2 9 8 3 .091
o .4 o i 3 .181

0 .5 0 0 3 .257

0 .5 9 7 3.319
0 .6 9 4 3 .4 o8

0 .8 0 0 3 .521

0 .8 9 6 3.635
1 .002 3 .78o

1.131 3.992
1 .220 4 .151

1.301 4 .285

1.403 4 .474

1 .500 ^ .675
1 .600 4 .954

1 .707 5 .667
1 . 7^0 7 .020

1 .820 7 .720

2 .0 1 1 8 .032

2 .2 7 0 8 .851
2 .3 9 2 9 .195
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TABLE 8

ACID DISSOCIATION CONSTANTS AND Ni+2 Stability 
CONSTANTS FOR AEAMP

Constant Value Reference

PKi3 1 .8k 15

PK2 5.91 15

PK3 9 .5 ^ 15

Log Kib 11 .90 This work

Log K2 9 .7 6 This work

pKx =  p H  -  L o g  n-~

b _ ^
K l [ M ] [ L ]
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RESULTS AND DISCUSSION

Resolution of the Rate Data

+2 +2 +2 The formation of CuBPEDA from NiBPEDA and Cu may proceed

through either or both of two pathways as shown in equation 1J.

A Ni+2 + H BPEDA+  n +2

+ 2  + n n

n
CuBPEDA+2 (17)NiBPEDA

Cu [NiBPEDACu]+^

+2Pathway A represents a complete dissociation of NiBPEDA prior

to copper attack. Protons will be involved in the dissociation due to

the basicity of BPEDA. The rate determining step cannot be the copper

attack on BPEDA due to the sluggish nature of Ni-ligand dissociation

and the very rapid rate of formation of copper complexes. Pathway B
+2involved a direct attack of copper on NiBPEDA and results in the

formation of some type of dinuclear intermediate prior to complete
+2dissociation of BPEDA from NiBPEDA . Intermediates of this type are 

quite common in metal exchange studies involving aminocarboxylate 

ligands (l-6 ) although there have been only two studies showing simi­

lar intermediates involving polyamine ligands -(10,11).

The contribution of pathway A to the total exchange rate can be
+2 +2calculated since the kinetics of the formation of NiBPEDA from Ni 

and BPEDA, HBPEDA+ and H2BPEDA+2 has been studied (l8 ) and the stab­

ility constant associated with each reaction can be calculated. Since

these species have been shown to be kinetically important in the
+2 +2 formation of NiBPEDA , the dissociation of NiBPEDA must follow the

30
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3 1

same pathway and the rate of dissociation at constant pH can be 

written as shown in equations 18 and 19.

d[NiL] = kd [NiL] = kNlL[NiL] + kJJlL[NiL ][H+ ] + k ^ N i L  ][H f  (18)

kd = k NlL + k ^ [ H ]  + k ^ [ H ?  (19)

Since
kLN i , L _ _ N i _  , v

S i L  "  T n I l  {20)k

, HL 
k...Ni, HL "Ni /?1 \

^ iL  "  " h l  "  k f L 1 ;

K kHsLNi,H2L = ^NiL = Ni , v
^ iL " KH L X K H2L " ^

values of kN:LL, anc* ^2H^ C3n calcu-*-atec  ̂ using the known values

of formation rate constants and equilibrium constants listed in Table 9 

and defined in the appendix. Thus,

k^ = 7*32 x 10_12sec-;L + I .98 x 10 4 [H+ ]sec 1

+ 25.8[H+ ]2sec";L

and equation 23 allows calculation of the contribution of pathway A to 

the overall exchange rate at each pH studied. The dissociation term, 

kd, becomes negligible above pH k . 5 . Below pH If-.5 the observed rate
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TABLE 9

STABILITY CONSTANTS AND FORMATION RATE CONSTANTS FOR INDIVIDUAL 
SPECIES OF THE NiBPEDA+2 SYSTEM.

All values at 25° C and (j, = 0.1 M

Reaction . H L  -  i  - 1k n M sec Ni — ^ Ln

Ni+2 + L 2.52 x 1014 1.82 x 103

Ni+2 + HL+ 1.91 x 10s 2.62 x 10*

+2 +2 c Ni + H2L 2 .96 x 105 1.15 x 10"

HL+—> H+ + L

H2 L+ ^ U  H+  + HL+

5.25 x 10-9 

5.39 x 10"6

a = reference 18 

b = reference 1^
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constant, k0, is corrected for the terra by subtraction.

Pathway B involves a direct copper attack on partially dis-
+2sociated NiBPEDA . Further, plots of ko-k^ against pH at constant 

total copper concentration, shown in Figure 1, indicate that the ex­

change reaction is pH sensitive since the rate increases greatly with 

increasing pH. The rate, however, varies inversely with [H+ ], not 

directly as would be expected if [H+ ]were attacking the partially 

dissociated BPEDA. Thus, the pH behavior rules out proton assisted

dissociation. Actually, this is to be expected since the terminal
+2dentate sites which are first to unwrap from NiBPEDA are pyridyl 

groups with pKa values < 2. Further, no stable protonated complexes 

such as NiBPEDAH+^, analogous to the known N i (trien)H+^, have been 

found.

One possible explanation for the inverse [H+ ] behavior would be
+2the existence of hydroxy complexes of NiBPEDA . Such species do exist

+2in the case of Ni(trien) but only above pH 9 (i9)» it is roost un­

likely that replacement of two terminal aliphatic nitrogens by pyridyl 

groups could cause a shift in hydrolysis of 6 pK units. The other

explanation for the inverse hydrogen ion effect involves the attack of
+2hydrolyzed copper species on NiBPEDA . There is both thermodynamic

and kinetic evidence for their existence. Many hydrolyzed species have

b e e n  p r o p o s e d ,  f o r  e x a m p l e  CuOH+ ,  Cu 2 ( O H ) 2 ^ ,  Cu 3 ( O H ) 2 \  Cu 2 OH+ ^  a n d  

+2Cun (OH)2n_2 (20-22). Only the existence and formation constant of
+2Cu2 (0H)2 is well documented and agreed upon, although the existence 

of CuOH+ is accepted by all workers except Perrin (21). Assuming the
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+ +2existence and kinetic activity of CuOH and Cu2 (OH)2 to be the ex­

planation for the pH behavior seen, equation 2k can be written.

O o -k d )[NiBPEDA+2] = k” 1Ji2[Cu+2][NiBPEDA+ 2 ]
U U

+ ( k ^ H+)[CuOH+ ] [NiBPEDA*2 ] + ( k ^ (0H)+2)[Cu2 (0H)2 ][NiBPEDA+2] (2k)

The free copper concentration at any pH and total copper concentra­

tion can be calculated from equation 28 using known values of the 

formation constants for each species corrected to 0 .1 M  ionic strength. 

The corrected values are (3n = 5*0 x 10_ 8 , p2i = 1.^ x 10 6 , and p22 = 

2.5 x 10-11 which are derived from the values determined by Ohtaki and

By use of the relations

_ [CuOH+ ][H+ ] 
P l 1  f C u ^ ]  ' (25)

and

[C u a ( 0 H ) t 2 ] [H + ] 2 

 -----------
(26)

equation 2k may be rewritten as

Nil
CuOH

NiL
'Cu2 (0H)2 (27)
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3 6

Kawai (20).

[Oil] to ta l  = £Cu+2  ̂ + tcuOH+ ]

+ 2[CuaOH+ 5] + 2 [Cu2 (0H)22 ] (28)

The term  Cu3 (0H)2^ was in c lu d e d  o r i g i n a l l y  b u t  r e p r e s e n t s  on ly  a sm all  

f r a c t i o n  o f  ^ u 3t o t a l  Pa r t -̂c u ^a r -*-y a t  l ° w t o t a l  copper c o n c e n t r a t i o n s  

and so was dropped from su b seq u en t c a l c u l a t i o n s .  F igu re  2 shows the  

d i s t r i b u t i o n  o f  copper s p e c ie s  as a f u n c t io n  o f  pH a t  two t o t a l  copper 

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

At low pH and low t o t a l  copper c o n c e n t r a t i o n s  d i rn e r i z a t io n  i s  

s l i g h t  and th e  l a s t  term  on th e  r i g h t  hand s id e  o f  e q u a t io n  27 can be 

n e g le c te d  f o r  a f i r s t  app ro x im atio n  o f  E qua tion  27 th e n  r e ­

a r r a n g e s  to

k °~kd -  k j^+ 2 + k j £ n  I (29)

[Cu+ 2 ] [H+ ]

F ig u re  3 shows a l e a s t  sq u a re s  p l o t  o f  e q u a t io n  29 f o r  th e  pH range  3*7

-f-2to  4 .5  u s in g  th e  c a l c u l a t e d  v a lu e s  o f  [Cu ] a t  a c o n s ta n t  t o t a l  copper

c o n c e n t r a t i o n  o f  4.4o4 x l c f 3 M. The i n t e r c e p t  y i e l d s  a f i r s t  e s t im a te

v a lu e  o f  k^*+2 = 4 .9 2  x l c f 4 M- 1 sec_ 1 . This  v a lu e  can be i n s e r t e d  in  Cu

e q u a t io n  27 and th e  e q u a t io n  re a r ra n g e d  as  in  e q u a t io n  30 an(i p l o t t e d

as shown in  F ig u re  4 f o r  th e  pH range  4.9 to  6 .1  a g a in  a t  t o t a l  copper

c o n c e n t r a t i o n  o f  4.4o4 x 10 3 M.
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/. . - NiL rr  +2n\  Ch'1' ]  , .N iL  x /, NiL x [Cu+ 2 ] . x(k c rk d- k + 2 [Cu J) _______ = (k ) P u  + (k ) ^ p 22 (JO)
C u [C u+ 2 ]  Cu0H C u2 (OH) 2  |-H+-j

The slope and (322 yielded a value of 7*237 x 10-2M" ;Lsec"’1 for 
NiL^Cu2 (0H)22 ' Substitution of this value into equation 2J, rearranging 

as in equation 31 an^ plotting

W k d- k ^ ( 0H)j2[cu 2 (0H)i2 ]j / [Cu+2] =

. NiL NiL x0 1 x
kr +2 + CuOH 1 ----  j l )
CU [H+ ]

over the same pH range as Figure 3 yielded values of ^-.975 X 10-4M" 1sec- 1

and 0.1080 M  1sec 1 for k^1^ and respectively.—  r. +2 CuOH 5 r JCu
+2 +Since Cu2 (OH)2 is a dimer of CuOH equation 32 could explain the

+2 +pH behavior with only Cu and CuOH as reactive species.

ko-kd = k ^ 2 [Cu+ 2 ] + + ([CuOH+ ] + 2[Cu2 (0H)2 ]) (32)
Cu

= k^ + 2 CCu+2] + kCuOH+ ^ Cu0H+] j^1 + 2 ^Cu0H+] ) • (33)

+2A plot of (k0-kd )/[Cu ] against

([CuOH+ ] -̂ 1 + 2[CuOH+ ] ^22^ j)/[Cu+ 2 ]. shown in Figure 5j covering the
P l l  '

pH ra n g e  3*7 to  6 .1  w i th  th e  t o t a l  copper  c o n c e n t r a t i o n  a t  ^ A o 4  x 10”
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k-2

+2i s  n o t  l i n e a r .  Thus, Cu2 (OH)2 i s  a r e a c t i v e  s p e c ie s .

The r e s o lv e d  v a lu e s  o f  kN^L0 , k ^ ^ TT+ and k ^ L /rtlI\+2 a lo n g  w ith
Cu+2 ’ CuOH Cu2 (OHJ2

k^ can be used  to  c o n s t r u c t  a t h e o r e t i c a l  cu rve  o f  k 0 a g a i n s t  pH from 

e q u a t io n  2k  a t  a t o t a l  copper c o n c e n t r a t i o n  o f  lt-.4o4 X 10- 3  M. A com­

p u te r  g e n e ra te d  cu rve  i s  compared to  the  e x p e r im e n ta l ly  de te rm ined  

v a lu e s  in  F ig u re  6 .  E x c e l le n t  agreem ent i s  seen  over th e  e n t i r e  pH 

ra n g e .  However, c a l c u l a t e d  v a lu e s  o f  k0 from e q u a t io n  2 k  a t  h ig h e r  

copper c o n c e n t r a t i o n s  show marked d e v i a t i o n  from th e  e x p e r im e n ta l  v a lu e s .  

Comparisons o f  th e  e x p e r im e n ta l ly  de te rm in ed  p o in t s  to  th e  t h e o r e t i c a l  

cu rves  g e n e ra te d  by a  computer a t  t o t a l  copper c o n c e n t r a t io n s  o f  8 .315  

x 10- 3 M and 1 .7^3  x 10~2 M a re  shown in  F ig u re s  7 arid 8 r e s p e c t i v e l y .

In  a l l  c a s e s ,  th e  p r e d i c t e d  k 0 v a lu e s  a r e  h ig h e r  than  th e  e x p e r im e n ta l  

o n es .  The most l i k e l y  e x p la n a t io n  f o r  t h i s  b e h a v io r  i s  the  e x i s t e n c e  

o f  h ig h e r  o rd e r  p o ly n u c le a r  h y d ro ly ze d  copper s p e c ie s  such as  th o se

p roposed  by P e r r i n ,  Cun (0H)+2 . These s p e c ie s  have n o t  been ch a ra c -11 2n- 2

t e r i z e d  b u t  would become im p o r ta n t  a t  b o th  h ig h e r  t o t a l  copper and

h ig h e r  pH and th u s  low er th e  c o n c e n t r a t i o n s  o f  Cu , CuOH and Cu2 (OH)2

which would cause  lower e x p e r im e n ta l  v a lu e s  o f  k0 . The a c t u a l  f r e e

copper p r e s e n t  a t  h ig h e r  t o t a l  copper c o n c e n t r a t i o n s  can be c a l c u l a t e d

u s in g  e q u a t io n  27 and th e  r e s o lv e d  v a lu e s  o f  , k^Q ^+  , ^cu^(OH)+^
Cu 2 2

and k Q and k^ . A ttem pts  a t  r e l a t i n g  th e s e  v a lu e s  to  h ig h e r  o rd e r  po ly ­

n u c l e a r  h y d ro ly ze d  copper s p e c ie s  u s in g  e q u a t io n s  re sem b lin g  e q u a t io n s  

2 5 , 26 and 28 f a i l e d .
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ko-k^ a t  t o t a l  copper c o n c e n t r a t i o n  = 4 .404  x 10 M.

4="VM



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

ino

£
i

4

3

2

1

OO

o o

4.0 5.04.5 6.05.5

>H
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-3

kQ-k^ a t  t o t a l  copper c o n c e n t r a t i o n  = 8 .315  x 10 M.
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Mechanism o f the Exchange Reaction

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

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

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

+2
m i n i n g  s t e p  a n d  c l e a r l y  p r i o r  t o  c o m p l e t e  d i s s o c i a t i o n  o f  N i B P E D A  .

+2 +2
T h e  t r a n s f e r  o f  BPEDA f r o m  N i  t o  C u  , a n a l o g o u s  t o  a l l  o t h e r  d i s ­

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

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

l i m i t e d  b y  w a t e r  l o s s ,  t o  t h e  a t t a c k i n g  m e t a l .  Du e  t o  t h e  e x t r e m e  

l a b i l i t y  o f  t h e  c o p p e r  f o r m a t i o n  r e a c t i o n ,  k =  3 x 10s s e c  ' x (23),

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

b o n d  f o r m a t i o n  t o  c o p p e r  c a n n o t  b e  r a t e  l i m i t i n g .

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

+2
f r o m  N i  ,  f o l l o w e d  b y  c o o r d i n a t i o n  o f  f r e e  d e n t a t e  s i t e s  t o  c o p p e r  

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

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

r a t e  d e t e r m i n i n g .

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

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

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

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

a n a l y z e d  i n  d e t a i l .

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

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

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

k6
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o f  e x p e r im e n ta l  r a t e  c o n s ta n t s  f o r  m e ta l  a t t a c k  i s  d i r e c t l y  p r o p o r t i o n a l  

to  th e  r a t i o  o f  th e  d in u c l e a r  in t e r m e d ia te  s t a b i l i t y  c o n s t a n t s  p ro v id ed  

th e  same r a t e  d e te rm in in g  s te p  h o ld s  f o r  b o th  system s Thus,

i f  a s e r i e s  o f  d in u c l e a r  i n t e r m e d ia te s  a re  p o s s i b l e ,  each w i th  a d i f f e r ­

e n t  s t a b i l i t y  c o n s t a n t ,  th e  one whose c o n s ta n t  g iv e s  th e  c l o s e s t  a g re e ­

ment i n  com parison to  a known system  to  th e  r a t i o  o f  e x p e r im e n ta l  r a t e  

c o n s ta n t s  i s  th e  in te r m e d ia te  im m edia te ly  p r i o r  to  th e  r a t e  d e te rm in in g  

s t e p .

The system s chosen f o r  com parison  a r e  the  copper exchange w ith  

NiEDDA ( 8 ) ,  w ith  N i ( t r i e n ) +^ ( l l )  and w i th  NiEDTA- ^ (7 ) .  In  a l l  of 

th e s e  sy s tem s ,  th e  r a t e  d e te rm in in g  s t e p  has  been  shown to  be th e  b re a k ­

age o f  a n i c k e l - a l i p h a t i c  n i t r o g e n  bond. In  th e  p r e s e n t  s tu d y  b o th  

a ro m a t ic  and a l i p h a t i c  n i t r o g e n s  a re  in v o lv e d ,  and some p o s s i b l e  i n t e r ­

m e d ia te s  in v o lv e  n i c k e l - a r o m a t ic  bond r u p tu r e .  S ince  in t e r m e d ia te s  a re  

compared to  system s h a v in g  n i c k e l - a l i p h a t i c  n i t r o g e n  bond r u p t u r e ,  a 

c o r r e c t i o n  f o r  th e  in c re a s e d  l a b i l i t y  o f  n i c k e l  a ro m a t ic  bond i s  needed . 

The r a t i o  o f  th e  r a t e  o f  d i s s o c i a t i o n  o f  N i -p y r id in e  to  Ni-ammonia 

r e p r e s e n t s  t h i s  d i f f e r e n c e  and amounts to  a f a c t o r  o f  5«

E qua tion  j k  shows th e  com parison  w i th  L r e p r e s e n t i n g  any l i g a n d ,  

and th e  r e l a t i v e  s t a b i l i t y  c o n s ta n t  o f  the  i n t e r m e d ia te  im m edia te ly  

p r i o r  to  the  r a t e  d e te rm in in g  s t e p .

NiBPEDA JJiBPEDA-Cu
Cu = 3 __________  (34)

.N iL  v NiL- Cu
Cu kr

The r e l a t i v e  s t a b i l i t y  c o n s t a n t ,  K^, o f  each  in t e r m e d i a te  s t r u c ­

t u r e  f o r  each system  can be d e f in e d  in  term s o f  th e  s t a b i l i t y  o f  th e
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N i- l i g a n d  and C u - lig an d  segments in v o lv ed  a s  compared to  the  s t a b i l i t y  

o f  th e  i n i t i a l  complex.

In  some com parisons an e l e c t r o s t a t i c  a t t r a c t i o n  h e lp s  s t a b i l i z e  

one in t e r m e d i a te  r e l a t i v e  to  th e  o t h e r .  The added s t a b i l i t y  o f  t h i s

where Z. and a r e  th e  ch a rg es  in v o lv e d ,  D i s  th e  d i e l e c t r i c  c o n s ta n t  A B

There  may a l s o  be a s t a t i s t i c a l  f a c t o r  which f a v o r s  th e  fo rm a t io n  

o f  one in t e r m e d i a t e  r e l a t i v e  to  a n o th e r  and t h i s  te rm  must be  in c lu d ed  

in  making co m parisons .

A com parison  of p o s s i b l e  l i k e l y  d i n u c l e a r  in t e r m e d i a t e s  f o r  the

e lu d e d .  The l a s t  row in  Table 10 shows th e  r a t i o  o f  e x p e r im e n ta l  r a t e  

c o n s t a n t s .  The v a lu e s  o f  were c a l c u l a t e d  from known s t a b i l i t y  con­

s t a n t s  chosen  to  be  as  i n t e r n a l l y  c o n s i s t e n t  as  p o s s i b l e  w i th  r e s p e c t  

to  te m p e ra tu re  and i o n i c  s t r e n g t h  and a r e  l i s t e d  i n  T ab le  11 a lo n g  w ith  

e x p e r im e n ta l  v a lu e s  o f  th e  r a t e  c o n s t a n t s .  A com parison  of th e  r a t i o  

o f  e x p e r im e n ta l  r a t e  c o n s ta n t s  to  th e  p r e d i c t e d  r a t i o s  o f  in t e r m e d ia te

i-se g m e n t  Cu-segment

^Ni-com plex
(35)

c o n t r i b u t i o n ,  can be e s t im a te d  u s in g  e q u a t io n  J>6

AE = 2.303 RT log  Kg l  (36)e l e c t r o s t a t i c  D r.„AB

of w a te r ,  r  i s  th e  d i s t a n c e  o f  s e p a r a t i o n  betw een A and B, T i s  the  

te m p e ra tu re  in  °K and R i s  th e  gas c o n s t a n t .

+2 +2exchange o f  NiBPEDA w ith  Cu to  th e  known system s p r e v io u s l y  m entioned

i s  made in  Tab le  10. V alues o f  K^, and s t a t i s t i c a l  f a c t o r s  a r e  in -
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TABLE 10

1̂ 9

COMPARISON OF POSSIBLE DINUCLEAR

INTERMEDIATES FOR THE EXCHANGE OF NiBPEDA 

WITH Cu+2 TO KNOWN SYSTEMS.

+2

N it r i e n - C u NiEDDA-Cu NiEDTA-Cu

N— N—N— N N/ \/ 
Ni Cu

Kr=S

0— N— N _  0
V
Ni

"r "1*=4 xio'

A  A
Ni-N—N-Cu 

/
0 V

^ = 6 x 10" 3

S t a t i s t i c a l
f a c t o r  = 2
K n = 3 . 1 6  e l  ^

N i B P E D A - C u  
S t r u c t u r e

K,R

N iB P E D A -  C u
\ ___________

N i t r i e n - C u
Kr

N i B P E D A - C u
_ R _____________

N i E D D A - C u

NiBPEDA-Cu
5 * __________
^NiEDTA-Cu

/ /  *
rN-Ni

1 -— ^  8x10"1 l x l o " 1 2 2x10''
/  N - C u

A ~ \
ww \  .

1Z N^Ni 2x10"5 2x10"6 UxlO"5 4x1.0"
vN

-  Cu

" J /j
 >N— C u

h i  v=^n^Ni lxlo"3 1.5x10"4 3x10"3 3xio"3

//
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TABLE 10 (co n t.)

50

IV

/ /
x Ni

&

'bCu

-N i

V

-Cu

VI

\ - N i

< y *

oVII N—Ni

0 ^ ° “

3 x lo e

6xio',“13

5x10“

8x 10, - 3

3XI0 1

4x10,“13

3x 10'r  3

1x10,“3

8 x io 2

1x10-1 1

2x10',-2

8 x io 3

lxlo" 10

b b
5x10“ 2 5x10“ 1

2x10'r  1

/ /  N

V III

/ /

[-Ni

,N- Cu lx lO 2 5X101 2 x l0 3 2 x l0 5

NiBPEDAc„Cu_____
NiL

'C u

2x10'i“4 Txio',“3 6x 10,-3

The s t a t i s t i c a l  f a c t o r  o f  2 and th e  K , = 3 * 1 6  a re  f ig u r e d  in t o  t h i s
, ,  _NiEDTA-Cu 6v a lu e  o f  Kl

^ Values in c lu d e  a f a c t o r  o f  5 f ° r  th e  r a t i o  o f  Ni-NH3 to  N i-py  bond 
b re a k a g e .

c NiEDDAThis r a t i o  i s  somewhat h ig h  due to  kCu b e in g  m easured a t  |j,=1.25 M.
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TABLE 10 (co n t.)

NiEDTAThe v a lu e  o f  kp in c r e a s e s  by 5 in  going  from \i = 1 .25  to
UU

0 .1  M. Thus would a l s o  i n c r e a s e  making th e  r a t i o  s m a l le r .
L U
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TABLE 11

STABILITY CONSTANTS AND RATE CONSTANTS USED IN MAKING 
COMPARISONS SHOWN IN TABLE 10.

All values are either at 25° C and p, = 0.1 M  or chosen to be as 
close to these conditions as possible.

Ligand vNi ,L
L0g h i i

T j.CUjL
L0S CuL k ^ S  M- 1sec""1

BPEDA l 4 . 4 b ___
c

4 .9  x 10” 4d
EDDA 13.5 ---- 7 . x 10"2e
EDTA 18 .6 ---- 7 .5  x 10-2

trien 14.1 ---- 2 . 7 f
AMP 7-2 9*6

AEAMP 11 . 9 C 1 4 .6 g

en 7-5 10 .6

dien 10 .7 16.0

glycine 5 .3 7 .6

IDA — 11.1

n h 3 2 .7 4 .3
pyridine 1.8 2 .4

3 Except as noted all values taken from reference 24. 

k Reference 14.

C This work.

^ Reference 8.

6 Reference 1.

^ Reference 11. 

g Reference 15.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



53

s t a b i l i t y  c o n s t a n t s ,  shows t h a t  s t r u c t u r e s  I I I  and V I I  g iv e  p r e d i c t e d  

v a lu e s  which a g re e  c l o s e l y  to  th e  e x p e r im e n ta l  r a t e  c o n s ta n t  r a t i o s  in  

a l l  c a s e s .  O ther s t r u c t u r e s  l i s t e d  in  th e  Tab le  as  w e l l  a s  some n o t  

l i s t e d  were t e s t e d  and gave v a lu e s  which a r e  o f f  by o r d e r s  of m agn itude .

Of th e  two p o s s i b l e  in t e r m e d ia te  s t r u c t u r e s ,  VII in v o lv e s  d i s ­

s o c i a t i o n  o f  BPEDA a t  b o th  ends w ith  an AMP segment c h e l a te d  to  copper 

and a t  th e  o p p o s i te  end o f  th e  complex a f r e e  p y r id y l  g roup . This i s  

h ig h l y  u n l i k e l y  s in c e  s t a b i l i t y  c o n s ta n t s  o f  n i c k e l  w i th  a ro m a tic -  

a l i p h a t i c  mixed l ig a n d s  show l i t t l e  l o s s  and in  some c a se s  a ga in  by 

r e p l a c i n g  an a l i p h a t i c  n i t r o g e n  by an a ro m a t ic  one. The v a lu e s  a re  

l i s t e d  in  Tab le  12. Thus, t h e r e  ap p ea rs  to  be no s t r a i n  i n  th e  bond­

in g  o f  an AMP segment to  n i c k e l  and t h e r e f o r e ,  no r e a s o n  f o r  i t  to  

d i s s o c i a t e  in  a manner such as s t r u c t u r e  V II. S t r u c t u r e  I I I ,  how ever, 

i s  n o t  w i th o u t  i t s  p e c u l i a r i t i e s  in  t h a t  h e r e  copper i s  bonded to  an 

i n t e r n a l  a l i p h a t i c  n i t r o g e n  and n o t  c h e l a t e d  to  th e  p y r id y l  group.

U n l i k e  n i c k e l ,  t h e  r e p l a c e m e n t  o f  a n  a l i p h a t i c  n i t r o g e n  w i t h  a n  a r o ­

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

In  f a c t ,  C udien , K = 101 6 , i s  p r a c t i c a l l y  as  s t a b l e  as  CuBPEDA,

K = 101 6 ’3 . T ab le  12 shows th e  co m parisons .  Thus, i t  i s  n o t  u n re a ­

so n a b le  to  s u g g e s t  some type  o f  s t r a i n  o r  h in d ra n c e  which p r e v e n t s  

copper from c h e l a t i n g  to  the  f r e e  AMP segment o f  BPEDA. F i n a l l y ,  

s t r u c t u r e  I I I  does g iv e  the  b e s t  ag reem en t to  th e  r a t i o  o f  e x p e r im e n ta l  

r a t e  c o n s t a n t s .

+2On t h i s  b a s i s  a mechanism f o r  th e  m e ta l  exchange o f  NiBPEDA and 

copper can be p roposed .  This i s  shown in  F ig u re  9« As p r e v io u s ly  d i s ­

c u s s e d ,  n i c k e l - n i t r o g e n  bond b reak a g e  i s  th e  r a t e  d e te rm in in g  s t e p ,
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TABLE 12

COMPARISON OF STABILITY CONSTANTS BETWEEN ALIPHATIC AND 

AROMATIC NITROGEN COMPLEXES WITH NICKEL ( i l )  AND COPPER ( i l ) .

A l l  v a lu e s  a t  25° C and p = 0 .1  M

Copper

Ligand T ^CujL 
LOg CuL

(Log K'a l i p h a t i c
Log ^ a rom ati c )

R ef.

nh3 24

p y r id i n e 2 .4 +1 .9 24

en 1 0 .6 24

AMP 9 .6 +1 .0 24

d ie n 1 6 .0 24

AEAMP 14.6 +1.4 15
t r i e n 2 0 .5 24

BPEDA 16.5 +4.2

N ick e l

14

nh3 2 .7 24

p y r id i n e 1 .8 +0 .9 24

en 7-5 24

AMP 7 .2 +0.3 24

d ie n 1 0 .7 24

AEAMP 11.9 . -1 .2 T h is  worl

t r i e n 14 .1 24

BPEDA 14.4 -0 .3 14
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im m ediate ly  fo l lo w in g  in t e r m e d ia te  I I I .  F u r th e r ,  the  sequence 1-4

II-* IV -»V  i s  n e a r l y  n e g l i g i b l e  and can be c o r r e c te d  f o r  from p r io r

+2knowledge o f  the  d i s s o c i a t i o n  o f  NiBPEDA

The copper dependent exchange pathway in  F ig u re  9 must be 

I —* I I —». I l l —$.V. A g e n e ra l  k i n e t i c  e x p re s s io n  f o r  th e  pathway can 

be w r i t t e n  by assuming the  s t e a d y - s t a t e  app rox im ation  fo r  sp e c ie s  

I I  and I I I ,

k i a [ l ]  + k s a C l H ]
[ i l ]  =  To—  (37)

k21 + k23[Cu ]

k23 [Cu+ 2] [ l l ]
[ i l l ]  = ------------------------  (3 8 )

k32 + k 35

+2k i2 k 2 3k 35[Cu ]
ko =    (39)

^21^32 + ^21^35 + -̂23^35 [Cu ]

E x p ress io n  39 red u ce s  to  ko s in c e  k2i k 32 >> k2 i k 35 

and > k23k 35[Cu+ 2 ] a t  [Cu+ 2 ] < 10- 2  M.

ko = kNi^ E M [Cu+2] = k i a k23k 35[Cu+2]
Cu k2 i k 32

Thus, th e  e x p re s s io n  d e r iv e d  from th e  p roposed  mechanism f i t s  th e  ex>- 

p e r im e n ta l  b e h a v io r .

C o n f irm a tio n  o f  the  s t r u c t u r e  o f  s p e c ie s  I I I  in  Table 10 may now 

be o b ta in e d  knowing th e  k i n e t i c  e x p re s s io n  f o r  the  mechanism. I t  i s

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



5 7

p o s s i b l e  to  p r e d i c t  th e  v a lu e  o f  ^iBPEDA from th e  r e l a t i v e  s t a b i l -
Cu

i t y  c o n s ta n t  o f  s p e c ie s  I I I  and an a c c u r a te  v a lu e  o f  IC35 . T his  assum es, 

a s  seen  in  e q u a t io n  *10, t h a t  th e  s t e p s  p r i o r  to  th e  r a t e  d e te rm in in g  

s te p  a r e  e s s e n t i a l l y  in  e q u i l ib r iu m  and e q u a t io n  40 can be w r i t t e n  as

, NiBPEDA „  , /, , x
k +2 = \ k35 ^  Cu

The v a lu e  o f  i s  1 .2  x 10" 3 f o r  s p e c ie s  I I I .  An a c c u r a te  e s t im a te  

o f  k3 5 can be o b ta in e d  from th e  hydrogen a s s i s t e d  d i s s o c i a t i o n  of 

N i(N -p re n ) ,  where N -pren  i s  NH2CH2CH2NHCH2CH3CH3 . Under s t r o n g ly  a c i ­

d ic  c o n d i t io n s  p r o to n a t io n  o f  th e  secondary  n i t r o g e n  occurs  im m edia te ly  

upon bond r u p tu r e  making th e  f i r s t  bond r u p tu r e  r a t e  d e te rm in in g

r a t h e r  than  the  l a s t  (2 5 ) .  Thus , k35 = 3 x 10- 1sec_1 and ^NiBPEDA =
Cu

1.2  x 1 0 3 x 3 x 1 0 1 = 4 x 1 0 4 M ^'sec 1 . The agreem ent between t h i s  

p r e d i c t e d  v a lu e  and th e  e x p e r im e n ta l ly  observed  o n e ,  4 .9  x 10- 1sec” 1 

i s  e x c e l l e n t .  I t  may be n o ted  t h a t  t h i s  c a l c u l a t i o n  ig n o re s  th e  ob­

v io u s  a c c e l e r a t i n g  e f f e c t  t h a t  copper would have on k35 due to  e l e c t r o ­

s t a t i c  i n t e r a c t i o n  w ith  n i c k e l .  However, a l s o  ig n o re d  i s  th e  d e c re a s e  

in  due to  the  same e l e c t r o s t a t i c  i n t e r a c t i o n .  I t  has been e s t im a te d  

( l l )  t h a t  th e se  term s o f f s e t  each  o th e r  in  th e  ana logous  N i ( t r i e n )  

copper exchange and t h e r e  i s  no re a so n  n o t  to  b e l i e v e  th e  same i s  t r u e  

in  th e  p r e s e n t  s tu d y .

The pathways in v o lv in g  CuOH+ and Cu2 (0H)2^ r e p r e s e n t  a  problem 

and can be e x p la in e d  s e v e r a l  ways. The a c c e l e r a t i n g  e f f e c t  o f  hy d ro x ­

id e  has  been seen in  o th e r  system s b u t  n ever  e x p la in e d  in  a s a t i s -
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factory fashion (9,10,11). If the same mechanism proposed for free 

copper is assumed to hold, then the enhancement in rate must be due 

only to an increase in the relative stability of intermediate III.

This is not uncommon as numerous examples can be found illustrating 

an increase in stability for reactions such as equation

CuL + OH" CuLOH" (1*3)

Those pertinent to the present system are listed in Table 13. In all 

cases however, the addition of a hydroxide to the complex increases
A “t"the stability by between lCr and 10 , but the use of CuOH as a re­

actant decreases the stability by 10s . Therefore overall there is

not a net gain, but a loss in stability due to CuOH+ of about 102 . In 

order to explain the increase in rate the stability should increase.

A second possibility is to assume that intermediate III is a

transition state rather than an intermediate. If this is true, then

an increase in the rate of water loss from copper due to hydroxide 

could increase the reaction rate. An increased lability of coordina­

tion compounds due to hydroxide has been seen with Co(ill), Cr(lll) 

and Fe(lll) compounds and on this basis might be expected for Cu(ll). 

However, it is known that there are two values of the rate of water 

loss for copper due to the Jahn-Teller effect; axial, which is rapid, 

and equatorial, which is sluggish. Further, it is argued that loss of 

axial water followed by ligand insertion in the inner coordination 

sphere is then immediately followed by a rapid internal interconversion 

of axial and equatorial sites (30). Not until three coordination sites
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TABLE 13

EFFECT OF HYDROXIDE ON STABILITY OF COPPER ( i l )  COMPLEXES.

R e a c t io n LoS K 4. V  0 s t a b R efe ren ce

C u (en )22 + OH" —►C u(en )2OH+ 5 .8 26

CuDMEN+2 + OH"— »• Cu(DMEN)OH+ 5 .9 27

Cudien+2 + OH" — 5. Cu(dien)OH+ 5 -0 28

CuHEEN+2 + OH"— > Cu(HEEN)OH+ 6 . 7 28

C u t r i e n + OH"—* C u(tr ien )O H + 3 .8 29

en  = e th y le n e d ia m in e

DMEN = N, N '-d im e th y le th y le n e d ia m in e

d ie n  = d i e t h y l e n e t r i a m i n e

HEEN = N - (2 -h y d ro x y e th y l ) e th y le n e d ia m in e

t r i e n  = t r i e t h y l e n e t e t r a m i n e
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a re  o ccu p ied  by l i g a n d s  does copper e x h i b i t  a s lu g g i s h  fo rm a t io n  r a t e .  

Thus, i t  i s  su g g e s te d  t h a t  th e  p re s e n c e  o f  an e q u a t o r i a l  h y d ro x id e ,  

CuOH+, w i l l  n o t  g r e a t l y  a f f e c t  th e  r a t e  a t  which a x i a l  w a te r  i s  l o s t .

As f u r t h e r  ev id en ce  f o r  t h i s ,  a s tu d y  o f  the  fo rm a t io n  o f  mixed l i g a n d  

s p e c ie s  from N i(5 -x ,p h e n )  and d ie n  o r  NTA showed th e  e f f e c t  o f  th e  

s u b s t i t u e n t s  to  be t r a n s m i t t e d  to  e q u a t o r i a l  s i t e s  th r e e  t im e s  g r e a t e r  

th a n  to  a x i a l  s i t e s  (3 1 ) .  U n like  c o p p e r ,  a l l  s i x  s i t e s  i n  n i c k e l  a r e  

i n i t i a l l y  a p p ro x im a te ly  e q u a l .

The t h i r d  p o s s i b i l i t y  i s  the  fo rm a t io n  o f  some type o f  hydrogen  

bonded in t e r m e d ia te  o r  h y d ro x id e  b r id g e  i n t e r m e d i a t e .  The h y d ro x id e  

oxygen co u ld  hydrogen  bond to  a p ro to n  o f  one o f  th e  w a te r s  on n i c k e l  

o r  co u ld  form a h y d ro x id e  b r id g e  w i th  n i c k e l .  T h is  phenomenon i s  n o t

uncommon (3 2 ) .  R e p u ls io n  o f  ch a rg e s  a p p e a rs  n o t  to  be im p o r ta n t  b e -
+2cause  o f  th e  s t a b i l i t y  o f  Cu2 (0H)2 and o th e r  s i m i l a r  s p e c ie s  such a s  

Cr2 (0H)2^, Fe2 (0H)2^ and Co2 ( 0 H ) ^  ( 2 3 ) .  Thus, an  added d eg ree  o f  

s t a b i l i t y  can  be im p ar ted  to  i n t e r m e d i a t e s  p re c e d in g  th e  r a t e  d e t e r ­

mining s t e p .  F u r th e r ,  t h i s  phenomenon i s  n o t  u n l ik e  th e  I n t e r n a l  

C on juga te  Base Mechanism (ICB) which a p p e a rs  to  im p a r t  added s t a ­

b i l i t y  d u r in g  fo rm a t io n  r e a c t i o n s  (3 3 ) .  These system s th u s  f a r  have 

in v o lv e d  weak b a s e s ,  y e t  have shown g a in s  o f  10 and 20 in  r e a c t i o n  

r a t e  ( 1 9 ) .  A lso , th e  p re s e n c e  o f  a ro m a t ic  n i t r o g e n s  in  th e  n i c k e l  c o ­

o r d i n a t i o n  sp h e re  enhances th e  ICB e f f e c t  (3^)* The p r e s e n t  system 

in v o lv e s  a s t ro n g  b a se ,  h y d ro x id e ,  and does have an  a ro m a t ic  n i t r o g e n  

i n  th e  c o o r d in a t io n  s p h e re .  A nalogous m e ta l  exchange system s in v o lv in g  

copper a s  th e  a t t a c k i n g  n u c l e o p h i l e  a l s o  show enhanced  r a t e s  due to  

CuOH+. T ab le  lh- l i s t s  th e  v a l u e s .  In  a l l  c a s e s ,  n o t  in v o lv in g  arom a-

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



61

TABLE 114-

COMPARISON OF RATE CONSTANTS FOR THE ATTACK OF 

Cu+2 AND CuOH+ ON VARIOUS COMPLEXES.

A ll  r a t e  c o n s ta n t s  i n  M 1 sec 1 a t  25° C and p, = 0 .1  M

kNiL +
, NiL

r  +2 Cu

, NiL3 
CuOH+

CuOH
Complex . NiL

r  +2 Cu

Ref.

NiBPEDA+2 I4. 9XIO" 4 .1080 220 T his  work

4-2Ni ( t r i e n ) 2 .7 80 30 11

NiEDTA-2 .075 l.l4b 18 9

ZnEDTA"2 67 220 33 9

a V alues o f k!?l b  + have been  c a l c u l a t e d  assuming B n  = 5 CuOH x 10"8 .

13 The d a ta used to  r e s o lv e . NiEDTA-2 k _ were
Cu

no t c o r r e c t e d f o r  any

h y d ro ly ze d  copper s p e c i e s .
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-f-
t i c  n i t r o g e n s  bonded to  n i c k e l ,  i t  can  be seen  t h a t  CuOH i s  abou t

+230 t im es  more r e a c t i v e  th a n  Cu . The added f a c t o r  o f  7 between th e s e

+2complexes and NiBPEDA can be a t t r i b u t e d  to  th e  p re s e n c e  o f  an a r o ­

m a tic  n i t r o g e n  in  BPEDA s in c e ,  a s  p r e v io u s ly  m en tioned ,  a ro m a tic  n i t r o ­

gens i n c r e a s e  th e  ICB e f f e c t .
o 4-p +p

The r e a c t i o n s  in v o lv in g  NiEDTA" , N i ( t r i e n )  and NiBPEDA a l l  

have n i c k e l  n i t r o g e n  bond r u p tu r e  as  r a t e  d e te rm in in g  w h ile  th e  ZnEDTA 

system in v o lv e s  copper l i g a n d  bond fo rm a t io n  a s  r a t e  d e te rm in in g .  Of 

th e  t h r e e  p o s s i b l e  e x p la n a t io n s  fo r  th e  in c r e a s e d  a c t i v i t y  due to  

CuOH+, th e  f i r s t ,  an in c r e a s e  i n  the  s t a b i l i t y  o f  th e  d in u c l e a r  i n t e r ­

m e d ia te ,  can n o t  e x p l a in  why CuOH+ r e a c t s  a t  an  a c c e l e r a t e d  r a t e  w ith  

ZnEDTA because  th e  d i n u c l e a r  in t e r m e d ia te  forms a f t e r  th e  r a t e  d e te rm in ­

ing  s t e p .  The second e x p la n a t io n ,  a t r a n s i t i o n  s t a t e ,  cou ld  e x p la in  

a l l  f o u r  system s b u t  i s  based  on th e  tenuous grounds o f  an a c c e l e r a t i o n  

i n  copper w a te r  lo s s  due t o  h y d ro x id e .  The t h i r d  p o s s i b i l i t y  however, 

f i t s  a l l  f o u r  c a se s  s in c e  a hydrogen bonded o r  h y d ro x id e  b r id g e d  i n t e r ­

m ed ia te  would a f f e c t  th e  va lu e  o f  K , th e  o u t e r  sp h ere  a s s o c i a t i o no s ’ r

c o n s ta n t ,  to  th e  same e x t e n t  t h a t  i t  would a f f e c t  th e  s t a b i l i t y  o f  a 

d in u c l e a r  i n t e r m e d i a t e .  T h e re fo re  i t  i s  s u g g e s te d  t h a t  t h i s  i s  th e  

most l i k e l y  e x p l a n a t i o n  f o r  th e  in c re a s e d  r e a c t i v i t y  o f  CuOH+.
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APPENDIX

+2An e q u a t io n  r e l a t i n g  th e  c o n c e n t r a t i o n  o f  NiBPEDA t o  th e  a b ­

so rb an ce  o f  a r e a c t i o n  s o l u t i o n  was d e r iv e d  i n  th e  fo l lo w in g  manner.

The t o t a l  ab so rb an ce  i s  e q u a l  t o  th e  sum o f  th e  a b so rb an ces  o f  

t h e  i n d i v i d u a l  s p e c ie s  a s  e x p re s se d  i n  e q u a t io n  1.

At o t a l  = ACuL + \ i L  + ACu + ^ i

“ b ( % J :CuL] + %1L[N1L] + % i [H1+2] + % u [Cu+2^

I p  | o
The c o n c e n t r a t i o n s  o f  Ni , Cu and CuBPEDA a t  any tim e a r e  r e l a t e d

+2t o  th e  f i n a l  c o n c e n t r a t i o n s  and the  c o n c e n t r a t i o n  o f  NiBPEDA .

[Cu+ 2 ] = [Cu+ 2 ] f  + [NiL] (2)

[Ni+ 2 ] = [Ni+ 2 ] f  - [N iL] (3)

[CuL+ 2 ] = [CuL+ 2 ] ,  - [N iL] ( k )

S u b s t i t u t i n g  e q u a t io n s  2 ,  3 and ^ i n t o  e q u a t io n  1, g iv e s

\ ” W Cu Lh  + % i W 1 + 3 l f  +

- eC „ l [ H1L] + '  %iLCN1L:1 + £b J M L ;l> b (5 )

+2At e q u i l ib r iu m  th e  ab so rb an ce  due to  NiBPEDA i s  n e g l i g i b l e  and

A c o  = ( eCuL^GuL  ̂ f  + ^ N i ^ 1 -̂ f + eCu^-Cu ^ f ^ b ^

S u b s t i t u t i n g  e q u a t io n  6 i n t o  e q u a t io n  5 a n d s o lv in g  f o r  th e  c o n c e n tra -

+2t i o n  o f  NiBPEDA g iv e s  th e  d e s i r e d  r e l a t i o n

63
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[N iL] -  . At  " A °°___________________

s CuL + %iL ®Ni + eCu^ b

The c o n s t a n t s  a p p e a r in g  in  Table 9 a r e  d e f in e d  in  the fo l lo w in g  

manner.

S t a b i l i t y  c o n s t a n t s

,Ni,H_L _ [NiL+ 2 ][H+ ]n
S i i  n

[Ni+ 2 ][HnL+ n ]

P ro to n  a s s o c i a t i o n  c o n s ta n t s
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