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ABSTRACT

Part One.

The a c id - c a ta ly s e d  d e u te r a t io n  o f  th e  a c t i v e  methylene group 
i n  th e  complexes: [Coengmal]*, [CoBipygmal]* and [Comalpen]",
(where en = e th y len ed iam in e , mal = malonate and Bipy = 2 , 2 ’
h i p y r i d y l ) ,  has been stu d ied  in  th e  tem perature range 20-45°C. 
The r e a c t io n  was found to  be of th e  f i r s t  order in  both  ac id  
and complex c o n c e n tr a t io n s  i n  th e  range pD2-3. The r e l a t i v e  
r a te s  of d e u te r a t io n  are d i s c u s s e d  i n  terms o f  a k e to -e n o la te  
c a t io n  mechanism. The s t e r e o s p e c i f i c  d e u te r a t io n  o f  the  
m ethylene protons i n  [Comalgen]" i s  d is c u sse d  in  terms of the  
conform ationa l f l e x i b i l i t y  o f  th e  s i x  membered c h e la te  r in g .  
A b solu te  assignm ent o f  th e  m a g n e t ic a l ly  in e q u iv a le n t  geminal  
p rotons in  the  l a t t e r  complex fo llo w ed  the  in t e r p r e t a t io n  of  
th e  pmr sp ec tra  o f  the  complex a n io n s ,  [CoEthylmal^en]” and 
[Gomal^Bipy]” i n  a c id ic  and i n  b a s ic  s o lu t io n .

Part Two.

The k i n e t i c s  and mechanisms o f  the  base and of the  ac id  
h y d r o ly s is  o f th e  OC -m onosub stitu ted  complex c a t io n s  
[CoengEthylmal]^ and [Coen^Benzylmal]’*’ have been in v e s t ig a t e d  
sp e c tr o p h o to m e tr ic a l ly  in  th e  tem perature range l8 -60°C . In  
b a s ic  s o lu t io n  th e  r e a c t io n  proceeds in  two i d e n t i f i a b l e  
s t a g e s .  Both obey th e  r a te  law;

— — 2Rate = k^Lcomplex] + k^CcomplexlCOH” ] + k^[complex][OH” ] .

The second term i s  dominant i n  d i l u t e  base ([OH"]^ 1M), and 
th e  combined f i r s t  and th ir d  in  concentrated  base ([OH” ] > 1 .50M), 
a t  25°C. In a c id ic  s o l u t i o n ,  the  r e a c t io n  proceeds in  two 
s t a g e s .  In  th e  pH range s tu d ied  ( 2 - 4 ) ,  th e  f i r s t  shows h a l f  
order dependence on a c id ,  w h i l s t  th e  second i s  independent  
o f  a c id .
Mechanisms c o n s i s t e n t  w ith  th e  k i n e t i c s  are d is c u s s e d .



3 .

ACKNOWLEDGEMENTS.

The author w ish es  to  exp ress  h i s  g r a t i tu d e  to  h i s  su p e rv iso r ,  

Dr.M.E.Farago fo r  her con sta n t he lp  and encouragement 

throughout t h i s  work.

I am a l s o  indebted  to  P r o fe sso r  G.H. W illiam s fo r  the  

p r o v is io n  of la b o r a to ry  f a c i l i t i e s .

I am e s p e c i a l l y  g r a t e f u l  to  my w i f e ,  Gwen, fo r  ty p in g  and 

reproducing t h i s  t h e s i s .  In t h i s  c o n te x t ,  thanks are a l s o  

due to  Mr.G.M.Paterson f o r  a l lo w in g  the  l i b r a r y ' s  s t e n c i l l i n g  

equipment to  be used and to  Mr.T.Hatt fo r  drawing Figure 8,

L a s t ly  th e  award o f  a s tu d e n tsh ip  from the  S c ien ce  Research  

C ouncil i s  g r a t e f u l l y  r e c o g n ise d .



4 .

CONTENTS.

Page.

GENERAL INTRODUCTION

1 .E stab lish m en t o f  Rate Laws 6.

2 . F actors  a f f e c t i n g  r a t e s  in  s o lu t io n  9 .

3 . Ligand F ie ld  Theory 11.

4 . K in e t ic  A p p l ic a t io n s  o f  C ry sta l  F ie ld  Theory 16.

5 .Mechanisms o f  S u b s t i t u t io n  R ea ction s  i n  

O ctahedral T r a n s i t io n  M etal Complexes 18.

PART ONE
Pmr S tu d ie s  o f  Complexes o f  C o b a lt ( I I I )
C on ta in ing  C o-ordinated  Malonate 28.

INTRODUCTION

1 .Nuclear Magnetic Resonance Spectroscopy 29.

2 . Spectrum Parameters 29.

3 . Spectrum N o ta t io n  32.

4.NMR i n  Conform ational A n a ly s is  37.

5 . The Use o f  D e u te ra t io n  i n  Pmr Spectroscopy 44.

6 . The D eu te ra t io n  o f  th e  o c -p r o to n s  i n  

t r a n s - [CoEDDA(e n ) ]*  49.

EXPERIMENTAL

1 .M a te r ia ls  54.

2 . P rep a ra tio n  o f  Complexes 54.

3 . Pmr S p ectra  and K in e t ic  Measurements 62.

4.K[Comal2en]H20 64.

b.CCoen^mal]**' 82.

ô.CCoBipyginal]’*’ ^9.

7 . A d d it io n a l  Measurements 91.

DISCUSSION 92.



5.

Page.
PART TWO
The Base and th e  Acid H y d ro ly s is  o f  th e  E thylm alonato-  
and B e n z y lm a lo n a to - (B ise th y le n e d ia m in e )C o b a lt( I I I )
C a tion s 99.

INTRODUCTION

1.The B ase-C ata lysed  H y d ro ly s is  o f  : tCoen^CO^]*^, 

[CoengfCgO^)]^ and [Coen^mal]’̂  100.

2 . The A c id -C ata lysed  H y d ro ly s is  o f [CoengCO^]^ 106.

EXPERIMENTAL

1 .P re p a r a t io n  o f  Complexes 109.

2 .Measurement o f  Spectrophotom etric  Rates 111.

RESULTS 112.

DISCUSSION 156.

GENERAL CONCLUSION 168.

APPENDIX I 170.

APPENDIX I I  173.

APPENDIX I I I  174.

BIBLIOGRAPHY 175.



6 .
GENERAL INTRODUCTION

1. THE ESTABLISHMENT OP RATE LAWS.

Experim ental d e term in a tio n  o f  r a t e s  in v o lv e s  exam ination o f  
th e  change i n  c o n c e n tr a t io n  o f  a r e a c ta n t  w ith  t im e ,w ith  the  
c o n d it io n  th a t  th e  method o f  measurement i n t e r f e r e s  in  no way 
w ith  th e  r e a c t in g  system .
There are two b a s ic  methods fo r  m ixing r e a c ta n ts  and fo l lo w in g  
th e  course o f  a r e a c t io n  in  s o lu t io n .  The s t a t i c  method and 
th e  f lo w  method. The l a t t e r ,  fo r  measuring very  f a s t  r a t e s ,  
i s  d e a l t  w ith  in  r e f , 24. In  th e  form er, r e a c ta n ts  are  
p r e h e a te d ,because  o f  th e  h igh  heat c a p a c ity  o f  l i q u i d s ,  to  the  
required  tem perature and then  mixed. The r e a c t io n  s o lu t io n  i s  
then  a c c u r a te ly  therm ostated . Subsequent m onitoring o f  one 
c o n c e n tr a t io n  or another n e c e s s i t a t e s  a com p lete ly  d is c r im in a t 
in g  method o f  a n a l y s i s .  For example, th e  whole r e a c t io n  
s o lu t io n  may be monitored by sa y , NÎ/IR,to which only one 
c o n s t i t u e n t  resp ond s, w h i l s t  an i d e n t i c a l  s o lu t io n  under the  
same c o n d i t io n s ,  may be in t e r m i t t e n t ly  sampled, the  r e a c t io n  
quenched and c o n c e n tr a t io n s  of s a y ,a  m eta l ,  determined by 
c l a s s i c a l  methods o f  a n a l y s i s .
The net r e s u l t  i s ,  t h e r e f o r e ,  a s e t  o f  c o n c en tr a t io n  v e rsu s  
tim e p l o t s .  Most r e a c t io n s  do not proceed in  a s in g le  s ta g e ,  
but in  a s e r i e s  o f  r e a c t io n  s t e p s .  In  th e  f i r s t  o f t h e s e ,  
which are o f t e n  r e v e r s ib le , in t e r m e d ia t e s  are formed which  
su b seq u en tly  r e a c t  in  l a t e r  s ta g e s  to  form prod u cts . Each 
s te p  behaves as  a unique r e a c t io n  having i t s  own t r a n s i t i o n  
complex, and the  r a te  o f  each s te p  i s  p r o p o r t io n a l  to  the  
c o n c e n tr a t io n  o f  each r e a c ta n t  in  the  s t e p .  The o v e r a l l  r a te  
i s  a product o f  th e  e f f e c t  o f  each s te p  i . e .  i f  one s te p  i s  
predom inantly s low , i t s  r a te  determ ines th e  o v e r a l l  r a te  o f  
r e a c t io n ,  and th e  co m p lex ity  o f  th e  r a te  law w i l l , v e r y  l i k e l y ,  
depend upon the  com p lex ity  or o therw ise  of t h i s  s te p .
Rates may be determined from c o n c e n tr a t io n ,t im e  p lo t s  by 
tangent drawing a lthou gh  t h i s  i s  not very  accu rate  and 
improved methods have been d e v is e d (4 0 ) .
I f  i t  i s  su sp ected  th a t  a r e a c t io n  i s  obeying an elementary  
r a te  law , l in e a r  p l o t s  may be con stru cted  from the  standard  
in te g r a te d  form o f  th a t  r a te  law -  see  Table 1.
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Such p l o t s  must be l i n e a r  fo r  a t  l e a s t  90^  (about th r e e  h a l f
l i v e s ) , o f  r e a c t io n  i n  order to  v e r i f y  th a t  th e  c o rr ec t  law 
has been chosen and th e  r a te  c o n s ta n ts  so obtained must be 
r e p r o d u c ib le .
For a complex r e a c t io n  many proceedures may be ad opt ed( 40, Ch. 3) 
However, th ere  are two standard procedures;
( i )  The method o f  i n i t i a l  r a t e s . The i n i t i a l  r a te  f o r  th e  
r e a c t io n :

aA + bB + cC ------------- > products
i s  g iv e n  by:

( I n i t i a l  Rate)^ = k[A]®'[B]^CC]° ( l )
I f  we now vary th e  c o n c e n tr a t io n  o f  A by a f a c to r  o f  x ,  
we obta in :

( I n i t i a l  R ate)g  = k[xA]®’[B ]‘’[c 3 °  (2 )
D iv id in g  (2 )  by ( l )  th u s g iv e s :

( I n i t i a l  Rate)^ _ ( ] )

( I n i t i a l  Rate)^

The order o f  r e a c t io n  w . r . t .  A ,a ,  i s  thereby  determ ined. By 
va ry in g  th e  c o n c e n tr a t io n  of each r ea c ta n t  in  turn  b and c 
may a l s o  be determ ined,and i f  no other  subsequent s te p s  are  
s low , a r a te  law o f  complex orders i n  A,B and 0 may be b u i l t  
up. The s e r io u s  l i m i t  t o  th e  method i s  the  d i f f i c u l t y  in  
ex p e r im en ta lly  measuring i n i t i a l  r a t e s .
( i i )  The i s o l a t i o n  method. Here a l l  c o n c e n tr a t io n s ,e x c e p t  
th e  one to  be examined, are kept i n  la r g e  e x c e s s .  This  
r e s u l t s  i n  th e  r a te  va ry in g  during th e  course o f  a r e a c t io n  
i n  a manner dependent on only  th e  i s o l a t e d  r e a c ta n t .  The 
r e a c t io n  order w . r . t .  t h i s  i s o l a t e d  component may th en  be 
e s ta b l i s h e d  by s e l e c t i n g  an ap p rop ria te  in te g r a te d  r a te
e q u a t io n ,o r  by i n i t i a l  r a t e s .  D i f f i c u l t y  a r i s e s  i n  keeping :
th e  r a te  o f  the  i s o l a t e d  r e a c ta n t  low enough to  measure, 
w h i l s t  m a in ta in in g  a la r g e  e x c e s s  o f  th e  o th e r s .  Rate depend
ence on th e  reagent i n  e x c e s s  may a l s o  be determ ined. For 
i n s ta n c e ,  i n  th e  sim ple  r e a c t io n :

A + B ------  ̂ 0
I f  [B ] i s  kept co n sta n t  by having a la r g e  e x c e ss  then
i n i t i a l  and f i n i t e  tim e c o n d it io n s  are:

a t  t  = 0 Ca3= a [B]=b
a t  t  = t  [ a 3= (a - x )  [B]=b.
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T h erefo re , dx = k p (a -x )b  ( 4 )

I n te g r a t in g  ( 4 ) In  -  bkpt or In  a ^ / t  = k^b ----- (5)

( a - x ) a -x

The l e f t  hand s id e  o f  (5 )  i s  standard f i r s t - o r d e r , l o g  
c o n c e n tr a t io n ,t im e  p l o t ,  th e  s lo p e  o f  which i s  c a l l e d  the  
" p se u d o -f ir s t -o r d e r "  r a te  c o n s ta n t .  Varying [B] w h i ls t  s t i l l  
m ain ta in in g  i t  i n  " f ir s t -o r d e r "  e x c e ss  g iv e s  a s e t  o f  k^ , b 
d a ta .  The term b may c o n ta in  s e v e r a l  terms i t s e l f ,which may 
be found by f i t t i n g  a l in e a r  r e la t io n s h ip  to  th e  k^, b data .

This e x te n s io n  o f  th e  i s o l a t i o n  method i s  c o n v e n ie n t ly  used 
i n  the  study o f  k i n e t i c s  o f  h y d r o ly s is  o f  t r a n s i t i o n  m etal  
complexes by th e  tech n iq u e  o f  spectrophotom etry . Here the  
c o n c e n tr a t io n  o f  A, th e  complex, i s  n e c e s s a r i ly  sm all w h i l s t  
B,which may be ac id  or b a se , can be e a s i l y  kept i n  la r g e  
e x c e s s  or i f  t h i s  r e s u l t s  in  th e  h y d r o ly s is  be in g  too  f a s t ,  
by b u f fe r in g  w ith  n o n - in te r f e  r in g  b u f fe r in g  a g e n ts .

2 . FACTORS AFFECTING RATES IN SOLUTION.

R eaction  between two s p e c ie s  i n  s o lu t io n  i s  thought to  
occur i n  th ree  s t a g e s ; ( a ) d i f f u s i o n  o f  one s p e c ie s  to  th e  
o t h e r , ( b )  th e  chem ical change ,and (c)  d i f f u s i o n  of th e  products  
away from each o th er . Much work has been done on th e  in f lu e n c e  
o f  s o lv a t io n ,  s o lv e n t  and io n ic  s tr e n g th  ( 6 I) on r e a c t io n  
r a t e s .  The e l e c t r o s t a t i c  e f f e c t  on th e  com bination o f  charged 
io n s  i n  terms o f  c o l l i s i o n  th eory  (7 2  and 85 ) must a l s o  be 
c o n s id e r e d .
The in f lu e n c e  o f  io n ic  s tr e n g th  on th e  r a te s  o f  r e a c t io n  
between io n s  has been d i s c u s s e d , ( 2 7 ,1 7 ,1 4  and 8 5 ) .  Bronstead  
and Bjerrum (1 7 ,1 4 )  p o s t u la t e  th a t  th e  r a te  o f  r e a c t io n  i s  
p r o p o r t io n a l  to  th e  c o n c e n tr a t io n  o f  th e  a c t iv a te d  complex 
ra th er  than i t s  a c t i v i t y .
T h u s ,in  the  r e a c t io n ,  A + B X ------- > products .

Rate = k '[X  ] (6 )

and th e  e q u il ib r iu m  between A,B and X may be rep resen ted  as:

K = [X*] . S* ( 7 )
[A ][B ]
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where th e  F ’ s  are  a c t i v i t y  c o e f f i c e n t s .  In trod ucin g  (7 )  in to  
(6 )  g iv e s :

Rate = k [A ][B ] = k^[A][B] F^Fg (8 )

F T "

U sing th e  Debye-Htickel r e la t io n s h ip ;

log^ ^ f = y j x  (9 )

where z = v a le n c y ,  ja = i o n i c  s tr e n g th  and Q = a c o n s t a n t , and 

t a k i n g  lo g s  o f  e x p r e s s io n  (8 )  we e v e n tu a l ly  a r r iv e  a t :

logiQ k = log^gk^ + 2 QZ^Zg / / T "  (10)

E v a lu a t in g  Q fo r  aqueous s o lu t io n  a t  25°C and s u b s t i t u t in g  
we a r r iv e  a t  e x p r e s s io n  (11 ) which shows th e  e f f e c t  o f  io n ic  
s tr e n g th  on th e  r a te  o f  r e a c t io n  between two io n s  o f  v a len cy  

and Zg:

log^Qk = log^o^o  1 '0 2  Z^Zg y Ju  . (11)

A p lo t  o f  logwQk v e r s u s  y jd  should g iv e  a s t r a ig h t  l i n e  o f
s lo p e  depending on v a l e n c i e s  Z  ̂ and Zg. The v a l i d i t y  o f  equn. 
(1 1 )  has been r e p e a te d ly  t e s t e d  and holds fo r  a number of  
r e a c t io n s .  In  con cen tra ted  s o lu t io n  where Debye-Hückel theory  
breaks down, th e  eq u atio n  no lo n g er  h o ld s s a t i s f a c t o r i l y .  
E xp lan ation  o f  t h i s  can u s u a l ly  be had i n  terms o f  io n  p a ir in g ,  
e i t h e r  (a )  red ucin g  th e  tr u e  io n ic  s tr e n g th  o f  th e  s o lu t io n ,  
or (b )  changing th e  e l e c t r o s t a t i c  in t e r a c t io n s  between the  
io n s  i f  one o f  them i s  in vo lved  i n  io n  p a ir in g .
The m aintainance o f  io n ic  s tr e n g th  a t  a con stan t  v a lu e  w ith  
an in e r t  s o lu te  (su ch  a s  p e r c h lo r a te )  during th e  course o f  a 
k i n e t i c  d e term in a tio n  i s  e s s e n t i a l .
Throughout t h i s  r e se a rc h  c o n c e n tr a t io n s  have been used ra th er  
than  a c t i v i t i e s .  E s p e c ia l ly  i n  th o se  s tu d ie s  u s in g  very  
con cen tra ted  hydrox id e, and throughout the  other work, the  
r a t e s  quoted are not a b so lu te  v a lu e s .  N e v e r th e le s s , th e y  bear  
th e  same r e l a t io n s h ip  to  th e  a b so lu te  v a lu e s  as  the  
c o n c e n tr a t io n  does to  the  a c t i v i t y  o f  the  components o f the  
s o lu t io n s  s tu d ie d .
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3 . LIGAND FIELD THEORY.

The term "Ligand F ie ld  Theory" a p p l ie s  to  th e  M olecular  
O rb ita l  d e s c r ip t io n  o f  l ig a n d  f i e l d  s p l i t t i n g .

( i ) M olecular O rb ita l  Theory, d e s c r ib e s  th e  com bination o f  m etal  
and l ig an d  o r b i t a l s  t o  g iv e  a new s e t  o f  o r b i t a l s ,  one of each  
new p a ir  o f  which i s  more s t a b le  and th e  other  l e s s  s ta b le  
than e i t h e r  o f  th e  o r ig in a l  o r b i t a l s .  F igure 1 dem onstrates  
th e  f i v e  angular d i s t r i b u t io n s  fo r  a l l  s e t s  o f  d e le c tr o n s  
chosen  as b e in g  p r im a r i ly  independent w h i l s t  not a l l  be in g
o f  th e  same shape. C on sider in g  o c tah ed ra l l ig a n d  d i s t r i b u t io n ,  
p ro v id in g  th e  symmetry o f  the  o r b i t a l s  on the  m etal and on the  
l ig a n d s  i s  s u i t a b l e ,  shown f o r  example i n  F igure 2 , the  new se t  
o f  m olecu lar  o r b i t a l s  formed w i l l  have an energy d i s t r ib u t io n  
as shown sc h e m a t ic a l ly  i n  F igure 3. The most important r e s u l t ,  
i s  th e  com bination of th e  e^ o r b i t a l s  w ith  l ig a n d  o r b i t a l s  
to  g iv e  doubly degenerate  bonding and antib ond in g  m olecular  
o r b i t a l s ,  w h i l s t  th e  t^^ o r b i t a l s  are u n a ffec ted  by O' bonding 
i n  t h i s  way. The se p a r a t io n  between the  antibond ing
e^ m olecu lar  o r b i t a l s  i s  known as the  l ig a n d  f i e l d  s p l i t t i n g ,  
10Dq.

( i i ) Valence Bond Theory.I n  o c ta h ed ra l ,  s i x  c o -o r d in a te ,  
com plexes, s i x  hybrid o r b i t a l s  are v i s u a l i s e d , i d e n t i c a l , 
except fo r  be in g  poin ted  towards s i x  d i f f é r a n t  d i r e c t io n s  in  
space each d e fin ed  by a unique s e t  o f C a r te s ia n  c o -o r d in a te s .  
The s i x  atomic o r b i t a l s  used are th e  d^2_^2, d ^ 2 ,s ,p ^ ,P y  and 
p^. S ix  cr bonds are th en  formed by each hybrid o r b i t a l  
a c c e p t in g  a p a ir  o f  e le c t r o n s  from each l ig a n d .  The d ,d 
and dy^ o r b i t a l s  o f  th e  m e ta l , r o ta te d  45 from the  hybrid  
o r b i t a l s  are  s u i t a b ly  p laced  fo r  Tf bonding w ith  e i t h e r  p or 
d o r b i t a l s  on the  l ig a n d s .  P au lin g  ( 7 8 )  has p o s tu la ted  th at  
i f  th e  l ig a n d  has any such o r b i t a l s  vacant and the  m etal has 
th e  req u ired  f i l l e d  o r b i t a l s ,  Tf overlap  w i l l  occur and help  
s tr e n g th e n  the  c o -o r d in a te  bond, (a )  by double bonding and 
(b ) by red ucin g  charge d e n s i ty  on the  m eta l.

( i i i ) C r y s ta l  F ie ld  Theory. Although com paratively  s im ple , the  
th eo ry  i s  v a lu a b le  i n  d e r iv in g  energy l e v e l  diagrams which 
may be used w ithout fu r th e r  r ec o u r se .  The theory  was f i r s t  
form ulated by Bethe (1 1 )  and c o n s id e r s  the  l ig a n d s  pure ly  as
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FIGURE 2 . The 'OTbonding o r b i t a l s  o f  an octah ed ra l  

complex in v o lv in g  (a ) th e  3d^2_y2 o r b i t a l  
and (b) th e  3d^2 o r b i t a l .

(a)
(b)

FIGURE 3 . The m o le c u la r -o r b i ta l  energy l e v e l  diagram  
fo r  an oc ta h ed ra l complex. Note, the  a c tu a l  
order o f  th e  a  ̂ ,t^ ^  and e (bonding)
o r b i t a l s  i s  unknown.
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p o in t  ch a rg es . M o d if ic a t io n s  to  in c lu d e  o r b i t a l  o ver lap ,  
o r b i t a l  overlap  p lu s  e l e c t r o s t a t i c  in t e r a c t io n ,  c o v a len ce ,  
e t c . ,  have been numerous and not w ithout s u c c e s s ,  ( s e e  f o r  
example, 7 7 ) .  The th eo ry  d e r iv e s  from th e  coulombic e f f e c t  o f  
an o c tah ed ra l array o f  s i x  n e g a t iv e  io n s  around th e  m etal Ion ,  
The angular d i s t r i b u t io n  o f  charge i n  th e  d , d and d 
o r b i t a l s  p r o je c t  between th e  n e g a t iv e  charges o f  th e  l ig a n d s .  
w h i l s t  th a t  in  th e  d^2_^2 and d^2 o r b i t a l s  p o in ts  d i r e c t l y  at  
th e  l ig a n d s ,  thereby  a t t a i n i n g  a h igh er  energy and l i f t i n g  
th e  degeneracy o f  th e  i s o l a t e d  d o r b i t a l s  o f  th e  m eta l.

There i s  no net change i n  energy. Thus, the  d e s t a b i l i s a t i o n
o f  th e  d 2 2 and d 2 o r b i t a l s ,  known to g e th e r  as  the  eX —y z g
o r b i t a l s ,  i s  equal t o  th e  t o t a l  s t a b i l i s a t i o n  o f  th e  d^y, d̂ .^
and dg^ o r b i t a l s ,  known c o l l e c t i v e l y  as  th e  tg  o r b i t a l s .
The energy d i f f e r e n c e  between e and tg g  o r b i t a l s  i s  10Dq,
th e  l ig a n d  f i e l d  s t r e n g th .

( i v ) E le c t ro n ic  S p ec tra .  Almost a l l  Co^* complex io n s  d er iv e  
from th e  o c ta h ed ra l ,  low sp in ,  ( tg ^ )^ ,  arrangement .Prom t h i s  
are d e r iv e d ,  from c o u p lin g  o f  the  v a r io u s  c h a r a c t e r i s t i c  
m ic r o s ta te s  o f  th e  f r e e  io n  ( "Russel-Saunders c o u p lin g " ),  
net energy term s, whose energy d i s t r i b u t io n  i s  shown in  
Figure 4 ( 2 9 ) .  In  th e  absence o f  a l ig a n d  f i e l d  th e  ground

15
s t a t e  i s  D and s in c e  t r a n s i t i o n s  between R ussel-Saunders  
s t a t e s  o f  d i f f é r a n t  m u l t i p l i c i t y  i s  fo rm a lly  fo rb id d en  and 
s in c e  th e  s e l e c t i o n  r u le  A 1=0^1 a p p l ie s ,  non c o -o r d in a t io n  
compounds o f  Oo^* and s im i la r  t r a n s i t i o n  m etal io n s  are only  
weakly c o lo u red . In  th e  presen ce  o f  a l igan d  f i e l d  the  
R ussel-Saunders energy terms are s p l i t  in t o  terms o f  lower  
symmetry as shown i n  F igure 4 . The ground s t a t e  f o r  Cô "*" i s  
u s u a l ly  but under the  in f lu e n c e  o f  weak l ig an d  f i e l d s ,
which g iv e  r i s e  to  h igh  sp in  c o n f ig u r a t io n s ,  e .g .  i n  [CoFV]^", 
th e  ground s t a t e  i s  T^„. One a b so rp tio n  band i s  expected in  
th e  h igh  sp in  c a s e ,  \ ^ 2 g  —  ̂ g t r a n s i t i o n ) ,  and two i n  the
low sp in  case  (^A^  > ^T^  ̂ and ^A^  ̂ --------- > ^Tg^). The
Laporte S e l e c t io n  Rule fo rm a lly  fo r b id s  even th e s e  t r a n s i t i o n s  
on the  b a s i s  th a t  re-arrangm ents w ith in  any quantum s h e l l  are  
not a l lo w ed . Mixing o f  d and p o r b i t a l s  in  t r a n s i t i o n  m etal  
complexes p rov id es  the  mechanism fo r  the  t r a n s i t i o n s  but they  
are  n o n e th e le s s  extrem ely  weak i n  comparison to  other allow ed  
e le c t r o n i c  s p e c t r a l  t r a n s i t i o n s .
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FIGURE 4 . S im p li f ie d  energy l e v e l  diagram fo r  a d^ io n  
i n  an oc ta h ed ra l l ig a n d  f i e l d .
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Low sp in  complexes of th e  typ e  [CoX^]^^ have 0^ symmetry and 
fo r  t h e s e ,  e le c t r o n ic  sp e c tr a  are p red ic ted  a c c u r a te ly .  This  
i s  a l s o  th e  case  w ith  complexes o f  symmetry, ( e .g . [C o  ,
Lowering symmetry s t i l l  fu r th e r ,  as i n  th e  case  o f  c i s  and 
tr a n s  complexes o f  the  typ e  [CoA^Bg]^^, produces fu r th er  
s p l i t t i n g  o f  the  l e v e l  in to  l e v e l s .  In
th e  ca se  o f  th e  c i s  complex th e  l a t t e r  s p l i t t i n g  i s  neg l ig a b le  
and one observes only  two bands. In  th e  ca se  o f  th e  tra n s  
complex, however, th r e e  bands are  found ( 8 ) corresponding to
th e  t r a n s i t i o n s  ^A^g------ > h g g  and ^A^g ------^ d g g ,
B a llh a u sen  ( 7 ) has c o n c lu s iv e ly  demonstrated th e  r e l a t i v e  
s p l i t t i n g s  of th e  l e v e l  i n  c i s  and tra n s  complexes by
c o n s id e r in g  th e  t e t r a g o n a l  c o n tr ib u t io n s  of each isomer to  the  
c r y s t a l  f i e l d  p o t e n t i a l .

4 . KINETIC APPLICATIONS OP CRYSTAL FIELD THEORY

The o b ser v a t io n  th a t  h igh  sp in  octa h ed ra l complexes w ith  one,
two and more than th r e e  d e le c t r o n s  undergo s u b s t i t u t io n
r e a c t io n s  a t  h igh  v e l o c i t y  w h i l s t  th o se  having th r ee  d e le c tr o n s
or a low sp in  c o n f ig u r a t io n  r e a c t  c o m p a r it iv e ly  s lo w ly ,  was
f i r s t  c o r r e la te d  by Taube (lOa)« The former c l a s s  o f  compounds
he c a l l e d  l a b i l e ,  w h i l s t  th e  second were d es ign a ted  i n e r t .  The
arrangement o f  d e l e c t r o n s  p ro v id es  th e  c o r r e la t in g  f a c t o r .
For example, complexes o f  Cr^^(d^) and Cô **’(d^low sp in )  r ea c t
very  s lo w ly  in  s o l u t i o n  and are c o n v e n ie n t ly  s tu d ie d ,  w h i l s t
Mn^* and Fê **’(d^high sp in )  r e a c t  r a p id ly  and are not easy  to
study by co n v e n t io n a l  means. There i s  n o t ,  however, a n ecessa ry
c o r r e la t io n  between th e  r e a c t i v i t y  o f  a complex and i t s
thermodynamic s t a b i l i t y .  Ammines o f  Gr^^, fo r  example, a lthough
no more s t a b le  therm odynam ically than m etal complexes c l a s s i f i e d

‘̂ + 2+as l a b i l e  e . g .  o f  Sc-  ̂ or Ti , may be stu d ied  e a s i l y  in  
s o l u t i o n ,  w h i l s t  th e  l a t t e r  complexes would r a p id ly  decompose 
under i d e n t i c a l  c o n d i t io n s .
The in e r t n e s s  o f  such c o n f ig u r a t io n s  a s  oc tah ed ra l d^ may be
e a s i l y  understood i n  terms o f  th e  e f f e c t  o f  an incoming
s u b s t i t u t in g  l ig a n d  on th e  charge d i s t r i b u t io n  o f  the  attacked
io n .  O ctahedral h igh  sp in  d^, fo r  example, has no s p e c ia l
f e a t u r e s  r e s i s t i n g  th e  approach o f  a seven th  lig an d  and the
r e a c t io n  i s  s u b s t a n t i a l l y  e q u iv a le n t  to  a s im i la r  r e a c t io n  o f

2+a n o n tr a n s i t io n  m etal io n  such as Mg . I f  the  mechanism i s
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a s s o c i a t i v e ,  ( s e e  next s e c t i o n ) ,  i t  i s  enough to  br ing  the  
incoming l ig a n d  to  approxim ately  th e  same d is ta n c e  from the  
m etal as the  o ther  s i x  a lrea d y  th e re  i n  order to  ach ieve  
e q u a l i ty  o f  bond s tr e n g th  between incoming and departing  
l ig a n d s .  On the  o ther  hand, i n  th e  c a se  o f  a s im i la r  a t ta c k  
on a m etal io n  o f  c o n f ig u r a t io n  ( t g  )^, th e  incoming l igan d  
must fo r c e  an e le c t r o n  from th e  tg^  o r b i t a l s  in t o  the  e^, 
i n  order to  a c h iev e  eq u iv a len ce  w ith  the  other  s i x  l ig a n d s .  
Thus th e  a t ta c k  of th e  seven th  l ig a n d  i s  s tr o n g ly  r e s i s t e d  
by th e  complex i n  order to  p reserve  i t s  p r e v io u s ly  s ta b le  
n a tu re .
B aso lo  and Pearson (lO a) have c a lc u la te d  th e  C r y sta l  F ie ld  
S t a b i l i s a t i o n  E n erg ies  (C .P .S .E .)  o f  a number o f  c o n f ig u r 
a t io n s :  o c ta h e d r a l ,  t e t r a h e d r a l ,  square and th o se  th a t  may 
be con sid ered  a s  r e a c t io n  in te rm e d ia te  s tr u c tu r e s ;p e n ta g o n a l  
bipyram idal ( a s s o c i a t i v e ) ,  and t r ig o n a l  bipyram idal and 
square pyramidal ( d i s s o c i a t i v e ) ,  i n  both weak and stro n g  . 
c r y s t a l  f i e l d s  and c o r r e la te d  th e  v a lu e s  obtained w ith  the  
l a b i l i t y  or in e r t n e s s  o f  v a r io u s  com plexes.
For example, u s in g  th e  pentagonal bipyram idal s tr u c tu r e  as  
th a t  o f  th e  a c t iv a te d  complex i n  th e  S^2 s u b s t i t u t io n  
mechanism o f  an o c ta h ed ra l complex, B asolo  and Pearson  
c a lc u la t e d  th e  d i f f e r e n c e  between o r ig in a l  o c ta h ed ra l ,  and 
a c t iv a te d  C .F .S .E . T h is  may be consid ered  t o  be a t  l e a s t  a 
c o n tr ib u t io n  to  th e  t o t a l  a c t i v a t i o n  e n e r g y , E .  The 
c a l c u l a t i o n s ,  which n e c e s s a r i l y  in v o lv e  a number o f  
assum p tion s, f o r  a l l  d c o n f ig u r a t io n s  i n  both weak and strong  
f i e l d s ,  are summarised i n  Table 2 , reproduced from (10a) -  
B aso lo  and Pearson . A la r g e  v a lu e  o f A  E p r e d ic t s  in e r t n e s s  
w h i l s t  a sm all v a lu e  p r e d ic t s  h igh r e a c t i v i t y .  I t  may be 
seen  from Table 2 , th a t  th e  in e r t n e s s  o f  Oo^* (low  sp in )  
and Cr^* i s  w e l l  p r e d ic te d  on t h i s  model. S im ila r  r e l a t i v e  
v a lu e s  o f  r e a c t i v i t y  are  obtained i f  the  c a lc u la t io n s  are  
made f o r  a d i s s o c i a t i v e  mechanism in v o lv in g  a square  
pyramidal in te r m e d ia te .
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STRONG FIELD WEAK FIELD

System O cta- P entagonal C .F .A.E. O cta- Pentagonal C.F.A.E  
hedra l Bipyramid. hedra l Bipyramid.

d° 0 0 0 0 0 0

d' 4 5 .2 8 - 1 .2 8 4 5 .28 - 1 .2 8

d2 8 10.56 - 2 .5 6 8 10.56 - 2 .5 6

d^ 12 7 .7 4 4 .2 6 12 7 .7 4 4 .26

d^ 16 13.02 2 .9 8 6 4 .9 3 1.07

d5 20 18.30 1 .70 0 0 0

d^ 24 15.48 8 .5 2 4 5 .28 - 1 .2 8

d7 18 12.66 5 .3 4 8 10.56 - 2 .5 6

d^ 12 7 .7 4 4 .2 6 12 7 .7 4 4 .26

d9 6 4 .9 3 1.07 6 4 .93 1.07

d'O 0 0 0 0 0 0

5. MECHANISMS OF SUBSTITUTION REACTIONS IN OCTAHEDRAL 
TRANSITION METAL COMPLEXES.

Ingold  extended h i s  t h e o r i e s  o f  s u b s t i t u t io n  a t  a te tr a h e d r a l  
carbon atom to  s u b s t i t u t io n s  i n  o c ta h ed ra l t r a n s i t i o n  m etal  
com plexes, ( f o r  example s e e , 5 4 ) .  Ingold  d iv id ed  the  s u b s t i t u t io n  
r e a c t io n s  in t o  two c l a s s e s :  th e  S^^l, ( s u b s t i t u t io n  n u c le o p h i l ic  
u n im o le c u la r ) , mechanism and th e  S^P, ( s u b s t i t u t io n  n u c leo 
p h i l i c  b im o le c u la r ) , mechanism. In  the  former, slow r a te  
c o n t r o l l in g  h e t e r o l y s i s  i s  fo l lo w ed  by f a s t  a d d it io n  o f  the  
incom ing n u c le o p h i le .  Thus:

I-X ^ M' + X 
+ Y“ --------  ̂ M-Y

In the  l a t t e r  mechanism, th e  r e a c t io n  ta k es  p lace  i n  one 
b im o lecu la r  s te p  i n  which a new m e ta l- l ig a n d  bond i s  p a r t ly  
formed w h i l s t  th a t  o f  th e  outgoing  l ig an d  i s  weakened. Thus:
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Y" + M-X ------> Y M X ----- >. Y-M + Z"

As o u t l in e d  in  th e  f i r s t  s e c t io n  ( p . 6 ) ,  s in c e  th e  t o t a l  r a te  
i s  made up o f  in t e r p la y  between in d iv id u a l  s t a g e s ,  we would 
expect th e  8«1 mechanism t o  be independent o f  Y^\ s in c e  the  
r a te  determ in ing  s te p  does not in v o lv e  th e  incoming n u c leo 
p h i l e ,  w h i l s t  i n  th e  8^2 mechanism th e  r a te  should be dependant 
on the  n u c le o p h i l i c  c h a ra cter  o f  Y~.
There have been many developm ents and e x te n s io n s  o f  I n g o ld 's  
c l a s s i f i c a t i o n  i n  order to  account fo r  mechanisms in term ed ia te  
between th e  two ex trem es.B aso lo  and Pearson (lOa) su b-d iv id ed  
th e  c l a s s i f i c a t i o n  in t o  8^1 and 8^1 ( l im ) ,  and 8^2 and 8 ^ 2 ( lim ).  
In  th e  former p a ir ,  th e  l im i t i n g  case  r e f e r s  to  a r e a c t io n  
i n  which d e f i n i t e  ev id en ce  fo r  a reduced c o -o r d in a t io n  
number can be found, w h i l s t  th e  n o n - l im it in g  c a se  obeys, say ,  
th e  k i n e t i c  requirem ents o f  a d i s s o c i a t i v e  p ro cess  even  
though no ev id en ce  can be found fo r  a reduced c o -o r d in a t io n  
number. The l i m i t i n g  ca se  in  the  a s s o c i a t i v e  mechanism r e f e r s  
to  th a t  case  when the  r a te  depends only on bond making, 
w h il s t  th e  n o n - l im it in g  case  has e q u a l i ty  between bond making 
and bond breaking .
Langford and Gray (6 7 )  remove emphasis both from the  
m o le c u la r i ty  o f  th e  r e a c t io n  and from the  n u c l e o p h i l i c i t y  
o f  the  s u b s t i t u t in g  l ig a n d .  In  t h e i r  scheme th e  incoming  
l ig a n d  may occupy th e  ap p rop ria te  p la c e  i n  an outer  c o -o r d in 
a t i o n  sphere p u re ly  by a c c id e n t ,  ( ' a c c id e n t a l  b im o le c u la r i t y ' ) ,  
energy i s  tr a n s fe r r e d  r a p id ly  and th e  new complex may be 
formed w ithout the  new l ig a n d  having con tr ib u ted  a t  a l l  to  
the  a c t i v a t i o n  energy. Thus, s t o i c h io m e t r ic a l ly  the  r e a c t io n  
i s  b im o lec u la r ,  but the  in t im a te  mechanism, in v o lv in g  energy  
t r a n s f e r  to  a t t a i n  the  t r a n s i t i o n  s t a t e ,  i s  un im olecu lar . In  
th e  l i g h t  o f  th e s e  p o s t u la t io n s ,  the  fo l lo w in g  c l a s s i f i c a t i o n  
was d e r iv e d .
( i )  D, d i s s o c i a t i v e .  Analogous to  the  8^1 ( l im )  mechanism.
The in te rm e d ia te  has reduced c o -o r d in a t io n  number.
( i i )  A, a s s o c i a t i v e .  Analogous to  th e  8^2 ( l im )  mechanism.
The in te rm e d ia te  has in c re a se d  c o -o r d in a t io n  number.
( i i i )  I ,  in te rc h a n g e . The le a v in g  group moves from inn er  to  
ou ter  c o -o r d in a t io n  sphere , a s  th e  incoming group moves from 
outer  to  in n e r .  The c o -o r d in a t io n  number o f  the f i r s t  
c o -o r d in a t io n  sphere i s  a t  no tim e a l t e r e d .  S u b d iv is io n s  o f
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th e  I p ro cess  are: a s s o c i a t i v e  in te rc h a n g e , I , where the  
a c t i v a t i o n  energy i s  a f f e c t e d  m ostly  by the  incoming l ig a n d ,  
and d i s s o c i a t i v e  in te rc h a n g e , when the  incoming ligan d
has l i t t l e  e f f e c t  on th e  a c t i v a t i o n  energy.
I t  i s  fr e q u e n t ly  found t h a t ,  fo r  an ion s other than hydroxide,  
the  r a te  of s u b s t i t u t io n  i s  independent  o f  th e  s u b s t i t u t in g  
n u c le o p h i le .  T his i s  not n e c e s s a r i ly  symptomatic o f a D or 
S^1 ( l im )  p r o c e s s ,  but a consequence o f  r a te  determ ining  
s u b s t i t u t io n  by w ater , fo llow ed  by a f a s t  a n a t io n  r e a c t io n  
as th e  co -o rd in a ted  water i s  rep laced  by a l ig a n d .
H y d ro ly s is  i s  g r e a t ly  f a c i l i t a t e d  by the  presence  o f  hydroxide^ 
even i n  c a t a l y t i c  amounts. E xp lan ation  of th e  second order  
k i n e t i c s  observed a t  f i r s t (  9 8 ,5 5 ,5 6 ) ,was made in  terms o f  a 
b im o lecu la r  p r o c e s s .
Mechanisms in troduced  to  e x p la in  k i n e t i c s  d i f f e r i n g  from 
second order in c lu d e :  the  8^1 conjugate  base (8^1CB) mechanism, 
th e  8ĵ 2CB mechanism,as w e l l  as th o se  in v o lv in g  form ation  o f  
io n  p a ir s  and e le c t r o n  t r a n s f e r .
The 8j 1̂CB mechanism, introduced  by Garrick ( 42 ) in v o lv e s  
d e p ro to n a t io n  o f  an a c id ic  group in  the  complex and may be 
used to  e x p la in  a l i m i t i n g  r a t e ,  i f  one i s  reached, in  
con cen tra ted  b a se .  The a c id ic  proton may come from an ammine 
group or any o ther  source c o n ta in in g  a c id ic  protons ( 3 5  )• 
8ubsequent s te p s  in v o lv e  slow  h e t e r o l y s i s  to  g iv e  a f i v e
c o -o r d in a te  in te rm e d ia te  ( th e  D p r o c ess )  and rapid a d d it io n
o f  water to  g iv e  the  p ro d u cts . For example:

[Co(NH^)gX]%+ + OH" ' ^ [Go(NHj)^NH2l](*"l)^+ HgO (A )

[Co(MHj)^NH2%](*"l)+ [Co(NHj)^NH2]K+ + X" (B )

[Co(NHj)^MH2]"* +HgO [Co(RHj)gOH]"+ ^

I f  the  conjugate  base r e a c t s  d i r e c t l y  w ith  w ater, t h i s  
c o n s t i t u t e s  an 8^20B mechanism:

HgO ------> [Co(HHj)^OH]*^t X" (D )

From B Rate = kLConjugate B ase] (12)
From A [O onj.B ase] = [C onj. Acid][OH ]K (13)

A lso ,  [T o ta l  Complex] = [C onj.A cid]+LC onj.Base] (14)
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Thus, [C on j.B ase] = K[OH"]( [T o ta l  C o m p lex ]-[C on j.B ase])(15 )
Then, [C on j.B a se ]  = K[OH"][Total Comp l ex] (1 6 )

1+ E[OH"]

S u b s t i t u t in g  (16 ) i n ( l 2 ) ,
Rate = kK[OH"][Total Complex] (17)

1+ K[OH"]

When K[OH"] 1, Rate = kK[OH"][Complex] and th e r e fo r e ,  
o v e r a l l  second order k i n e t i c s  are observed . I f ,  however, 
K [0 H " ]«  1, Rate = kCComplex], i . e .  th e  r a te  becomes independ
ent o f  hydroxide and a f i r s t  order l im i t i n g  r a te  i s  reached. 
This means th a t  e q u i l ib r iu m (A ) l ie s  predom inantly to  th e  r ig h t ,  
and a l l  th e  complex i s  i n  th e  form o f  th e  conjugate  b a se .

Experim ental ev id en ce  fo r  conjugate  base mechanisms i s  
p l e n t i f u l .  The r a te  o f  hydrogen exchange o f  ammine protons  
( 9 ) ,  i s  about 10^ t im es  f a s t e r  than  base h y d r o ly s is .  This  
p ro v id es  good ev id en ce  in  favour  o f  a f a s t  d ep ro ton ation  
e q u il ib r iu m . Oxygen^^ s tu d ie s  o f  [Co(NH^)^X]^'*’, (49  ) where 
X= c h lo r in e ,  bromine, io d in e  support an S^1GB mechanism. The 
i s o t o p i c  f r a c t io n  o f  th e  products o f  h y d r o ly s is  i s  in v a r ia n t  
no m atter what th e  nature o f  X. When X= f l u o r in e ,  v a r ia t io n  
does occur and t h i s  was taken  a s  symptomatic o f  an Sj 2̂CB 
mechanism. Further h y d r o ly s is  s t u d ie s  (22  ) o f  su b s t i tu te d  
c o b a lt  ( I I I )  pentammines i n  co m p etit io n  w ith  added a n io n s ,
Y": Y=N%, SCN", CH^COO", 80^^" and showed th e  form ation
o f  some [CoCNHpjY]^'^. The r a t io  o f  [Co(NHU)^Y]2+.
[Co(KH,) çOH]^^ was found to  be dependent on the  co n cen tra t io n  
o f  Y" and independent o f  hydroxide and was th e r e fo r e  taken  
a s  an in d ic a t io n  o f  an 8«1CB r a th er  than an 8^203 mechanism, 
where not only should th e  r a te  be independent o f  hydroxide  
but dependent on X", the  l e a v in g  group.
Tobe ^  ^  (83 ) have demonstrated th e  e x is t e n c e  of a 
con ju g a te  base during  th e  course  o f  th e  base h y d r o ly s is  o f  
t r a n s -[Cod^-cyclam Cl^]^, (d^-cyclam  = N ,N ',N " ,N '" -te tr a d e u te r io  
- 1 , 4 ,8 ,1 1  - t e t r a a z o c y c lo t e t r a d e c a n e ) , i n  2 ,6 -d im e th y lp ip e r id in e  
/HCl b u f f e r .  A fte r  about 30^ r e a c t io n ,  f i r s t  th e  unreacted  
t r a n s -[Cod^-cyclamC1^]* was p r e c ip i t a t e d  as  th e  in s o lu b le  
p e r c h lo r a te ,  fo l lo w ed  by th e  r e a c t io n  product, a l s o  pre
c i p i t a t e d  as tra n 3 -[Cod^-cyclamClo]C10^. The ex ten t  o f  
hydrogen exchange in  both  unreacted su b s tr a te  and product



2 2 .
was determined from th e  N-H and N-D s t r e t c h in g  a b so rp tio n s .  
Approximately 20^ cxohango occured i n  the  unreacted su b s tra te  
and about 40^ i n  th e  produ ct. Nb exchange occured i n  tr a n s -  
[Cod^-oyclam (OH)(Cl)]* under i d e n t i c a l  c o n d it io n s .  The ex tra  
exchange in  the  product must th e r e fo r e  take p la ce  as i t  i s  
b e in g  formed. Only i n  th e  Sj l̂CB mechanism does hydrogen 
exchange accompany base  h y d r o ly s is  and i t  must th e r e fo r e  
apply here.
F urther , th e  r e s u l t s  in d ic a t e  th a t  r e a c t io n (A ) (p .2 0 )  should  
be su b je c t  to  some g e n e ra l  base c a t a l y s i s .  The io n  p a ir  and 
a s s o c i a t i v e  mechanisms req u ire  s p e c i f i c  hydroxide c a t a l y s i s .  
R eaction  w ith  th e  i o n i c  b a se ,  a s id e ,  obeys a two term r a te  
law , o f  which only one can be a scr ib ed  to  a hydroxide  
dependence.
T r ea t in g  th e  con ju gate  base mechanism from the Valence Bond
v iew p o in t  ( 81 ) ,  Tf over lap  occures between th e  f i l l e d  p
o r b i t a l s  o f  the  n i tr o g e n  o f  the  amido group and e i t h e r  the
f i l l e d  d o r b i t a l  o f  th e  m eta l,  or th e  p o r b i t a l  i f  the  xy X
m etal shared by the  m eta l and l iga n d  i n  o' bonding. The 
o v er lap  r e p r e se n ts  a r e p u ls iv e  fo r c e  d ir e c te d  a t  the  l ig an d  
c i s  to  the  amido group.

NHNH

c i s

X NH.
/ K  /  I Or \o

y X ----> M f----  NHp

"NHj tra n s

(The ammonias above th e  p lane are ommitted fo r  c l a r i t y ) .

Nordmeyer ( 7 5 ) has used th e  argument th a t  th e  amido group in  
an S^1CB mechanism i s  formed p r e f e r e n t i a l l y  c i^  to  the  le a v in g  
group, X, to  e x p la in  product d i s t r i b u t io n s  i n  base h y d r o ly s is  
r e a c t io n s  o f  th e  complex io n s :  [Oo(NH.)^X]^* and [CoenpLXl^t 
Good agreement i s  found between observed and p red ic ted  r e s u l t s .  
Pearson and B asolo  ( 80 ) have p r e v io u s ly  c a lc u la te d  th e  
f r a c t i o n s  o f  t r ig o n a l  b ipyram idal in te rm e d ia te s  produced from 
P ie  and tra n s  forms o f  [CoengBX]^"^ i n  an 8^ 1CB mechanism. The 
f o l lo w in g  scheme shows th e  s te re o ch em istr y  they  proposed:
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(5 )L ^  f  ^NH„(2)

(4)HH

tra n s  -H

> (5)1. —  Cô

(1 ) 23.

I . -, ^ t r a n s  a t
T T 7 k

t a ( 4 )  y V c i s  a t  
/  2 ,5  andKH

A. L 4 ,5 .

(4)NII

KH 

'^NH

( 2 )
2 fEgO ra cém isa tio n-\ rr-̂   ̂ \  ̂ +n^u racem isat

I — 4

NH, ( 3 ) and /  3 ,4 )

B.

A  o i s
(4 ) ,'NH( 2 )

NH,
NH, (3 )

in v e r s io n
or
r e t e n t io n

C.

The amido group i s  most favourably  formed in  th e  t r ig o n a l  
p la n e , ( 7 9  ) a l lo w in g  s tron g  m etal to  l iga n d  T T  bonding. I f  
th e  e thylendiam ine  c h e la t e  c o n ta in in g  the amido group i s  
conta ined  w ith in  th e  t r ig o n a l  p la n e , th e  in term ed ia te  C, i s  
a ssy m etr ic  and th e  two ends o f  th e  e thylendiam ine l ig a n d  are  
d i s t in g u i s h a b le .  D i f f e r e n t  amounts o f  th e  two c i s  enantiomers  
r e s u l t  on a d d it io n  o f  w ater . For in s ta n c e  T V * c i s  
[CoengNH^Cl]^^ g iv e s  245̂  Z \  c i s , ( c a l c u la t e d ,  20^). Otherwise 
- a s  i n  B -  th e  in te rm e d ia te  i s  sym m etrical and only racemic  
product can r e s u l t  from i t .  Good experim enta l agreement i s  
found w ith  p red ic ted  r e s u l t s ,  thereby  len d in g  proof to  the  
S^dCB mechanism. For in s ta n c e ,  i t  i s  p red ic ted  by the  above 
scheme, th a t  the  c i s  isom er must never g iv e  l e s s  c i s  product 
than th e  tra n s  isom er. T his i s  never v io la t e d  i n  the  l i s t  o f  
r e a c t io n s  compiled by B aso lo  and Pearson.
The S^2 io n  p a ir  mechanism, analogous t o  th e  p r o c e s s ,  has
a l s o  been su ggested  ( 2 6 ) ,  a s  a r e s u l t  o f  anomalous k i n e t i c s  
The h y d r o ly s is  o f  [Oo(NH^)^Gl]^^ and [OoenpNH^Cl]^^ has bee  
su gg ested  to  go by an 8^2 io n  p a ir  mechanism.

*
_A_ u ses  th e  n o ta t io n  o f  P ip e r ( 82 ) to  d e sc r ib e  r ig h t  handed 
c h i r a l i t y  about th e  Cp a x i s .
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[Oo(HHj)^Gl]2+ ([Co(KHj)gCl]2+.OH) ( E)

([Co(MHj)_Cl]2+.OH) ([Co(HH)^OH]^tci)

[Oo(KHj)^OH]2++ Cl" (? )

From t h i s  proposed mechanism, and in  the  presen ce  o f  a la r g e ,  
’ f i r s t - o r d e r ’ , e x c e ss  o f  hydroxide, th e  r a te  law:

lA o b s  = lAk[OH"] + 1/k ( 18)

-  was c a lc u la t e d .  F r o m ( l8 ) ,p lo t s  o f  1 A  y v e rsu s  l /[0 H ~ ]  
gave s t r a i g h t  l in e  p lo t s .  However, th e  r a te  law would a lso  
f i t  a d i s s o c i a t i v e  process , K being  the  ac id  d i s s o c i a t i o n  
c o n s ta n t .  K, was found to  d ecrease  a long  the  s e r i e s :  (ITH^)^, 
(NH^jeng, (N H ^)trien , and t h i s  was taken  as d ia g n o s tic  of 
an io n  p a ir  mechanism, s in c e  in c r e a se  i n  th e  s i z e  o f  the  
complex m olecule  would be expected to  d ecrease  the  p o s s i b i l i t y  
o f  io n  p a ir  form ation .

The p o s s i b i l i t y  o f an e le c tr o n  t r a n s fe r  mechanism in  base
h y d r o ly s is  has been com prehensively reviewed by G i l la r d ( 4 4 ) .
In  th e  case  o f  [Co(NH.)t-X] , th e  proposed r a te  c o n t r o l l in g

2+s te p  i s  form ation  o f  a Go in term ed ia te  from an io n  p a ir ,
thu s :

( [ G o 3 + ( N H j ) g Z ] . 0 H ) +  ( [ ( N H j ) g G o 2 + Z ] 0 H - ) +  ( G )

Esr s t u d ie s  o f  such r e a c t io n s  have not succeeded in  showing 
th e  presence  o f  r a d i c a l s .  Some ev id en ce  may be furn ish ed  in  
terms o f  e le c t r o n  a f f i n i t i e s  o f  the  s e r i e s :  Go^*, Gr^*, Ru^^ 
and Rh^^. Go^  ̂ has th e  h ig h e s t  value (3 5 .5 e v )  and i s  
observed to  r ea c t  f a s t e s t .

Although s tu d ie s  of n e i th e r  racém isa tion  nor in v e rs io n  of 
c o n f ig u ra t io n  were undertaken during th e  course o f  t h i s  
p r o j e c t ,  iso m er ic  changes were fo l lo w e d . For th e  sake of 
c o m p le te n e ss ,  B aso lo  and P earson ’ s c l a s s i c a l  trea tm ent of 
th e  s te re o ch em ic a l  consequences o f  an S^1 ( l i m ) , ( o r  D) or 
8 ^ 2 ( l im ) , ( o r  A ), p ro cess  (,1 Ob), i s  included in  t h i s  in t r o 
d u c t io n .
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(i)Sj^2 or displacem ent, nrechanism i n  th e  complex type c i s

c i s
a t ta c k t

A. I  X' 
M'

( 4 ) A ^
^ A  

( 6 )

c i s

t rans /
a t ta c k  A,

r e te n t io n

1 t r a n s  
a t  /  4,5 
1 r e te n t io n
a t  /  3,4-
1 in v e rs io n  
a t  /  1 ,4

The seven  c o -o r d in a te  pentagonal bipyram idal in term ed ia te  
may be formed by a t ta c k  o f  the  incoming group Y^adjacent to-  
th e  d ep a r tin g  group, c i s  a t ta c k ,  or o p p o s ite  to  the  departing  
group, tr a n s  a t ta c k .  The adjacen t l ig an d  s h i f t s  a long  the  
o c ta h ed ra l  edge a l lo w in g  the  incoming group to  e n ter .  Basolo  
and Pearson a l s o  o u t l in e  th e  more l i k e l y  a t ta c k  on the  
o c ta h ed ra l  f a c e , to  g iv e  an in term ed ia te  seven c o -o r d in a te  
octahedral-w edge  s t r u c tu r e .  But, s in c e  th e  s tereoch em ica l  
consequences are i d e n t i c a l  to  th o se  o f  edge d isp lacem en t,  
t h i s  i s  not d e a l t  w ith  h ere . C is a t ta c k  in  th e  above example 
l e a d s  to  r e t e n t io n  o f  c o n f ig u r a t io n ,  (a s  i t  always d o e s ) ,  
w h il s t  tra n s  a t ta c k ,  depending on i t s  d i r e c t io n ,  may w ith  
equal p r o b a b i l i t y  g iv e  tra n s  p r o d u c t c i s  product or 
i n v e r s io n  o f  c o n f ig u r a t io n .  O p tica l  a c t i v i t y  i s  th e r e fo r e  l o s t  
e i t h e r  by produ ction  o f  th e  tra n s  isomer and/or by the  equal 
p r o b a b i l i t y  o f  form ation  o f  the  two in te rm e d ia tes  g iv in g  
equal amounts o f  th e  two c i s  enantiomorphs.

( i i ) T h e  S»1 or d i s s o c i a t i o n  mechanism -  r eq u ire s  the  form
a t i o n  o f  a f i v e  c o -o r d in a te  in te r m e d ia te ,  e i th e r  a t r ig o n a l  
bipyramid or a t e tr a g o n a l  pyramid. On the  assumption th a t  in  
th e  ca se  o f  th e  t e tr a g o n a l  pyramidal in te rm e d ia te ,  the  
e n te r in g  group Y~ e n te r s  th e  in term ed ia te  in  the  same p o s i t io n  
as th a t  vacated  by th e  ou tgoing  group, no re-arrangement ta k es  
p la c e  during th e  course  o f  the  r e a c t io n .  This seems l i k e l y  in
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th e  l i g h t  o f i  a) minimum atomic m otion be ing  needed to  form 
th e  new octahedron and b) accord ing  to  v a len ce  bond theory  
the  vacant d^sp^ hybrid o r b i t a l  p o in t s  d i r e c t l y  toward the  
incoming group. The fo l lo w in g  scheme o u t l in e s  th e  s t e r e o 
chem ical changes accompanying t h i s  mechanism fo r  th e  complex 
ty p e _ /V  c i s  MfAAjg&X.

+Y r e t e n t io n

'A

(5)A(^ ^  ^ Z ( 2 )

(4)j!

T etragonal Pyramid 
/ ^ A

(5)A% I
' ; m -  L ( 3 ) n X

(4)A'y
A

2 r e te n t io n s  
a t  /  3 ,5  
and £  3 ,4 .
1 tra n s  
a t  /  5 ,4

T rigon a l Bipyramid A 
A

( 6)A.^
I ''

( 4 ) A ^  Z 1 .4  and
Z 1 ,6 )

ra cém isa tio n  
(+ c i s  a t

T r igon a l Bipyramid B

Loss o f  o p t i c a l  a c t i v i t y  i n  th e  S«1 mechanism, may take p la ce  
v i a  e i t h e r  in te r m e d ia te ,  but any r e t e n t io n  o f  o p t ic a l  
a c t i v i t y  must take  p lace  v i a  A. In v e r s io n  i s  not p o s s ib le  -  
u n le s s  the  c h e la te  r in g  i n  th e  t r ig o n a l  p lane i n  B i s  not 
sym m etrical. This makes B a ssy m etr ic  and capable o f  r e a c t in g  
w ith  in v e r s io n  or r e t e n t io n  o f  c o n f ig u r a t io n  in  unequal 
amounts. In  the  S«1CB mechanism ( p . 23) where the amido group 
i s  formed i n  the  eth y len ed iam ine  c h e la te  ly in g  in  the t r ig o n a l  
p la n e ,  t h i s  i s  th e  c a s e ,  p erm itt in g  a route  to  net in v e r s io n  
or r e t e n t io n  v i a  B (or  in term ed ia te  G, p . 2 3 ) .
S tereoch em ica l re-arrangem ents are co n s id era b ly  more numer- 
ous i n  an S«1 or S^IGB mechanism than in  an 5^2.
Tobe(99 ) has drawn a comparison between the  ex ten t  o f  s t e r i c  
change accompanying aq u ation  i n  a d i s s o c i a t i v e  mechanism and 
th e  entropy o f  a c t i v a t i o n .  As w e l l  a s  w e l l  known tran s  systems
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ouch c.s [Coen^(Cl)(OH)]+, [CoengfNCSjfGl)!^, [CoengN^ül]^, 
[Coen^Clr,] and [RhengClg]^, some tra n s  complexes having the  
s t e r e o r e tu n t iv e  quadridentate  l ig a n d ,  eyelam ( 1 ,4 ,8 ,1 1  -  
t e tr a a z a o y c lo te tr a d e c a n e ) ,  in s te a d  o f  en^ were a ls o  examined. 
These underwent a q u ation , as exp ected , w ith  r e t e n t io n  
c o n f ig u r a t io n .  However, i t  was only a f t e r  d e r iv in g  entropy  
d ata  th a t  a sy s tem a tic  c o r r e la t io n  was ob ta in ed . In every  
c ase  s t e r i c  change i s  a s s o c ia te d  w ith  a h igher entropy o f  
a c t i v a t i o n  than i s  r e t e n t io n  of c o n f ig u r a t io n .
Such a c o r r e la t io n  did n o t ,  however, e x p la in  th e  r e s u l t s  o f  
the  aq u ation  o f  the  corresponding c i s  isom ers , which reac t  
l a r g e ly  w ithout s t e r i c  change, u n l e s s , as had been deemed 
u n l ik e l y ,  a b im o lecu lar  mechanism could be invoked. In  order 
t o  e x p la in  more f u l l y  the  entropy v a lu e s  ob ta in ed , i t  was 
proposed th a t  when th e r e  are fou r  amine groups c i s  to  the  
same le a v in g  group, the  h igh er  entropy v a lu e s  are d ia g n o s t ic  
o f  a t r ig o n a l  b ipyram idal in term ed ia te  and the  lower are  
d ia g n o s t i c  o f  a t e t r a g o n a l  pyramidal in term ed ia te  -  which 
p r e c lu d es  s t e r i c  change.
Furthermore, i t  was proposed th a t  the  energy d i f f e r e n c e  b e t 
ween th e  two in te r m e d ia te s  i s  not la r g e .  A d ir e c t  consequence  
o f  t h i s  p e r ta in s  t o  s u b s t i t u t io n  r e a c t io n s  o f  th e  c i s  complex 
[Coen2C l2]^ i n  nonaqueous s o lu t io n  (lOO) and the  Hg^  ̂ c a ta ly 
sed aq u ation  ( 23) which take p lace  w ith  s tereo ch em ica l change. 
Both had been a sc r ib ed  a t r ig o n a l  bipyram idal in term ed ia te  to  
account fo r  th e  observed change. However, i f  th e  energy  
d i f f e r e n c e  sm a ll ,  a change o f  so lv e n t  or le a v in g  group 
might be expected to  push the  in t e r p la y  o f  c o n f ig u r a t io n  -  
d e c id in g  f a c t o r s  over to  a t e tr a g o n a l  pyramid. Such m od if ica 
t i o n s  would th e r e fo r e  r ea c t  w ithout s t e r i c  change -  as i s  
o b s e r v e d . in  aqueous s o lu t io n .
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PART OIŒ

Pmr S tu d ie s  o f  Complexes o f  C o b a l t ( I I I )  Contain ing  

C o-ordinated  M alonate.
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INTRODUCTION.

1 . NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY (NMR).

Atomic n u c le i  w ith  odd atomic number, odd mass number, or 
both  p o s s e s s  m agnetic moments. For example; ^H(I, the  n u clear  
:^pin quantum number = &), has magnetic moment 2 .7 5  mag-
n e to n s ,  ( l = i ) ,  has = 0 .7 0 ,  has yu = 2 .6 3  and

P ,(I= & ) ,h a s  yx  = 1 .13 -  are th e  most common a v a i la b le  fo r  
study by NMR. The most common a p p l ic a t io n  i s  to  protons;  
proton  m agnetic reso n a n ce ,(p m r).
In  a m agnetic  f i e l d  a magnetic nucleus a l ig n s  i t s  a x i s  a t  
q u a n tised  a n g le s  to  the  f i e l d  d i r e c t io n  and p r o c esse s  about 
th a t  d i r e c t io n .  There are (21 + 1) a n g le s  a v a i la b le .  Thus, 
f o r  a n u c leu s  w ith  sp in  i ,  th ere  are two such a n g le s .  These 
may be regarded as  w ith ,  or a g a in s t  the  app lied  magnetic
f i e l d ,  H . The quantised  a n g le s  are eq u a lly  separated by an
energy d i f f e r e n c e  o f  On app ly ing  an o s c i l l a t i n g ,
(r a d io  fre q u en cy ) ,  f i e l d  to  the  m a g n etica lly  quantised  sample,
energy i s  absorbed, and t r a n s i t i o n s  take p la ce  between
a d ja c en t  l e v e l s .  The resonance c o n d it io n ;

(19)
I

can be met by f i x i n g  V and vary in g  H , or v i c e  v e r sa .  In  
p r a c t i c e  th e  former techn ique i s  used . 'Sweep c o i l s '  near  
th e  p o le  p ie c e s  o f  a la rg e  magnet are used fo r  t h i s  purpose. 
The RF f i e l d  d e r iv e s  from a c o i l  wound round the sample 
compartment powered by an RF o s c i l l a t o r .  Absorption o f  energy  
i s  d e te c te d  by a r e c e iv e r  c o i l  w ith  i t s  a x i s  perpendicu lar  to  
th e  main f i e l d .  As th e  f i e l d  i s  swept, the c h a r a c t e r i s t i c  
a b s o r p t io n s  are d e tec ted  by the  r e c e iv e r  c o i l  and d isp lay ed  
on a r ec o rd er .  S ig n a l  s tr en g th  i s  p rop ortion a l to  and 
co n seq u en tly  h igh  f i e l d s  are used . For in s ta n c e ,  14,000 gauss  
w ith  a 60 MHz o s c i l l a t o r ,  or 23 ,000  gauss w ith  a 100 MHz 

o s c i l l a t o r .

2 . SPECTRUM PARAMETERS.

( i )  The Chemical S h i f t  -  i s  th e  frequency sep a ra t io n  o f
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in d iv id u a l  n u c le i  from a s e le c t e d  re fe ren ce  s ig n a l ,  e . g .  
te traraeth y l s i l a n e  (TMS) fo r  % . Valence e le c tr o n s  are induced  
by an a p p lied  f i e l d  to  c i r c u la t e  i n  a plane p erpend icu lar  to  
th e  f i e l d .  This r e s u l t s  in  th e  g en e ra tio n  of an e l e c t r i c  
c u r re n t  producing a su b s id ia ry  f i e l d  in  opposit ion  to  the  
main f i e l d ,  which must then  be in crea sed  to  induce resonance.  
The e x te n t  o f  t h i s  d iam agnetic  s h i e l d i n g v a r ie s  from nucleus  
to  nu cleu s depending on i t s  environment, g iv in g  each a 
c h a r a c t e r i s t i c  chem ical s h i f t .  The s h i f t  i s  p r o p o r t io n a l  to  
f i e l d  s tr e n g th  and i s  u s u a l ly  expressed  as a f r a c t i o n ,  ( i n  
ppm), o f  th e  f i e l d  -  a lthough  i t  can be s ta te d  as a f r a c t io n  
o f  th e  o s c i l l a t o r  freq u en cy , producing a f i e l d  independent 
v a lu e .  In  o le f in i c  system s e le c t r o n s  c i r c u la t e  in  the  p lane  
o f  th e  bond a x i s  and s in c e  a ttach ed  protons are o u ts id e  the  
c i r c u l a t i o n ,  they  ex p er ien ce  a r ev e rse  induced f i e l d ,  and 
are s h i f t e d  dow nfield . In  aromatic system s th e  e f f e c t  i s  
enhanced as e l e c t r o n s  can c ir c u la t e  over s e v e r a l  bonds, and 
arom atic  protons su b seq u en tly  reso n a te  a t  even lower f i e l d s  
than o l e f i n i c  p r o to n s .
S t e r i c  com pression (dow n fie ld  s h i f t )  and conform ational  
r i g i d i t y  (up or dow nfield  s h i f t ) ,  account fo r  lon g  range 
in tr a m o le c u la r  chem ical s h i f t  e f f e c t s .  The phenomenon i s  
a l s o  so lv e n t  and c o n c e n tr a t io n  dependent.

( i i )  S p in -sp in  coup ling . Two n u c le i  f a i r l y  c lo s e  to g e th e r  
may i n t e r a c t  v i a  a p e r tu rb a t io n  of the  e le c t ro n ic  wave 
f u n c t io n ,  each producing a sm all permanent f i e ld  a t each  
o th e r .  I f  th ey  are e q u iv a len t  no e f f e c t  i s  observed . I f  
i n e q u iv a l e n t , s in c e  each has (21 + 1 ) p r e c e s s io n  a n g le s ,e a c h  
o f  which produces a d i f f é r a n t  m agnetic e f f e c t  on the  n e ig h 
bouring  n u c le u s ,  each s p l i t s  th e  resonance l i n e  o f  th e  o th er .  
Thus, i n  I ,  proton  a can have energy l e v e l s ,  and

M-. / Q
M -C H  - -  CH;" 

a  x a

I I I

2|iH  ̂ i s  a very  sm all energy d i f f e r e n c e  and Boltzmann 
d i s t r i b u t i o n  p r e d ic t s  th a t  th e  l e v e l s  have alm ost equal  
p o p u la t io n s ,  i . e .  equal numbers o f  m olecu les  have th e  a
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p ro to n  i n  each l e v e l .  Equal numbers o f  x p ro tons thus
e x p e r ie n c e  each o f  two s l i g h t l y  d i f f e r e n t  f i e l d s  and so
produce two s p e c t r a l  l i n e s  o f  equal i n t e n s i t y  -  a d o u b le t .
The X protons e x er t  an i d e n t i c a l  s p l i t t i n g  e f f e c t  on th e  a
proton  l i n e .  The s e p a r a t io n  o f  th e  two l i n e s  o f  each d ou b le t
i s  th e  co u p lin g  c o n s ta n t ,  In s tr u c tu r e  I I ,  the  two a
proton s have com binations o f  sp in s :  — , th e  second
and th ir d  b e in g  e q u iv a le n t .  The x proton  l i n e  i s  thu s s p l i t
in t o  a 1 : 2:1 t r i p l e t  w h i l s t  th e  a l i n e  remains a s  a d o u b le t .
F u rth er , th r e e  e q u iv a le n t  protons have sp in  com binations:
+++»++-(3 ) I— + ( 3 ) ; ----- , and thu s s p l i t  ad jacen t protons in to
1 :3 :3 :1  q u a r te ts  -  and so on. Spin i n t e r a c t io n  f a l l s  o f f
r a p id ly  w ith  d i s t a n c e .  In  benzene, fo r  in s ta n c e ,  or th o , meta
and para c o u p lin g  c o n s ta n ts  are: 6 -9  Hz, 1-3 Hz and 0-1 Hz
r e s p e c t i v e l y .  W hilst  quantum mechanics s t a t e s  th a t  sp in
i n t e r a c t io n s  must take  p la c e  through bonds, th e re  have been
s e v e r a l  r e p o r ts  o f  *th rough -sp ace ' cou p lin g  i n  th e  l i t e r a t u r e
Although n o ta b ly  ^^F -  ^^F and ^^F -  ^H(74 an d  8 4 ) , s e v e r a l  
1 1H -  H examples have been r e p o r te d ( (6 ) and p . 7 2 ) .
Spin i n t e r a c t io n  must take  p la ce  over a tim e in t e r v a l  which 
i s  lo n g  compared to  th e  r e c ip r o c a l  o f  th e  cou p lin g  c o n s ta n t .  
Chemical exchange se p a r a t in g  a p a ir  o f  n u c le i  in  a tim e  
sh o r te r  than t h i s  w i l l  remove sp in  c o u p lin g . Furthermore, 
th e  energy s t a t e s  must be con sta n t over th e  i n t e r a c t io n  
p e r io d .  T h is  i s  why sp in  co u p lin g  in v o lv in g  a n u cleus o f  
s p i n /  i ,  (C o b a lt ,I  = 7 / 2 ,  ^ ^ C h lorine ,!  = 3 / 2 ) ,  i s  seldom  
se e n . R e la x a t io n  ta k e s  p la c e  v i a  th e  e l e c t r i c  quadrupole  
moment and i s  u s u a l ly  much more rapid  than th a t  o f  any 
a d ja cen t  sp in  i  n u c l e i .
S p ec tra  o f  sp in  i  n u c le i  are  c h a r a c t e r i s t i c a l l y  sharp l in e d ,  
s in c e  th e  n u c lea r  sp in  r e la x a t io n  mechanisms are i n e f f i c i e n t .  
Broadening o f  l i n e s  may be due t o  s e v e r a l  f a c t o r s ,  explana
t i o n  o f  which i s  sometimes u s e f u l .  The presen ce  o f  para
m agnetic  m a te r ia l  sh o r te n s  th e  r e la x a t io n  tim e thereby  
broadening a l i n e .  A l t e r n a t i v e ly ,  unreso lved  sp in  c o u p lin g ,  
or tim e dependent i n t e r n a l  r o t a t io n  and chem ical exchange 
may r e s u l t  i n  th e  same e f f e c t .  An e l e c t r i c  quadrupole 
moment can a s s i s t  r e la x a t io n  by i n t e r a c t io n  w ith  the  
f l u c t u a t i n g  e l e c t r i c  f i e l d  g r a d ien t  a t  th e  n u c le u s .  Hence,

Ĥ -  l i n e s  are  alw ays broad.
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Both chem ical s h i f t  and sp in  co u p lin g  are su b jec t  to  tim e  
a v e ra g in g . For in s ta n c e ,  rapid conform ationa l exchange in  
which a n u cleus has d i f f e r e n t  chem ical s h i f t s  and cou p lin g  
c o n s ta n ts  w i l l  r e s u l t  i n  th e  spectrum c o n s i s t in g  o f  the tim e  
average o f  the  in d iv id u a l  param eters. Slow exchange produces  
superimposed sp e c tr a  o f  in d iv id u a l  conform ers, w h i l s t  i n t e r -  
m ediate  r a te s  r e s u l t  i n  b r o a d - l in e  s p e c t r a , ( s e e  S e c t io n  3 ) .  
In ter m o le cu la r  exchange averages chem ical s h i f t s  but removes 
c o u p l in g ,  a s  d escr ib ed  above.

3 . SPECTRUM NOTATION.

The pmr p a t te r n s  th a t  a r i s e  from s tr u c tu r e s  I and I I  ( p . 30) 
com prise " f ir s t - o r d e r "  s p e c tr a .  Such sim ple s p l i t t i n g  i s  only  
observed when th e  c o u p lin g  con stan t  i s  much sm aller  than the  
se p a r a t io n  o f  th e  resonance p o s i t io n s  o f  th e  uncoupled  
p r o to n s .  The l i m i t  to  a f i r s t - o r d e r  p a tte r n  i s  reached,  
acco rd in g  to  B i b l e ( l 3 )  a t Z \ à ^ 6 J .  For la r g e  v a lu e s  o f  J 
( e . g .  gem inal c o u p lin g )  h igh er  order p a t te r n s  r e s u l t  and 
a n a l y s i s  must f r e q u e n t ly  be based on formal mathem atical 
grounds. An e x c e l l e n t  summary o f  f i r s t ,  and higher order  
s p e c tr a ,  c o n ta in in g  up to  seven  in d iv id u a l  s p in s ,  has been  
c o l l e c t e d  by B ishop i n  Mooney(73).

-CH-CH-CHp
a b 2

I I I

S tr u c tu r e  I I I  and th e  r e s u l t in g  pmr p a t te r n s  i n  Figure 5
dem onstrate th e  m u lt itu d e  o f  r e s u l t s  th a t  may be obtained  
from a f i r s t - o r d e r  system . F igure  5 ( i ) , ( i i )  and ( i i i )  are  
c o n v e n t io n a l  s p l i t t i n g s  by one, two and th r ee  adjacen t protons  
r e s p e c t i v e l y .  F igure 5 ( i v )  shows the  s ig n a l  o f  the  b proton  
in  I I I  when i s  g r e a te r  than Jgg, w h i l s t  Figure 5 (v )  shows 
th e  r e s u l t  when J g c » F igure 5 ( v i )  dem onstrates the  
s p e c i a l  c a se  when

F i r s t  order sp e c tr a  may e q u a l ly  w e l l  d e r iv e  from cou p lin g  to  
n u c le i  o f  s p i n /  i .  For example, th e  ^^F spectrum o f  NF  ̂ i s  a 
1:1:1  t r i p l e t  due t o  c o u p lin g  w ith  ^^N,I = 1. Coupling causes  
s p l i t t i n g  in t o  (21+1) components o f  equal i n t e n s i t y .  The
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d i f f e r e n c e  from a 1 : 2:1 t r i p l e t  a r i s e s  because th e  F n u c le i  
• s e e '  th e  th r ee  o r ie n t a t io n s  o f  th e  nucleus w ith  equal  
p r o b a b i l i t y .  The one c e n tr a l  component m iss in g  i s  because  
th e  component sp in s  w ith in  the nucleus cannot be a n t i 
p a r a l l e l .
When th e  f i r s t  order . 'co n d it io n  i s  not m et, th e  r e s u l t 
ant h igh er  order p a t te r n  i s  c h a r a c te r ise d  by th r e e  changes in  
th e  f i r s t  order s p e c t r u m .( l ) I n t e g r a l  r a t i o s  o f  peak i n t e n s i 
t i e s  become d i s t o r t e d , ( 2 ) e x tr a  peaks appear, and ( 3 ) spacing  
o f  peaks becomes unequal. F igure 6A( 12 ) shows the  e f f e c t  o f  
d e c r e a s in g  A  cè i n  g o in g  from a f i r s t  order k^2  p a tte r n  to  an 
A  ̂ s i g n a l ,  (where th e  e q u iv a len t  n u c le i  show one peak a lthou gh  
s t r o n g ly  c o u p le d ) .  F igure  6A ( b ) , ( c )  and (d) approximate to  
[AgBg] sy stem s, a lth ou gh  th ey  may be nearer to  [ABlg-

B ib le ( l3 )  has t r e a te d  th e  s im plest two sp in  second order 
system, th e  AB system, i n  exact term s. In  th e  s p e c ia l  case ,

th e  peaks are e q u a l ly  separated  and have 
r e l a t i v e  i n t e n s i t i e s ,  1 :3 :3 :1*  However, r e g a r d le s s  o f  th e  
v a lu e  o f  A â ^ / J ,  th e  d ou b let  components are each separated  
by e x a c t ly  J ^ .  Numbering peaks from low to  h igh f i e l d  1 -4 ,  
th e  r e l a t i v e  i n t e n s i t i e s  o f  peaks 1 and 2 , and o f  4 and 3 
are i n  th e  same r a t i o  a s  th e  s e p a r a t io n  of the  inner peaks  
( 2- 3 ) to  th e  s e p a r a t io n  o f  the  outer  peaks ( I - 4 ) .

I n t e n s i t y  o f  1 or 4 ,  S ep ara tion  2-3  ( 20 )
I n t e n s i t y  o f  2 or 3 S ep ara tion  1-4

I f  th e  measured v a lu e  o f  i s  p laced  on one s id e  o f  a r ig h t  
t r i a n g l e ,  (F ig .6 B ) ,  and th e  se p a r a t io n  o f  peaks 1 and 3 on
th e  hypotenuse, the  com p leting  s id e  from the
c e n tr e  o f  the  p a t te r n  th en  g iv e s  and ^ .

The t o t a l  spread o f  th e  AB p a t te r n  ( 1 -4 )  i s  g iv en  by:

( 1- 4 )= 2J ( I n t e n s i t y  o f  2 or 3) ( 2 l )

( 1 - I n t e n s i t y  o f  1 or 4)

C onfusion  may a r i s e  between a f i r s t  order q u a r te t ,  ( th e  A
p a tte r n  o f  an A^X  ̂ system  fo r  i n s t a n c e ) ,  and t h e A â ^ = v / 7 ^  
system . Changing s o lv e n t  may a l e v i a t e  t h i s  d i f f i c u l t y , ( s in c e
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i s  o f ten  ae n sa t iv e  to  so lv e n t ,  w h ils t  J i s  n o t ) ,  by

d e s tr o y in g  A  à / 3  J e q u a l i t y .

B ib le  has a lso  po in ted  out th a t  th e  in n e r  peaks of a  f i r s t
order p a t te r n  tend to  ' le a n '  toward one a n o th er , ( Figure 6 A (a )) ,  
in  d i s t r i b u t i o n  o f  i n t e n s i t i e s .  T h is i s  a consequence o f  higher 
order in t e r a c t io n  and can be d e te c te d  even when A  à = 20J. iiB 
p a t t e r n s ,  however, show t h i s  d i s t o r t i o n  only i n  the  t o t a l  
r a t i o  of th e  d o u b le ts ,  and not in  th e  ' i n n e r '  s ig n a ls .  This 
means may a l s o  be used to  d i s t in g u i s h  between f i r s t  order and 
r e g u la r  AB p a t te r n s .
B ib le  proceeds to  t r e a t  th e  ABZ system in  equa lly  exact te rm s,
and v a r io u s  fou r  sp in  system s in  a more q u a l i t a t i v e  manner.

P r e c i s e  d e f i n i t i o n  o f  an nmr system  i n  terms o f  a n o ta t io n  
im ply in g  both c h e m ic a l - s h i f t  and cou p lin g  parameters has been  
adopted only i n  th e  c a se  o f  sp in  i  sp e c tr a ,  s in c e  th e s e  account 
f o r  most h igh r e s o l u t io n  sp e c tr a .  B e r n s te in  e t  a l  in  Emsley et  
a2( 32 ) propose the  use  o f  d i f f e r e n t  c a p i t a l  l e t t e r s  fo r  each  
chem ica l s h i f t .  L e t t e r s  c lo s e  i n  the  a lp h a b et ,  (A ,B ,C ), are  
used i f  co u p lin g  i s  o f  th e  same order o f  magnitude as the  
chem ica l s h i f t  d i f f e r e n c e ,  w h i l s t  w id e ly  separated  l e t t e r s ,  
(A ,M ,P ,Z ), s i g n i f y  la r g e  s h i f t  s e p a r a t io n s .  Thus s tr u c tu r e  
I I I , ( p . 3 2 ) ,  in  v iew  o f  th e  sp e c tr a  of F igure 5 c o n s t i t u t e s  an 
AMZ system.
B e r n s t e in ' s  n o ta t io n ,  however, did not d i s t i n g u i s h  between  
system s having two coupled n u c le i  c o - in c id e n ta l ly  having the  
same chem ical s h i f t ,  w h i l s t  s t i l l  b e in g  n o n -eq u iv a len t  i n  the  
sp in  c o u p lin g  s e n s e .  Richards and S c h a e fer (3 2 )  propose th e  use

t
o f  prim es to  d e s ig n a te  t h i s  c a se  i . e .  AA , w h i l s t  u s in g  sub
s c r i p t s  to  denote  n u c le i  o f  com plete e q u iv a len cy . However, 
H a ig h (5 0 ) ,  i n  p o in t in g  out the  cumbersome nature o f  Richards  
and S h a e fe r ' s  n o t a t io n ,  proposes a fu r th e r  method based on the  
use o f  b r a c k e ts  to  e n c lo s e  any part o f  th e  sp in  system  which 
i s  eq u iv a le n t i n  th e  sp in -co u p lin g  sense . A su b sc r ip t  ou ts ide  
th e  b ra ck e ts  shows th e  sub-system  i s  symmetry repeated  and 
has c o u p lin g s  a c r o s s  th e  bracketed h a lv e s  as  w e l l  as  w ith in  
each. Thus, an AA'BB* system i n  R ichards and S h a e fe r 's  n o ta t io n  
becomes [AB]g, w h i l s t  AgB^,(having complete, sp in  and s h i f t ,  
eq u iv a le n ce ) ,  i s  denoted [AgBg]. The absence of b rack e ts  remains 
as i n  B e r n s t e in ' s  system , as  a gen e ra l term not im plying any 
symmetry.
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4. NMR IN CONFORMATIONAL ANALYSIS.

Both NMR param eters, the  chem ical s h i f t  and sp in  co u p lin g ,  
can be e x t e n s iv e ly  ap p lied  to  conform ationa l a n a l y s i s .

( i )  The use o f  the  chem ical s h i f t .  Chemical s h i f t s  are su b ject  
t o  tim e a v era g in g , depending on how f a s t  conformers are  
in t e r c o n v e r t in g  compared w ith  th e  NMR tim e s c a l e . (S e c t io n  2 p .32). 
In th o se  compounds whose energy b a r r ie r  to  exchange between  
con form ation a l s i t e s  i s  as  low as 5 k ca l/m o le  (e th a n e , c y c lo -  
hexanone), exchange i s  f a s t  compared to  the  NMR s c a le  even a t  
th e  lo w e st  tem peratures a v a i la b le ,  and th e  tim e average i s  
t h e r e fo r e  always observed . However, th ere  are many compounds 
having a d d i t io n a l  s t e r i c  and/or e le c t r o n ic  f a c t o r s  th a t  r e s u l t  
in  th e  energy b a r r ie r  between exchange s i t e s  b e in g  r a is e d  and 
in d iv id u a l  conform ers have been observed.
In  cyclohexane-d^ ^ ( 5  ) ,  the  sharp s i n g le t  observed a t  ambient 
tem perature s p l i t s  to  a sharp doublet a t  -lOO'^C, ( 28Hz).
The h igh  f i e l d  peak i s  due to  th e  conformer having a x i a l  
hydrogen and th e  low f i e l d  peak to  th a t  w ith  e q u a to r ia l  
hydrogen. H-D un reso lved  cou p lin g  was removed by i r r a d i a t io n  
at  th e  deuterium  freq u en cy . (S a tu r a t in g  r f  r a d ia t io n  ap p lied  
a t  a p a r t ic u la r  r e so n a n c e 's  frequency w i l l  decouple  any sp in  
i n t e r a c t i o n  o f  th a t  n u c leu s  w ith  any adjacent n u c l e i ) .  The 
r a te  co n sta n t  fo r  the  exchange o f  conform ational s i t e s ,  as  
measured a t  th e  'c o a le s c e n c e '  tem perature, T , i s  g iv en  by:

(22)
/ 2

-where i s  th e  maximum s h i f t  between sp ec tra  o f  theOAxJ ........ .
n u c le i  in  d i f f e r e n t  s i t e s .  Above c o a le s c e n c e ,  the  l i n e  width  
may be used as  a measure o f  the  r a te  exchange, u s in g  th e  
approxim ation:

^ oAb / 2 ^  (23)

-Where i s  th e  l i n e  w idth due to  exchange broadening. Below
c o a le s c e n c e  th e  se p a r a t io n  of th e  doublet i s  used:

-  (24)
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-  where i s  th e  s h i f t  d i f f e r e n c e  a t  any tem perature below  
c o a le s c e n c e .
A p p l ic a t io n  o f  th e  Arrhenius equation  and the  app rop ria te  
thermodynamic e x p r e ss io n s  then  g iv e  a com plete thermodynamic 
d e s c r ip t io n  o f  th e  exchange p r o c e ss .  In stead  o f  ' b l o t t i n g  out' 
a l l  th e  proton s ig n a l s  but one, by u s in g  the  d .̂j compound,

NMR of 1 ,1 -d i f lu o r o c y c lo h e x a n e ,  and h igh er  f lu o r o  a n a ]-  
ogues, has been u s e d , (107)» a s s i s t e d  by an i t e r a t i v e  computer 
programme, to  deduce conform ationa l exchange param eters. 
E x te n s io n  o f  th e s e  tech n iq u es  to  such system s as: d e c a l in ,  
seven  and h igh er  membered r in g s  and n itr o g e n  in v e r s io n  i s  
summarised by Thomas i n  Part Two o f  r e f . ( 7 3 ) .

( i i )  The use o f  cou p lin g  c o n s ta n ts .  T his su b je c t  i s  summar
i s e d  by Thomas in (  7 3 ). In  conformâtio n a l ly  exchanging s i t e s ,  
c o u p lin g  c o n s ta n ts  are t im e-averaged , A n e t (4 ) » has expressed  
th e  tim e averaged co u p lin g  c o n s ta n ts  fo r  3 » 3 ' » 4 , 4 ' , 5 , 5 ' ,  -  
h e x a d eu tero cy c lo h ex a n o l,  an [ABI^X system , as th e  sum o f  th e  
a p p ro p r ia te  mole f r a c t i o n s  o f  each conform er's cou p lin g  
c o n s t a n t s .  U sing th e  c i s  and tra n s  4 - t - b u t y l  d e r iv a t i v e s ,  he 
was a b le  to  f in d  th e  in d iv id u a l  AX and BX cou p lin g  c o n s ta n ts  
corresp on d in g  to  th o s e  o f  each 4 , 4 ’-d^ conformer, and hence 
deduce a l l  th e  req u ired  exchange param eters.
K arplus( 5 9 ,6 0 ) ,  has proposed the  fo l lo w in g  r e la t io n s h ip s  
between v i c i n a l  c o u p lin g  c o n s ta n ts  i n  sa tu rated  system s and 
th e  d ih e d r a l  a n g le  between th e  coupled protons ,

=  K^OO3^0 +  G 0 <  90° (2 5 )

Jg = KgCO8^0 + c 90° ^  0  ^  180° (26 )

-where and Kp a re  co n s tan ts  depending on the  na tu re  of the  
0-C bond, and where th e  c ' s  a re  co n s tan ts  which a re  e i th e r  
very  sm all or ze ro . He l a t e r ( 60), re f in ed  th e  equation:

J r h '= A + Be 08^ + Ccos2j2f (27 )

2In  S a tu ra te d ,n o n -s tra in e d  systems, th e  cos ru le  i s  followed 
c lo s e ly  fo r  coup ling  co n s tan ts  over th re e  bonds. Many anomal
i e s  have been r e p o r te d ,  but th e se  apply in  the  main to  
s t r a in e d  and u n sa tu ra ted  r in g  systems- although the  Earp lus
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eq u a tio n  i s  by no means al.wg.ys in a p p l ic a b le  to  such system s.  
The equ ation  i s  in v a lu a b le  i n  r e c o g n is in g  and p r e d ic t in g  
c o u p lin g  c o n s ta n ts  o f  protons i n  in d iv id u a l  conform ations.

The use  o f  gem inal co u p lin g  c o n s ta n ts  i n  conform ationa l a n a l
y s i s  i s ,  a s  y e t ,  o f  l i t t l e  v a lu e .  Pople  and B o n th er-B y(l0 8 )
have, however, o u t l in e d  a m o le c u la r -o r b i ta l  treatm ent o f  two- 
bond c o u p lin g .  According to  t h e i r  th eo ry , the  hyp erconjugative  
w ithdraw al o f  e le c t r o n s  from th e  antisym m etric  bonding o r b i t a l  
o f  a -CHg group by th e  lY e le c t r o n  system  o f  a carbonyl group, 
( i f  one i s  p r e s e n t ) ,  i s  a t  a maximum when th e  H-H in te r n u c le a r  
a x i s  i s  p erp en d icu la r  to  th e  nodal plane o f  the  lY system , 
thu s producing a more n e g a t iv e  co u p lin g  c o n s ta n t .  Magnitudes 
o f  such gem inal c o u p lin g s  have proved u s e f u l  in  r e c o g n is in g  
e i t h e r  f ix e d  or t im e-averaged  conform ations o f  r in g  system s  
c o n ta in in g  in e q u iv a le n t  gem inal protons and one or more 
carb onyl groups.
The e x te n s io n  o f  pmr to  conform ationa l a n a ly s i s  o f  in o rgan ic  
c h e la t e  r in g s  i s  l e s s  w e l l  known. There a r e ,  however, s e v e r a l  
r e p o r ts  i n  th e  l i t e r a t u r e .  C o b a lt ( I I I )  complexes are w e l l  
s u i te d  to  such s t u d ie s  because o f  t h e i r  chem ical in e r t n e s s ,  
la c k  o f  l ig a n d  exchange and non-occurence o f  p r o to n -e le c tr o n  
i n t e r a c t io n .  W oldbye(l0 5 ) has a scr ib ed  two p a ir s  o f  d o u b le ts  
i n  th e  pmr spectrum o f  [Co(m eso-2, j-diaminobutane)^]^"^ to  
a x i a l  and e q u a to r ia l  m ethyl groups s p l i t  by th e  adjacen t  
proton .
The most e x te n s iv e  i n v e s t i g a t io n s  have been in t o  co -ord in a ted  
e th y len ed iam in e  and propylenediam ine.

Here i t  i s  p e r t in e n t  to  o u t l in e  th e  d e c is io n s  of the  
com m ission on th e  Nomenclature o f  Inorganic  Chemistry of th e  
I n t e r n a t io n a l  Union o f  Pure and Applied C h em istry (57) ,  on 
o c ta h ed ra l  m etal com plexes.
Sargeson(in  25) d es ig n a ted  conform ations of the  f i v e  membered 
e th y len ed ia m in e  c h e la t e  a s  k and k ' , w h i l s t  Corey and B a i la r  
J r (2 8 )  i n  u s in g  k and k \  employed them in  th e  o p p o s ite  s e n s e .  
To avoid  th e s e  and s im i la r  c o n fu s io n s  w ith  r e sp e c t  to  con
form ation  and c o n f ig u r a t io n ,  th e  Commission o u t l in e d  a nomen
c la t u r e  independent o f  symmetry and devoid o f  chem ical  
s i g n i f i c a n c e .
The b a s ic  p r in c ip le  i s  th a t  two skew l i n e s ,  which are not
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o r th o g o n a l,  d e f in e  a h e l i c a l  system . I f  one skew l i n e  d e te r 
mines th e  a x i s  o f  a h e l i x  on a c y l in d e r ,  whose ra d iu s  i s  
equal to  the  le n g th  o f  the  two l i n e ' s  one common normal, the  
other  l i n e  makes up a tangent to  the  h e l i x .  Two such p a ir s  
o f  nonorthogonal skew l i n e s ,  seen  in  p r o j e c t io n ,  d e f in e  
r ig h t  and l e f t  handed h e l i c i t y  r e s p e c t i v e l y  thu s:

A

B B C)

Right handed h e l i c i t y ,  a s  i n  ( a ) ,  i s  a ss ign ed  th e  Greek l e t t e r  
d e l t a ,  and l e f t  handed, as i n  ( b ) ,  i s  a ss ig n ed  lambda. C a p ita l  
l e t t e r s  and _ / \ _  r e f e r  to  c o n f ig u r a t io n  and sm all l e t t e r s  
Ô and A to  conform ation .

C o n f ig u r a t io n . The r u le  i s  th a t  th e  two donor atoms o f  a 
c h e la t e  r in g  d e f in e  a l i n e  and two such l i n e s  d e f in e  a h e l i x ,
i . e .  f o r  a c i s - b i s - b i d e n t a t e  complex:

-where the  edges spanned by each c h e la t e  r in g  are  h e a v i ly  
l i n e d .  One l i n e  i s  th e  a x i s  o f  th e  h e l i x  and the  other the  
ta n gen t a t  th e  normal. The tangent d e s c r ib e s  a r ig h t  handed 
h e l i x  and th e  c o n f ig u r a t io n  i s  d es ig n a ted  .
With t r i s - b i d e n t a t e  com plexes, any one o f  th r e e  p o s s ib le  
p a ir s  o f  c h e la t e  r in g s  d e f in e s  th e  c o n f ig u r a t io n  as  fo r  
c i s - b i s - b i d e n t a t e  com plexes.

Conform ation. Here th e  h e l i x  i s  d e fin ed  by the  two skew l i n e s ,
(a )  jo in in g  th e  donor atoms and (b) jo in in g  the  atoms adjacent  
to  th e  donor atoms. The conform ation i s  thereby  descr ib ed  
a s  having  r ig h t  ( d ) or l e f t  ( \  ) handed h e l i c i t y  w ith  r e sp e c t  
to  th e  a x i s  d e f in e d  by one o f  th e  chosen l i n e s .
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N ote. Where both  atoms ad ja cen t  t o  th e  donor atoms are above 
th e  p lane determined by th e  m etal and donor atoms, but s t i l l  
form skew l i n e s ,  th e  nomenclature a p p l i e s .  I t  does not apply  
to  n o n h e l ic a l  c h e la t e  r in g s  d e f in e d ,  fo r  example, by a f i v e  
membered r in g  in  i t s  'en v e lo p e '  form, or a s i x  membered r in g  
in  e i t h e r  'b oa t'  or 'c h a ir '  form s, i . e .

6 0 0 6
M

l-\ 0  ~  o--------------------------O  A

T h is does not n e c e s s a r i l y  preclude c h i r a l i t y .  Once chem ical  
nature  i s  r e s to r e d  to  th e  c h e la t e ,  i . e .  a means o f  d i s t i n c t i o n ,  
th e  complex may be found t o  be c h i r a l .
The n o ta t io n  o f  P ip e r (8 2  ) which r e f e r s  c h i r a l i t y  to  a symm
e tr y  a x i s  and th a t  o f  L ieh r (6 6 )  which a p p l ie s  to  conform ation  
were found to  be ana logous to  the  nomenclature of the  
Commission.
S a r g e so n 's  k conform ation  and Corey and B a i l a r ' s  k' are  
d e s ig n a te d  a s  having r ig h t  handed h e l i c i t y ,  and the  k' and 
k forms a s  d e s c r ib in g  a l e f t  handed h e l i x .

The C protons o f  [Coen^]^*’’ are  expected  to  show th ree  
e q u iv a le n t ,  24 linejLA^B^] p a t te r n s ,  but in s te a d  show a s in g le  
broad reson an ce , h a l f  w idth  21 Hz narrowing to  l8  Hz when th e  
-NHg groups are  d e u te r a te d .  C ooling  to  -39°C i n  DgO/DgSO^ 
produced no r e s o l u t io n  of th e  band but did produce fu r th e r  
broadening. Sargeson i n  C a r l in ( 25 ) a t t r i b u t e s  th e  observed  
spectrum to  (a )  rapid  conform ationa l exchange and (b) ^  30^ 
o f  th e  88 X c o n f ig u r a t io n  th a t  i s  expected  to  be p r e se n t ,  
c a u s in g  complex o v er la p  o f  th e  [AgB^] p a t te r n .
Complexes of th e  type  [CoeUgX^]^*^ have C  ̂ symmetry, the  two 
f o ld  a x i s  b e in g  i n  th e  p lan e  o f  th e  c o b a lt  and th e  two X 
groups. T h is  r e s u l t s  in  th e  -  CHgCHg -  groups b e in g  equiva
l e n t ,  p ro v id in g  th e  c o b a lt -e th y le n e d ia m in e  r in g s  have the  
same conform ation . I f  th e  conform ers are r ig id  (k , in v e r s io n  

< 10 sec“B an ABCD p a t te r n  (56 l i n e s )  would r e s u l t .  An 
averaged conform ation  would be expected to  g iv e  an [AgBg] 
p a t te r n  s in c e  each -CHg group would experien ce  a d i f f e r e n t  
averaged f i e l d .

i s  n o tab le  fo r  the  r e s o lu t io n  o f  i t s
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F igure 7 .  100MHz pmr sp e c tr a  of:
(a )  c i s —C o * ( b ) c i s —CCo(HOq) )

( o )  c i ^ i - L C o C l f Hg Oj en g l S O ^ ;  ( d )  c l 3 - [ C o ( K o O ) ^ e n o J ( C I O ^  )y,
( e )  e i s -LCo( Kj) oen^] G10^( i n  DgO);

( f )  cl3-[CoCINH^en^]Bro;

(g )  cj^-COoCNHjJgengJCClO^)j In 1.8M DgSO^.
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C-proton s i g n a l ,  in t o  som ething showing good resem blance to  
an [AgBg] p a t te r n  (F igu re  7 ( d ) ) .  R e so lu t io n  i s  a t t r ib u te d  t o  
r e t e n t io n  o f  conform ation , which i n  turn  i s  a t t r ib u te d  to  the  
aquo l ig a n d s  s in c e ,  i n  g e n e r a l ,  ois-CCoengZg]^* complexes do 
not show s p l i t t i n g  o f  th e  C-proton s i g n a l .  Buckingham e t  a l ( 1 9 )  
su g g es t  th a t  r e s o l u t io n  o f  the  s ig n a l  a r i s e s  from
d i f f e r e n t  averaged f i e l d s  r a th er  than slow conform ationa l  
exchange. I t  i s  c o n c e iv a b le  th a t  hydrogen bonding to  the

groups could produce both slow conform ationa l exchange  
and a d i f f e r e n t  averaged f i e l d  a t  each p a ir  o f  C -protons.
F igure 7 shows a s e l e c t i o n  of [CoengZg]^* sp e c tr a  from (19).

Mixed eth y len ed iam in e  ( e n ) ,  propylenediam ine (pn) complexes 
show ev id en ce  fo r  th e  p resen ce  o f  more than one conformation,-, 
i n  th e  N-proton r e g io n .  For complexes c o n ta in in g  ( - ) p n ,  a l l  
D isom ers g iv e  two N-H s i g n a l s ,  whereas th e  1 isom ers show 
no s p l i t t i n g .  S in ce  L ( - )  and D (~ ) ,  [Coen2(-)p n ]^ ^  can e x i s t  
i n  on ly  one c o n f ig u r a t io n ,  t h i s  s p l i t t i n g  cannot be a t tr ib u te d  
s o l e l y  to  a m ixture o f  g e o m e tr ic a l  isom ers but i s  in s te a d  
a t t r ib u t e d  to  a l e s s  s t a b le  pn conformer p resen t in  th e  D (- )  
pn com plexes. The racem ate, l ( - ) [ 0 o ( - ) p n 2 ( + ) p n ] ^ * .  D (-)[C o  
(+ )pn2 ( - )p n ]^ ^ , where each io n  c o n ta in s  both proposed  
conform ers, shows two N-H bands, thereby  confirm ing  th e  
ass ign m en t. ( + )[Coen^]^'*’ a l s o  shows two poorly  r eso lv ed  N-H 
bands and t h i s  has been a t t r ib u te d  to  the  S9A form as  w e l l  
a s  th e  more favoured 3 8 8  con form er,( 1 9 ) .
-NH2 (CH2 ) 2NH2 -  c h e la t e  r in g s  show e x c e l l e n t  r e s o lu t io n  in to  
r e c o g n is a b le  [AB]2 p a t te r n s  when part o f  a m u lt id en ta te  
am inocarboxylate  l ig a n d  such as EDTA^” ( ethylened iam ine -  
N,N,N*,N' - t e t r a c e t a t e ) ( 6 5 ) -  s e e  F igure 8 , I I .  Here, th e  
c o n f ig u r a t io n  about th e  N atoms cannot in v e r t  w ithout changing  
a l l  fo u r  a c e t a t e  b r id g in g  p o s i t i o n s ,  thu s h o ld in g  the  
eth y len ed iam in e  r in g  conform ation . r i g i d .
Of sp e c tr a  i n  th e  s e r i e s  [Ooen^acac]^^, [Coen2tfac]^'*’ and 
[C oenghfac]^^ ,(w here acac = a c e t y la c e t o n e , t f a c  = t r i f l u o r o -  
a c e t y la c e to n e  and hfac  = h e x a f lu o r o a c e ty la c e to n e ) , only the  
l a s t  named compound shows any f i n e  s tr u c tu r e  o f  th e  - ( 0H2)2  
s i g n a l ( 1 9 ) .
Conformations of th e  s ix  membered malonato l ig a n d , where only  
methylene p ro tons  a re  a v a i la b le  to  respond to  pmr, a re  
d iscussed  l a t e r  in  t h i s  work.
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5. THE USE OP DEUTERATION IN PMR SPECTROSCOPY.

2Deuterium, H, has no magnetic moment and th e r e fo r e  d e u te r a t io n  
o f  s u f f i c i e n t l y  l a b i l e  protons r e s u l t s  in  th e  c o l la p s e  o f  t h e i r  
pmr s i g n a l s  and subsequent i d e n t i f i c a t i o n .
The tech n iq u e  i s  fr e q u e n t ly  used as  a d ia g n o s t ic  t o o l  i n  both  
organ ic  and in o r g a n ic  pmr sp ec tro sco p y .
D euterated  s o l v e n t s : -  DgO, dg- d im ethyl su lp h o x id e , d , -  benzene,  
d -  ch loroform , are  used e x t e n s iv e ly  a s  ’window’ s o lv e n t s  i n  
pmr sp e c tr o sc o p y , D eu tera t io n  may be used to  ’b lo ck  out’ a l l  
s i g n a l s  except th e  one under study b e fo re  record in g  the  sp ec t  
-rum, e . g .  i n  th e  d e term in ation  o f  conform ationa l exchange 
r a t e s  o f  d .^ -c y c lo h e x a n e ,  ( s e e  s e c t io n  4 . p . 3 7 ) ,  or i s  a llow ed to  
proceed during s e v e r a l  spectrum runs, en ab lin g  a c id ic  
p r o to n s ,  such as  th o se  o f  an ammine, to  be r e a d i ly  i d e n t i f i e d .  
The r a te  o f  d e u te r a t io n  i t s e l f  may provide ev idence a s  t o  th e  
i d e n t i t y  and environment o f  a p a r t ic u la r  proton .

Good ev id en ce  f o r  th e  o p era tio n  of a conjugate  base mechanism 
has been found( 9  ) by dem onstrating  th a t  hydrogen exchange in  
b a s ic  s o lu t io n  proceeds a t  a r a te  ^ 10^ tim es f a s t e r  than  
base h y d r o ly s i s .
R e c e n t ly ,  th e  r a te  o f  hydrogen exchange at an assym etr ic  
n itr o g e n  c en tr e  has been e x t e n s iv e ly  used(4 8 ,5 1 ,20 ,2 1  ) to  
dem onstrate  th a t  the  c o n f ig u r a t io n  about th e  n itr o g e n  i s  
r e ta in e d  most o f  th e  tim e th a t  th e  proton i s  o f f  th e  qu ater
nary n i tr o g e n  s i t e .  Such complex c a t io n s  a s:  .[Co(NH^)^(Nmeen)3^"*' 
(Nmeen = N m eth y le th y len ed ia m in e) ( 2 0 ) ,  [Co(NH^ )^(Nmegly ) 3̂ '*’ 
(where Nmegly = N m e t h y lg ly c in a t e ) ( 5 1 ) ,  [Pt(Meen)(NH^)g3^^ and 
[P t(M een)(phen)3^’*’( 4 8 ) , [Pt(M een)( e n )3^* (̂21 ) and th e  o c ta 
h ed ra l P t(IV ) complex [Pt(Meen)(en)Cl23^'''(21 ) ,  a l l  have as  
t h e i r  s o le  source o f  o p t i c a l  a c t i v i t y  th e  c h e la te  N atom.
Both r a c é m isa t io n  and hydrogen exchange are found to  fo l lo w  
th e  r a te  law:

Rate = k2[ c omplex3 [ OH" 3 (28)

-  and s in c e  ko fo r  th e  d e u te r a t io n ,  compared to  ko fo r  the
c. 2 5 .

r a c é m isa t io n  i s  found to  vary between 10 and 10 , t h i s  was 
ta k e n , i n  a l l  c a s e s ,  a s  a s tron g  im p l ic a t io n  th a t  s in c e  th e
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hydrogen may come o f f  th e  a ssy m etr ic  atom w ithout in v e r s io n  
o f  c o n f ig u r a t io n  about th e  atom, t h i s  i s  why such m etal  
com plexes can be r e so lv e d  in to  enantiom ers, having a quater
nary n i tr o g e n  as  t h e i r  source o f  c h i r a l i t y ,  in  the f i r s t  
p la c e .  I t  was p r e v io u s ly  t h o u g h t ( 8 8 )  th a t  a lthou gh  such  
N-atoms la c k  th e  lo n e  p a ir  o f  e le c t r o n s  th a t  cause rapid  
in v e r s io n  about t r ig o n a l  n itr o g e n  atoms, th e  a c i d i t y  and 
l a b i l i t y  o f  th e  amino hydrogen would preclude  any a ttem p ts  to  
r e s o lv e  compounds c o n ta in in g  them.
Buckingham e t  a l ( 2 0 )  propose two p o s s i b i l i t i e s ,  (a )  a deprot
o n a t io n  eq u il ib r iu m  and (b ) an io n  p a ir  e q u il ib r iu m , which 
can lea d  to  a common in te r m e d ia te ,  to  account fo r  the  r a c é 
m isa t io n  mechanism.
The d e u te r a t io n  i t s e l f  was fo llo w ed  by m onitoring the  
d e c o u p lin g  o f  th e  NH-CHL p r o to n 's  sp in s  a s  deuterium  rep laced  
hydrogen on th e  amino n itr o g e n .

S in ce  1965 th e r e  has been a s u c c e s s io n  o f  r e p o r ts  in  th e  
l i t e r a t u r e  concern ing  th e  use o f  d e u te r a t io n  of OC- hydrogen 
atoms in  t e t r a - , p e n ta -  and hexadentate  am inocarboxylate  
complexes as  an a id  to  assignm ent o f  th e se  p r o to n 's  s i g n a l s .  
W illiam s and Busch(104) f i r s t  demonstrated th e  a b i l i t y  o f  a 
c e n t r a l  m etal io n  t o  in c r e a se  th e  a c i d i t y  o f  l igan d  oC -  hydro
gens by n o t in g  the  d e u te r a t io n  o f  such protons in  C o ( I I l )  
am inocarboxylate  complexes i n  a lk a l in e  D^O.
C o -o r d in a t io n  to  a m etal io n  l o c a l i s e s  th e  carbonyl group 
th a t  was p r e v io u s ly  d e lo c a l i s e d  over two O-C-0 bonds in  the  
u n co-ord in ated  a c id ,  th ereb y  in c r e a s in g  th e  a c id i t y  o f  the  
O C-hydrogens. The s i t u a t i o n  i s  analogous to  th a t  i n  p - k e t o  

and c a rb o x y la te  e s t e r s  where th e  CX-hydrogens can be removed 
by a base such as e th o x id e  and can e f f e c t  n u c le o p h i l ic  d i s -  
placem ent a s  ca rb a n ion s .
D e u te r a t io n  may a l s o  occur r e a d i ly  i n  a c id ic  D̂ O by a k e to -  
en o l  mechanism( 97 ) .
A lthough p r im a r ily  concerned w ith  C o ( I I l )  th ere  have been  
r e p o r ts  o f  pmr sp e c tr a  o f  am inocarboxylate  complexes of  
r h o d iu m (I I l ) ,  p a l la d iu m (I l )  and p la t in u m (I I )(89  -  9 2 ) ,
T e r r i l l  and R e i l l e y (  97 ) have demonstrated th a t  the a c id -  
c a ta ly s e d  d e u te r a t io n  o f  * o u t-o f-p la n e*  g ly c in a te  OC-hydrogen  
atoms i n  CoGyDTA” , and Hg i n  F igure 8 , I ,  where CyDTA =
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t r a n s - 1 ,2  cyclohexanediam ine -  N , N , N * t e t r a c e t a t e ,  i s  
s t e r e o s p e c i f i c . The h igh  f i e l d  p o r t io n  o f  the  spectrum dimin
i s h e s  i n  i n t e n s i t y  approxim ately  10 t im es  f a s t e r  than the  
low f i e l d  p o r t io n .  The s t e r e o s p e o i f i c i t y  was a scr ib ed  to  
s h e l t e r i n g  o f  from so lv e n t  a t ta c k  by th e  diamine 'backbone' 
o f the  l ig a n d ,  and has been shown to  always occur in  complexes  
o f t h i s  n a tu re .
The complex i s  sym m etrical about the  a x i s  and consequ en tly  
each p a ir  o f  'o u t - o f - p la n e '  and ' in -p la n e '  g ly c in a t e  OC-protons 
are e q u iv a le n t .  Each gem inal proton , however, ex p e r ien ce s  a 
d i f f e r e n t  f i e l d  and an AB p a t te r n  fo r  each of the  two equ iv
a le n t  p a ir s  r e s u l t s .  Assignment o f  and v/as made on the  
s tr e n g th  of the  d e u te r a t io n  r e a c t io n  s t e r e o s p e o i f i c i t y .  The 
u p f ie ld  s ig n a l s  were a ss ig n ed  to  and the  dow nfield  s ig n a ls  
to  Hg. The th eo ry  o f  s t e r i c  c o m p ress io n (6 ) and o r b i t a l  
i n t e r a c t i o n ( 97 ) was invoked to  e x p la in  t h i s  unexpected  
d i s t r i b u t i o n  o f  th e  chem ical s h i f t s .
Random c o -o r d in a t io n  o f  dg-CyDTA^" was used to  a s s ig n  Hq and 
Hg. T h is  was la b o r io u s  and ambiguous and a more accu ra te  method 
o f  a s s ig n in g  ' in - p la n e '  g ly c in a t e  protons has r e c e n t ly  been  
evo lved ( 9 6 ) , which w i l l  be d e a l t  w ith  su b seq u en tly . There have 
been no r e p o r ts  to  date  concern ing  the  d e u te r a t io n  o f  ' i n 
p lan e' O C -protons in  G o (III )  com plexes. T e r r i l l  e t  ^ ( 3 3 )  
have, however, observed th a t  th e  d e u te r a t io n  of 'o u t -o f -p la n e '  
g l y c i n a t e  m ethylene protons in  paramagnetic n i c k e l ( I l )  complexes 
of PDTA, EDTA and CyDTA i s  10^ tim es f a s t e r  than th a t  o f  ' i n 
p lan e' groups.
Work o f  t h i s  nature has r e c e n t ly  been summarised by Legg e t  
a l ( 6 3 ) .  Subsequent to  th e  summary o f  Legg e t  a l ,  Sudmeier e t  ^  
(93)have made e x te n s iv e  use of th e  s t e r e o s p e c i f i c  d e u te r a t io n  
o f  ' o u t - o f - p la n e '  g ly c in a t e  p ro to n s , redox scram bling o f  ' i n 
p lan e' and d eu tera ted  'o u t - o f - p la n e '  g ly c in a te  r in g s  and weak 
f i e l d  i r r a d i a t io n ,  ( s p in  ' t i c k l i n g ' ) ,  a t  100 MHz to  c o n c lu s 
i v e l y  a s s ig n  a l l  g ly c in a t e  protons in  GoPDTA” , F igure 8 , III ,
( PDTA - propylened iam ine, E‘. ,N ,N ' ,N '-  t e t r a c e t a t e )  GoGyDTA” , 
F igure  8 ,1  and GoEDTA“ , F igure  8 ,1 1  (EDTA = eth y len ed iam ine ,  
N ,N ,N ' ,N '-  t e t r a c e t a t e .
Relox scram bling p r im a r i ly  in v o lv e s  e l e c t r o l y t i c  r ed u c tio n  of  
th e  complex c o n ta in in g  p a r t ly  d eu tera ted  'o u t -o f -p la n e '  g ly c in a t  
p r o to n s .  The r e s u l t i n g  G o (I l )  compound being extrem ely  l a b i l e
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in t e r c h a n g e ’o u t - o f - p la n e '  and ' in - p la n e '  r in g s ,  cau sin g  
m ixing o f  w ith  and Hg w ith  H^. Subsequent r e -o x id a t io n  
then  r e a d i ly  en a b le s  to  be r eco g n ised  as  having mixed 
randomly w ith th e  decoupled Hg.
Weak f i e l d  i r r a d i a t i o n  causes f u r th e r  s p l i t t i n g  in to  submulti
- p l e t s .  For in s ta n c e ,  ' t i c k l i n g '  th e  h ig h e s t  f i e l d  s ig n a l  of  
an AB q u arte t  s p l i t s  th e  lo w est  f i e l d  s ig n a l  o f  th a t  quartet  
in t o  a broad d ou b let  and the  next to  lo w e st  in t o  a sharp  
d o u b le t .  Using t h i s  tec h n iq u e ,  Sudmeier e t  a l  separated the  
16 peaks com prising  4 AB p a t te r n s  from the  propylendfamine  
'backbone' s ig n a ls  i n  GoPDTA". In  t h i s  complex the  Gg a x i s  
i s  d estroyed  by th e  p resen ce  o f  methyl group on the  propylen-  
diam ine backbone. Each s e t  o f  protons from to  i s  thereby  
rendered in e q u iv a le n t , ( s e e  Figure 8 , III) .
However, s ince  was d eu te ra te d  more ra p id ly  than  H., and Hg
f a s t e r  than H g ,, assignm ent of ' o u t -o f -p la n e '  pro tons was 
accom plished w h o lly  on th e  ev idence  o f  s t e r e o s p e c i f i c  
d e u te r a t io n .  Assignment of  Hq,H^,,Hj^ and H ,̂ was accom plished  
by redox scram bling o f , ( i )  Ĥ  and ( i i )  H^+ H^, deuterated  
'o u t - o f - p la n e '  p r o to n s .  Ĥ  was shown to  occur dow nfield  of 
H^.
CoEDTA" was much e a s i e r  to  a s s ig n .  Here the  Gp a x i s  i s  r es to red  
and o n ly  two p a ir s  o f  gem inal protons are seen, as two AB 
q u a r te t s .  S t e r e o s p e c i f i c  d e u te r a t io n  a lon e  enabled assignm ent  
to  be made, a lthough 100 MHz was needed because of th e  small 
s h i f t  d if fe re n c e s  in v o lv ed  a t  60 MHz. Ĥ  and H  ̂ were assigned 
by analogy  w ith  GoPDTA*”.
CoCyDTA” proved s im p le s t  o f  a l l ,  s in c e  no 'backbone' s ig n a ls  
occur in  th e  v i c i n i t y  of th e  two AB p a t te r n s .  Ĥ  was allow ed  
to  go to  90^ d e u te r a t io n ,  (e n a b l in g  assignment o f  Ĥ  and H^), 
which r e s u l t s  i n  th e  growth o f  a decoupled Hg s i n g le t  between  
th e  dow nfie ld  p a ir .  The s o lu t io n  was then redox scram bled, 
th ereb y  random ising D  ̂ w ith  Hq and Hg w ith  Ĥ j. The s i n g le t  
th a t  occured on r e o x id a t io n ,  between the  high f i e l d  p a ir  o f  
th e  AB p a t t e r n  enabled th e  assignment of H  ̂ to  high
f i e l d  and to  low f i e l d .  This confirmed T e r r i l l  and E e i l l e y 's  
e a r l i e r  ass ign m en t( 97 ) but was much more convenient than  
th e  tech n iq u e  they  u s e d ( p .4 7 ) .

Another o b se r v a t io n  to  a r i s e  from Sudmeier et a l ' s  paper was
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th e  d ia g n o s t ic  a b i l i t y  o f  th e  magnitude o f  the  g y lc in a t e  
proton s geminal c o u p lin g  c o n s ta n t s .  J ^ =  -18  Hz fo r  ' o u t - o f -  
plane* r in g s  and J ^ =  -1 6  Hz fo r  ' in -p la n e '  r in g s .  (The 
a b s o lu te  s ig n  o f  the  co u p lin g  was made by analogy to  a l ip h a t i c  
-CHg groups i n  s im i la r  compounds. See fo r  exam p le(1 6 ) ) .  Pople  
and B on th er-B y 's  M.O. treatm ent of gem inal co u p lin g  was invoked 
h e r e ( s e e  p . 3 8 ) .  S ince  'o u t - o f - p la n e '  g ly c in a t e  groups are  more 
p la n a r (102) than ' in - p la n e '  groups, accord ing  to  Pople and 
Bonther-By, th e  'o u t - o f - p la n e '  g ly c in a t e  r in g  should have the  
more n e g a t iv e  c o u p lin g  c o n s ta n t ,  since the  H-H in te r n u c le a r  
a x is  i s  more p e rp en d icu la r  to  th e  nodal p lane of th e  carbonyl 
7Y system. The co u p lin g  c o n s ta n ts  obtained were always in  

agreement w ith  th e  assignm ents made by o ther  means, thereby  
en a b lin g  fu tu r e  assignm ent of ' i n - '  or 'o u t -o f -p la n e '  g ly c in a te  
or s im ila r  r in g s  merely by n o ting  th e  coupling co n s tan ts  of 
any in e q u iv a le n t , gem inal pro tons contained w ith in  them.

6 . THE STEREOSPECIFIC DEUTERATION OF THE OC -HYDROGEN ATOMS 
IN TRANS-  Oo(IIl)EDDA(en)+.

Q u a n t it iv e  assessm ent o f  th e  ac id  ca ta ly sed  d e u te r a t io n  of 
' o u t -o f -p la n e '  g ly c in a t e  protons i n  Go(III)CyDTA“ , F igure 8 ,
I (  97 ) and o f  th e  base c a ta ly s e d  r e a c t io n  in  Co(III)EDTA” , 
Figure  8 , 1 1 (1 0 4 ) ,  has been made. The work of Sudmeier and 
O ccupati( 9 3 )  on t r a n s -GoEDDA(en)*, Figure 8 , IV, s in c e  the  
mechanisms and k i n e t i c s  o f p rev iou s  workers were in vo k ed (9 7 ,  

1 0 4 ) ,  and s in c e  th e  complex c o n ta in s  only ' o u t - o f - p la n e ' 
g ly c in a te  r in g s ,  i s ,h o w e v e r ,  the  most comprehensive in  making 
a comparison w ith  [Gomal^en]” .
The compound and i t s  pmr spectrum were f i r s t  reported by Legg 
and Gooke(64) a lth ou gh  s e v e r a l  ass ign m en ts  were t e n t a t i v e .
A s e r i e s  of Sudmeier and O ccu p ati’ s sp ec tra  taken a t  vary in g  
i n t e r v a l s  during th e  cou rse  o f  the  ac id  c a ta ly se d  d e u te r a t io n  
are  reproduced from( 9 3 ) , in  Figure 9. The r e a c t io n  i s  
s t e r e o s p e c i f i c  and th e  decoupled s i n g l e t ,  d, emerges between  
th e  u p f ie ld  p a ir .  T h ere fo re , th e  f a c t o r  sh ie ld in g  Hg from 
s o lv e n t  a t ta c k  s te r e o c h e m ic a l ly ,  i s  a l s o  r e sp o n s ib le  fo r  the  
l a r g e r  d iam agnetic  s h i e ld in g  o f  Hg, i . e .  the  diamine 'backbone' 
of th e  am inocarboxylate  l ig a n d .  The high f i e l d  p o s i t i o n  o f  Ĥ  
i s  not found i n  th e  ana logous CyDTA  ̂ , PDTA  ̂ and EDTA  ̂
com plexes. Here, th e  decoupled s i n g l e t  o f  the 'o u t - o f - p la n e '
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g ly c in a t e  protons emerges between the low f i e l d  p a ir .  The theory  
of s te re o ch em ic a l  eompres3ion( 6 ) was invoked to  account fo r  
a la rg e  downfield s h i f t  of Hg, w h i ls t  s t i l l  a llow ing i t  r e l a t i v e  
i n a c c e s s i b i l i t y  to  s o lv e n t .  Applying th e  E arp lus  e q u a t io n , ( p .38 ), 
to  H—N—C—H c o u p l in g ,  Sudmeier ej  ̂ ad co n c lu s iv e ly  ass ig n ed  the  
downfield p a i r ,  & Hz), i n  CoEDDA(en)' to  and the
high  f i e l d  p a ir ,  ^  ̂ H z), to  H-̂  — F igure 9» ( a ) .

The s t e r e o s p e c i f i c  d e u te ra t io n  in  a c id ic  and i n  b a s ic  media,
( th e  complex i s  i n s u s c e p t ib l e  to  h y d r o ly s is  in  e i t h e r ) ,  was 
monitored by th e  l o s s  i n  i n t e n s i t y  o f  th e  dow nfield  p o r t io n  o f  
th e  AB p a t te r n ,  (H^), F igure 9 , ( b ) ,  and the  even tu a l l o s s  in  
i n t e n s i t y  of th e  decoupled s i n g l e t , ( H g ) ,  F igure 9 , ( c )  and ( d ) .

In a c id ic  D̂ O th e  d e u te r a t io n  was c a r r ie d  out a t  about molar 
ac id  and 95°0 f o r  th e  complexes Go(III)EnDA(en)*, OoEDDA(dmen) 
and GoEDDA(deen)+, (where dmen = N ,N '- dim ethylethylenediam ine 
and deen = N,N‘ -  d ie t h y le t h y le n e d ia m in e ) , When fa r  from 
e q u il ib r iu m , th e  r e a c t io n ,  in  a l l  c a s e s ,  was found to  fo l lo w  
th e  r a te  law:

- d [ C o ^ ]  = ko(Acid)[OoYHa][DjO+] +
dt

(29 )

-  being f i r s t  order in  complex, a c id  and b a se . A s im i la r  
equa tion  a p p l ie s  to  th e  subsequent d e u te ra t io n  of Hg. In  
a c id i c  D^O, th e  base c a ta ly s e d  term in  equation  ( 29 ) i s  n e g l ig 
i b l e  and th e  r e a c t io n  proceeds a ccord in g  to  a r a te  law g iv e n  
by th e  a c id  c a ta ly s e d  term o n ly .  The r a te  d a ta  and s t e r e o -  
s p e c i f i c i t y  i n  a c id i c  medium are g iv e n  in  Table 3 . 
kg a p p l ie s  to  the  d e u te r a t io n  o f  H^, and kg ,(w here ' d ' denotes  
'd e c o u p le d ' ) ,  to  th a t  o f  Hg.

Table 3. Data a t  95 C.

Diamine ^°^^D{Aoid)
' l i  -1M s e c s M”  ̂sec3~^

^b(Acid)
kp(Aoid)

en 2 . 0  t  0 . 4 2 .0  t  0 .5 10 i  3

dmen 3 .4  -  0 . 7 3.1 -  0 . 7 11 -  3

deen 6 -  1 2 . 7  -  0 .5 22 i  3
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The üuao catalysed d e u te r a t io n  was promoted co n s id er a b ly  more 
e a s i l y ,  (pD^^ 9» 14—55 C), and showed much h igher  d eg rees  o f  
s t e r e o s p e c i f i c i t y ;  ( 1 ,3  -  0 .3  ) x 10^, ( 1 .5  -  O.4 ) x  10^ and 
( 2 . 2  -  0 . 5 )  X 10^ fo r  Co(IIl)EDDA(en)'^, Co(III)EDDA(dmen)'^ 
and Co(IIl)EDDA(deen)^ r e s p e c t i v e l y .  S in ce  th e  method o f  
c a t a l y s i s  should have no e f f e c t  on th e  degree  o f  p r o te c t io n  
o f  Hg by th e  e th y len ed iam ine  'backbone’ , the  markedly lower  
degree  o f  s t e r e o s p e c i f i c i t y  in  th e  a c id  c a ta ly s e d  d e u te r a t io n  
was a sc r ib ed  to  the  p ro d u ct io n ,(fro m  an e n o la te  c a t io n )  o f  a 
d ech e la ted  s p e c i e s .  T h is  has f r e e  r o t a t io n  about th e  oc-carbon  
- n i t r o g e n  bond, and i s  thu s a b le  t o  r ea c t  i n  a n o n s te r e o s p e c if ic  
manner, as  i n  Scheme 1.
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Hate c o n t r o l l in g  C-H bond rupture I s  in d ic a te d  by th e  
magnitude o f  th e  primary i s o t o p e  e f f e c t  ( ^ 5 ) .  The base  
c a ta ly s e d  r e a c t io n ,  where th e  f i r s t  term i n  eq u a tio n (29 )  i s  
n e g l i g i b l e ,  in v o lv e s  slow  s t e r e o s p e c i f i c  d ep roton ation  by OD"
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fo l lo w e d  by f a s t  a t e r e a a p e c i f ic  a d d it io n  o f  from D^O. Thus,
I t  i s  p ro to n a t io n  o f  the  oarbonyl group in  a c id i c  s o lu t io n  
t h a t  weakens th e  oarbon-oxygea bond and reduces th e  degree o f
s t e r e o s p e c i f i c i t y  a s  d e sc r ib e d .
I t  i s  found th a t  th e  a lk y l  groups o f  t h e  d ia m in e  l ig a n d  enhance  
th e  d e u te r a t io n  r a te  i n  both  a c id  and b a se . A lthough, s in c e  
on ly  one kind o f  a lk y l  s u b s t i tu e n t  resonance i s  observed , 
con form ation a l in te rc h a n g e  between puckered forms i s  f a s t ,  
Sudmeier and Occupati s t a t e  th a t  on th e  b a s i s  o f  m olecular  
models and on th e  d e u te r a t io n  r a t e s  th e m se lv e s ,  the  conform
a t io n  shown i n  F igure  8 , IV, i s  most fa vou rab le  i . e .  having  
a lk y l  groups remote from th e  oC-hydrogens. T h is  would support 
th e  c o n c lu s io n  th a t  th e  e f f e c t  o f  N s u b s t i t u e n t s  s i tu a te d  on 
th e  e th y len ed iam in e  l ig a n d  i s  in d u c t iv e  ra th er  than s t e r e o 
ch em ica l.
Sudmeier and Occupati do not d i s c u s s  th e  e f f e c t  o f  the  a lk y l  
s u b s t i t u e n t s  on th e  s t e r e o s p e c i f i c i t y  o f  th e  r e a c t io n .  An 
in c r e a s in g  in d u c t iv e  e f f e c t ,  deen^  d m e n en, ten d in g  to  reduce  
th e  p o l a r i z a b i l i t y  o f  th e  Co-0 bond, and hence p rec lu d in g  bond 
rupture and tend&ncy to  n o n s t e r e o s p e c i f i c i t y  cannot ap p ly ,  
s in c e  a s im i la r  e f f e c t  on th e  degree  o f  s t e r e o s p e c i f i c i t y  
was observed in  both a c id  and b a se .
The e f f e c t  i s  probably a consequence o f  th e  a lk y l  groups  
s u b s t i tu e n t  e f f e c t  on the  ease  o f  a t t a in in g  th e  t r a n s i t i o n  
s t a t e ,  w h i l s t  th e  low degree  o f  s t e r e o s p e c i f i c i t y  i n  ac id  i s  
a d i r e c t  consequence o f  p r o to n a t io n  o f  the  carbonyl group.

The e f f e c t s  on th e  ease  o f  r e a c t io n  and on the  s t e r e o s p e c i f i c i t y  
o f  th e  a c id  c a ta ly s e d  d e u te r a t io n  o f  o u t -o f -p la n e  g ly c in a t e  
proton s i n  t r a n s -CoCIII)BDDA(diamine)"*", o f:  ( i )  the  s i z e  o f  
th e  g ly c in a t e  r in g  (5 membered), ( i i )  th e  presen ce  of one 
carb onyl group and ( i i i )  th e  p o s s i b i l i t y  o f  a d ech e la ted  
s p e c i e s ,  are  to  be born in  mind during th e  ensu ing  d is c u s s io n s  
on th e  s t e r e o s p e c i f i c  d e u te r a t io n  o f  [GomalgCn] .
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EXPERIMENTAL 

1 . MATERIALS

Ânalar la b o r a to ry  r ea g e n ts  were used wherever p o s s i b l e .  DpO 
(99.5% minimum i s o t o p i c  p u r i ty )  was obtained from Norsk 
H y d r o -e le c tr is k  K v æ t s t o f a k t ie s e l s k a b , NaOD from Koch-Light L td . ,  
(90% iso to p ic  purity) and D2 SO4  (99%̂  a lso  from Koch-Light Ltd.

Benzylm alonic  ac id  was obtained from Kodak L t d . ,  and e t h y l -  
m alonic ac id  from Koch-Light Ltd. and Ralph N. Emanuel Research  
Chemicals Ltd.
T e r t ia r y  b u ty l  a lc o h o l  was used alw ays fresh ly  d i s t i l l e d .  The 
f r a c t i o n  b o i l i n g  between 83-85°G was c o l l e c t e d .
Stock d e u te r o -a c id  s o lu t io n s  were prepared by th e  a d d i t io n  of  
DgSO. to  DgO, th e  pD b e in g  measured on a Pye Dynacap pH meter 
a f t e r  th e  ap p rop r ia te  c o r r e c t io n  fa c to r :  pD = 'pH' + 0 .4 ( 4 7 ,6 8 )  
had been a p p l ie d .  Acid s tr e n g th  was checked by t i t r a t i n g  random 
sam ples a g a in s t  standard b a se ,  on th e  pH m eter, under a f low  
o f  n i tr o g e n .  The second d e r iv a t iv e  o f  the curve o f  mis o f  base  
added v e r su s  pH was c o n stru c ted  to  o b ta in  the  end p o in t .  Agree
ment was always obta ined  to  w ith in  + 0.02  pH u n i t s  between  
pre-prepared  and checked sam ples.
S tock  d e u te ro -b a se  s o lu t io n s  were prepared by the  a d d it io n  of  
a s o l u t i o n  o f  b o r a x /b o r ic  a c id  (O.IM i n  t o t a l  b o ra te )  i n  DgO, 
t o  a O.IM so lu t io n  of NaOD in  DpO, to  obtain the required pD
measured on a Dynacap pH m eter.
A l l  s to c k  d eu tera ted  s o lv e n t s  were s tored  i n  a deep fr e e z e  
between experim en ts .

2. PREPARATION OP COMPLEXES.

( i )  KCOomalpenDHgO, was prepared by the method of Dwyer et
aT(30) w ithout m o d if ic a t io n  o ther  than r e p r e c ip i t a t in g  the  
product w ith  e th a n o l  from aqueous s o lu t io n  two or th r ee  more 
t im es  than  r ep o r te d , i n  order to  remove a p e r s i s t e n t  pink  
im p u rity . Pure y i e l d  about S O f o .

A n a ly s i s .  C a lcu la ted  fo r  K[GoOgH^2H2^8^H20

% C,25.30;H ,3.68;N ,7.37;E ,10.33.

Found, % 0,26.20;H ,3 .77;N ,6 .94;E ,10 .28
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On a d d i t io n  o f  the  complex to  DgO/DgSO. s o lu t io n ,  pD -^2.5,
th e  pD i s  observed to  f a l l  to  a v a lu e  o f ^  2 .9 ,  a lthough  
t h e r e a f t e r  remains co n sta n t  to  w ith in  _+ 0.01 pH u n i t s .  This  
cannot be the  e f f e c t  o f  the  m olecu le  o f  water o f  c r y s t a l l i s a 
t i o n  s in c e  t h i s  would in tro d u ce  < o f  water in t o  the  ac id  
s o l u t i o n ,  a l b e i t  un bu ffered . The ’ s e l f - b u f f e r i n g ’ e f f e c t  th a t  
i s , i n  f a c t ,  occu ring  i s  d is c u s s e d ,  to g e th e r  w ith  the  much more 
s u b s t a n t ia l  one o f  [ C o m a l . a t  th e  end o f  t h i s  s e c t io n  
(p . 6 l ) .

( i i )  [GoengmalDOl. Werner’ s m ethod(i03) fo r  th e  p rep ara tion  
o f  t h i s  complex was con sid ered  somewhat u n w t ld y  and a
m o d if ic a t io n  was used th a t  does not in v o lv e  th e  i s o l a t i o n  o f  
th e  b im alonate s lu d g e .
[CoengCO^DCl,prepared by th e  method o f  D w yer(3 l) ,  (I7gm, 0 .062  
mole) was d i s s o lv e d ,  w ith  warming, i n  60 ml o f  w ater. Maion!c 
a c id  (6.5gm , 0 .0625m ole) was th en  added and the  s o lu t io n  heated  
to  th e  b o i l i n g  p o in t ;  whereupon i t  was v ig o r o u s ly  s t i r r e d ,  or 
t r a n s fe r r e d  to  a s e p a r a t in g  fu n n e l  and shaken, u n t i l  a l l  
e f f e r v e s c e n c e  c e a se d .  Sodium c h lo r id e  (8 grms) was added to  
th e  hot s o lu t io n  and i t  was l e f t  i n  a r e fr id g e r a to r  fo r  th ree  
d a y s . The carm ine-red l e a f  c r y s t a l s  were su bseq uently  f i l t e r e d  
a t  th e  pump, washed w ith  a l i t t l e  i c e  water and e th a n o l ,  
r e c r y s t a l l i s e d  from th e  minimum o f  hot w ater, and subsequently  
d r ied  i n  vacuo over CaClg.
Y ie ld ,  40% (7 .4gm ).

A n a ly s is  C a lcu la ted  fo r  [CoG^H^gN^O^]Cl.

% 0 , 2 6 . 5 4 ;H ,5 .6 9 ;N ,17.70  

Found % C ,2 6 .3 7 ;H ,5 .8 7 ;N ,1 7 .2 2

( i i i )  [Coen^mallBr.

[CoengCO.DCl ( 9 . Ogm, 0 .033m ole) was d i s s o lv e d  i n  water (30 m l).  
S i l v e r  o x id e ,  f r e s h l y  p r e c ip i t a t e d  from s i l v e r  n i t r a t e  (5.96gm) 
and e x c e s s  b a se ,  was added and th e  s o lu t io n  w e l l  s t i r r e d .  
[CoengCO.lOH was then  f i l t e r e d  f r e e  from e x c e ss  AggO and 
AgCl and m alonic a c id  added (3.5gm , 0 .033 5m ole) .  The s o lu t io n  
was heated to  b o i l i n g  and v ig o r o u s ly  s t i r r e d  u n t i l  e f fe r v e sc e n c e  
c e a se d .  Potassium  bromide (6gm) was then  added and th e  s o lu t io n  
allow ed  to  c o o l  in  th e  r e f r id g e r a t o r .  The r e d ,n e e d le  c r y s t a l s
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were f i l t e r e d  a t  th e  pump, washed w ith  ic e -w a te r  and eth anol  
and r e c r y s t a l l i s e d  from th e  minimum o f  hot w ater. The pure 
complex was washed on th e  f i l t e r  in  a s im i la r  manner and 
d r ied  in  vacuo over GaOlp.

A nalysis Calculated for [CoC^H^gN^O.lBr.

f  C ,23 .25 ;H ,4 .99 ;N ,15 .53 ;B r,22 .15

Pound % C ,2 4 .0 0 ;H ,5 .0 9 ;N ,1 3 .3 9 ;B r ,2 2 .0 2
22.45

In  v iew  o f th e  other th r e e  a n a ly s e s ,  th e  f ig u r e  returned fo r  
n itr o g e n  was deemed unim portant.

( i v )  [GoBipy^mallBr.H^O, was prepared from [CoBipygClgjCl.ZHgO 
by a method s im i la r  to  th a t  o f  [CophengClplCl.jHpOCl ) ,  where 
phen= 1,10 phenanthroline,and [CophengmallCl.SHgOCZ).

(a )  [CoBipygClglCl.ZHgO. Cobalt chloride hexahydrate , (5gm, 
0 .0 2 m o le ) ,  and 2 ,2 '  b ip y r id y l ,  (6 .55gm , 0 .0 4 m o le ) ,  were 
warmed to g e th e r  i n  6ml o f  w ater , u n t i l  a brown s o lu t io n  was 
o b ta in ed . Upon c o o l in g  i n  i c e  a yellow-brown m a ter ia l  was 
p r e c i p i t a t e d .
C h lor ine  gas was th en  passed in to  th e  s o lu t io n  fo r  75 m inutes,  
during which tim e th e  co b a lt ( I I )  m a te r ia l  was o x id ise d  to  the  
r e d -g r e y  c o b a l t ( I I I )  product. T h is  was then  f i l t e r e d  a t  the  
pump and w e l l  washed w ith  ic e -w a te r  and e th e r .  The brown 
f i l t r a t e  y ie ld s  further product on reox id is in g  and working 
up the  l iq u or .
Crude y i e l d   ̂ 50%.
The crude product was d i s s o lv e d  i n  40ml o f  b o i l i n g  water and 
10ml o f  con cen tra ted  h yd ro ch lo r ic  ac id  added. On c o o l in g ,  dark 
p u r p le , l e a f - l i k e  c r y s t a l s  were d e p o s i te d .  The r e c r y s t a l l i s e d  
[CoBipy2C l2 ] C l . 2H2O was obtained in  about 60% y ie ld  from the  
crude product, and was used w ithout a n a ly s is .

(b )  [CoBipygmallBr.HgO. D ic h l o r o b is - ( 2 ,2 '  bipyridyl) c o b a l t ( I I l )  
chloride dihydrate, (0 .6gm , 0 .0 0 1 2 m o le ) ,  i n  w ater, (5 m l),  was 
ground in  a mortar w ith  s i l v e r  oxide, fresh ly  precipitated
from s i l v e r  n itr a te ,  (Q.95gm), and e x c e s s  a l k a l i .  The r e s u l t in g  
s o lu t io n  was f i l t e r e d  from e x c e ss  AggO and AgCl and tr e a te d  
w ith  m alonic a c id ,  (0 ,25gm , 0 .0 02 4m ole) ,  a t  the  b o i l in g  p o in t .  
B o i l i n g  was continued  fo r  f i v e  m inu tes, a f t e r  which tim e
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potassium  bromide, ( lg m ), was added and th e  s o lu t io n  coo led  
i n  i c e .  The r e s u l t in g  c r y s t a l s ,  which were a somewhat deeper  
red than the  analogous e th y len ed iam ine  complex, were f i l t e r e d  
a t  th e  pump, washed w ith  a l i t t l e  i c e -w a te r ,  e th a n o l  and 
e th e r  and a i r - d r i e d .
Pure y i e l d  30% a f t e r  r e c r y s t a l l i s a t i o n  from th e  minimum 
of b o i l i n g  w ater .

A n a ly s is  C a lc u la ted  f o r  [CoCgjH^gN^O.lBr.HgO

% C ,4 8 .4 0 ;H ,3 .5 1 ;N ,9 .8 2  

Pound % C ,4 8 .8 6 ;H ,3 .8 6 ;N ,9 .4 6

48 .7 6  3 .82

(v )  [CoengEtmallBr.HgO.

[CoengCOjlCl, (lOgm, 0 .0365m ole) in  water (50ml) was tr e a te d  
w ith  AggO f r e s h l y  p r e c ip i t a t e d  from s i l v e r  n i t r a t e  ( 1 Igms), 
and e x c e s s  h yd rox id e . On f i l t e r i n g  f r e e  from e x c e s s  AggO and 
AgCl, th e  f i l t r a t e  was heated and e th y lm alon ic  ac id  ( 5 g , /  
0 .038m ole)  added. C on siderab le  shaking and s t i r r i n g  near the  
b o i l i n g  p o in t  was n e c essa ry  to  remove a l l  s ig n s  of e f f e r v e s c 
en ce .  Potassium  bromide (8gm) was su b seq u en tly  added and th e  
s o l u t i o n  coo led  i n  i c e .  The product was a somewhat deeper red 
than  [Coen^mallBr. R e c r y s t a l l i s a t i o n  was from th e  minimum of  
hot w ater , and th e  pure product was dried  in  vacuo over  
ca lc iu m  c h lo r id e .

A n a ly s is  C a lcu la ted  fo r  [CoC^H22N^0^]Br.H2O

% C ,2 6 .6 0 ;H ,5 .9 2 ;N ,1 3 .7 8 ;B r ,2 0 .5 5

Pound % 0 ,2 5 .8 9 ; H ,5 .9 6 ; N , l3 .3 9 ;B r ,2 1 .2 7
+ 0 .2

( v i )  KCCoEtmalgenjHgO.

(a )  E thylenediam ine e th y lm a lo n a te . E thylenediam ine, (0 .88m l,  
0 .0 1 5 m o le ) ,  was added s lo w ly  to  a s t i r r e d  s o lu t io n  of e t h y l -  
m alonic  a c id  i n  e th a n o l , ( l .7 2 g m ,  0 .0 1 5 m o le ) .  The \dklte s o l i d  
was c o l l e c t e d  a t  th e  pump, washed w ith  e th an o l and dried  in  
vacuo over ca lc iu m  c h lo r id e .
Y ie ld ,  2.5gm -  95%.
(b ) A s o lu t io n  o f  potassium  carb on ate , (2.1gm , 0 .0 1 5 m o le ) ,  in



58.
water ( 30m l) ,  was n e u tr a l is e d  by e th y lm alon ic  a c id ,  ( 2 . Ogm, 
0 .0 1 5 n io le ) ,  and 2gm added in  e x c e s s .  The s o lu t io n  was then  
warmed and c o b a lt  carb on ate , ( l .5 3 g m , 0 .0 1 ]m o le ) ,  added. Upon 
c o o l in g  to  30°C, ( no h ig h e r ) ,  e thylened iam ine  e th y lm a lo n a te , 
(2 .3gm , 0 .0 1 2 m o le ) ,  was added, fo llo w ed  by lead  d io x id e ,  
(3.1gm , 0 .0 l3 m o le ) .
O x id a tion  was accom plished by th e  s low  a d d it io n  o f  g l a c i a l
a c e t i c  a c id ,  ( 1 .5 5 m l) ,  to  th e  hot s o l u t i o n , ( 65-70°C ) ,  over  
a period  o f  20 m in u tes . During t h i s  t im e , th e  co lo u r  o f  the  
s o l u t i o n  changed from pink to  deep p u rp le .
When o x id a t io n  was com p lete ,  (ab sen ce  o f  C o ( I l )  m a te r ia l  was
confirmed by th e  r e a c t io n  of a l c o h o l i c  t h io c y a n a t e ) , th e  hot 
s o l u t i o n  was f i l t e r e d  from e x c e s s  d i o x i d e , ( t w i c e ) ,  and
caesium  c h l o r i d e , ( 1 . 2gm), added.
Upon sta n d in g  i n  a r e f r id g e r a t o r  overn igh t a w h ite  m a te r ia l

( im p u r ity  as th e  caesium  s a l t ) ,w a s  d e p o s ite d  which was 
f i l t e r e d  o f f  and d iscard ed .T h e  s o l u t i o n  was th en  a llow ed  
to  evapourate sp ontan eou sly .O ver  a period o f  7 days v a r io u s  
amounts o f  th e  w h ite  im purity  were d e p o s i t e d , f i l t e r e d  o f f  
and d is c a r d e d .A f te r  7 d a y s ,th e  product began to  c r y s t a l l i s e ;  
whereupon th e  s o l u t i o n  was coo led  i n  an i c e  bath.The f i r s t  
f r a c t i o n  c o n s is t e d  o f  a g e la t in o u s  purple m a te r ia l ,  which 
was d iscard ed  as  im pure.Subsequent f r a c t io n s  c o n s is te d  o f  
b e a u t i f u l  purple n e e d le s .T h e se  were f i l t e r e d  a t  the  pump, 
w e l l  washed on th e  f i l t e r  w ith  ic e -w a te r  and i c e - c o l d  
e th a n o l  and d r ied  i n  vacuo over phosphorous p en to x id e .
Three crops i n  a l l  were obtained  from th e  l iq u o r .
Attem pts to  r e c r y s t a l l i s e  th e  product from water r e s u lte d  
i n  d is p r o p o r t io n a t io n  on w arm ing,(a lthough the  complex i s  
q u ite  s t a b le  a t  room tem p era tu re) .  R e p r e c ip i ta t io n  from 
aqueous s o l u t i o n  by th e  slow a d d it io n  o f  e th a n o l r e s u l t e d  
i n  th e  d e p o s i t io n  o f  a g e la t in o u s  s lu d g e ,w h i l s t  the  use  
o f  o ther  organic  s o lv e n t s  gave o i l s .  A n a ly s is  o f  the  o r ig in a l  
p rod u ct, and i t s  pmr spectrum, however, le a v e  l i t t l e  doubt 
a s  to  i t s  p u r i t y .  Most im purity  was i n i t i a l l y  p r e c ip i ta te d  
by th e  a d d i t io n  o f  caesium  c h lo r id e .

Y ie ld  10%

A n a ly s i s .  C a lcu la ted  fo r  E[CoC^2H20^2^8^^2^

% C ,3 2 .8 0 f  H ,5 ,08?  N,G,45; 0 ,33*10

Pound % 0 ,3 1 .6 2 ;  H ,5 .3 5 ;  N ,6 .1 4 ;  0 ,3 3 .4 4
5 .3 0
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( v i i )  KjCComal.lSHgO -  was prepared, w ith  one m o d if ic a t io n ,  
by th e  method o f  Al-Obadie and Sharpe(7 6 ) .
The complex appears to  be q u ite  s u s c e p t ib le  to  p h otoredu ction  
in  e th a n o l ic  s o lu t io n ,  and p r e c i p i t a t io n  of the  product from 
aqueous s o lu t io n  by e th a n o l  was always proceeded by p r e c i p i t -  
a t io n  of a pink m a te r ia l ,  ( c o b a lto u s  m a lon ate ) .  Upon f i l t e r i n g  
from d io x id e  a f t e r  o x id a t io n  t h e r e f o r e ,  e th a n o l ,  ( 400ml u s in g  
A l-O bad ie ’ 3 q u a n t i t i e s ) ,  was q u ick ly  added w ith  s t i r r i n g  to  
th e  warm s o lu t io n ,  th e  r e s u l t in g  pink im purity  removed, and a 
fu r th e r  300ml o f  e th a n o l added. Whereupon th e  v iv id  green  
product came down.
Y i e l d — 30%.

A n a ly s i s .  C a lcu la ted  f o r  KjCCoCgH^O^gllUgO.

% C ,2 0 .1 6 ;H ,2 .2 5  

Found % C ,2 0 .2 5 ;H ,2 .3 8 .

( v i i i )  [ComalgBipy]" was obtained a s  th e  double s a l t ,
[ CoBipygmallCComal^Bipy] 3H2O.

The analogous o x a la to  complexes have been r e p o r te d ( l8 ) and 
were a l s o  obtained a s  [GoBipyg ox ] l  and Ba( [Go; ox 2B ip y ] ) 2 » 
from th e  double complex.

2 , 2 ’ b ip y r id y l  ( 0 . 45gm, 0 . 029mole) was d is s o lv e d  in  h o t ,  30% 
aqueous e th an o l ( 9ml) and a s o lu t io n  o f  K^CComal^llHgO 
( l .3 9 g m , 0 .0 2 6 m o le ) ,  i n  water (5ml) added. The r e a c t io n  mixture
was th en  h ea ted , w ith  g rea t  c a r e ,  u n t i l  i t  turned a deep red 
c o lo u r .  I t  was th en  coo led  in  i c e .
The s o lu t io n  o c c a s io n a l ly  had to  be reduced in  volume to  ensure  
c r y s t a l l i s a t i o n  -  t h i s  n e c e s s i ta t e d  grea t  care or th e  brown 
[CoBipy^]^^ c a t io n  r e s u l t e d .  The p u rp le-red  powder obtained  
was washed on th e  f i l t e r  w ith  a sm all amount o f  i c e  w ater,  
a b s o lu te  e th an o l and e th er  and a i r  d r ie d .  I t  was analysed  
w ith ou t fu r th e r  p u r i f i c a t i o n .
Y ie ld ,  20-60fo (based on [Comal^]^").

A n a ly s is  C a lcu la ted  f o r  [OoCgjH^gN^O^JECoC^gH^gNgOglSHgO.

f  C ,4 9 .5 0 ;H ,3 .8 4 ;N ,8 .8 9  

Pound ^ C ,4 9 -6 4 ;H ,3 .8 0 ;K ,8 .9 8 .

Numerous a ttem p ts  were made to  s p l i t  th e  complex in t o  i t s
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component h a lv e s .  P r e c i p i t a t i o n  of the  c a t io n  w ith  proved 
s u c c e s s f u l  but l e f t  behind a yellow -brow n s o lu t io n ,  probably o f
[ü o B ip y j ] !  .
The c a t io n  was a l s o  s u c c e s s f u l l y  removed w ith  sodium te tra p h en y l  
b o r a te ,  l e a v in g  a v i v id  purple  s o l u t i o n  behind. Attempts to  
work t h i s  up r e s u l t e d  i n  d e p o s i t io n  of c o lo u r le s s  s o l i d s  
(B(Ph)~) and a c o lo u r  change to  red ( [CoBipy^mal]"^) and through  
t o  brown ([C oB ipy^]*^).

( i x )  LCophengmallCComalgPhenllHgO.

1 ,1 0  p h e n a n th r o l in e , (0 .5gm , 0 .0027m ole) was d i s s o lv e d  in  warm, 
33% aqueous e th a n o l (11ml) and added t o  a s o lu t io n  of  
K^LComal^lSH^O (1.34gm , 0 .0025m ole) in  water (5 m l) .  The s o lu 
t i o n  was heated ju s t  to  b o i l i n g  p o in t  whereupon i t  changed 
from green  to  dark brown. Immersion i n  an i c e / s a l t  bath soon  
r e s u l t e d  i n  th e  d e p o s i t io n  o f  th e  purp le-red  product, ( o f  a 
somewhat darker hue than  th e  b ip y r id y l  a n a lo g u e) .  The product 
was washed w ith  ic e - w a t e r ,  e th a n o l  and e th e r ,  a i r  d r ie d ,  and 
a g a in  ana lysed  w ithou t fu r th e r  p u r i f i c a t i o n .
Y ie ld ,  40% (based on [Comal^]^“ ) .

Analysis C a lcu la ted  fo r  [ 0 oC2yH^qN^0^][GoC^qH^2H208^^^2^*

% C ,5 3 .1 0 ;H ,3 .5 7 ;N ,8 .2 7  

Found % 0 ,5 3 .3 5 ; H ,3 .7 2 ; N ,8 .4 4 .

Attem pts to  s p l i t  t h i s  complex in t o  i t s  component, h a lv e s  were 
even l e s s  s u c c e s s f u l  than in  th e  p rev iou s  c a s e .  Whatever 
reagen t was used to  remove [GoBipy2mal] r e s u l t e d  in  
d is p r o p o r t io n a t io n  o f  th e  product, the  co lou r  changing from 
rod -p u rp le  to  brown ([Cophen^]^*) alm ost im m ediately .  
[Cophen2mal][Gomal2Phen]3H20 proved of l i t t l e  v a lu e .  I t s  pmr 
spectrum was un ob ta in ab le  because o f  i t s  extreme i n s o l u b i l i t y  
i n  a l l  s o lv e n t s  -  even u s in g  m ic r o c e l l  tec h n iq u e .

M icroan a lyses  fo r  G,H,N, and 0 were ca rr ie d  out by A lfred  
Bernhardt o f  Elbach über E n ge lsk irch en , West Germany and 
Dr F .B . S tr a u ss  o f  Oxford, England. H alide  was analysed  
g r a v im e t r ic a l ly  and by p o te n t io m e tr ic  t i t r a t io n ,a n d  potassium  
was determined by flam e photometry(39 ) .

(x )  The nature  o f  [Gomalgea] and [Oomal^] i n  s o lu t io n .

I t  has been shown by M cAfferty and Mason( 70) from c ir c u la r
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d ioh ro ism  (C .D .)  sp e c tr a  th a t  [CotCgO^)^]^- e x i s t s  i n  s o lu t io n  
p a r t ly  in  the  open r in g  form.

I'^OCOCOjH
0

C.D. d e t e c t s  the  r e d u c t io n  i n  symmetry in  go ing  from th e  f u l l y  
c h e la te d  form (D^) t o  r ing-opened  form (C g).
Upon d i s s o l v in g  [Comalgen]" and [ C o m a l . i n  an unbuffered , 
weakly a c id ic  s o lu t io n  (pH2.5) to  g iv e  a O.IOOM s o lu t io n ,  the  
pH changes from 2 .5  to  about 2 .8  and 2 .5  to  5 .5  r e s p e c t i v e l y .  
T h is s e l f  b u f fe r in g  e f f e c t  could only  come about as  a r e s u l t  
o f a r in g  opened form analogous to  th e  above. Furthermore, 
th e  e f f e c t  depends s t r o n g ly  on the  presen ce  of th e  th ir d  
m alonate r in g  -  [Coen^mal]*^ does not a l t e r  th e  pH of a s o lu t io n  
pH2.5.
The e f f e c t  could come about as  a r e s u l t  o f  the fo l lo w in g  
sequence .

. OH” .
[C o m a l,]J ” + HgO ------  ̂ [Comal,HgO]J ------  ̂ [Comal,OH]*" + H.Oo ^ > -5 ^ V 1 j —

Ĥ
(H.)

-  th e  second s ta g e  p r o v id in g  th e  b u f fe r in g  e f f e c t .  S ince  
[Comalpen]” showed a markedly l e s s  tendency to  e x i s t  i n  the  
proposed d ech e la ted  form and s in c e  Sudmeier and O ccupati(93)  
have proposed a s im i la r  form o f  Co( I I I  )EDDA{ en)"  ̂ to  account  
fo r  low s t e r e o s p e c i f i c i t y  i n  a c id  s o lu t io n ,  th e  complex was 
s u i t a b le  fo r  study o f  th e  e f f e c t  o f c h e la t io n  on th e  l a b i l i t y  
o f  oc -h yd rogen s . [C om al.]^” ,however, was consid ered  u n su ita b le  
on t h e s e  grounds.
A sp ec tro p h o to m etr ic  survey o f  th e  complexes in  a range of  
b u f fe r s  i s  p resen ted  i n  Appendix I .

The u v - v i s i b l e  sp e c tr a  of [Coengmal]^, [CoBipy^mal]"^ and 
[ComalgGn]” i n  0.25M a c id  show no change over a period o f
tim e up to  s i x  months. Any s p e c ie s  in v o lv in g  d e c h e la t io n  o f  
m alonate i n  [ComalgSn]” must th e r e fo r e  be formed in  a f a s t  
p r e eq u il ib r iu m .
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3 . PMR SPECTRA AND KINETIC MEASUREMENTS

A l l  s p e c tr a ,  w ith  the  ex ce p t io n  o f  [CoBipygmallCComalpBipy], 
were recorded on a Varian HA60,60MHz nmr sp ec tro m eter . [CoBipy^ 
mall^ComalpBipy] was recorded on a Varian HA100,100MHz in s t r u -  
ment a t  H arwell I n s t i t u t e .  Temperatures were v a r ie d  by means 
o f  th e  Varian v a r ia b le  tem perature a c c e s s o r y .  The m anufacturer's  
c la im  to  an erro r  o f  +^°C could not be b e t t e r e d ,  and o c c a s io n -  
a l l y  even g r e a te r  error  was in cu rred . A c t iv a t io n  parameters  
are th e r e fo r e  su b je c t  to  la r g e  e rr o r .  Temperatures were checked 
by m easuring s h i f t  d i f f e r e n c e s  in  methanol and e th y len e  g ly c o l  
and r e f e r in g  to  th e  m anu factu rer's  c a l i b r a t io n  c h a r t .  I c e -  
water or ice -m eth a n o l  were used as th e  heat s in k .
Chemical s h i f t s  were c o n v e n ie n t ly  measured r e l a t i v e  to  
t e r t i a r y  b u ty l  a lc o h o l  or HOD a s  in t e r n a l  stan dards , u s u a l ly  
on a sweep w idth of 500Hz a t a scan r a te  o f  1 H z . s e c . P e a k  
a r ea s  were measured u s in g  th e  sp e c tr o m e te r 's  e l e c t r o n ic  
in t e g r a t o r  a t  a scan r a te  o f  5 H z .s e c .” ^

The ac id  c a ta ly s e d  deuterium  exchange r a te s  were determined  
i n  su lp h u r ic  a c id  s o lu t io n  at the tem peratures in d ic a te d  fo r  
each complex. ' Dummy runs' monitored by pH meter in d ic a te d  
no change i n  pH during th e  course  o f  a run. The s to ck  ac id  
s o l u t i o n  and nmr tu b e s ,  c o n ta in in g  weighed amounts o f  complex, 
to  be used were preheated or precoo led  in  a water bath a t  the  
ap p ro p r ia te  tem perature. No attem pt was made to  m ainta in  
i o n i c  s tr e n g th .  A fte r  a d d it io n  o f  s to c k  ac id  and rapid tr a n s 
f e r  to  the  sp ec trom eter , peak a rea s  were co n t in u o u s ly  m onitored. 
For th o se  s o lu t io n s  i n  which exchange was f a s t ,  th e  tu b es  were 
l e f t  i n  the  sp e c tr o m e te r 's  probe throughout th e  run. O therwise,  
the  tu b es  were kept i n  a water bath a t  the  required temperature  
between r e a d in g s .  I n t e g r a t io n  was run from 3 . 20ppm ,(versus  
t-BuOH), u p f i e l d ,  i n  order t o  avoid th e  b ig  HOD s ig n a l .  Where 
p r e s e n t ,  th e  e th y len ed iam ine  -GHgCHg- s ig n a l  was included i n  
th e  i n t e g r a l .  S in ce  t h i s  i s  not su b jec t  to  d e u te r a t io n ,  the  
malonato o c -h y d r o g en  i s  expressed  as  a f r a c t io n  o f  i t ,  in  
order to  a l lo w  fo r  v a r ia t i o n  i n  th e  sp ec tro m e ter 's  output  
power. In  t h e .c a s e  o f  [CoBipygmal]'*' th e  i n i t i a l  in t e g r a l  was 
made as  la r g e  a s  p o s s i b l e ,  w ithout in c u r r in g  to o  la r g e  a 
s i g n a l / n o i s e  r a t i o ,  and th e  f i e l d  kept c o n s ta n t ly  shimmed. 
Complexes used were K[Comal2®ri3H20, [CoengmalDCl or iCoengm allBr,
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’i£jure 10 . Riir sp ectra ,  o f  Coinal^en in  0 .0 0 1 6  K D^SO^/D^O , 

(a )  a f t e r  2 LiinuteG, (b ) a f t e r  20 m inutes and 

( c )  a f t e r  100 m inutes  -  a t  57®c.
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and [OoBipygmaljBr.HgO. [Complex] was always O.IOOM,

4 . KLComal^enlH^O.

The pmr spectrum o f  t h i s  complex has been reported p r e v io u s ly  
(1 9 , 1 0 6 ) .  As recorded by the  author i t  i s  reproduced in  
Figure 10a.
A s te r is k s  denote sp in n in g  s id e  bands. The broad peak ( h a l f  
w idth 12Hz) a t  1.47ppm i s  a ss ig n ed  to  the  ethylened iam ine -  
-GHgCHg- p ro to n s . I t s  broadness i s  a scr ib ed  to  unresolved  
co u p lin g  to  the  -NH  ̂ p ro to n s .  C arefu l exam ination i n  a w e l l  
shimmed f i e l d  r e v e a l s  sh ou ld ers  on e i t h e r  s id e  o f  the  main 
peak; th e  whole r e p r e se n t in g  a rudimentary t r i p l e t .  A d d ition  
o f  d eu tero  base cau ses  rapid sharpening of the  s ig n a l  to  a 
h a l f  w idth  o f  about 2Hz. In  v iew  o f  t h i s ,  and s in c e  th ere  i s  
no f i n e  s t r u c tu r e ,  we may conclude th a t :  (a )  each methylene  
group i s  i n  an i d e n t i c a l  f i e l d ,  and (b) conform ational  
in terch a n g e  o f  th e  e th y len ed iam ine  c h e la te  r in g  i s  f a s t ,
(  ̂ 100 sec."”  ̂ ) .
The broad peak a t  3.75ppm i s  r e a d i ly  a ss ig n ed  to  th e  two
e q u iv a le n t  -NH  ̂ groups, s in c e  i t  d isap p ea rs  r a p id ly  on a d d it io n  
of deutero  b a se .  The r e a d i ly  i d e n t i f i a b l e  AB p a tte r n ,  centred  
a t  2.11ppm, im m ediately  dow nfield  o f  th e  en -CHgCHp- s ig n a l ,  
i s  a ss ig n ed  to  the  malonato oc-hydrogen atoms.
D isreg a rd in g  con form ation a l in terch an ge  f o r  the  moment, i t  
may be seen  th a t  an AB p a t te r n  i s  i n e v i t a b l e ,  s in c e  i n  any 
conform ation  th e r e  w i l l  always be one p a ir  o f p ro to n s , Hg, 
between th e  two m alonate r in g s ,  and one p a ir ,  H^, o u ts id e  
the  r in g s ,  ad ja cen t  to  th e  amino groups of th e  ethylenediam ine  
l i g a n d .
As we have se en , ( p . 3 2 ) ,  f o r  in tra m o lecu la r  p r o c e sse s  such as  
conform a tion a l exchange, th a t  are f a s t  compared to  the nmr 
tim e s c a l e ,  both  chem ical s h i f t s  and cou p lin g  c o n s ta n ts  are  
su b je c t  to  tim e a v e ra g in g . The tim e average as ’ seen' by the  
spectrom eter  w i l l  c o n s i s t  o f  th e  weighted mean of a l l  
conform âti o n a l l y  a t t a in a b le  s t r u c tu r e s .  A prefered  conform
a t io n  w i l l  c o n tr ib u te  more to  th e  tim e average than w i l l  an 
e n e r g e t i c a l l y  unfavourable  conform ation .
As w i l l  be seen , th e  r e a c t io n  i s  s t e r e o s p e c i f i c ,  in  th a t  the  
dow nfie ld  protons are d eu tera ted  f i r s t .  T h erefore , the  
d i f f e r e n c e  i n  averaged chem ical environment of and Hg i s
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a consequence o f  the  same f a c t o r ( s )  th a t  govern the s t e r e o 
s p e c i f i c i t y  o f  the r e a c t io n  -  and we may assume th a t  no s t e r i c  
com pression  f a c t o r s  o p era te .  However, the assignm ent o f  Ĥ  
or Hg to  the  h igh  f i e l d  AB s i g n a l s ,  and to  an average sh e lte r e d  
environm ent, i s  a m atter f o r  c o n je c tu r e .
A l l  o th er  th in g s  b e in g  eq u a l, we may co n s id er  the  inh eren t  
r e p u ls iv e  terms conta ined  in  each conform ation . Figure 11(a)  
shows th e  two malonate r in g s  in  th e  in term ed ia te  'skew -boat'  
conform ation , w h i l s t  Figure 11(b) and ( c )  show the r ig id  
' c h a ir '  and m obile  'b o a t '  form s. E n e r g e t i c a l ly , t h e  c h a ir  form 
i s  most unfavourab le . I t  c o n ta in s  e c l ip s e d  lo n e  e le c t r o n  p a ir s ;  
0  ̂ and 0^, 0^ and 0^, and 0  ̂ and as w e l l  as v a r io u s  l e s s  
s i g n i f i c a n t  lo n e  p a ir -b on d in g  p a ir  in t e r a c t io n s .  In  comparison  
the  boat conformer has only lo n e  p a ir s  on 0  ̂ and 0^ e c l ip s e d .
In  v iew  o f t h i s  we may expect th e  m obile  conformera to  
c o n tr ib u te  more t o  th e  average than th e  r ig id  c h a ir  form.

However, we must c o n s id e r  th e  in t e r - l ig a n d  s t e r i c  in t e r a c t io n s .

In  one p a ir  o f  boat conform era, the  H^'s may approach to  w ith in  
0.5A ° o f  and Ng, w h i l s t  i n  th e  o th er  p a ir ,  th e  Hg's may 
approach to  w ith in  0.7A° o f  the  carbonyl oxygens 0^, and the  
c o -o r d in a ted  oxygens 0  ̂ and 0^. Measurements were estim ated  
from D re id in g  m odels. Both boat conform ations, t h e r e fo r e ,  
c o n ta in  r e p u ls io n  terms o th er  than th o se  in h eren t  t o  th e  
conform ation . On r a i s in g  th e  tem perature o f  an a c id ic  s o lu t io n  
o f [GomalgGn]" to  a s  h igh  a s  80°C and low ering  i t  t o  20°C, 
no co n fo rm ation a l consequences were observed . The a c t i v a t i o n  
energy fo r  exchange i s  t h e r e fo r e  l i k e l y  to  be ^  5 k c a l .m o le ” ] 
exchange i s  alw ays f a s t  compared to  the  nmr tim e s c a le  and we 
may c o n s id er  th e  net conform ation  as com prising of the  weighted  
mean o f  th e  above energy term s.
Furthermore, s in c e  m olecu lar  models in d ic a t e  th a t  i n  the  
in te r m e d ia te  'sk ew -b oat' and r ig i d  'c h a ir '  forms n e ith e r  Ĥ  
nor Hg i s  l i a b l e  to  p r e f e r e n t i a l  a t t a c k ,  e i th e r  m alonate-  
m alonate or H^H-malonate r e p u ls io n  i s  l i k e l y  to  be s tr o n g e r ,  
th ereb y  ren d erin g  Ĥ  or Hg i n  an average sh e l te r e d  environment. 
The average nature  o f  th e  environment then  d e c id e s  th e  degree  
o f  s t e r e o s p e c i f i c i t y .
The r e l a t i v e  m otion o f  th e  malonate r in g s  must a l s o  be 
c o n s id e r e d .
D isreg a rd in g  the  'chair' form, (or  a c ce p t in g  a s e t  c o n tr ib u t io n
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Figure 11 . C onform âtions o f  c o -o r d in a te d  m alon ate ,

(a)'skev7-boats',(b) 'chair' and (c) 'boat' conformations
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from i t ) ,  the r in g s  can be envisaged  as moving from ’b o a t ' ,  
through ’ skew -boat' and back aga in  in  two ways -  F igure 12.

( i )  T heir  motion can be considered to  be l i k e  th a t  of bent 
w indscreen  w ipers on a c e n tr a l  p iv o t .  As H ^ ( F ig .1 2 ( a ) )  and

are juxtaposed i n  th e  *boat' conform ation , malonate r in g  2 
has Hgg and 0^^ of r in g  1 a d ja c e n t .  Repulsion occurs and both 
r in g s  move back through th e  in te rm e d ia te  skew b o a t s , ( F i g . 11( a ) ) ,  
u n t i l  Sind N^, and and are  adjacen t ( F ig ,1 2 ( b ) )  -  
and so on.
( i i )  With th e  two r in g s  moving, ' i n  p h a se ' .  Each 'boat'  
conformer t r i e s  to  occupy th e  c e n tr a l  p o s i t i o n , ( F i g . 1 2 ( c ) ) ,  
in c u re s  a la rg e  r e p u ls io n  in  th e  form of atom-lone p a i r
i n t e r a c t io n s ;  and , and
r e v e r t s  through 'sk ew -b oat' to  th e  conform ations having  
and and H.  ̂ and a d ja c e n t .

The competing r e p u ls io n  terms in  ( i )  are -bonding p a ir  
i n t e r a c t io n  and H g-lone p a ir  i n t e r a c t io n  and in  ( i i )  H^-bond- 
in g  p a ir  and th e  fo u r  atom -lone p a ir  in t e r a c t io n s  o u t l in e d  
above. The r e p u ls iv e  e f f e c t  o f  th e  e c l ip s e d  lo n e -p a ir s  i s  
g e n e r a l ly  con sid ered  to  be more s i g n i f i c a n t  than th a t  o f  
e c l ip s e d  bonding p a i r s ( 4 6 ) .  T h erefore , whether th e  r e l a t iv e  
methods o f  m alonate r in g  con form ation a l in terch an ge  f o l lo w s  
model ( i ) , ( i i )  or b o th , the  conformera having H^'s and 
and Ng ad la cen t  are rendered r e l a t i v e l y  s t a b le .
Without fu r th e r  e v id e n c e ,  s t e r e o s p e c i f i c i t y  o f  r e a c t io n  i s  
very  l i k e l y  due to  average s h e l t e r in g  o f  by the  e th y le n e 
diamine amino groups. Confirm atory ev id en ce  was undertaken  
n e v e r t h e le s s .  Other s t e r i c  f a c t o r s  were in trodu ced; i n  the  
m alonate l ig a n d  i n  [CoEtmalgen]" and i n  the  f ix e d  l ig a n d  in  
[ComalgBipy]".

(a )  The use o f  e th y lm a lo n a te .
The spectrum o f  [CoengEtmal]* i n  weakly a c id ic  (pD ^4)D20 i s  
shown in  P ig .  1 3 ( a ) .  S h i f t s  were c o n v e n ien t ly  measured 
u p f ie ld  o f  HOD, (a s  lo c k  s i g n a l ) ,  which occurs 3.50ppm down- 
f i e l d  of t-BuOH a t  60 MHz. The oc -c a rb o n -e th y l  group comprises 
a f i r s t - o r d e r  Â M̂ X system . No a d d i t io n a l  s ig n a ls  appear and 
we may th e r e fo r e  assume th a t  conform ationa l in terchan ge  i s  
f a s t .  The broadening of th e  c e n tre  peaks of the M s ig n a l  i s  
due to  th e  s l i g h t  in e q u a l i t y  o f  and Jj^^(6Hz).
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(b)

HCD

T— r

3.02.0

Figure 1^. Pnir s p e c t r a  of (a )  |co ( NI-Î -(CE )̂ 2̂ ^ ^ ^2îi 

and (b)

a c i d i c  DuO.
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The broad peak a t  1.48ppm i s  a ss ig n ed  to  the  ethylened iam ine  
-(O H gjg-p rotons . The nature of t h i s  s ig n a l  i s  d e a l t  w ith  
fu r th e r  i n  s e c t io n  5 -  on [Coenpmal]*.
S p e c tr a l  a ss ign m en ts a fe  suimriarised i n  Table 4.
D e u te ra t io n  of th e  oc -  protons by th e  a d d it io n  of d e u te ro -  
base caused , as  e x p ec ted , th e  c o l la p s e  of th e  M q u in tet  to  
a q u a r t e t , ( P i g . 13( b ) ) .

N o te . Sp ectra  were recorded q u ick ly  because o f  the  complex’ s 
s u s c e p t i b i l i t y  to  a c id  and to  base h y d r o ly s is ,  (Part Two).
No v a r ia t i o n  in  chem ical s h i f t s  was observed during the  pro
c e s s  o f  reco rd in g  s p e c tr a .  A c i d ^  pD4 and NaOD/borate b u f fe r  
p D ^ 8 .5  was used to  record i n i t i a l  sp e c tr a  and to  d e u te ra te  
amino protons r e s p e c t i v e l y .

Table 4 -

60MÜZ s p e c t r a l  a ss ign m en ts  o f  [Coen^Etmal]"**, ( 8  ppm versu s  
t-BuOH).

S ig n a l ppm.

-NHg c i s - 3 .13

-NHo tr a n s —4« 14

—(QHg)— an —1 • 48

m alonate

C-H - 1 . 9 0 ( t r i p l e t )  g Hz

-CHa - 0 . 7 2 ( q u in t u p le t ) j _ ^

-CH, + 0 . 0 4 ( t r i p l e t )

The 60MHz spectrum o f  [CoPtmalgen]" i n  weakly a c id ic  DgO i s  
shown i n  F igure 1 4 (a ) .  S h i f t s  were aga in  c o n v e n ien t ly  
measured r e l a t i v e  to  th e  HOD lo c k  s i g n a l .
The complex c o n s i s t s  o f  a m ixture o f  two geo m etr ica l  isom ers  
d e f in e d  by th e  p o s i t i o n  of the  e th y l  groups r e l a t i v e  to  the  
e th y len ed iam in e  amino groups, ( i )  Having H ^'s, ( F i g . 1 l ) ,  = 
e t h y l  (2  s y n ) ,  and ( i i )  having th e  = e t h y l , (2 a n M ).
Isom ers having e th y l  and Hgg= e t h y l ,  ( sy n -a n t i ) ,  and
Hg^= e th y l  and = e t h y l , ( a n t i - g y s ) ,  are  in d is t in g u is h a b le
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(a )

(bJ
OD

(c )

HOD

0.0

F ig u r e  14, Pnir s p e c t r a  o f  Go( s y n - a n t i - F t i n a l en"* (a )  a f t e r  2 

m inu tes  i n  D^SO^./D^O^pD 3 » ( b ) a f t e r  2 m inutes in  

HaOD/D^O and ( c )  a f t e r  6 hours in  D^gOi/D^O, pD 3 ,
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from the extreme syn and a n t i  isom ers in  th e  pmr spectrum of  
th e  complex.
The group of 7 peaks im m ediately  u p f ie ld  of the e th y le n e 
diamine -CHg s i g n a l ,  (which was a ss ig n ed  by a n a lo g y ) ,  i s  
a s s ig n e d ,  on th e  b a s i s  o f  i n t e g r a t io n ,  to  two overlapp in g  
q u in t e t s .  Such o v er la p p in g , ( F i g . 1 5 ) ,  p rov id es  th e  observed  
1 :4 :7 :8 :7 :4 :1  r a t i o ,  whereas a r eg u la r  se p tu p lâ t  would show 
a r a t i o  o f  1 :6 :1 5 :2 0 :1 5 :6 :1 .  The two q u in te t s  are  assigned 
to  th e  -CHg protons o f  the  e th y l  groups o f  th e  syn and a n t i  
i so m e rs .  I f  th e  s t e r i c  in t e r a c t io n s  are s im i la r  to  th o se  in  
[Comalgen]" th e  h igh  f i e l d  q u in te t  would be due to  th e  syn 
isom er and th e  low f i e l d  one to  th e  a n t i  isom er.
In  th e  same way, th e  s i x  s i g n a l s  u p f ie ld  o f  the  -CHg s ig n a ls  
a re  a ss ig n ed  to  two over lap p in g  t r i p l e t s  der ived  from th e  
m ethyl group o f th e  e th y l  s id e  ch a in  i n  th e  syn and a n t i  
i so m e rs .  No c o in c id e n c e  o f  in d iv id u a l  isom ers sp in  coupled  
s ig n a ls  occurs h ere .

F igure 15

4

T

4

Gobi
Q̂rVbj 4^0 )

The oc -hydrogen of th e  a n t i  isom er i s  assigned to  th e  group
o f  peaks cen tred  1.66ppm u p f ie ld  o f  HOD (-1.84ppm v e rsu s
t-BuOH). The t r i p l e t  s tr u c tu r e  d e r iv e s  from cou p lin g  to  the
a d ja c e n t  -CHp group, ( J  = 7Hz). The f in e  s t r u c tu re  (J< 1 .5 H z)
i s  a ss ig n ed  to  ' t r a n s - s p a c e '  coupling  between the  oc -pro ton
and th e  e th y len ed iam ine  amino group. In  the  a n t i  isomer
str o n g  mutual s t e r i c  com pression by th e  e th y l  groups could

1 1r e s u l t  i n  such a phenomenon. H- H ' tr a n s -sp a c e '  cou p lin g  
has p r e v io u s ly  been observed i n  h ig h ly  compressed 'cage'  
compounds by Anet e t  ^ (  6 ) .
N e u t r a l i s a t io n  of th e  ac id  s o lu t io n  w ith  deu terobase , although
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cau sin g  some l o s s  o f  i n t e n s i t y  of th e  t r i p l e t ,  n e v e r th e le s s  
caused c o l la p s e  of th e  f i n e  s tr u c tu r e  ( F i g . 14( b ) ) ,  presumably 
as a r e s u l t  of d e u te r a t io n  o f  the  amino p roton s .
I f  such a c o n c lu s io n  i s  c o r r e c t ,  we may conclude th a t  the  
conform ation  having th e  H^'s and and Np juxtaposed i s  
very  nuch p r e fe r r e d .
No s ig n a l  due to  th e  syn iso m e r 's  oC-hydrogen s ig n a l  was 
observed . T his i s  expected to  occur to  low f i e l d  o f  th a t  o f  
th e  a n t i  isom er, and s in c e  s id e  bands of th e  HOD lo c k  s ig n a l  
in te r fe r e  in  t h i s  r e g io n ,  i t  i s  probably l o s t  amongst th e s e  
s i g n a l s .
D e u te ra t io n  in  a c id  s o lu t io n  ( F i g . 1 4 ( c ) )  caused the  h igh  
f i e l d  -CHg q u in te t  to  c o l la p s e  to  a q u a r te t ,  w ithout grea t  
d e c re a se  in  i n t e n s i t y  or l o s s  o f  f i n e  s tr u c tu r e  o f  the  
oC -hydrogen s i g n a l .  T h is  supports th e  assignm ent o f  the  

sy_n isom er, which, i f  th e  r e p u ls iv e  terms in vo lved  in  both  
m alonate r in g  in te r c o n v e r s io n s  are a s  a lread y  p o s tu la te d ,  
c o n ta in s  Ĥ  and w i l l  be p r e f e r e n t i a l l y  deuterated  r e l a t i v e  
t o  th a t  c o n ta in in g  Ha
The pmr spectrum of [CoEtmalgGn]" p o in t s  c l e a r l y  to  the
dominance o f  th e  r e p u ls iv e  terms when Hg and donor oxygens 
are  a d ja cen t  and we may r e a d i ly  a s s ig n  H to  th e  high f i e l d  
p a ir  in  th e  AB q u arte t  o f  [Comal^en]"’.

The a ss ign m en ts  fo r  ElCoEtmalpen] are  summarised i n  Table 5.
The iso m e r ic  m ixture c o n s i s t s  o f  overlapp in g  Â M̂ XP and 
Ay/i^X p a t te r n s  a s  a lrea d y  s p e c i f i e d .  Where = 6.5Hz,

= 7Hz, ' 5Hz, = 0 , J^p = 0 and Ĵ p̂ = 0 . Broad
en ing  o f  th e  cen tr e  peaks o f  th e  -GHp s i g n a l . i s  due to  the  
sm all d i f f e r e n c e  between and

Table 5.

60MHz s p e c t r a l  ass ign m en ts  o f  [CoEtmal^en]"(è  ppm versu s  t-BuOH)

S ig n a l à  ppm

2“" - 1 .4 7
syn Et

C-H MM

-CHp - 0 .5 7
-CH. +0.75

a n t i  Et
C-H - 1 .8 4

-CHp —0 *82
-CH. +0.643
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(b )  The use o f  2 ,2 '  B ip y r id y l .
The lOOMz spectrum o f the  malonato m ethylene protons in  
[CoBipygmallCComalgBipy] i s  shown in  F igure 1 6 (a ) .  S h i f t s  were 
recorded r e l a t i v e  to  TMS in  dg-DMSO, (d im eth y l su lp h o x id e ) .

The s i n g l e t  b e lo n g s  t o  [CoBipy^mal]"^. The eq u iva len cy  o f  the  
m ethylene protons i s  exp la in ed  in  s e c t io n  5.
The AB p a t te r n  a r i s e s  from [Comal^Bipy]"' in  an analogous  
manner t o  th a t  i n  LComalpen]". The s p e c t r a l  a ss ig n m en ts ,  
converted  to  60MHz and expressed  r e l a t i v e  to  t-BuOH are  
summarised i n  Table 6. (t-BuOH i s  s h i f t e d  2.92ppm dow nfield  
o f  TMS a t  60MHz).

Table 6.

60MHz s p e c t r a l  ass ign m en ts  
o f  [OoBipygmallCComalgBipy]

o f  th e  malonato methylene protons  
in  dgDMSG, ( j  ppm v e rsu s  t-BuGH)

S ig n a l ^ ppm

-CH^ - 1 .9 7

- 1 .5 3  l6Hz

- 3 .1 5

S in ce  sp e c tr a  were recorded in  d^-DMSO, the  so lv e n t  e f f e c t  on 
Ô v a lu e s  o f  [CoBipy^mal]"^ was taken as  a b lank . The m ethyl

ene p rotons o f  [CoBipy^mal]’̂  ( s e e  s e c t io n  6, p .8 9 )  in  aqueous 
s o l u t i o n  reso n a te  a t  2 .1 1 ppm dow nfield  o f  t -b u ta n o l  a t  60MHz. 
d^-DmSO, t h e r e f o r e ,  s h i f t s  sp in  e q u iv a len t  oC -p ro to n s  u p f ie ld  
by 0 . 1 4ppm.
The u n s p l i t  c) v a lu e  of th e  h igh  f i e l d  protons in  [Comalgen]" 
i s  1.84ppm and th a t  o f  th e  low f i e l d  p ro to n s , 2.36pimi.
S in ce  no ex tra  m alonate-m alonate  r e p u ls io n  i s  incurred in  
[OoBipymalg]", th e  b ip y r id y l  l ig a n d  i s  r e sp o n s ib le  fo r  any 
anomalous e f f e c t s .  I t s  e f f e c t ,  t h e r e fo r e ,  i s  to  s h i f t  the  
high  f i e l d  protons fu r th e r  u p f ie ld  by O.ITppm ( r e l a t i v e  to  
aqueous s o lu t io n )  and t o  s h i f t  th e  low f i e l d  s ig n a l  fu r th e r  
dow n fie ld  by 0.65ppml
Furthermore, th e  v a lu e  o f  J ^ ( l 6 H z )  u s in g  Pople and B onther-  
By's(108) argument corresponds to  th a t  o f  geminal and in e q u iv 
a le n t  p rotons i n  a l e s s  p lanar r in g  than when = 18Hz ( i . e . i n
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a )

J Di-ISO

( b )

DilSO

B

I I I i I I— I— I— L
4 . 0

j I 1 .1 I ' l l  L_J L i  - J — I— I— L
3.0 2.0

F ig u re  16 . 100 illlz pinr s i^ c c tra  o f
cV -D i’: ie thy l s u lp h o x id e , (a )  i n i t i a l l y  and (b ) ax uer

d e u t é r a t i o n .

B o t e . C h e m i c a l  s h i f t s  a r e  c o n v e r t e d  t o  60 . . u z  v e r su s  
t-BuOH in  T ab le  7 .
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[Gomal^en] ) .  The w eighted mean, t h e r e f o r e ,  c o n ta in s  a h igher  
c o n tr ib u t io n  from the  l e s s  p lan ar , compared to  the ’ skew b o a t ' ,  
•boat' conformera.

On d e u te r a t io n ,  (F igu re  1 6 ( b ) ) ,  th e  decoupled s i n g le t  appears 
between th e  h igh  f i e l d  s i g n a l s .  The same s t e r e o s p e c i f i c a t io n  
f a c t o r s ,  t h e r e f o r e ,  apply i n  [OoBipymalg]" as  did in  
[Coenmalg]".
2 ,2 '  b ip y r id y l  la c k s  th e  amino protons o f  e th y len ed iam in e .
The arom atic bonds, when the  l ig a n d  i s  co -o rd in a ted  to  a 

m etal io n ,  are d ir e c te d  away from an approaching atom as  
th e  m alonate r in g  a ttem p ts  to  adopt th e  ap p rop ria te  ’boat'  
conform ation . The r e p u ls iv e  e f f e c t ,  th e r e f o r e ,  la c k s  the  
r e l a t i v e l y  weak bonding p a ir -bon d ing  p a ir  in t e r a c t io n  incurred  
w ith  e th y len ed ia m in e . N e v e r th e le s s ,  the  are encouraged
to  spend more tim e a d ja cen t  to  and N^. The proxim ity  o f  
th e  d e lo c a l i s e d  arom atic  e le c t r o n s  would then  be expected  to  
provide  th e  observed u p f ie ld  s h i f t .
In  v iew  o f  t h i s  e v id e n c e ,  th e  h igh  f i e l d  s ig n a l s  in  the  AB 
q u a rte t  are  a ss ig n ed  to  The la r g e  dow nfield  s h i f t  o f  
i s ,  however, o f  u n c e r ta in  n a tu re . M olecular models do not 
in d ic a t e  any s t e r i c  com pression f a c t o r s .  A dow nfield  s h i f t  
o f Hg was expected i f  th e  tim e average c o n ta in s  a la r g e r  
c o n tr ib u t io n  from th e  'b oa t'  conformer having in creased  
s h ie ld in g  o f  H^. However, a v a lu e  o f  0.65ppm was not expected .  
The answer could  l i e  i n  th e  in c re a se d  a v a i l a b i l i t y  o f  BL to  
s o lv e n t  c o n ta c t .

In  th e  l i g h t  o f  th e  ass ign m en ts  o f  [OoEtmalpen]" and 
[ComalgBipy]" th e  a b s o lu te  assignm ent o f  [Comalgen]" i s  
summarised i n  Table 7 .

Table 7.

60MHz s p e c t r a l  a ss ign m en ts  o f  [Comalgen]" (oppm v ersu s  t-BuOH) 

S ig n a l  à ppm

- 1 .8 4A
JaB= iSHs

- 2 .3 6

—(CH2)2'“ G n - 1 .4 7

-  NHg en - 3 .7 5
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When d e u te r a t io n  o f  [Oomalpen]" was allow ed to  proceed a t  an 
ex p er im en ta l,  s e l f - b u f f e r e d ,  pD o f  2 .8 0  a t  37 + 1°C, th e  area  
o f  th e  broad peak a t  1,838ppm -  denoted s ,  in crea sed  w ith  time  
fo r  the  f i r s t  25 m inutes or so of the  r e a c t io n ,  (P ig .1 0 ( a )  
and ( b ) ) .  C orresponding ly , the  AB p a t te r n  dim inished  i n  
i n t e n s i t y :  th e  low f i e l d  p a ir ,  (H g), due to  d e u te r a t io n ,  and 
the  high f i e l d  s i g n a l s ,  (H^), to  a r e d i s t r i b u t io n  in  i n t e n s i t y  
as becomes decoupled from th e  d eu tera ted  Hg. The chem ical  
s h i f t  o f  -1.838ppm corresponds e x a c t ly  to  th e  u n s p l i t  v a lu e  
o f  c a lc u la te d  from standard AB spectrum a n a l y s i s ( p . 3 4 ) .
The broadness o f  s i s  due to  unreso lved  cou p lin g  to  th e  gemi- 
n a l Dg atom.
S in ce  no s i n g l e t  appears between the  low f i e l d  p a ir  o f  s ig n a l s ,  

i s  d eu tera ted  e n t i r e l y  p r e f e r e n t i a l l y ,  and in  t h i s  sen se  
th e  r e a c t io n  i s  s t e r e o s p e c i f i c .
The a c id  c a ta ly s e d  d e u te r a t io n  r a te s  were obtained by m onitor-
in g  th e  l a r g e s t  o f th e  p a ir  o f  s i g n a l s ,  as a lread y  described
( p . 6 2 ) .
The d e u te r a t io n  o f  Eg may be rep resen ted  by:

+ D ,0+ ---------> CoXH^Dg + HOp ( l .  )

-where CoZH.Dg i s  th e  monodeuterated complex. S in c e ,  a s  
d e s c r ib e d ,  th e  experim en ta l pD remains con stan t throughout  
th e  run, p s e u d o - f i r s t  order treatm ent may be ap p lied  to  the  
k i n e t i c s ,  i f  th e  r e a c t io n  i s  f i r s t  order i n  complex.

- d ( CoXH^Hg) = (30)

dt

Where m and n are r e a c t io n  orders w . r . t .  a c id  and complex 
c o n c e n tr a t io n s  r e s p e c t i v e l y ,  and ^p(Acid) r a te  constant
f o r  th e  a c id - c a t a ly s e d  d e u te r a t io n .  In te g r a t in g  (30 ) fo r  a 
co n sta n t  v a lu e  o f  ( s e e  p . 9) and assuming n=1.

In C C o X H ^  / t  = ( 31 )

[CoXH^Hg]o 

i-G - ^D(Aoid) " ^D(Aoid)(-®3° ^
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Where th e  pseudo f i r s t - o r d e r  r a te  c o n s ta n t ,  and
[CoXH^Hgîg = complex concentration a t  t  = 0 . Since I, the 
leak integral v a lu e ,  i s  d i r e c t l y  proportional to [CoXH^H^] 
a t  any t im e , eq u a tio n  ( 3 1 ) may be rep resen ted  a s:

7 = ' ^ D ( A c i d ) ( V W  (33)
^0

P lo t s  o f  I n f l ^ / l g  -  /^2C0  ̂ a g a in s t  tim e were c o n str u c ted ,
where = Eg peak i n t e g r a l  and Ig  = th e  ethylened iam ine -CHg 
peak in t e g r a l ,w h ic h  i s  not su b je c t  to  d e u te r a t io n .  I 00 v a lu e s  
were u s u a l ly  zero . Good s t r a ig h t  l i n e s  over p er iod s  up to  
f i v e  h a l f - l i v e s  C—'95^0 o f  r e a c t io n  were ob ta in ed , thereby  
con firm in g  th e  c h o ic e  o f  n as  u n i ty .  The s lo p e s  o f  th e s e  p lo t s  
gave each ac id  c o n c e n tr a t io n  s tu d ie d .
R ea ction  order w . r . t .  a c id  c o n c e n tr a t io n  was d ed u ced  by tak in g  
lo g .Q  o f  e x p r e s s io n  ( 3 2 ) .

^°ëio^ i)(A oid) = ^ ° e io ^ ( A o id )  -  “ P® (34)

I

L east squares a n a l y s i s  o f  corresponding  v a lu e s  o f  1 oS-)0^d (Ac i d ) 
and pD u s in g  th e  standard r e g r e s s io n  in  y e x p r ess io n  fo r  
th e  s lo p e  a:

a = n C x y  -  Z l x S y
-  . ë Tx^ T T T Ë x?

-where n= th e  number o f  x or y term s, gave v a lu e s  o f  m=1. 0+0.1  
fo r  a l l  tem p eratures . Second order r a te  c o n s ta n ts ,  i'^j)(Acid) 
were d er ived  from equation  ( 3 2 ) having m=1 .

A fte r  about 30 m inutes a t  pD 2 .8 0  th e  decoupled OC-hydrogen 
atom s, E^, f i n a l l y  undergo d e u te r a t io n ,  and the  s ig n a l  a t  
1 . 838ppm d e r e a se s  i n  i n t e n s i t y ( F i g . 10( c ) .
The observed pseudo f i r s t  order and second order r a te  co n sta n tsiS g

f o r  t h i s  s ta g e  o f  th e  r e a c t io n ;  and kp(Acid)* ^ere
obta ined  i n  a s im i la r  manner to  and k p (A cid ).

R e p r o d u c ib i l i ty  o f  r e s u l t s .  F ir s t  order r a te  c o n sta n ts
deduced a t  th e  probe tem perature, 37^0 , were rep rod u cib le  to
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w ith in  2  5^ o f  the  mean. Use o f  th e  Varian v a r ia b le  tem perat-  
ure a c c e s s o r y ,  where d i f f i c u l t y  was experienced i n  reproducing  
th e  req uired  tem perature from one run to  anoth er , gave an error  
o f  not g r e a te r  than 17^ o v e r a l l ,  f o r  any g iv e n  se t  o f  c o n d it 
io n s .  Error in  f i r s t  order r a te  c o n sta n ts  was c a lc u la te d  
from error  i n  in d iv id u a l  k i n e t i c  param eters. That in  second 
order r a te  c o n s ta n ts  was der ived  from the  corresponding error  
i n  th e  f i r s t  order c o n s t a n t s .  The mean second order r a te  con-  
s t a n t s  a l s o  inc lu d ed  an error  f ig u r e  derived  from the  method 
o f  mean d e v ia t io n .

The v a lu e  o f  ko(A cid) 25°C was obtained a t  a s in g le  pD 
v a lu e ,  and co n seq u en tly  i s  su b je c t  to  more error  than the  
corresp ond ing  v a lu e s  a t  37^0 and 44^0.

R e s u lt s  are  summarised i n  Table 8 .  Mean v a lu e s  are summarised
in  Table 9 -  from which Arrhenius p l o t s  were c o n str u c ted .
Error i s  inc lu ded  i n  th e  Arrhenius p l o t s  ( P i g . 17 ) .

Table 8 ,

D e u te ra t io n  r a te  c o n s ta n ts  o f  the  a c t i v e  methylene protons  
in  LComalgen]" i n  a c id ic  DgO.

( i )  Hg d a ta .

gemp. pD [DjO ] lO^k^^^^id) ^DfAcid)

s e c - '  D .M -'sec - '

37+1

44+1

25+1

3 .12 0 .00076 6 .5 8 + 0 .3 5 0 .8 8 0 0 .0 4 5
3 .0 4 0.00091 7 .5 2 + 0 .5 0 0 .8 4 0 + 0 .055
2 .9 3 0 .00 118 10 .10 + 0 .5 0 0 .8 6 0 + 0 .0 4 0
2 .8 0 0 .00 160 13 .30 + 0 .5 0 0 .8 3 0 + 0 .0 3 0

3 .1 2 0 .00076 19.7 + 1 .0 2 .59 + 0 .1 5
3 .0 4 0.00091 2 5 .0 + 1 .5 2 .74 + 0 .17
2 .9 3 0 .00118 27 .0 + 2 .0 2 .30 + 0 .27
2 .8 0 0 .00160 3 5 .2 + 2 .0 2 .2 0 + 0 .25

2 .9 3 0 .00118 1 .80 0 .1 5 0 .1 5 0 + 0 .013



Table  
( i i )  H

8 co n t 'd  
A d ata .

•
8 0 .

Temp.
°c

pD [D.0+]
M.L'1

^ ° S ( A c i d )
s e c “ '

^DtAcid) 
L;M”  ̂se o ” ^

3711 3 .1 2 , 0 .00076 0 ,9 7  + 0 .1 5 0 .13  f  0 .0 2 0
3 .0 4 0.'00091 1 . 1 2 + 0 .2 0 0 .1 2  + 0 .025
2 .9 3 0 .00118 1 .56  + 0 .2 5 0 .13  + 0 .0 2 0
2 .8 0 0 .00160 2 .0 0  + 0 .2 5 0 . 125+ 0 .01 5

3 .12 0 .00076 3 .1 5  + 0 .5 0 0 . 415+ 0 .07 0
3 .04 0.00091 3 .8 3  + 0 .5 0 0 .4 2  1  0 .055
2 .9 3 0 .00118 4 .2 4  + 0 .5 5 0 .37  + 0 .0 5 0
2 .8 0 0 .00160 5 .4 4  + 0 .7 0 0 .3 4  1  0 .0 6 0

25+1 2 .9 3 0 .001 18 0 .2 6  + 0 .0 6 0 . 022+ 0 .0 0 5

Table 9 .

S t e r e o s p e c i f i c data  f o r  th e  d e u te r a t io n  of [Comalpen]- i n
a c id ic DgO

Temp. Mean ^DlAcid) Mean ^D(Aoid)
°C. L. M ' s e c ~ ' L .M .'L eo"^ ^D(Aoid)

37 0 . 850 + 0 .0 4 0 0 .128  1  0 .0 2 6 .6 5  1  0 .7 5
44 2. 43 + 0 .2 0 0 .3 83  1  0 .055 6 .3 5  1  0 .75
25 0. 152 + 0 .0 1 3 0 .02 2  1  0 .0 0 5 6 .85  1  0 .9 0

The mean s t e r e o s p e c i f i c  f a c t o r  i s  th e r e fo r e  

s = 6 .6 0  + 0 .8 0



F ig u r e  17. ^

A r r h e n i u s  - n l o t fo r  th e
a n dd e u t e r a t i o n ' o f

27,(|)00 cal/molel'j

1/T K
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The d e u te r a t io n  o f  and f i t s  th e  Arrhenius r e la t io n s h ip s

*^D(Acid) = 7 .1  X 10^8 exp[-27,üOO/RT]

18^D(Acid) = 1-2 X 10  ̂ exp [-27 ,000 /E T ]

(36)

(37)

v /ith in  experim enta l e rr o r ,  th e  a c t i v a t i o n  energy, E , o f  each 
s t a g e ,  was found to  be the  same. Derived thermodynamic data  
i s  summarised in  Table 10.

Table 10.
A c t iv a t io n  param eters f o r  th e  a c id  c a ta ly se d  d e u te r a t io n  of  
th e  OC -p r o to n s  Hg and o f  [Comalgen]".

k ca l/m o le / h  k ca l/m o le  
(2 5 ° )

k ca l/m o le  eu. 
(2 5 °)

"  % 2 7 .0  + 3 2 6 .4  + 3 18 + 7 26+10

2 7 .0  i  3 2 6 .4  + 3 19.5+ 2 22+ 5

5. [Coengmal]^

The pmr spectrum o f  t h i s  complex has been reported(19 ,106 ) .
I t  i s  shown, as recorded during th e  course  o f  t h i s  work, in  
F igu re  1 8 (a ) .
As ex p la in ed  in  th e  c a se  o f  [Coen^Etmal]"^, th ere  i s  non- 
e q u iv a len ce  o f  th e  amino p ro to n s . One p a ir  i s  c i s  t o  th e  
l i g a t i n g  oxygen atoms o f  th e  m alonate, and the  other t r a n s .
T h is  r e s u l t s  in  the  two broad bands a t  -3*13ppbi and -4.14ppin; 
e a s i l y  r e c o g n is a b le  by t h e i r  ready d issappearance in  d eu tero -  
b a se .  When d e u te r a t io n  o f  th e s e  protons i s  carr ied  o u t ,(F ig u r e ,  
18( c ) ) ,  th e  broad peak a t  - 1 . 47ppm sharpens from a h a l f  width  
o f  12Hz, to  one o f  7 .5H z. In  a d d it io n ,  the  crude t r i p l e t  
s t r u c t u r e ,  (c .f .C C om algen] ) ,  c o l l a p s e s .  This peak i s  th e r e fo r e  
a ss ig n ed  to  th e  e th y len ed iam ine  -(CH2 )2“ p roton s . In comparison, 
in  [Comal^en]", where the  ethylened iam ine methylene protons  
are e q u iv a le n t , th e  s ig n a l  o f  th e  l a t t e r  protons sharpened to  
a h a l f  w idth  o f  2Hz on d e u te r a t io n  o f  th e  amino p ro ton s . We
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( a )

( b )

%0D

HOD'

F ig u r e  18 . Pmr s p e c t r a  o f  CocUpmal'*' (a )  a f t e r  2. Minutes  and

(b) a f t e r  20 j.iinutes in  0 .00^ 4  I-I D^SO^^/D^Ojand

( c )  a f t e r  2 m inutes in  HaOD/DpO , pD 8 .8
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may, t h e r e f o r e ,  conclude t h a t ,  a lthough  conform ational  
exchange between à and A forms of the  ethylened iam ine r in g  
i s  f a s t ,  in  [Ooen^mal]^, th e  sp ectrom eter  ’ s e e s '  a d i f f e r e n t  
averaged f i e l d  fo r  each o f  two p a ir s  o f  m ethylene p roton s .
One p a i r  i s  ad jacen t to  an amino group c i s  to  malonate oxygens 
and th e  o th e r  p a i r  ad jacen t to  a t r a n s  amino group. Buckingham 
e t  a a ' s ( l 9 )  conclusion  th a t  la c k  of r e s o lu t io n ,  where an [ApBg] 
p a tte r n  should be observed , (even  i f  conform ationa l exchange 
i s  f a s t ) ,  i s  due to  a complex overlap  of s i g n a l s ,  may p e r ta in  
h e r e .
R a is in g  th e  tem perature o f  th e  s o lu t io n  to  80°C produced a 
sharpening o f  the  s ig n a l  to  GHz. T h is  dem onstrates an increased  
r a te  of co n form ation a l exchange. But n e v e r th e le s s  th e  chem ical  
in e q u iv a le n c y  o f  each p a ir  o f  e th y len ed iam ine  methylene groups 
cannot be d e s tr o y e d .
Replacing one malonate l igand  in  [Comalpen]" by an e thy lene -  
diamine l ig a n d  r e s u l t s  in  th e  in t ro d u c t io n  of a twofold a x is  
of symmetry through th e  o c -carb on  and c o b a lt  atom, (F igu re  19).  
When th e  malonate r in g  i s  in  e i t h e r  of two p o s s ib le  'skew b o a t ’ 
conform ations, th e  oc -p r o to n s  are e q u iv a le n t .  This i^  th e  
tim e averaged c a s e ,  s in c e  'b oat' conformera w i l l  r e c e iv e  equal 
r e p u ls iv e  f o r c e s  from in t e r a c t io n  w ith  th e  ethylened iam ine  
amino groups. One sharp s ig n a l  a t  -2.11ppm i s  observed , and 
t h i s  i s  r e c o n c i le d  w ith  f a s t  in terch a n ge  between the  two 
'skew boat' conform ers shown in  F igure  19.
S p e c t ra l  assignm ents a re  summarised in  Table 11.

Table 11.
GOMHz pmr s p e c t r a l  ass ign m en ts  o f  [Coenpmal]^ ( à ppm v s  t-BuOH)

S ig n a l à ppm

-™ 2 c i s - 3 .1 3

tra n s —4.1 4

-CHg (en) — 1.47

-CH2 (mal) -2.11

By m onitor in g  th e  m alonate s i n g l e t  in t e n s i t y  compared w ith  
th a t  o f  the  e th y len ed iam in e  m ethylene s ig n a l  during th e  course
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of deuteration, as described in the experimental section and 
treating the results in an identical manner to those of 
[Comal^en] , the results summarised in Table 12 were obtained 
Error was a s s e s se d  as  f o r  [Comalpen]".
m, tho  r e a c t io n  order w . r . t .  ac id  c o n c e n tr a t io n  was found to  
be 1 .0  ^  0 .0 2  a t  37°G and 1 .0  ^  0 .1  f o r  other tem peratures .

Table 1 2.
Deuteration rate constants of the active methylene group in 
LOoen-mal]^ in acidic D^O.

Temp pD [D ,0+ ] lO^k:D(Aoid) ^D(Acid)
M.L-1 -1sec 'sec"1

37 ± 0 .5 2 .3 7 0 .0 0 4 3 13 .4 + 0 .5 0 .31 2 + 0 .012
2 .4 7 0 .0 0 3 4 10.75+ 0 .4 0 .31 6 + 0 .01 2
2 .6 8 0.0021 6 .4 + 0 .3 5 0 .3 07 + 0 .015
2 .8 7 0 .00135 4.1 + 0 .3 0 .30 4 + 0 .01 5

35 1 0 .5 2 .6 8 0.0021 5 .3 + 0 .3 5 0 .2 5 2 + 0 .01 7
2 .8 7 0 .00135 3 .3 0 .3 0 .246 + 0 .022

27 i 1 2 .0 4 0.0091 6 .4 + 0 .5 0 .0 7 0 + 0 .005
2 .4 3 0 .0 036 2 .5 + 0 .5 0 .07 0 + 0 .0 1 4
2 .5 5 0 .002 7 1 .8 + 0 .4 0 .0 6 7 + 0 .0 14
2 .6 2 0 .0 0 2 4 1.9 + 0 .4 0 .07 9 + 0 .0 14

20 + 1 2 .0 4 0.0091 2 .2 + 0 .3 0 .024 + 0 .0 04

Table 13- Mean second order rate constants for [Ooen^mal]
in acidic D^O.

Temp °C 1/T°K kjj(Acid) Acid )  ̂ '

L.MT  ̂s e c ” ^

37 + 0 .5 0 .003225 0 .3 1 0  + 0 .0 1 3 - 1 .1 7 -H 0 .0 4
35 0 .5 0 .003246 0 ,2 5 0  + 0 .0 2 0 - 1 .3 5 + 0 .0 4
27 + 1 0 .003334 0 .0715+ 0 .0 12 - 2 .6 4 + 0 .1 8
20 + 1 0 .003413 0 .0 2 4  + 0 .0 04 - 3 .7 3 + 0 .1 8
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An Arrhenius plot constructed from the data of Table 1] (Pig.
20) showed a linear relationship obeying the Arrhenius 
r e l a t io n s h ip .

1 . 3 X  ,3 6 )

A c t iv a t io n  parameters der ived  from t h i s  were: E =28 + 3kcal/m ole  
AH^(25'^C) = 2 7 .4  + 3k ca l/m ole ,A G ^ (25°C ) = 19 .4  4kca l/m ole  
and A  8*"= + 2 7 . 0  + 6 c a l /d e g /m o le .

G.LOoBipYpmal] .̂

The pmr spectrum of this complex is shown in Figure 21. The 
malonate methylene proton's s ig n a l  occu rs , as in  [Coen^mal]^, 
at -2.11 ppm.. The same symmetry applies to both complexes.

The s i g n a l s  from the arom atic protons give the complex s p l i t t i n g  
p a t te r n  i n  th e  r e g io n  -6  to  -7ppm. Although a complete a n a ly s is  
was not necessary for this work, s e v e r a l  characteristics of 
the p a t te r n  are apparent.
The signals are divided into two groups; one at about -7.3ppm 
and the other at about -6ppm, having relative intensities 3 :1. 
The p resen ce  of an % p roton , be ing  separated  by more than 6J 
frofj' the other three is thereby confirmed. This i s  most l i k e l y  
to be derived from the 5,5* p o s i t i o n s .  The pmr spectra of c i s  
and trans [Oophen^Zg]^ complexes have bean reported and assign
ed (71 ) in terms of overlapping AB and ABZ patterns. The cis 
com plexes, as in  th e  c a se  o f  [Goenpmal]^, have each l i g a t i n g  
M atom of each ligand cis and trans to Z. Each half of the 
phenanthroline ligands thus experiences different fields and 
two overlapping ABZ patterns and an AB pattern results. In 
the case  of the trans complexes, th ere  is an a x i s  of symmetry 
through th e  5 ,6  bond o f each ph enanthroline  l igan d  and the  
cobalt atom. Each ABZ pattern thus becomes equivalent and the  
14 peaks of t h i s  and th e  4 of the AB pattern were easily 
recognised. In the case of cis [OoBipygnial]"*" th ere  is no 
separate two-spin system. The whole will comprise of two over- 
la p p in g  4 - s p in  system s each having an Z component. An ABCZ 
system (73) has a maximum of 50 lines, whilst the more l i k e l y  
p o s s i b i l i t y  o f  LaB^Z] has 3 0 , all of which can be given 
explicitly.
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Analysis on those grounds, however, is thwarted by there being 
two of suoh systems overlapping. The pmr spectrum of 
[womalgBipyj if [uoBipygmal_[0omalgBipy] could be split into 
its ions, or trans [UoBipy^Z^]'*’ would prove useful in this 
respect.

As described in the experimental section, the course of deut
eration was monitored by measuring the malonato methylene
proton's integral at as high an output as possible without 
incurring a high signal/noise ratio.
First order plots gave as good straight lines as obtained for 
[Oomalgen] and [Goen^mal]"^, even without the presence of a 
suitable 'reference' peak. Least squares analysis of the
results gave a minimum correlation coefficient of 0.999....
Treatment of the first-order rate constants was identical to 
that of the analogous ethylenediamine complex, m, the reaction 
order w.r.t. acid concentration was found to be 1.0 + 0.02 
at 37°G and 1.0 + 0.1 at other temperatures. The results are 
summarised in Table 14.
Table 14.

Rate constants for the deuteration of active methylene protons 
in [CoBipygMal]* in acidic D^O.

^  10\(Acid) ^D(Acid)
s e c . '-1 L.M.“ '̂ sec - l

3 7 .0 + 2 .5 5 0 .002 8 14.3 + 0 ,1 5 0.511 + 0 .0 06
0.5°CÎ. 2 .6 2 0 .00 24 13 .3 + 0 .1 5 0 .554 + 0 .0 0 7

2 .7 0 0 .0 0 2 0 11.1 + 0 .2 0 .5 5 4 0 .0 1 0
2 .7 8 0 .00165 9 .7 0 .1 5 0 .5 8 7 0 .02 0

34 .5 + 2 .55 0 .002 8 12 .3 + 0.1 0 .4 40 + 0 .00 4
0 .5 2 .7 0 0 .0 0 2 0 9 .75+ 0.1 0 .47 5 + 0 .005

2 7 .5 + 2 .0 4 0.0091 19 .3 + 1 .5 0 .212 + 0 .01 7
1 2 .4 3 0 .00 37 7 .4 + 0 .1 6 0 .20 0 + 0 .005

2 .6 2 0 .003 4 5 .6 + 0 .8 0 .232 + 0 .033
2 .7 8 0 .00165 4 .8 + 0 .5 0 .2 8 0 + 0 .0 3 0

20 + 1 2 .0 4 0.0091 9 .5 + 1 .0 0 .105 + 0 .0 1 0
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Table  15.

M&an second order rate constants for [OoBipypmal]^ in acidic
DgO.

T°fC 1/T°K ^DfAoid) ^“^D(Aoia)

J10 + 0.5 0 .0 0 3 2 2 5 0 .551 + 0 .0 1 5 —0.60 + 0.10
307.5+ 0.5 0 .0 0 3 2 5 3 0 . 4 5 7 + 0.011 -0.78 + 0.10
300.5+ 1 0 .0 0 3 3 2 4 0 .2 3 1 + 0 . 0 2 3 -1.465 + 0.20
293 1 1 0 .0 0 3 4 1 3 0 . 1 0 5 2  0 . 0 1 0 -2.26 + 0.20

The mean second order r a te  c o n s ta n ts  (Table 15) were found t o
obey the Arrhenius relationship (Figure 20).

(39 )

Activation parameters derived as a result are: 3Ŝ = 19 + 4kcal/ 
m ole ,Z \H ^=  18.4 +_ 4kcal/m ole, A o ^ ( 2 5 ° )  = 18*7 ± 5 .5kcal/m ole , 
As^ = -1.0 5 cal/deg/mole.

7. ADDITIONAL MEAS'JREMENTS.

(i) The base catalysed deuteration. At temperatures as low as 
20°C and in borate/NaOD buffer at pD 6.8 all complexes showed 
no residual malonate OC-proton s ig n a ls  one minute after 
i n i t i a t i o n  of the reaction. (One minute i s  the time taken to 
transfer th e  r e a c t io n  m ixture t o  the  probe, a d ju st  sp in n in g -  
air against nitrogen pressure if working away from ambient 
tem perature , lo c k  and record th e  f i r s t  i n t e g r a l ) .  I t  would 
appear, t h e r e f o r e ,  to be impracticable to study the base 
c a ta ly s e d  r e a c t io n ,  where ti^lO s e c s  in  all cases.

(ii) Primary Isotope effect. [Co(d2-mal)2(d^-en)] and 
[Co(d -en)n(dm-rnal)]* were prepared by a l lo w in g  samples ofA  ̂ ^
the fully protonated complex to stand overn ight in D^O, rotary  
eva p o ra tin g  to  dryn ess  and r e p e a t in g  tw ic e  more. However, the  
large H^O s ig n a l  effectively obscured the malonato m ethylene  
s i g n a l s  making measurement of the latter impossible.

(iii) The e f f e c t  o f  another electrophile. [Oomalgen]" was 
allow ed  to stand in f r e s h ly  prepared bromine water and subsequ-
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-ontly precipitated by the addition of ethanol. Samples pre- 
cipituted after 5 minutes or 5 hours showed the same extent 
of reaction. The AB pattern was found to diminish in intensity 
and one sharp singlet was found to appear at -4.]8ppm versus 
t-BuOH. i.e. Br* enters the complex stereospecifically. Hg 
is never completely brominated since the spin coupled AB
pattern partly remains. Gravimetric analysis for Br~ revealed

+that about 60^ of had been substituted by Br . The analysis 
is complemented by the residual AB pattern.

DISCUSSION,

Table 16 summarises the second order rate constants for the 
acid catalysed deuteration of the active methylene protons in 
malonato and EDDA complexes of Go(IIl). Glycinate proton data 
is quoted from( 93) at 95^G and malonate data at 37°G.
Table 16.

Note, receives net sheltering inCPomalpen]", whilst 
Sudmeier and Occupati assign their sheltered proton as H^.

Complex h)(Aoid) 
L.M”^seo ^

U.S
*D(Aoid-)

seo”^
*^D(Aoid)/

^Ii(Acid)

cis- [GomalpGn]* 0,88 0 . 1 3 6.6 + 0.8

trans-[CoBDDA(en)]^ 2.0 X 10"5 2.0 X 10“® 10 + 3

trans-[CoBDDA(dmen)]* 3.4 X 10"5 3.1 X 10"® 1 1 + 3
trans-[CoEDDA(deen)j^ 6 X 10“5 2.7 X 10"® 22 + 3

cis - [Coengmal]* 0.31 - -

cis- [CoBipygmal]^ 0.55

In explaining the low degree of stereospecificity of reaction 
in [GomalpSn]" compared to that in the trans-[GoEDDA(diamine)]* 
complexes, several factors must be invoked. The conformational 
mobility of co-ordinated malonate, the proximity of the 
sheltering moiety and the possibility of a nonstereospecific
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reaction path.
It is impossible to specify absolutely the tim e averaged 
m alonate conform ation .
In the case of [Coen^mal]^; where the opposing repulsive 
forces displacing the co-ordinated malonate from conformation 
are exactly balanced, the average conform ation is the  'skew 
boat' and one OC -p ro to n  signal is observed. In [Comal^en]” , 
th e  'skew boat* i s  u n l ik e ly  to  be th e  averaged con fo rm atio n s ,
-  a lthough  c e r t a i n ly  m agnetic , and possibly steric inequiv
alency could arise from the 'skew boat'. The in e q u a l i t y  of 
the repulsive forces a c t in g  on the malonate, i r r e s p e c t iv e  of 
the  relative motion of the two r in g s ,  has already been  
o u t l in e d  ( p . 67) i% some d e t a i l .
Within experim en ta l e r r o r ,  the activation energies for the
d e u te r a t io n  of and Hg in [ComalgGn]" and the active
methylene group in [Coen^mal]^, are the same, i.e. 28 + 3kcal.

—  1mole . This is good ev id en ce  for a lack of substantial steric 
and e le c t r o n i c  d i f f e r e n c e  i n  the  environments of a l l  th ree  
s e t s  o f  protons, i . e .  that the malonate r in g s  are little 
d is p la c e d  from the 'skew boat' conform ations in  [Comal2en]“.

Furthermore, the value of l8Hz, in [Comal^en]” compared
with that in LComalgBipy]"*, 16Hz, points(108) to a higher degree 
o f  p la n a r i t y  o f  th e  m alonate r in g  i n  the  former complex. The 
'skew boat' is the most planar conform ation available.
Contrary to these arguments, the second order rate constant 
for [Coen^mal]'^, p o in t s  to a substantial disp lacem ent from 
from the 'skew boat' in LCorral,̂ e n ] Within experimental 
e r r o r ,  th e  r a te  co n sta n t  l i e s  midway between th o se  fo r  Hg 
and H^. Any bias toward the v a lu e  of may be ascrib ed  
to the overall cationic charge of [Ooen^mal]^, discouraging 
attack by an electrophilic s p e c ie s  such as DuO^. It is 
unlikely that an approximately sterically equivalent environ- 
ment provided by th e  'skew boat' conform ation would account  
for the relative rates in comparison to [Ooen^mal]^, where 
malonate is in the 'skew boat' conform ation.
Thus, although evidence exists for an averaged conformation 
of the malonate r in g s  in [Comalgen] little d isp la ce d  from 
th e  'skew b o a t ' ,  th e  w e ig h t ie s t  ev id en ce  l i e s  on the  a ide  
a s u b s t a n t ia l  displacement.
If this is indeed the c a s e ,  it is in t e r e s t i n g  to  note the
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apparent lack of contribution from the steric factors involved 
to the energy of the transition state. This being so would 
point to the efficiency of as an electrophile. Quantitative 
investigation of Br"** attack, which has been shown to be 
stereospecific (p.92) might prove informative as to the steric 
effect's contribution to the energy of the transition state, 
since the larger size of Br'*’ would be expected to be more 
sensitive to such an effect.
No activation parameters for the acid catalysed deuteration 
of the trans-[CoEDDA(diamine) Ÿ  complexes are available for 
comparitive purposes.

Sudmeier and Occupati ascribe the sheltering of in the 
tran3-[GoBDDA( diamine ) ]~̂ complexes to the ethylenediamine 
'backbone' of the aminocarboxylate ligand. Molecular models 
indicate that is situated approximately 1.5A° from the 
octahedral edge spanned by the N atoms of the 'backbone', is 
protected by the 'backbone as a whole, and furthermore, is 
held in its sheltered position perminently because of the 
conformational rigidity, (apart from a limited 'puckering' 
ability), of the glycinate ring.
In comparison, H^(s) in [Comalgen]" is situated, on average, 
between 0.5 and 2A° from the ethylenediamine amino group(s).

A lack of stereospecificity in [Comalgen]" of 30 + 10̂ ° 
compared to that in CoBDDA(en)^ would appear to be wholly 
ascribable to either, (a) a smaller sheltering factor or 
(b) a more remote environment - both as a result of time 
averaging.
As has been discussed, (b) is unlikely. Therefore, all other 
things being equal, the lower degree of stereospecificity 
in [ComalgGn]" is ascribed to the lesser sheltering effect 
of the amino groups.
"All other things" includes the nonstereospecific pathway 
postulated by Sudmeier and Occupati to account for the lower 
degree of stereospecificity found in the acid catalysed 
reaction compared to that in the base catalysed reaction. It 
is very unlikely that in the absence of such a nonstereospec
ific path, the steric factors already outlined would result 
in a degree of stereospecificity small enough to compare 
to that in the aminocarboxylate complexes which does include
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the nonstereospecific route. Furthermore, in view of the self
buffering effect of [Comalgen]" already noted (p.5 5 ) a 
dechelated species formed in a fast preequilibrium, able to 
react in a nonstereospecific manner in a distinct probability.

It may be noted from Table 16 that deuteration is effected 
considerably more easily in the malonato - than in the 
glycinate - containing complexes. kp(Acid)(^&^"'
^D(Acid)(G^y"* is of the order 10^:1.
It is proposed that, as in the case of the analogous amino
carboxylate complexes, a keto-enolate cation mechanism 
operates, having stereospecific and nonstereospecific reaction 
paths available. In addition, it is proposed that an apprec
iable fraction of the dechelated species, able to twist 
freely about the remaining donor oxygen-cc-carbon and hence 
react in a nonstereospecific manner exists in a rapidly com
pleted equilibrium with the starting complex. The greater 
ease of reaction found with [ComalgGn]" is ascribed to the 
presence of two carbonyl groups, which result in the product
ion of resonance stabilised intermediates. These intermediates 
are expected to assist departure of a proton in the rate 
determining step in comparison to those of the aminocarboxylate 
complexes. - Scheme II(p.96).
Since the primary isotope effect was not investigated, an 
enolate mechanism is invoked by analogy with that for the 
aminocarboxylate complexes; [CoSDTA]"‘( 9 7) and trans-[QoEDDA 
(en)]^(9 ]). Sudmeier at al(94,95) have demonstrated enolate 
species in amino acid and aminocarboxylate complexes in 
’superacid' medium at -80°C. ('Superacid' is the name given 
to such Friedel-Graft acids as; FSO^-SbF^-SOg or HF-SbF^). 
Signals at low field, ascribed to G= OH"*", were found 
in 'superacid', corresponding to protonated 'in-plane' and 
'out-of-plane' carbonyl groups, which were absent in normal, 
aqueous solution.

Activation parameters for the deuteration of malonato 
complexes are summarised in Table 17.
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Table  17.

Complex
k o a l .m o le

Z \H f(25°)
koal.mole"

AG*'(2 5 ° )1
k c a l .m o le

AS'*'
c a l / d o g /

mole.

[ComalgGnT"

% 27 + 3 2 6 .4  + 3 18 .0  + 7 + 2 6 .0  + 10

Ha 27 + 3 26 .4  + 3 19 .5  ±  2 + 22 .0  + 5

[Coen^mal]* 28 + 3 2 7 .4  + 3 19 .4  1  4 + 27 .0  + 6

[CoBipygmal]^ 19 + 4 18 .4  + 4 18 .7  ±  5. 5 -  1 . 0 + 5

1+I t  i s  proposed th a t  the  d e u te r a t io n  mechanisms fo r  [Coengmal] 
and [CoBipygmal]^ in v o lv e  k e to - e n o la te  in te rm e d ia te s  as  in  
th e  ca se  o f  LComalpen]", but w ithout th o se  of th e  n o n ste r e o -  
s p e c i f i c  pathway. D e c h e la t io n  i s  u n l ik e ly  in  view  o f  the la ck  
o f  s e l f - b u f f e r i n g  e f f e c t  o f  th e s e  complexes -  a lthough i t  has 
been shown to  occur in  th e  case  of th e  oC-m onosubstituted  
com plexes [CoDtmaleng]* and [GoBzylmalen^]^. (Part Two).
I d e n t i c a l  mechanisms are  p r e d ic te d  from th e  e q u a l i ty  o f  
a c t i v a t i o n  e n e r g ie s  fo r  Hg, and [Coengmal]^. The low va lue  
o f  and a l s o  h igh er  r a t e s  fo r  [CoBipygmal]^ are a l s o  
r e c o n c i la b le  w ith  th e  proposed mechanism.
rpp over lap  can occur between th e  Co atom, d o r b i t a l  and the  
p o r b i t a l  o f  th e  n i tr o g e n  o f  th e  b ip y r id y l  l ig a n d . S in ce  th e  
n itr o g e n  i s  part o f  a 7 f  conjugated system , pTf-dTf in t e r a c t io n  
w ith  th e  c o b a lt  atom and a net w ithdraw l o f  e le c tr o n s  from 
th a t  atom in t o  th e  arom atic  r in g s  would r e s u l t  in  a s im ila r  
w ithdraw l o f  e l e c t r o n s  from th e  malonate r in g s ,  thereby  
p o l a r i s in g  th e  ^0=^0 bonds, and a c t i v a t i n g  the  carbonyl  
oxygens w ith  r e s p e c t  t o  an incoming e l e c t r o p h i l e .  E lec tro n  
withdraw l from ca rb o x y la te  l ig a n d s  by an adjacen t phenanthroline  
l ig a n d  has been demonstrated by in fr a r e d  s p e c tr o s o o p y d S ) .
I r  dem onstrates th e  withdraw l by showing stren g th en in g  of the  
m e ta l—oxygen bond i n  p h en an th ro lin e—ca rb o xy la te  complexes  
compared t o  ammine and e th y loned iam in e—carb ox y la te  com plexes.
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Such an e f f e c t  i s  a l s o  expected fo r  analogous b ip y r id y l  
com plexes. As a r e s u l t  th e  ac id  c a ta ly se d  d e u te r a t io n  i s  con s-  
id e r a b ly  f a c i l i t a t e d  in  the  case  o f  [O oBipy-m al]*. Such a 
r e s u l t  i s  r ev ea led  therm odynam ically i n  th e  form of a lower  
a c t i v a t i o n  energy. A c o n tr ib u t io n  to  the  lower v a lu e  o f  E 
may a l s o  come from th e  reduced s t e r i c  e f f e c t  i . e .  th e  la ck  
o f  i n t e r f e r r in g  amino-hydrogen atoms, a lrea d y  noted in  the  case  
of [C om algB ip y l'fp .yG ).
A c t iv a t io n  en tro p y /A  8^, v a lu e s  be in g  s u b s t a n t ia l ly  s im i la r
f o r  [Comalgen]" and [Ooengmal]^ r e v e a l  the  v i r t u a l  i n e f f e c t -  
i v n e s s  o f  th e  complexes o v e r a l l  charge in  determ ining the  
t r a n s i t i o n  s t a t e .  The v a lu e s  may be a t tr ib u te d  to  r e l e a s e  o f  
water m o lecu les  o f  h y d ra tion  in  form ing the  t r a n s i t i o n  s t a t e ,  
(4 1 b ) .  The p e c u l ia r ly  low v a lu e  fo r  [CoBipy^mal]^ may be 
d ia g n o s t ic  o f  th e  complex having low a f f i n i t y  fo r  water of  
h y d ra tio n .
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PART TWO

The base and th e  a c id  h y d r o ly s is  o f  the  e th y lm alon ato -  
and th e  benzy lm alon ato-(b isethy len ed iam ine^  co b a lt  ( I I I  ) 
c a t i o n s .
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INTRODUCTION.

1 .THE BASE HYDROLYSIS OP THE DICAEBOXYIJITE-BISETKYIEHEDIAMIBE 
COBALT(III) CATIONS: [CoengCOji", [CoengfCgO )]+  and [CoeagBal]'*'

The carbonate io n  has been stu d ied  by H a rr is (6 2 )  and more 
r e c e n t ly  by F a ra g o (3 4 ) .  Parago found th a t  th e  base c a ta ly se d  
r e a c t io n  proceeds in  two s t a g e s .  F ir s t  th e  r in g  opens, g iv in g  
a hydroxo-carbonato in te r m e d ia te ,  LCoengfCOjjfOH)]^, and 
secon d ly  carbonate i s  a b s tra c ted  to  g iv e  dihydroxo product.  
Followed sp e c tr o p h o to m e tr ic a l ly  the  in term ed ia te  i s  c h a r a c te r -  
i s e d  by a la r g e  in c r e a s e  in  absorbance around 3 0 , 000cm" .

As hydroxide c o n c e n tr a t io n  i s  in crea sed  th e  f i r s t  s ta g e  r a te  
becomes independent o f  base c o n c e n tr a t io n  w h i ls t  th a t  o f  th e  
second s ta g e  remains f i r s t  order w ith  r e sp e c t  to  hydroxide.
The f i r s t  s ta g e  was t h e r e fo r e  p o s tu la te d  to  proceed by an 

or io n  p a ir  mechanism (wheretLCoengGOul.OH)^ i s  the  
r e a c t i v e  s p e c i e s ) .  Both p r e d ic t  l im i t i n g  r a te s  a t  high base  
c o n c e n tr a t io n  ( p . 2 l )  when a l l  th e  complex i s  in  the  form o f  
th e  amido base or th e  io n  p a ir  r e s p e c t i v e l y .  The r in g  opening  
r e a c t io n  was th e r e fo r e  p o s tu la te d  to  go by co b a lt -o x y g en  
f i s s i o n ,  s in c e  OH" a t t a c k  on th e  carbonyl carbon would not be 
expected  to  g iv e  a l i m i t i n g  r a t e .  Taube(3) has a l s o  p o s tu la ted  
c o b a lt -o x y g e n  f i s s i o n .
In d i l u t e  b a se ,  a p lo t  o f  k^^^ v e rsu s  [0H“ ] was found to  
d e v ia t e  from l i n e a r i t y ( 6 9 ) .  T h is  was in te r p r e te d  as b e in g  due 
to  an a c id  c a ta ly s e d  path o p era tin g  under the  g iv en  c o n d it io n s .  
T h is w i l l  be d e a l t  w ith  su b seq u en tly .
The r in g  opening r e a c t io n  occured w ith  r e t e n t io n  of c o n f ig u r 
a t i o n .  Loss o f  o p t i c a l  a c t i v i t y  during th e  second s ta g e ,  
however, proceeded a t  a much f a s t e r  r a te  than th e  h y d r o ly s is  
r e a c t io n .  A number o f  paths to  r a cé m isa t io n  or in v e r s io n  were 
p o s t u la t e d ,  amongst which i s  th e  in tra m o lecu la r  mechanism fo r  
in v e r s io n  of th e  c i^ -d ih y d ro xo  product l a t e r  proposed by 
F a ra g o (3 8 ) .
In  comparing carbonate  exchange u s in g  to  ra cém isa tio n ,
H a r r is (5 3 )  found a s im i la r  r e s u l t  to  th a t  o f  P ea r ce (6 9 ) .
H arr is '  c o n d it io n s  were a t  b u ffered  pH ^ 6 . 5 »  where th e  acid  
c a ta ly s e d  paths p o s tu la te d  by Pearce must operate .



101.

The base h y d r o ly s is  o f  [OoengfCgO.)]* has been e x te n s iv e ly  
in ve s t ig a te d (8 7 ,3 ,3 7 ) .
H arris  e t  a l ( 8 7 )  found second order k i n e t i c s  a t  71°C and 
[OH"]Mg^^= 10"%. They p o s tu la te d  th a t  d e c h e la t io n ,  g iv in g  
[CoengtCgO.ïfOH)]^ was r a te  d eterm in in g . Under th e  c o n d it io n s  
above, th e  products o f  th e  r e a c t io n  are c i s  and tra n s  
[Coen^C OH) ]̂'*' in  th e  e q u il ib r iu m  p ro p o r t io n s  proposed by 
Bjerrum and Rasmussen(15) as  th e  product o f  i s o m é r is a t io n  of  
th e  c i s  isom er.
Taube(3) has dem onstrated by 0^^ exchange, th a t  d e c h e la t io n  
goes  by carbon-oxygen f i s s i o n :

engC o'
0  0 = 0  OH

+ ''®0H" --------  ̂ erioCo . o ’'® (J )
- 0 - 4 3 = 0  '  '  \ 0 - C - c f

0 ^^'0

In term ed iate

OH 0,.̂  y  0^8 

In term ed ia te  +  ̂ OH" -------  ̂ en^Go + > 0— CL (K)
' --------- '  \ h

18

w h i l s t  a b s t r a c t io n  o f  o x a la te  goes  by normal m eta l- l ig a n d  
c le a v a g e .
Taube fu r th e r  su gg ested  th a t  terms h igher  order than f i r s t  
order in  hydroxide may e n te r  in t o  th e  h y d r o ly s is  r a te  law.

Parago and Mason(37) have extended th e  work to  h igh  base  
c o n c e n tr a t io n s  (up to  4M) and low tem perature. For th e  second 
s ta g e ,  under H arr is '  c o n d i t io n s ,  Parago found sim ple second 
order k i n e t i c s ,  th e  products  be ing  th e  eq u il ib r iu m  mixture of  
th e  c i s  and tr a n s  dihydroxo io n s .  S in ce  th e  r a te  of i s o m e r is -  
a t i o n  o f  cisCOoen^fOH)^]* was much f a s t e r  than th e  h y d r o ly s is  
r e a c t i o n ( 15 ) f t h i s  was exp ected . F urther, a t low temperature  
and con cen tra ted  b a se ,  where h y d r o ly s is  i s  much f a s t e r  than  
th e  i s o m é r is a t io n  o f  c i s CCoen^fOH)^]^, th e  unisom erised c i s  
dihydroxo product was ex p ected . When th e  r e a c t io n  was f i r s t -  
order w . r . t .  hydroxide t h i s  was found. However, when a 
d e v ia t io n  from secon d-order  k i n e t i c s  was observed , ( c o n s i s t e n t  
w ith  th e  su g g e s t io n s  o f  T aube), a m ixture o f  c i s  and tra n s
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[CoengtOHjg]*, in d is t in g u i s h a b le  from th e  c i s / tra n s  e q u i l i -  
brium m ixture, was found, even when unisom erised c i s  was
p r e d ic t e d .
The f i r s t  s ta g e  o f  th e  r e a c t io n  remains f i r s t  order w . r . t .  
hyd rox id e.
P o la r im e tr ic  s t u d ie s  show, under favou rab le  c o n d it io n s ,  a 
m u taro ta tion  ,( in d ic a t in g  th a t  d e c h e la t io n  goes w ith  r e t e n t io n  
o f  c o n f ig u r a t io n ) , f o l lo w e d  by a r a te  o f  l o s s  o f o p t ic a l  
a c t i v i t y  equal to  the  r a te  o f  h y d r o ly s is .  No r e s id u a l  o p t i c a l  
a c t i v i t y  was observed under any o f  the  c o n d it io n s  employed.

In  view  o f  th e  produ cts  and th e  k i n e t i c s  th e  s t e r i c  course  of  
th e  second s ta g e  was a scr ib ed  two p o s s i b i l i t i e s .
(a )  A com bination o f  th e  e f f e c t s  o f  th e  m ed ium ,(e .g . ion  
p a ir in g ) ,  and o f  th e  l e a v in g  group on the  d i s t r i b u t io n  of  
in te r m e d ia te s  in  an 5L1C3 mechanism ( p . 2 3 ) .
In one in s ta n c e  in te rm e d ia te  B ( p . 23) produces racemic c i s , 
and A i s  formed on ly  a t  high base c o n c e n tr a t io n  to  g iv e  tran s

In  a n o th er , a change o f  medium a l t e r s  th e  p o s i t i o n  of the  
incoming group i n  th e  t r ig o n a l  bipyramid, i . e .  A g iv e s  c i s  
accompanied by net in v e r s io n  from G, and a t  h igh base  
c o n c e n tr a t io n  g i v e s  tr a n s  w ith  a corresponding  d ecrease  in  
n et in v e r s io n  from C.

(b) A change in  th e  s u b s t r a te ,  produced by OH", promoting a 
change to  an a s s o c i a t i v e  mechanism. Such a s p e c ie s  as:

en^Co 0 0

0 —  G— C<"

OH

formed in  concen tra ted  a l k a l i  would be expected to  decrease  
th e  a c id i t y  o f  the  amine protons and encourage n u c le o p h i l ic  
a t ta c k  by a fu r th e r  OH" m o lecu le .  Trans a t ta c k  ( p . 25) would 
g i v e ,  a s  observed , tr a n s  and racemic c i s  [Goen2(OH)23 •

I n v e s t ig a t i o n  o f  th e  base  h y d r o ly s is  o f  [Goen^mal]"^ i s  l e s s  
w e l l  advanced.
In a p re lim in a ry  survey Parago(34) found th a t  the  r e a c t io n



103.

proceeded in  one s ta g e  and th a t  the  r a t e ,  a lthough showing 
f i r s t  order dependence on LOH"] in  d i l u t e  base , reached a 
l i m i t i n g  r a te  a t  about 2M [0H“ ] .  Products are the  c i s  or 
c i s / t r a n s  dihydroxo io n  as  expected accord ing  to  c o n d it io n s .

S u bseq uently , Parago(35) has a scr ib ed  the  l im i t i n g  r a te  to  
two p o s s i b i l i t i e s .

(a )  The r e a c t io n  sequence i s :

cisCCoen^mal]* + OH" — ^  c i  s[  C oen^mal .0H ]° (L)

cisLOoenginal.OH]® + cl3LCoen^(0H)„]’*' (M)

claLCoen^COH)^]^ ■■■ t r ans [ C o e n ^ ( O H ( N )

D e c h e la t io n  i s  r a te  d e term in in g . [Coen^mal]^ can be removed 
from r e a c t io n  (L) by form ation  o f  an u n re a c tiv e  conjugate  
base i n  a f a s t  eq u il ib r iu m :

//°  /
, 0 - 0 .  / O - c l

en„Co ;CH„ + OH" en,Co^ ^CH + H„0 (P)
" \ « _ c /  " " \ - c f  "

%  %

T o ta l  k i n e t i c s  are: Rate = k[complex][OH“ ] (40)

1 + K[OH"]

i . e .  i n  h ig h ly  b a s ic  s o lu t io n  a l im i t i n g  r a te  equal to  k/K 
i s  p r e d ic te d  when e q u il ib r iu m  (P) l i e s  dominantly to  th e  
r i g h t .  At low [OH"] s im ple  second order k i n e t i c s  are observed , 
a l s o  a s  p r e d ic te d .

(b) D e c h e la t io n  i s  r a p id ly  e s ta b l i s h e d  in  a f a s t  p reeq u ilib r iu m  
(Q ), fo l lo w ed  by a r a te  determ in ing  d i s s o c i a t i v e  p r o c e ss .

c i s CCoen^mal]^ + OH  ̂ ci^C0 oeng(m al) ( OH)]  (Q)
f a s t
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cis[Goengmal.QH]° ^  [GoengOH]^* ( r )

[GoengOH]2+ + OH" cisLGoengCOH)^]'^ (S )

The d i r e c t io n  o f  a t ta c k  i n  r e a c t io n  (8 )  b e in g  so a s  t o  g iv e  
in v e r s io n  or r e t e n t io n  o f  c o n f ig u r a t io n  -  a s  h y d r o ly s is  and
l o s s  o f  o p t i c a l  a c t i v i t y  proceed a t  th e  same r a t e s .
The r a te  equals  k '[G ]^ , where [C]^ i s  the  eq u il ib r iu m  
c o n c e n tr a t io n  o f  th e  hydroxy-malonato in te rm e d ia te .  I f  [ a] 
and [B] are th e  i n i t i a l  c o n c e n tr a t io n s  o f  complex and b a se ,  
r e s p e c t i v e l y ,  then:

Rate= k 'K '[A ][B ]

1 + K '[B ]

When [B] «  1, sim ple  second order k i n e t i c s  are observed and 
th e  second order r a te  con stan t  i s  equal to  k'K' in  equation  
( 4 1 ) .  D e r iv a t io n  o f  th e  e q u il ib r iu m  co n sta n t from the second 
order r a te  con stan t  or from th e  l im i t i n g  f i r s t  order r a te  
c o n sta n t  in  eq u a tio n  (40 ) g iv e s  i d e n t i c a l  r e s u l t s .
I t  i s  p r e d ic te d  a l s o ,  th a t  i n  concen trated  base a l l  th e  
complex i s  i n  th e  form o f  the  malonato-hydroxo in term ed ia te  
and a l i m i t i n g  r a te  i s  reached, th e  r a te  co n stan t b e in g  k ' .

The r e a c t io n  was found to  fo l lo w  th e  io n ic  s tr en g th  dependence 
e x p r e s s io n ,  ( l l ) ( p . 1 0 )  proposed by B ro n stea d (1 7 ) ,  to  a reason
a b le  degree  o f  accu racy . Exact dependence i s  u n l ik e ly  a s  
Debye-Hhckel th eo ry  does not u s u a l ly  apply a t  c o n c e n tr a t io n s  
> 1 0 " % . N e v e r th e le s s ,  scheme ( b ) ,  in v o lv in g  a zero charged  
in te r m e d ia te  i n  th e  r a te  determ in ing  s te p  would be expected  
t o  be independent o f  i o n ic  s tr e n g th .  Scheme (a )  would i d e a l l y  
be expected  to  show a l in e a r  lo g  k /  r e la t io n s h ip  o f  s lo p e  
1 .02  ( a t  25°) s in c e  i t  in v o lv e s  m onopositive  and mononegative  
io n s  in  th e  r a te  determ ing s t e p .  S ince  t h i s  i s  in  f a c t  
s u b s t a n t i a l l y  t r u e ,  i t  was taken  a s  good ev id en ce  i n  favour  
o f  scheme ( a ) .
F u rth er , i f  d e c h e la t io n  proceeds v i a  carbon-oxygen f i s s i o n ,  
by analogy w ith  th e  o x a la to  complex, d e c h e la t io n  c o n s t i t u t e s  
e s t e r  s a p o n i f i c a t io n .
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Such r e a c t io n s  are  c h a r a c t e r i s t i c a l l y  i r r e v e r s i b l e ( 43) 
s in c e  th e  a c id  so formed e a s i l y  l o s e s  a proton in  the  presence  
o f  th e  weakest o f  b a s e s ,  to  form a c a rb o x y la te  anion which, 
in  su p p ress in g  th e  e l e c t r o p h i l i c  ch aracter  o f  the  carbonyl  
carbon, p r e c lu d es  r e v e r s i b i l i t y  o f  th e  r e a c t io n .

en„Co CH„
\ - C >  "

%

OH' 0
0—0

-  enpG o OH CH^

0 - Ç  
en„Co OH OH. eUgCo^

O'

0 —C — GĤ — 0 = 0I d 1
0

/
en«Co 

2 \

OH

OH

0—G—GHp— C',

B

.0

■0

In  such c ircu m stan ces  r e a c t io n  (Q) would be in v a l id  and 
scheme (b ) u n l ik e ly .

Table 18.

Summary o f  the  base h y d r o ly s is  o f  d ic a r b o x y la te  b ise th y le n e -  
diam ine c o b a l t ( I I l )  c a t io n s .

Complex D e c h e la t io n
f i s s i o n

Ref. Mechanism

[GoengOOj]^ Co — 0 34 ,62 SjjIGB or S^2 io n  p a ir

[CoengtGgO^)]^ G -  0 3,37

[Coen-m al] G -  0 35 Si,2
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The p resen t  work has introduced  an ex tr a  e f f e c t  i n  th e  hope 
o f  in c r e a s in g  th e  a c t i v a t i o n  energy o f  the  d e c h e la t io n  and 
hence ren dering  i t  o b ser v a b le .  I t  i s  hoped th a t  th e  e f f e c t  
w i l l  be s u b s t a n t ia l l y  s t e r i c .  N e ith er  e th y l  nor benzyl  
s u b s t i t u e n t s  on th e  O c -p o s i t io n  can co n ju g a te , (b en zy l not 
w ithout tautom erism ), any e x tr a  n e g a t iv e  charge i n  the  
resonance s t a b i l i s e d  in term ed ia te  e s ta b l i s h e d  in  (P) and hence 
render i t  and scheme (a )  more fa v o u r a b le .  A l im i t i n g  r a te  
observed in  e i t h e r  d e c h e la t io n  or a b s tr a c t io n  of s u b s t i tu te d  
m alonate would then  confirm  which scheme o p e r a te s .

2 . THE ACID CATALYSED HYDROLYSIS OP LCoengCO.]^.

Subsequent to  th e  work o f  H arris  e t  a l ( 6 2 ) in  which as  a r e s u l t  
1 4 2—o f  C exchange i n  ac id  s o lu t io n  i t  was proposed th a t  r in g

opening occurred , th e r e  have been s e v e r a l  r e p o r ts  o f  the  
h y d r o ly s is  r e a c t io n  i t s e l f .
Tong e t  ^ (1 0 1  ) proposed both a c id - c a ta ly s e d  and non cata lysed  
pathways in v o lv in g  both  protonated  and unprotonated carbonate.  
However, unnecessary  c o m p lic a t io n  was introduced by working 
under n o n -b u ffe r e d , non-pseudo f i r s t  order c o n d i t io n s .
H arr is  and o a s t r i (5 2 )  obtained more co n v in c in g  r e s u l t s  over  
a la r g e  pH range (1 to  5 ) .  They proposed th a t  r in g  opening i s  
n o n ca ta ly sed  and th a t  th e  on ly  s t e p s  in v o lv in g  a c id ic  s p e c ie s  
are p r o to n a t io n  o f  the  d ech e la ted  carbonate complex and 
subsequent h y d r o ly s is  o f  th e  r e s u l t a n t  b ic a rb o n a te -  s p e c i e s .

[CoengCOj]* + HgO  ̂ [OoengfHgOitCOj)]* (T)

[ C o e n g f H g O j f C O , ) ] *  + H+ [CoengCHgOifHOOji lZ+i /E (U)

[C oen2(H 20)(C 0j)]+  + HgO — G  [Coen2(0H)(H20)]^'" + HCO^V)

k
[ G o e n 2 ( H 2 0 ) ( H C 0 ^ ) ] ^ ' ^  + Hg O — ^  [ G o e n 2 ( H 2 0 ) 2 ]  ^  + H C O "  ( W)

k
[ C o e n 2 ( H 2 0 ) ( H C 0 j ) ] 2 +  + H ^ O * — [ C o e n 2 ( H 2 Û ) 2 ] ^ ' ^  +  H g C O ^  ( X )

Assuming th a t  e q u i l ib r a t io n s  (T) and (U) are e s ta b l ish e d  
r a p id ly ,  th e  observed r a te  con stan t  i s  g iv en  by:
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(42)
K + [H+]

A 'b e s t  f i t '  computer programme demonstrated the  s u b s ta n t ia l  
v a l i d i t y  o f  r a te  equation  (4 2 ) .
N o te : th e  prod u ction  o f  an hydroxyaquo s p e c ie s  p ro v id es  a 
ready path to  i s o m é r is a t io n ,  s in c e  t h i s  s p e c ie s  has been  
shown to  iso m e r ise  extrem ely  r a p id ly ( 4 5 ) .
By c a rr y in g  out a c id -b a s e  t i t r a t i o n s  in  a flow  apparatus  
Scheid egger  and Schwarzenbach(86) found th a t  r in g  opening in  
a c id  s o lu t io n  occurs by water a t ta c k  on the c o b a l t ,  w h i l s t  in  
a lk a l in e  s o lu t io n  i t  goes by hydroxyl io n  a t ta c k .  Both hydroxo 
and carbonato l ig a n d s  are su bseq uently  s u s c e p t ib le  to  proton  
a t ta c k .
Jordon and F r a n c is (5 8 )  used th e  eq u il ib r iu m  c o n sta n ts  c a lc u la 
ted  by Scheidegger  and Schwarzenbach to  modify th e  r a te  
e x p r e s s io n  (4 2 )  of H arr is  and S a s t r i .  They proposed th a t  r in g  
opening in v o lv e s  hydroxyl io n  a t ta c k  and th a t  the  b icarb onate  
s p e c i e s  produced are  much more r e a c t iv e  than th e  carbonato  
s p e c i e s ,  k^ and k^ paths are  th o se  o f  H arris  and S a s tr i  w h il s t  
th e  k  ̂ path in v o lv e s  water a t ta c k  on [Coen2 ( 0H)(HC0 )̂]"*" 
r a th e r  than on [Coen2 (H2 0 )(C0 ^ )]*  to  g iv e  th e  hydroxyaquo io n .  
E q u i l ib r ia  are:

[CoengCOj]^ + 0H“  -----  ̂ [CoengtOHjfGOj)]^ Kg (Y)

[ C o e n 2 ( 0 H ) ( C 0 ^ ) ] °  + ^ [ C o e n g f O H j f H O O ] ) ] *  1 A - |  ( Z )

[ C o e n „ ( O H ) ( H C O  ̂ [Ooen.fH.OjfHCO.)]^*
'  1A 2 (A ')

E quilib rium  (A ')  i s  analogous to  (U) proposed by H arris and 
S a s t r i ,  except th a t  i t  in v o lv e s  th e  more r e a c t iv e  b icarbonate  
s p e c i e s .  The t o t a l  r a te  e x p r e ss io n  r e l a t in g  th e  observed pseudo 
f i r s t  order r a te  co n sta n t  to  hydrogen io n  dependence i s  then  
g iv e n  by:

k  =  k i % 2  +  +  % 3 [ H + ] 2  ( 4 3 )
obs ------------------------------ -̂------

K^K2 + [H+]

KgK  ̂ -  where [H ][0H ] .
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U sing Scheidegger  and Schwarzenbach’ s v a lu e s  fo r  and
Kg, , kg and k^ were e v a lu a ted . The v a lu e s  o f  Kg a l s o
enabled Jordan to  c a lc u la t e  th e s e  v a lu e s  accord ing  to  H arris'  
r a te  law . S u b s ta n t ia l  agreement was found.

The p resen t  work p r e se n ts  only a pre lim in ary  survey o f  an 
analogous system . W hilst [Coeng(CgO^)]'*'( 87) and [Coen.gmal]^ 
(p . 61 ) are  co m p lete ly  s ta b le  in  a c id  s o lu t io n ,  [GoengEtmal]'*’ 
and [CoengBzylmal]* are  both  observed to  rea c t  r e a d i ly  a t  
pH 3. Time did not permit th e  e sta b lish m en t of a complete  
r a te  law but good ev id en ce  was found fo r  th e  v a r io u s  
r e a c t iv e  s p e c i e s ,  from the  k in e t i c  dependence on [H^] and 
from th e  products o f  th e  r e a c t io n .
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EXPERIMENTAL.

1. PREPARATION OF COMPLEXES.

[CoeUgEtmallBr.HgO was prepared a s  a lrea d y  d escr ib ed  ( p . 5 7 ) .

[CoengBzylmal]Br.HgO was prepared by a s im ila r  method, but 
w ith  more d i f f i c u l t y .
[CoengCO^lCl,( 6 . Igm, 0 . 022m o le) ,  was d is s o lv e d  w ith  warming 
in  55ml o f  w ater . S i l v e r  o x id e ,  f r e s h l y  p r e c ip i ta te d  from 
s i l v e r  n i t r a t e ,  ( 8 . 5gm), and e x c e ss  b a se , was added and th e  
m ixture w e l l  ground i n  a p e s t l e  and m ortar. S i lv e r  c h lo r id e  
and e x c e s s  d io x id e  were th en  f i l t e r e d  o f f  and sodium bromide, 
(6 .5 g m ), added. The s o lu t io n  was th en  heated to  th e  b o i l in g  
p o in t  and benzylm alon ic  a c id ,  ( 4 . 3gm, 0 . 022m ole) ,  added w ith  
v ig o r o u s  s t i r r i n g .  The s o lu t io n  was then  a l t e r n a t i v e l y  heated  
and shaken in  a s e p a r a t in g  fu n n e l u n t i l  a l l  e f fe r v e s c e n c e  
ce a se d .  F i n a l l y ,  th e  volume o f  the  s o lu t io n  was reduced to  
45ml on a ro ta r y  evapourator, and th e  s o lu t io n  l e f t  to  stand  
on i c e .  The deep red p r ism a t ic  c r y s t a l s  th a t  sep arated , were 
f i l t e r e d  a t  th e  pump and washed w ith  a l i t t l e  ic e -w a te r  and 
e th a n o l .  R e c r y s t a l l i s a t i o n  was from th e  minimum of b o i l i n g  
w a ter . Y ie ld s  were poor, and a ttem p ts  to  work up mother 
l iq u o r s  r e s u l t e d  m ainly  in  th e  d e p o s i t io n  of y e l lo w  [Coen^]^'^

Maximum y ie ld  of r e c r y s t a l l i s e d  complex 20^.

A n a ly s is :  C a lcu la ted  fo r  [CoC^^Hg^N^O^lBr.HgO.

% 0 ,3 5 .9 0 ;H ,5 .5 6 ;% 1 1 .9 5 .

Pound #  C ,36 .07 ;H ,5 .58 ;% 11 .49 .

The u v - v i s i b l e  sp e c tr a  o f  th e  two com plexes, are  shown in  
F igure 22. B a l lh a u s e n (7) has c a lc u la te d  th e  l ig a n d  f i e l d  
s t r e n g th ,  lODq, a s s o c ia t e d  w ith  each d-d band under th e  
in f lu e n c e  o f  a s tr o n g  l ig a n d  f i e l d  ( p . 14) .  i . e :

A E  -------- > 1?2g) = + 16?2 + lODq (44 )

A e  ( h ^ g  ----- ^ ■’l^ g )  = - 35P4 + lODq (45 )

-Where Fg and F^ are  th e  Condon and S h o rtley  l ig an d  f i e l d
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F ig u re  2 2 . u v - v i s i b l e  s p e c tr a  o f  :

m

200

150

100

Coen^Etmal

50 I

2 0 ,0 0 0 2^ ,0 0 0 30,000

cm
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s t a b i l i s a t i o n  param eters. Furthermore, a c h a r a c t e r i s t i c  of  
th e  s t a t e  i s  the  approxim ation; Pg = 10F. = lOOOcm"^.
U sing t h i s  approxim ation , lODq param eters are summarised in  
Table 19.

Table 19. Ligand f i e l d  parameters fo r  complexes of C o (III )  
c o n ta in in g  co -o rd in a ted  m alonate.

Complex M g
cm"^

lODq 
— 1cm — 1cm

^ 2 g  10Dq

om~^

[Coen^mal]'** 2 0 ,100 23 ,600 28 ,000 24 ,500

[CoengEtmal]* 19 ,600 23 ,100 27 ,800 24 ,300

[Coen^B zy Imal ] 19 ,650 23 ,150 27 ,800 24 ,300

2. MEASUREMENT OF 5PE0TR0PH0T0METRIC RATES.

The main instrum ent used was an Unicam SP800 spectrophotom eter  
f i t t e d  w ith  a s la v e  record er  and a rep eat scan a c c e sso r y ,  
e n a b lin g  up to  four  r e a c t io n s  to  be fo llow ed  s im u lta n eo u s ly .  
Therm ostating was by means o f  a water cooled  thermos tat/pum p. 
For th e  lower tem peratures s tu d ie d ,  an ex tra  c o i l  immersed 
i n  a s lu s h  bath  was in corp orated  in t o  th e  therm ostat c i r c u i t .  
Tem peratures, checked u s in g  standard NPL thermometers, were 
alw ays m aintained to  w ith in  + O.I^C.
Stock  a l k a l i  was prepared from Volucan or BDH ampoules, and 
checked a g a in s t  known w e ig h ts  o f  potassium  hydrogen 
p h t h a l la t e .  S tock s o lu t io n s  were always of the  same con cen t
r a t io n  a s  th e  io n ic  s tr e n g th  required  a s  con stan t fo r  a s e t  
o f  [OH"] v a lu e s  under s tu d y .
Stock  a c id  c o n s is t e d  of an ao eta te /H C l b u f fe r ,  ( 0 ,1 OOM in  
a c e t a t e ) ,  prepared a ccord in g  t o  th e  read in g s  o f  a Pye 
Dynacap pH m eter.
I o n ic  s tr e n g th  was m aintained u s in g  NaCl. P er ch lo r a te  was 
found t o  p r e c i p i t a t e  both  complexes when made up to  th e
req u ired  s tr e n g th  i n  sodium p e r c h lo r a te  o f  the  required  io n ic
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s t r e n g th .  Gomplex/NaCl s o lu t io n s  are  s t a b le  fo r  a t  l e a s t  
e ig h te e n  months a t  room tem perature.
Complex s to c k  s o lu t io n s  were made up in  NaCl o f  the req u ired  
i o n i c  s tr e n g th .  In  t h i s  way, no m atter i n  what p rop ortion s  
complex/NaCl, s to ck  NaCl and sto ck  NaOH are mixed t o  produce 
a range o f  v a lu e s  o f  [OH"], the  i o n ic  s tr e n g th  i s  au tom atic 
a l l y  th a t  o f  th e  s to ck  NaCl s o lu t io n .
Complex/NaCl, and NaCl/NaOH s o lu t io n s  were preheated in  a 
d iv id e d  v e s s e l  in  a water bath to  the required tem perature, 
mixed, and r a p id ly  tr a n s fe r r e d  to  the  preheated c e l l  in  the  
therm ostated  c e l l  compartment o f  th e  spectrophotom eter . The 
r e fe r e n c e  c e l l  a lw ays conta ined  NaCl/NaOH s o lu t io n s  in  the  
req u ired  p r o p o r t io n s .
Both s ta g e s  o f  th e  r e a c t io n  were c o n v e n ie n t ly  fo llow ed  a t  
30,000cm"] Checks a t  o th er  w avelengths where th e  absorbance  
range was s u f f i c i e n t ,  showed th a t  th e  r a te s  fo r  both s ta g e s  
were independent o f  w avelen gth .
For th e  measurements a t  18°C th e  r e a c t io n  m ixtures were kept 
in  a therm ostated  water bath provided w ith  an i c e - c o o le d  
c o o l in g  c o i l  and sampled a t  hourly  i n t e r v a l s .  The absorbance  
o f  each sample, quenched i n  an ice -m eth a n o l m ixture, was 
then  measured on an SP500 spectrophotom eter .

R38ULT8

1. THE BASE CATALYSED HYDROLYSIS.

( i )  The Isom eric  Course o f  th e  R ea ction .
For both com plexes, th e  r e a c t io n  i s  observed to  proceed in  
two s t a g e s .  The f i r s t ,  by analogy to  th e  spectrophotom etric  
changes accompanying th e  base h y d r o ly s is  o f  [Coen^CC^] and 
[C oengfC gO .)]* , i s  a sc r ib ed  to  opening o f  th e  malonate r ing ,  
The r e a c t io n  i s  c h a r a c te r is e d  by a la r g e  in c r e a se  in  
absorbance a t  th e  near uv end o f  the  spectrum, so th a t  th e  

— > ^Tgg t r a n s i t i o n  p r a c t i c a l l y  d isa p p ea r s ,  and by 
i s o b e s t i c  p o in t s  a t  1 8 ,600cm \  22,600cm \  26,700cm and 
2 9 ,1 0 0 c m " \ T h is  i s  demonstrated in  F igure 23.
The second s ta g e  i s  c h a r a c te r ise d  by a gen era l f a l l  in  
absorbance. There are  no i s o b e s t i c  p o in t s .  See F igure 24.
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The product of the reaction is always oia-ECoengtOH)?]* in
equilibrium with the hydroxo-malonato intermediate produced 
in the first stage. Verification of the constitution of the 
final equilibrium mixture was undertaken as follows.
The ring opening stage was allowed to proceed under chosen 
conditions until the maximum amount of [OoenptRmaljfOH)]^ 
had accumulated. The reaction was then quenched by freezing.
The conditions chosen were so that the effective product of 
the second stage would be cis-CCoengtOH)^]*. i.e. that the 
hydrolysis reaction would be very much faster than the  
isomérisation of the dihydroxo product. Since the latter 
is independent of [0H~](38,15) the required product can be 
effectively controlled by working at low temperature (27°C)
and at high enough [OH"] to render ^i^om.y^hydrol. least■S' s
5,(where t% = the reaction half life ).

2 +
Cis-CCoen^ (OHjg] was generated 'in situ' by the acid 
hydrolysis of [Coen^CO^lClO^ by perchloric acid and subsequent 
addition of alkali to pH12. This reaction does proceed 
with full retention of configuration(31). The solution of 
cis-[Coeng(OH).]* was at the same concentration as
I ^  ^  Q I

[Coen2 (Rmal)(0H)] and was adjusted to the same ionic strength 
using sodium chloride. Molar extinction coefficient 
values corresponded to within + 2^ of the literature 
values(15).
The two solutions were then mixed in varying proportions.
The mixtures were found to imitate the second stage reactions 
well, and the final spectrum of the hydrolysis reactions 
under conditions identical to those for the production of the 
[Coen2(Rmal)(0H)]° solutions for the synthetic equilibrium 
mixtures, showed excellent agreement with spectra of 
cis-[0 oen2(Rmal)(0H)]^/cis-[Coen2 (0H)2]* mixtures at an 
approximate ratio of 1:9.
A specimen quasi 'equilibrium mixture' is reproduced in 
Figure 25 and can be compared to the authentic specimen in 
Figure 24.
Note the shift of the ^A^ — > ^ ' ^ 2 g  transition from 27,500cm"^ 
to 27,200cm“  ̂ - a characteristic of the second stage 
reaction.
Table 20 summarises quasi and observed equilibrium mixtures 
for both complexes under varying conditions.



116.

m

o
c\j

O

o

- m
I

o

oOOr <

gI

C\J

KO
OJü(D0 

O
i__j1ra
•H
ü

o O
1— Oo
5o 0 0

CM

r_j II
03
e E4

+5
m •K

S
CM O

Ü LTV
0
O Oo

i__1 II

rà 1— 1
•H 1
O tr j

O
1___ 1

03
iH P

+3 oJ
ü
0
A 0
m P

o5
0 h
u 0
CS d

•p 0
M tu]

•H
6 0

1— 1
6 %—\
d W

•H o
M

----s
•H p
rH o5
•H 6
d p
CM H
0

CM
O d

•H 0
P o
0 ü
Xi (____1
P 1
a 0 1
% •H

CO o l
.

LTS
CM

0

d%
•HA



117.

, . . . . . .  ^ - ------- -----------------— —t
m . 1
d I
o 1

•H î
P cM 1
•H 0 j
r o T— • T” t -  j
d 1 93 • .  1
o B >3 C30 LT\ CM CM
ü ü VO m M3 !

O
% o ;
d o • 1

•H + X !
>s 1— o •H e n CM O  :
d  CM r o B VD LP» C - M3 1
d
>  î d

o cd
A  w 0 j
0  CM ,

T3 d 1 93 o CM VD 1
d  0 B K*3 T— . CM r o
d  o ü X y—

ü O i
0  l__i O
0  1 . CM
d  0 m X M3 Vû yjD :
d  -H O - •H O • O y— CM

P  ü CM B ___

•H •• . cd
6  d 0 0

o H
6  *H d 1 93
d  p p a r"3 T— CM CM CM

•H d X ü X CM CM CM CM
d  H •H o

d  o 6 o
•H 0 o
rH B *> X
•(H O d r o •H T— CM CM T—
d  m •H CM E CM CM CM CM
O'* d
0  ta XI •

o •H (3*
r o  v_>. 1—I 0
0 •rH
î> i-H d 1 93 "d" rO O M3 1
P4 Cd cr* B ï>3 cr» O T— CM :
0  e 0 ü X —̂
0  M O
XI ^ 93 o
O CM 0 r o

d > ». X  • (Ti O CM CO
no 0 d e n •H e n O T—
d  o 0 E 1—
cd o 0 --

1— i X «— 1
o  1 Q 1 o O O o . .

•iH 03 ! d m O m m
P  *rH 0 o • • • •
0  ü d 1__1 O CM O

Æ  - P
P  m
d  •• II o CM o CM

o
0 OM o CO m ir»

II 0 CH CM CM ' -------  CM CM
«H •
O  X 93

•H >3>3 '6d ± + + + '
cd •• A H A
6  0 0 cd g g
K  P E a . c B ,
§ O p p 1—i A 1
en a M H >3 >3

CM CM N N
, d d PQ m

o 0 0 CM CM
CM X o O d d

0 o ü 0 0
0 1—1 o o

r — 1 A o C3 i
d> a j
cd oE4 o — —  ——  . . . . --------



118.

Conditions were also adjusted so that the isomérisation of 
çis-L C oengtO H Ïg]*  was much f a s t e r  th a n  th e  h y d r o l y s i s .  Under 
these conditions the 1:1 cis/trans mixture, together with 
[Coen^CRmal) (OH)] should be observed as the final products.
This is o n ly  partly true. Spectra recorded after ten half lives, 
(I0t^), showed 6^ values in the low wavelength part of the 
spectrum  low er  th a n  th e  l i t e r a t u r e ( l 5 )  v a lu e s  o f  
çis-CCoengÇOHÏg]*. (Values o f 0 ca.30,000cm  ̂ are a lw ays  
high, as this region is most sensitive to the in te r m e d ia te  
LCoen2(Rmal)(0H)P). However, s u b s t a n t i a l  r e a c t i o n  always 
occurred after 10t^^ by which time the cis/trans mixture was 
expected.
In other w ords, the c i s  isomer i s  always th e  product of the 
reaction regardless of conditions.Isomérisation r a t e s  found 
after ten half lives of the h y d r o ly s i s  reaction agree 
moderately well with literature values(38,15). Reaction is 
observed to cease after a period corresponding to 10( t̂ "̂  ̂' + 
^isom.^^ Thus, t h e  f i n a l  amounts o f  c i s - [Coen^(Rm al) ( OH) 
r e a c t  to give c i s -CCoen^fOH)^] , which only then can isomerise 
to the trans form.
Conditions employed had a maximum value of t^^^ 4.

S 2
Larger values may give the cis/trans mixture as the effective 
p r o d u c t .

As a r e s u l t  o f  t h e s e  o b se r v a t io n s  th e  s to ic h io m e tr ic  and 
iso m e r ic  course  of the  r e a c t io n  may be rep resen ted  as:

c i s -lC oen^R m all*  + OH” ^...... o i s - CCoen^fRmalïfOH)]^ ( B ' )

cis-lCoengfRmal)(OH)]^ + OH     ̂ cis-[Coen^(OH)p + Rmal^ (O')

gis-LCoengfOHjg]^----------------------------  ̂ trans«-[Coen^(QH)o]'*' (D' )

I f  th e  e q u i l ib r iu m  c o n s ta n t  f o r  ( B ' ) i s  l a r g e ,  i t  may be
c o n s id e r e d  as  u n i d i r e c t i o n a l  and taken as  a separate  r e a c t io n .  
I s o m é r is a t io n  o f  c is-L O oengtC gO .ifO H )]^  has been shown to  be 
v e ry  slow , ( t i ^ 9  d a y s ) ( 8 6 ) .  By a n a lo g y ,  the  su b s t i tu te d  
m alonato-hydroxo s p e c ie s  a r e  a l s o  deemed i s o m e r i s a t i o n - i n e r t .
That t h e  r e a c t i o n  ( B ' ) p r o c e e d s  w ith  r e t e n t i o n  o f  c o n f ig u r a t io n
w i l l  be d is c u sse d  l a t e r .
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Because an e q u il ib r iu m  m ixture i s  observed a s  th e  product of  
th e  r e a c t io n ,  th e  f e a s i b i l i t y  o f  th e  back r e a c t io n  o f  (O’ ) 
was in v e s t ig a t e d  s e m i - q u a n t i ta t iv e ly .
Cis-COoengfOHjg]^; generated  ' in  s i t u '  as p r e v io u s ly  
d escr ib ed  ( p . 115) ,  was allow ed to  stand at room tem perature  
in  s o l u t i o n s ,  jx = 1 . 0 0 , 1 . OOM in  disodium  e t h y l -  and b e n z y l-  
m alonate , i . e .  i n  ' f i r s t  order e x c e ss '  q u a n t i t i e s .  The temp- 
era tu re  was taken no h igh er  than 21°C because o f  th e  isom ér
i s a t i o n  o f  cis-CGoen^COH)^]'*'.
A fte r  two weeks under th e s e  c o n d it io n s ,  the  back r e a c t io n  
was w e l l  c h a r a c te r is e d .  A d i s t i n c t  r i s e  in  absorbance occurred  
c a . 3 0 , 000cm‘"̂  and th e  ^A^^— > *̂̂ 2g maximum s h i f t e d  to  
27,500cm” \  (a s  i n  F ig u res  23 and 24) .  However, s in c e  isom ér
i s a t i o n  of the  dihydroxo s p e c ie s  occurred unavoidably over  
t h i s  per iod  o f  t i me ,  q u a n t i t a t iv e  assessm ent was not p o s s ib le  
because  o f  th e  co m p lex ity  o f  the  p r o c e s s e s  occu rr in g , i . e :

2 _

cis-LCoen^(OH)^]'*' e is- [C o en ^ (H m a l)(O H )]°  + OH"

U  '  2 -
tran8-[Coen^(OH)o]^ tra n 3 -[Coen^(Rm al)(0H )]’̂  + OH"

( i i )  E q uilibrium  C on stan ts .
In order to  make an a ccu ra te  assessm ent o f  eq u il ib r iu m  
co n sta n t  v a lu e s ,  th e  in term ed ia te[C oen 2 (Rm al)(0H)]^ i s  
r eq u ire d . U n fo r tu n a te ly  i t  could not be i s o l a t e d  in  the  case  
o f e i t h e r  complex. E x tr a c t io n  o f  th e  b a s ic  s o lu t io n  c o n ta in in g  
th e  maximum q u a n tity  o f  the in te rm e d ia te  by such s o lv e n t s  as  
m e th y le th y l  k e to n e ,  d ioxan  and carbon t e t r a c h lo r id e  proved 
u n s u c c e s s fu l;  a s  did a ttem p ts  a t  f r a c t i o n a l  p r e c i p i t a t io n  
u s in g  dioxan  or te tra h y d ro fu ra n .
However, th e  6 ^  v a lu e  o f  the  in term ed ia te  may be e s ta b l is h e d  
a s  a r e s u l t  o f  the  tem perature and hydroxide c o n c en tr a t io n  
dependency o f  eq u il ib r iu m  (B*) ,  a t  th e  most s e n s i t i v e  
w avelength  i . e .  3 0 »000c m " \
G en er a lly ,  tem perature i s  p r o p o r t io n a l  to  th e  amount o f  the  
in te r m e d ia te  formed. Base c o n c en tr a t io n  i s  more com plicated  
in  i t s  e f f e c t .
At any tem perature th e r e  i s  an optimum [OH ] to  g iv e  an 
absorbance maximum a t  3 0 »000cm \  P r im a rily  th e  e f f e c t  o f  
in c r e a s in g  [OH"] may be to  push eq u il ib r iu m  (B' )  t o  th e  r ig h t .
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A f te r  the  optimum v a lu e  of  LOH“ ] ( - '0 .75M ) the  e f f e c t  i s  a 
r e s u l t  o f  a c h o ic e  o f  m ech a n is t ic  pathways. This  became 
obvious as  a r e s u l t  o f  the  k i n e t i c s  i n  concentrated  b a se ,  and 
w i l l  be r e fe r r e d  t o  i n  g r e a t e r  d e t a i l  l a t e r .  Because o f  t h i s  
d u a l i t y  of  m ech a n is t ic  pathways and i n e v i t a b l e  degrees  of  
c o n s e c u t i v e n e s s  o f  th e  f i r s t  and second s t a g e s ,  e q u i l ib r iu m  
c o n s t a n t s  f o r  the  f i r s t  s ta g e  were not c a l c u l a t e d .
The e f f e c t  o f  v ary in g  c o n d i t i o n s  on th e  two s t a g e s  of  the  
r e a c t i o n ,
Figure  26.
r e a c t i o n ,  fo l low ed  a t  30,000cm ^, are demonstrated i n

The èjjj v a l u e s  at  30,000cm" , f o r  th e  in te rm e d ia te s
[Coen2 (E tm a l) (0H)]O and [OoengCBzylmalïtOH)]^ were c a lc u la t e d  
a s  f o l l o w s .
Knowing th e  v e l o c i t y  o f  th e  second s t a g e ,  th e  ^ r e a c t i o n  o f  the  
l a t t e r  during th e  t o t a l  observed course  o f  th e  d e c h e la t io n  
s ta g e  can be found. When t h i s  fo i s  added t o  the  observed  
maximum6  v a l u e ,  th a t  o f  th e  in te rm e d ia te  should r e s u l t .  A 
v i t a l  assumption i s  th a t  the  e q u i l ib r iu m  constant  fo r  
e q u i l ib r iu m  ( B ' ) i s  h igh under th e  c o n d i t io n s  chosen.  Whether 
or not i t  i s  h igh enough i s  im p o ss ib le  t o  say.  However, even 
i f  th e  K v a l u e s  obtained are not a b s o l u t e ,  t h e i r  r e l a t i v e  
v a l u e s  are of  i n t e r e s t .

C on d it io n s  chosen were th o s e  under which maximum absorbance  
was observed a t  3 0 , 000cm"^. That i s  [OH"] = 0.75M, T = 58.0°C f o r  
the  benzylmalonato complex and [OH"] = 0.75M, T = 55.0^0 f o r  
th e  e thylm alonato  complex.

^Coen^CEtmaDCOHf = ^^4 + ( 3 . 5  ±  0 .5f .)  = 1 7 0 + 1  

^^Coeng(Bzylmal)(OH)° = 246 + ( 3 .5  i  0.5^) = 254 2  ^

^Coeng(0H)2+

The ^ cia-[Coen^(Rmal)(OH)]°  and ci3-[Coen^(OH)o]'^ i n  the  
app rop r ia te  eq u i l ib r iu m  (O') may then  be c a lc u la t e d  from:

^ c i s [ C o e n 2 (OH)2]'  ̂ = ^CoengEmalOH^ " ^ e q u i l .

^  C 0 en«RmalOH " Coen2(0H)g
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^o^[Coeng(Pm al)(O H)]°  = ^ e q u l l .  ~ ^CoengÇOH)^

^Coen^BmalOH® -  ÊCoenp(OH)^ 

where i s  measured at  3 0 , 000cm‘“\
Under c o n d i t io n s  of  l a r g e  e x c e s s  o f  OH the  eq u i l ib r iu m  constant  
K^, f o r  eq u i l ib r iu m  (O')  i s  g iv en  by:

%Q, = [GoengtOHjglCRmal^"]

[Ooen2(Rmal)(OH)°]

and s in c e  LCoen^COH)^] = [Rmal^”] a t  equ i l ibr iu m  (or a t  any 
t ime p r o v id in g  r e a c t i o n  (O’ ) i s  under way):

Kg, = [ c i s  Goen2 (0H)2]^

[ c i s  Goen2 (Rmal)(0H)°]

N o te . ( i ) Kg, v a l u e s  are  only  c a l c u l a t e d  under th ose  c o n d i t io n s  
where th e  i s o m é r i s a t i o n  (D ') i s  n e g l i g i b l e . i . e .  when an OO 
v a lu e  f i t t i n g  th e  observed pseudo f i r s t  order r a te  c o n s ta n ts  
i s  found a f t e r  th e  app rop r ia te  t ime ( lO t i J .  F in a l  v a lu e s

obtained when ^^som.y^hyd.  ̂ do not correspond to

i n  e q u a t io n s  (46) and (47). Furthermore equ i l ibr iu m  constant  
c a l c u l a t i o n s  in v o l v i n g  G v a lu e s  f o r  th e  1:1 c i s / tra n s  
[Goen2 ( 0H)2 ]* mixture from(15) are i n v a l i d ,  s in c e  the  isomér
i s a t i o n  has been shown to  be a n o n - in t e g r a l  p a r t  o f  the  
h y d r o l y s i s  r e a c t i o n  sequence.

( i i )  A v a lu e  o f  = 3, ([OH"] = 0.375M, T = 27.0°C)
2 2

r e s u l t s  i n  c i s - [ G o e n 2 ( 0H)2]^ as  th e  observed product o f  the  
r e a c t io n  a f t e r  a t  l e a s t  t e n  h a l f  l i v e s .  However, even a va lue

of = 4,  ([OH"] = 0.125M, T = 58.0°C) did not
2 2

r e s u l t  i n  c i s / t r a n s  [Goen2 ( 0H)2]* as  the  e f f e c t i v e  product.

K , v a lu e s ,  under s u i t a b l e ,  unambiguous co n d itio n s  a re
summarised i n  Table  21. They were checked at  19,200cm ^.
E rro r  was estim ated  by th e  method of mean d e v ia t io n  since
s e v e r a l  runs c o n tr ib u te d  to  each of  the  v a lu e s
quoted.
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( i i i )  The K in e t i c  Course of  the  React ion .
The k i n e t i c  study o f  th e  base  h y d r o ly s i s  was d iv ided  i n t o  
two p a r t s  a ccord ing  t o  the  two i o n i c  s t r e n g th s  s tu d ie d .  Both  
p a r t s  were conveniently examined by th e  ' I s o l a t i o n  Method',
( p . 8 ) .  Base c o n c e n tr a t io n  was always maintained i n  la r g e  
e x c e s s  and pseudo f i r s t  order r a te  c o n s ta n t s  were der ived from 
the  sp ec trop hotom etr ic  data  accord ing  to  th e  standard in te g r a te d  
form o f  the  r a t e  law;

Rate =k^ [complex] [ OH""] (50)

when [0H~]>> [co m p lex ] ,  ( p . 9 ) .  Such pseudo f i r s t  order r a te  
c o n s t a n t s  demonstrated th a t  th e  r e a c t i o n  i s  f i r s t  order in  
complex.
Pseudo f i r s t  order r a t e  c o n s t a n t s  f o r  the  r in g  opening s tage  
were der ived  from Guggenheim's method(41a) ,  s in c e  no OO 
v a l u e s  f o r  the  r e a c t i o n  are  o b ta in a b le .
Guggenheim's method a p p l i e s  only  t o  f i r s t  or pseudo f i r s t  
order r e a c t i o n s .  The standard in tegrated  form of  a f i r s t  
order r a t e  e x p r e s s io n  can be expressed as:

Aq -  A = Ap e -k t  (51)

where Aq i s  the  i n i t i a l  absorbance, which i s  p r o p o r t io n a l  
t o  t h e  i n i t i a l  concentration  of  the  r e a c ta n t  under c o n s id e r 
a t i o n ,  and (Aq -  a )  i s  the  resid u a l absorbance a f t e r  t ime t .
I f  a s e r i e s  o f  r ea d in g s  A' are taken a t  e x a c t l y  regu lar  
i n t e r v a l s  ( t  + t ' )  a f t e r  A, then:

Ag -  A' = A qe-ktt  + t ' )  (52)

S u b tr a c t in g  (52 )  from (51):

A' -  A = A o8-kt(i _ e - k t ' )  (53)

i . e .  kt + ln(A' -  A) = In Aq( 1 -  (54)

The RHS i s  a c o n stan t  term s in c e  t ' was chosen as  a constant 
t ime i n t e r v a l .
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T h erefore ,  kt + ln(A' -  A) = C ( 55 )

and p l o t s  o f  ln(A' -  A) v e rsu s  t  are l i n e a r  and of  s lop e  -k .

In  p r a c t i s e ,  v a lu e s  o f  A' are  chosen a t  l e a s t  l i - 2  h a l f  l i v e s  
beyond A. The d isadvantage  of  th e  method i s  th a t  s in c e  some
v a l u e s  of  A are used t w i c e ,  a s  A and as  A*, any error  i n  th e se  
p o i n t s  i s  a l s o  incurred t w i c e ,  even i f  i t s  partner  i n  the  
term (A* -  A) i s  e r r o r l e s s .  In  p r a c t i s e ,  reasonable  s t r a i g h t  
l i n e s  are r a r e ly  obtained beyond 4 h a l f  l i v e s .  A specimen 
Guggenheim p lo t  f o r  th e  r in g  opening s ta ge  of  the  base  
h y d r o l y s i s  of  [CoengBzylmal]^ i s  shown in  Figure 27.

When < 3 and no 00  v a lu e  was observed fo r  the
second s t a g e ,  pseudo f i r s t  order r a t e  c o n s ta n t s  were aga in
der ived  from Guggenheim's method. When 3 , 0 0

h vd ^v a l u e s  were observed a f t e r  10 t i ^  ", which, when used in  
s e m i - lo g  p l o t s  gave e x c e l l e n t  s t r a i g h t  l i n e s  over a t  l e a s t  
5 h a l f  l i v e s .  Sem i- log  p l o t s  f o r  e v a lu a t io n  o f  second s ta ge  
d ata  were always employed when [0H'']>1M, ju = 4 .0 0 ,  but 
Guggenheim's method was n e c essary  when [0H” ] <  1M, yu = 1 .00  at  
T = 35°C,45°C and 55°C.

In s o l u t i o n s jix = 1 .00  and [0H“’]< 1M , p l o t s  of  pseudo f i r s t  
order r a t e  c o n s ta n ts  v e r su s  [0H“ ] were found t o  be l i n e a r  
and passed through th e  o r ig i n :  thereby demonstrating th a t  the  
r e a c t i o n  i s  f i r s t  order i n  LOH"] and th a t  no n e u t r a l ,  un
c a ta ly s e d  r a te  e x i s t s . These o b s e r v a t io n s  apply ,  w i th in  the  
l i m i t s  o f  experim enta l  e rr o r ,  t o  both r in g  opening and t o  
malo n a t e - a b s t r a c t io n  s t a g e s  f o r  both complexes.
K in e t i c  data  inyu = 1 .00  s o l u t i o n s ,  having [0H” ] <  1M are  
summarised i n  Tables  22(a)  and ( b ) ,  and 23(a)  and ( b ) .  O veral l  
second order r a t e  c o n s t a n t s  were der ived  by d iv id in g  pseudo 
f i r s t  order r a te  c o n s t a n t s  by [0H“ ] according  t o  equat ion (5 )  
( p . 9 ) .
Pseudo f i r s t  and hence second order r a te  c o n s ta n ts  fo r  the

’ E ' B * E 'Br in g  opening s ta g e  are  denoted; k  ̂ and k  ̂ , and kg and kg ,
where E r é f é r é s  t o  e t h y l  and B t o  b e n z y l .  Net forward
r e a c t i o n  pseudo f i r s t  order and hence second order r a te

*'E "E\c o n s t a n t s  f o r  th e  second s ta g e  are;  (k^ + k_^) and
(k"B + k"®), and kg® and kg® r e s p e c t i v e l y .  Values o f  k^ and 
k . were der ived between the  e x p r ess io n s :
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Table  2 2 ( a ) .  Observed, pseudo f i r s t  order and d e r iv e d , second 
order r a te  c o n s ta n ts  fo r  the  r in g  opening s tage  
of  th e  base h y d r o ly s i s  o f  [C o en E tm al]^ .

[co m p le x ] = 5.0mM " [co m p lex ] = 3.33mM

T°C [OH ]M lO^k^^sec 1 lO^k^^ Ij s e c ” ^

18 .0 + 0. 1 0.65 0 .1 2 9 + 0.005 0.198 + 0.007

0.75 0.159 + 0.005 0.212 + 0.007

0.833* 0.181 + 0.002 0.217 + 0.003

28.0 + 0.1 0.45 0.225 + 0.003 0.500 + 0.007

0.50 0.244 + 0.005 0.488 + 0.010

0.65 0 .3 1 3 + 0.007 0.482 + 0.011

0.75 0.379 + 0.016 0.505 + 0.021

3 5 .0 + 1 0.45 0 .3 8 0 + 0 .0 1 7 0.845 + 0.038

0.50 0 .4 4 5 + 0 .0 17 0.890 + 0.034

0.65 0.550 + 0 .0 1 2 0.846 4- 0.018

0.75 0.632 + 0.020 0.843 + 0.027

45.0 + 0.1 0.45 0.962 0.040 2.14 + 0.09

0.50 1.07 + 0 .0 2 2.14 + 0.045

0.65 1.36 + 0.035 2.10 + 0.05

0.75 1 .64 + 0 .0 6 2.16 + 0 .0 8
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Table  2 2 ( b ) .  Observed, pseudo f i r s t  order and der ived  second 
order r a te  c o n s t a n t s  f o r  the  second s ta g e  of  the  
base h y d r o l y s i s  o f  [CoengEtmal]*.

[complex]  = 5.0mM; K^, = 2 .0  + O.3  x 10^(28°C)M.L*“^

T°C [OH"]M io3(k;^+
-1sec -1 -1 s e c .  s e c .

io3k;% M.L“ ^sec

2 8 .0 + 0.1  0 .4 5 0 .03 6 5 4. 0 .0005  0 .0 3 6 3  0 .182 0.0811 4- 0.0011
0 .5 0 0 .0 40 0 4- 0 .0 0 0 6  0 .0398  0 .198 0 .0800 4- 0.0012
0 .65 0 .0 5 6 4 4* 0 .00 1 5  0.0561 0 .267 0 .0868 4- 0.0023
0 .7 5 0 .0642 4- 0 .00 5 0  0 .0639  0 .3 2 0 0 .0855 4* 0 .0067

3 5 .0 0 .1  0 .4 5 0 .1 0 5 4- 0 .00 5 0 .2 3 4 + 0.011
0 .5 0 0 .1 1 8 + 0 .0 0 3 0 .2 34 4- 0.008
0 .6 5 0 .1 5 0 4- 0 .0 0 2 0.231 4- 0.003
0 .7 5 0 .1 7 7 4" 0 .0 0 3 0 .236 4* 0 .004

4 5 .0 + 0.1  0 .4 5 0 .4 1 0 4- 0 .0 0 8 0.911 4- 0 .018
0 .5 0 0.451 4- 0 .01 0 0 .903 + 0 .020
0 .6 5 0 .6 2 0 4- 0 .005 0 .95 4 4- 0 .0 0 8

0 .7 5 0 .7 1 2 4- 0 .0 0 8 0 .949 4* 0.011

5 5 .0 + 0.1  0 .5 0 1.465 4- 0 .0 2 5 2 .93 + 0 .05
0 .7 5 1.915 4- 0 .0 1 0 2 .56 4- 0 .02
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Table 2 3 ( a ) .  Observed, pseudo f i r s t  order and der ived  second 
order r a te  c o n s t a n t s  f o r  the  r in g  opening s tage  
o f  th e  base  h y d r o l y s i s  o f  [Coen^Bzylmal]*^.

[complex]  = 3.75mM * [ complex] = 2.8lmM

T°C [OH-]M io2k;B,sec -1 lofk^B Ii.M^^sec ^

19.2 + 0.1 0.375 0.0578 + 0.0016 0 .154 + 0 .004

0.50 0.0689 + 0.0011 0.139 4- 0.002

0.75 0.112 + 0.002 0 .149 4- 0.003

27.0 + 0.1 0.375 0.139 + 0.002 0.371 4- 0.006

0.50 0 .2 0 5 + 0 .0 2 2 0 .410 4- 0 .0 4 4

0.75 0 .2 9 7 0 .015 0.396 4- 0.020

0.813* 0 .322 + 0 .0 1 7 0.396 + 0.021

35.0 + 0.1 0.125 0.138 + 0.002 1.10 4- 0.02

0.375 0 .3 7 4 + 0.011 1.00 4- 0 .03

0.50 0 .4 85 + 0.010 0 .9 70 + 0.020

0.75 0.702 + 0 .017 0 ,9 4 0 4- 0 .0 2 0

4 8 .0 + 0.1 0.125 0 .3 1 5 + 0 .02 0 2.52 4- 0 .1 6

0 .2 0 0 .495 + 0.020 2.48 4- 0 .1 0

0.50 1 .22 4- 0 .0 9 2 .4 4 4- 0.18

0.75 1.55 4- 0 .0 4 2 .16 4- 0 .05
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k" A " i  = Kp, (56)

and (ki' + k l i )  = k^bs (57)

under c o n d i t io n s  where K^, was der ived  unambiguously.

Pseudo f i r s t  order r a t e  c o n s t a n t s ,  f o r  any g iv e n  s e t  of  
c o n d i t i o n s ,  der ived  from Guggenheim's method were rep rod uc ib le  
t o  w i t h i n  10^, w h i l s t  t h o s e  from se m i- lo g  p l o t s  were 
r ep ro d u c ib le  t o  w i t h in  7^. At l e a s t  four  runs were measured 
under any s e t  o f  c o n d i t i o n s  and error  was est im ated  from 
th e  mean d e v i a t io n .

Specimen pseudo f i r s t  order r a t e  con sta n t  v e r su s  [OH*] p l o t s  
are  shown i n  Figure 28. Such p l o t s  were found i n  a l l  c a s e s  
t o  be l i n e a r ,  and hence th e  r a te  laws governing both s t a g e s  
o f  th e  r e a c t i o n  are:

Rate = k2[0oen2Rmal^][0H*] (58)

Rate = k2[Coen2Rmal.OH^][OH“ 3 (59)

Arrhenius p l o t s  were con stru c ted  f o r  both s t a g e s  of  the  
r e a c t i o n  f o r  both  complexes from the  mean second order r a te  
c o n s t a n t s , ( F i g u r e s  29 and 30)* The Arrhenius r e l a t i o n s h i p  
was found t o  be obeyed over the  temperature range s tu d ie d ,  
and th e  f o l l o w i n g  equat ion s  were s e t  up:

= 3.1 X 108 e--'5.000/KT (60)

=  4.8  X 10  ̂V 2 6 . 0 0 0 / R T  (61)

k^B = 4.1 X i o ' V ' 8 , 0 0 0 / H T  (62)

= 1 .3  X 10^6^-28.000/BT

Summarised a c t i v a t i o n  parameters are l i s t e d  i n  Table 24

k^B = 1 .3  X (63)
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Table  24.  A c t iv a t i o n  parameters f o r  th e  base h y d r o ly s i s  of  
[Coen^Etmal]"^ and [Coen^Bzylmal]'^.

R eact ing  Complex

k c a l /
mole.

/1H'^(25°C) AG*(25°C) A S ’̂

k c a l /  k c a l /  c a l / d e g /  
mole.  mole mole.

[CoengEtmal]* 15 + 1 14 .4  + 1 21 + 4 .5 -22  + 3

[Go eUgEtmal. 0H]° 26 + 1 2 5 .4  ±  1 2 3 .3  + 2 +7 ±  3

[CoengBzylmal]^ 1 8 + 1 17 .4  + 1 2 1 + 2 -12 + 3

[Go engBzylmal. OH]^ 28 + 1 2 7 .4  + 1 2 3 .5  ±  2 +13 ±  3

In  s o l u t i o n s  u = 4 .0 0 ,  [0H“ ] >  1.00M a change o f  k i n e t i c s  
t a k e s  p l a c e .
Two tem peratures  were examined, 25.2^0 and 35 .0^0,  t o  se e  i f  
th e  i som er ic  course  o f  the  r e a c t i o n  i n  concentrated base  
v a r i e s  a t  low temperature,  as  i n  the  c a se  o f  [CoengtOgO^)] ( 3 7 ) .

As i n  s o l u t i o n s  [0H""]< 1M, ois-COoenntOH)^]* i s  always the
product o f  the  r e a c t i o n ,  i n  e q u i l ib r iu m  with  [Goen^( Rmal) ( OH)]**! 
Equil ibrium  c o n s t a n t s  were g e n e r a l ly  g r e a te r  than th o se  i n  
d i l u t e  base  (Table  21) but by amounts dependent on the  
reduced amounts o f  th e  in te r m e d ia te s  formed compared with  
th e  amounts formed i n  d i l u t e  base (F igure  2 6 ) .  A^^  ̂ a t  
3 0 , 000cm“  ̂ i s  g e n e r a l l y  25+5^ lower i n  concentrated  than i n  
d i l u t e  b a s e .  A corresponding  i n c r e a s e  was observed i n  Kg, 
v a l u e s  a t  th e  comparable temperature.  S y n th e t ic  equ i l ibr iu m  
m ixtures  ( p . 11$)  demonstrate th a t  c i 3 —[Coen2(OH) 2I i s  s t i l l  
th e  product .  T h ere fore ,  an a d d i t i o n a l  or d i f f e r e n t  m echan is t ic  
pathway must come i n t o  p lay  i n  concentrated  base th a t  a l lo w s  
produ ct ion  o f  cis-[Coen„(OH)^]'*' w h i l s t  r in g  opening i s  i n  
p r o g r e s s .  Subsequent t o  t h i s  extreneous  e f f e c t  th e  equ i l ibr iu m  
f o r  th e  second s ta g e  i s  not much d is tu rb ed  by the  change 

i n  medium.
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Pseudo f i r s t  order r a t e  c o n s t a n t s  were aga in  found f o r  both  
r in g  opening (from Guggenheim's method) and malonate-  
a b s t r a c t i o n  (from se m i- lo g  p l o t s ) .  Up to  . 50M, a
l i n e a r  r e l a t i o n s h i p  was found between observed f i r s t  order
r a te  c o n s t a n t s  and [OH ] , aga in  p a ss in g  through the  o r i g i n .  
Beyond [OH"] = 1.50M, a c o n s id e r a b le  d e v i a t io n  from simple  
second order k i n e t i c s  was observed,  (F igu res  31,(a )  and (b ) )  
i n  a l l  c a s e s  except  r in g  opening of  [Coen^Etmal]'*' a t  35°G.
The la c k  o f  s u b s t a n t i a l  e f f e c t  here i s  a scr ib ed  t o  experimental  
error  more than anyth ing  e l s e .
When [complex]  i s  kept constan t  and [OH"] v a r i e d , I n i t i a l  
Rates ( p . 8) g i v e  an order o f  r e a c t i o n  wrt [OH"] of  1 .85 +
0 . 2  (Table  2 5 ) .  In a d d i t i o n , i t  may be n o t ic ed  th a t  the  v a lu e s  
o f  n,  th e  mean r e a c t i o n  order wrt [OH"], are h igher  a t  25°C 
than a t  35°G. This  i s  probably i n d i c a t i v e  o f  lower temperature  
fa v o u r in g  the  r e a c t i o n  path second order i n  hydroxide  
c o n c e n tr a t io n .
P l o t s  o f  Ink^^g v e r s u s  InlOH"] show s lo p e s  of  1 .9  ±  0 . 1 .
Such ev idence  p o i n t s  t o  th e  o p e r a t io n  o f  a r a t e  law having  
one term i n  [OH"], second order i n  [OH” ] .  N e v e r th e le s s  the  
ra t  e la w :

^oba " (64)

under high [OH"] c o n d i t i o n s ,  was t e s t e d  by 0%"]
v e r s u s  [OH"] p l o t s  as  w e l l  as:

kqba =

by k^^g v e r s u s  [OH"]^ p l o t s .  E x c e l l e n t  l i n e a r i t y  was found 
only  i n  the  c a se  o f  ( 6 5 ) ,  except  th a t  an i n t e r c e p t  was found 
i n  a l l  c a s e s ,  on th e  k^^^ a x i s ,  (F igu res  32(a)  and ( b ) ) .  The 
r a te  law:

kobs + k,L0H-]2 (66)

i s  t h e r e f o r e  p o s tu la te d  as  o p e r a t iv e  above 1.50M[0H"]. The 
r a t e  law (66)  o p era te s  f o r  both s t a g e s  f o r  both complexes a t  
th e  two tem pera tu res  s tu d ie d ,  k^^^ va lu es  a t  1.50M were
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Table  25. I n i t i a l  R ates* ,  u = 4 .0 0 , [0 H ” ]> 1 . 50M.

10^ I n i t i a l  
Rate
M.L ^sec"^

[OH“"]M T°C Reacting
Complex

^Mean n

1.78 2 .7 0 3 5 .0 [Co engEtmal. OH] °

1.89 3 .0 0 1 .8  + 0 .1

2 .8 4 3 .7 5

0 .3 2 0 2 .5 0 2 5 .2

0 .4 6 0 3 .0 0 2.1 + 0 . 1

0 .7 4 0 3 .75

1 .77 2 .5 0 3 5 .0 [ 0 0en^BzyImal. OH3°

2 .3 7 3 .0 0 1 .65  ±  0 .05

3 .4 0 3 .7 5

0 .4 0 0 2 .5 0 2 5 .2

0 .5 5 3 3 .0 0 1.9  + 0 . 1

0 .8 5 2 3 .7 5

* I n i t i a l  r a t e s  f o r  r in g  opening s t a g e s  were not obtained  
because  o f  the  v e l o c i t y  o f  the  r e a c t i o n  under th e se  
c o n d i t i o n s .  N e v e r t h e le s s  r in g  opening does demonstrate  
th e  same k i n e t i c  behaviour as  does the  second s t a g e .

 ̂ Mean n,  the  r e a c t i o n  order wrt [OH ] ,  i s  der ived between  
p a i r s  o f  [OH“ ] / l n . R a t e  data  a t  each temperature.
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inc luded in  th e  v e r s u s  COH~]  ̂ p l o t s ,  s in c e  t h e s e
c o n s t i t u t e  b o r d e r l in e  c a s e s  between the  second and th ir d  
order (wrt[OH~]) r a t e  law s.
Observed pseudo f i r s t  order r a te  c o n s t a n t s  are summarised 
i n  Table  26.

Table  2 6 ( a ) .  Observed, pseudo f i r s t  order r a te  c o n s ta n t s  fo r  
t h e  base  h y d r o l y s i s  o f  LCoen^Etmal]^.^ = 4 .0 0 .

T°C [OH-]M lO^k^E 8eo~1 + k ^ ^ la ec - l

2 5 .2

3 5 .0

1 .50 0 .2 9 8 4- 0 .0 0 5 0 .0664 + 0 .0010

2 .0 0 0 .4 0 6 + 0 .0 0 3 0 .0884 + 0 .0010

2 .5 0 0 .5 4 3 0 .0 1 4 0.121 + 0 .0 10

3 .0 0 0 .7 0 0 + 0 .0 1 0 0 .1 6 0 + 0 .0 0 4

3 .75 0 .9 4 0 + 0 .0 2 0 0 .2 3 0 + 0.010

1 .20 0 .6 0 4 + 0 .01 7 0 .2 2 0 + 0 .0 1 0

1:50 0 .7 8 4 + 0 .0 2 0 0 .25 4 + 0 .0 1 0

2 .0 0 1 .06 + 0 .0 3 0 .3 9 0 + 0 .0 1 2

2 .3 0 1 .17 + 0 .0 3 0 .422 + 0 .013

2 .7 0 1.59 + 0 .0 4 0 .553 + 0 .0 1 3

3 .00 1.68 + 0 .08 0 .5 9 0 + 0.009

3 .25 1 .70 + 0 .0 8 0 .702 + 0 .0 2 0

3 .75 2 .3 4 + 0 .1 0 0 .898 + 0 .025

4 .0 0 0 .986 + 0 .0 3 0

[complex]  = 5.0mM
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Table  26 ( b ) .  Observed, pseudo f i r s t  order r a te  c o n s ta n ts  
f o r  th e  base h y d r o ly s i s  of  [OoenpBzylmal]^,  
ja = 4 , 0 0 .

T% [0H"]M lO^k'^ sec~1 10^(k"^ + k"®)sec“ ^

25 .2

3 5 .0

1 .50 0 .27 9 + 0 .0 1 0 0 .0695 + 0.0025

2 .0 0 0 .39 2 + 0 .01 0 0.101 + 0 .005

2 .5 0 0 .5 7 6 0 .0 3 0 0 .1 3 0 + 0 .0 0 2

3 .0 0 0 .7 0 8 0 .0 4 0 0 .175 + 0 .0 0 2

3 .75 1 .10 + 0 .0 5 0 .2 3 4 + 0 .0 0 5

1 .20 0 .5 8 6 + 0 .0 10 0 .209 + 0 .01 0

1 .50 0 .6 8 6 + 0 .0 15 0 .2 60 + 0 .0 1 3

2 .0 0 0 .9 8 8 + 0 .0 1 0 0 .370 + 0.013

2 .50 1.29 + 0.01 0 .4 82 + 0 .020

3 .0 0 1 .83 + 0 .0 2 0 .6 0 4 + 0 .0 3 0

3 .75 2 .3 5 + 0 .1 0 0 .9 04 + 0 .020

[complex]  = 3.75mM.

F i r s t  and th ir d  order r a t e  c o n s t a n t s  were c a l c u l a t e d  from
th e  i n t e r c e p t s  and s l o p e s  of  ]^ p l o t s  (F igure  32 ) .
These are  l i s t e d  i n  Table  2 7 . Second order r a t e  c o n s ta n ts  i n  

ja = 4 .0 0  s o l u t i o n  c a l c u l a t e d  from the  data  when [0H~] 1.50M,
when second order k i n e t i c s  are s t i l l  o p e r a t iv e ,  (F igure  31)* 
are  inc luded  i n  Table  27.

General r a t e  laws are o f  th e  form;

+ kgCOH-] + k ÿ 0 H - ] 2  (67)

( 6 8 )and (k^ + k_^) = k  ̂ + kgCOH ] + k^EOH ]
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Table 27 (a). Derived first and third order rate constants 
for the base hydrolysis of [Coen^Stmal]'^ and 
[Coen^Bzylmal]’̂ in solutions [0H“] > 1.50M,

j i  = 4 .0 0 .

Complex T°C ?lOTk^

seo"^

lO^k. lO^k^

L?M” s e c ” ”* s e c ” ”*

lO^kj

L V ^ s e c " ' '

[Coen^Etmal]"^ 2 5 .2 0 .1 85 0 .56 2  0 .0350 0 .139

3 5 .0 - 0 .1 8 5 0 .500

[Coe npBzyImal] ^ 2 5 .2 0 ,112 0 .7 0 0  0 .0405 0 .139

3 5 .0 0 .359 1 .48  0 .13 5 0 .54 9

Table 2? ( b ) .  Derived second order r a t e  c o n s ta n t s f o r  the
base h y d r o l y s i s of  [CoenpEtmal]'*’ and
[ c oen.pBzylmal]^ i n  s o l u t i o n s  [OH” ] •= 1.00-1.50M

/ = 4 .0 0

Complex T°C 2 ’ 
lO^kg

1 « 
ICXkg

L.M ^sec”  ̂ L,M~"*sec **

LCoenpEtmal]^ 3 5 .0 0 .525 0 ,198

25 .2 0 .198 0.0449

[Coe n^B zy Imal ] 3 5 .0 0 .459 0 .1 7 3

25 .2 0 .183 0 .0452
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under c o n d i t io n s  when LOH"] » [co m p lex ] . Under normal 
c o n d i t i o n s  of  [complex] :=::t [OH” ] the  g en era l  r a te  law:

Rate = k^[complex] + k^[complex][OH”] + k^[complex][OH” ]^ (69)

o p e r a te s  f o r  both s t a g e s  of  the  base h y d r o ly s i s  of  both  
complexes.

I t  i s  observed th a t  th e  r e a c t i o n s  d e v ia t e  from simple second 
order k i n e t i c s  ca.[OH ] = 1.50M, I t  i s  argued, t h e r e f o r e ,  tha t  
th e  g en e ra l  r a t e  laws (67)  and (68)  (b e in g  s p e c i a l i s e d  c a s e s  
o f  ( 6 9 ) ) ,  should operate  i n  t h i s  r e g io n  and t h i s  r e gio n  o n l y , 
provided th e  s e p a r a t e l y  operat in g  laws (66)  and (50)  are  
c o r r e c t .
Equations (67)  and (68)  are q u a d r a t ic s ,  supposing [OH” ] i s  
the  unknown. A small  computer programme was th e r e f o r e  devieed  
to  s o lv e  qu a d r a t ic s  f o r  the  v a l u e s  of  [OH” ] corresponding to  
v a l u e s  of  k.j, k^ and k^ der ived  from th e  g r a p h ic a l  method of  
a n a l y s i s ,  under g iv e n  temperature c o n d i t i o n s .  Values o f  k^^^ 
were s e l e c t e d  f i r s t  f o r  0.1M increments  of  [OH” ] ,  and 
having narrowed the  range o f  s o l u t i o n s  i n  t h i s  way, fo r  
0.01M increm en ts ,  where n e c e s s a r y .  The narrow range s o l u t i o n s  
f o r  [ oh” ] are g iv e n  i n  Table 28.

The s o l u t i o n s  o f  the  quadrat ic  r a te  laws f o r  [OH” ] a l l  l i e  
w i t h i n  l e s s  than 0.1M[0H“ ] of  th e  p o in t s  where k i n e t i c s  are  
observed t o  d iv erg e  from simple second order (F igure  3 1 ) .  
E v id e n t ly  then ,  th e  two r a t e  laws (66)  and (50) are c o r r e c t .

Although the  p r e c i s e  s o l u t i o n s  o f  th e  qu adrat ics  are  
governed by error  i n  the  v a lu e s  o f  k.^, k^ and k^, i t  may be 
ap p re c ia te d  th a t  th e  changeover of  k i n e t i c s  i s  abrupt,  s in ce  
only one s o l u t i o n ,  w i t h in  a range o f  0.01M[0H” ] i s  v a l i d .

The b r i e f  d u rat ion  o f  th e  quadrat ic  r a te  laws demonstrated  
by th e  computer a n a l y s i s  i s  good ev idence  f o r  t h e i r  v a l i d i t y .

The U n iv e r s i t y  o f  London GDC6600 was used f o r  the  a n a l y s i s .
The programme ‘GWENO’ used,  i s  g iv e n  i n  Appendix I I .



Table 28, S o lu t io n s  of  the  quadratic  r a te  law:
= k.j + k^rOH ] + kg[OH ]^.  hote  B and C 

are kg and k^. The time u n i t s  o f  each r a te  
constant  are m inutes .
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2. THE ACID CATALYSED HYDROLYSIS.

Unlike  LCoengmal]"^ ( p . 6 l )  and [Coeng(CgO^)]^(8?) which are  
q u i t e  s t a b le  f o r  lo^g p e r io d s  i n  a c id  s o l u t i o n  , a t  
e le v a t e d  tem peratures ,  both [CoengEtmal]* and [GoenpBzylmal]*
are  observed t o  r e a c t  r e a d i l y  and i n  two separate  s t a g e s .

The f i r s t  s ta g e  i s  c h a r a c te r i s e d  by i s o b e s t i c  p o in t s  a t  
21,600cm  ̂ and 23,800cm , a g en e ra l  l o s s  of  i n t e n s i t y  and 
a s h i f t  o f  the  ^A^  ̂ — > t r a n s i t i o n  from 19,600cm"”* to
20,000cm"1.
This  s tag e  v/as c h a r a c t e r i s e d  as be ing  due to  d e c h e la t i o n  of  
rnalonate by a c i d i f y i n g  an a l k a l i n e  s o l u t i o n  in  which the  
d e c h e la te d  s p e c i e s  had been generated under known c o n d i t io n s  
i n  th e  maximum amount. Whereupon, th e  spectrum at  th e  end 
o f  th e  f i r s t  s ta g e  i n  a c i d i c  s o l u t i o n  was obtained (F igure  3 3 ) .

The second s tag e  i s  c h a r a c t e r i s e d  by a gen era l  f u r t h e r  l o s s
i n  i n t e n s i t y ,  by i s o b e s t i c  p o in t s  a t  l 8 , 2 0 0 c m " \  26,900cm"”*

_  1
and 28,450cm and by a marked i n c r e a s e  i n  i n t e n s i t y

wmm *1
ca .  30,000cm" . The e f f e c t  i s ,  i n  f a c t ,  very  s i m i la r  to  r in g  
opening i n  a l k a l i n e  s o l u t i o n .  The spectrum could a r i s e  from 
a mixture of  c i s  and t r a n 8 -[Coeng(OHg)g]^^. The sp ec tra  of  
th e s e  i o n s  fro m ( l5 )  t o g e t h e r  w ith  th a t  a t  the  end o f  the  
second s ta g e  i n  ac id  s o l u t i o n  i s  shown i n  Figure 34.
A d d it ion  of  a l k a l i  to  p H ^ 12, where hydroxo s p e c i e s  are  
q u i t e  s t a b l e ,  produced th e  spectrum shown i n  F igure  35. The 
spectrum may be compared with  th o se  o f  c i s  and t r a n s -  
[C o e n 2 (0 H )2 ]* ( l5 ) .  Maxima and minima are i n  the  c o r r e c t  
p o s i t i o n s  and the  product o f  the  ac id  h y d r o ly s i s  appears to  
have been almost e n t i r e l y  c i s -CCoen^tOHn)^]^^, subsequently  
deprotonated to  c i s - CCoen^tOH)^]^. Such a r e a c t i o n  has 
been shown(3l)  t o  occur w ith  f u l l  r e t e n t i o n  of  c o n f ig u r a t io n .

n  .
The product o f  the  second s ta g e  could be cis~[Coen2(0H)(H20]  
as  was p o s t u la t e d  i n  the  case  of  th e  carbonato a n a lo g u e (5 2 ,5 8 ) .  
S in ce  t h i s  io n  i s o m e r i s e s  very  r a p id ly ( 4 5 )  a ready path t o  a 
c i s / t r a n s  i som eric  mixture o f  [CoenglOHg)?]^* i s  a v a i l a b l e  
on p r o to n a t io n  o f  the  hydroxyaquo io n .  C is  or c i s / t r a n s -  
[Coen^fOHpjg]^* i s  a lways the  observed product o f  the  ac id  
h y d r o l y s i s  of  LGoen2C0^]'^( 101 ) i n  the  pH range 2 -3 .  Proton
a t i o n  o f  product hydroxyaquo io n s  i s  t h e r e f o r e  an i n t e g r a l  
part  o f  th e  mechanism.
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F ig u r e  54# u v - v i s i b l e  s p e c tr a  o f  :

------------------ c i s  ICoGiigCOHg)^]'^^

tr a n s  |Coen2 ( 01-1 2 ) 2 !^^

■m

f i n a l  spectrum  a f t e r  a c id  h y d r o ly s is  o f  [Coen2Etnia3^  ̂
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The k i n e t i c  dependence on [H^0‘*‘] was s tu d ied  in  the  hope of  
fu r t h e r  e l u c i d a t i o n .
O bservat ions  were made i n  a s im i la r  manner to  the  base  
h y d r o l y s i s .  I o n ic  s t r e n g th  was maintained at 0 .3 5  by the  
use o f  NaCl. ' F i r s t  order' e x ce ss  of  ac id  was maintained by 
the  use o f  sodium aceta te /H C l  b u f fe r  s o l u t i o n s  and both s t a g e s  
of  the  r e a c t i o n  were c o n v e n ie n t ly  studied  a t  41 .4°C. At t h i s  
temperature and i n  th e  ac id  c o n c e n tr a t io n  range s t u d ie d ,  the  
f i r s t  s tage  i s  complete i n  about 20 minutes,and the  second 
i n  about four  hours.
The f i r s t  s tag e  was c o n v e n ie n t ly  s tu d ied  at  2 8 , 450cm“’\ t h e  
i s o b e s t i c  of the second, thereby prov id ing  an OO v a lu e  and 
removing a l l  c o - i n c i d e n c e  w ith  th e  second s tage  r e g a r d le s s  
o f  the  com plex ity  or o therw ise  of  the  second s tag e  products .

The second s ta g e  was fo l lo w ed  at  the  reg ion  of  maximum change 
( 3 1 jOOOcffi” ^) and the  OO taken as  th e  f i n a l  absorbance a t  that  
wavelength .
Good pseudo f i r s t  order r a t e  c o n s ta n t s  over four h a l f  l i v e s ,  
were obtained i n  t h i s  way for  both s t a g e s  f o r  both complexes.

The f i r s t  s ta g e  shows h a l f  order dependence on [H^O*] w h i l s t  
the  second appears independent o f  a c id ,  a l though a t  the  
lo w e s t  pH s tu d ied  ( 1 . 6 6 )  [ a c i d ]  appeared t o  i n h i b i t  the  
r e a c t i o n .

1
Pseudo f i r s t  o r d e r , a n d  der ived  one and a h . l f  order r a te  
c o n s t a n t s  f o r  the  f i r s t  s ta g e  and pseudo f i r s t  order r a te

It
c o n s t a n t s ,  k , , f o r  th e  second, are summarised i n  Table  2 9.obs

3. THE EFÏXGT OF IONIC STRENGTH.

The e f f e c t  i n  b a s i c  s o l u t i o n  i s  most c o n v e n ie n t ly  a s s e s s e d  by 
th e  magnitude o f  the  second order r a t e  c o n s ta n t s  f o r  th e  
r e a c t i o n  a t  25°C. kg v a l u e s  a t  t h i s  temperature,  jx = 1 .0 0 ,  
were obtained from th e  Arrhenius p l o t s  (F ig u res  29 amd 30) 
w h i l s t  th o s e  a t  p = 4 .0 0  were obtained d i r e c t l y .  
B r o n s t e a d ' s ( l 7 )  fo rm u la t io n  fo r  the  e f f e c t  of  i o n i c  s t r e n g t h ,  
e quat ion  ( 1 0 ) ( p . 1 l )  cannot be expected to  hold here ,  s in c e  
a t  the  c o n c e n tr a t io n s  used Debye-HUckel theory  i s  i n v a l i d .

I d e a l l y ,  p l o t t i n g  log^gkg v e r su s  we would expect a s lope  
o f  - 1 . 0 2  a t  25°0 f o r  th e  r in g  opening r e a c t i o n s ,  and would
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expect  the  second s ta g e  to  be independent o f  i o n i c  s t r e n g th ,  
s in c e  i t  i n v o l v e s  a s p e c i e s  o f  i o n i c  charge zero .  Such a 
p l o t  would be o f  l i t t l e  v a lu e  s i n c e  only two i o n i c  s tr e n g th  
v a l u e s  were s t u d ie d .  However, log^^kg/^^ v a l u e s  are summarised 
i n  Table  30 .

Table 30. Io n ic  s t r e n g th  dependence at  25°G.

/ 1
log^okg lo g io k 2 Complex.

1 .00 -2 .4 1 - 4 . 2 4 [CoengEtmal]^

- 2 . 4 9 - 4 . 2 8 [CoengBzylmal]*

2 .0 0 - 2 . 7 0 - 4 . 3 8 [Coen^Etmal]"^

- 2 . 7 5 - 4 . 3 4 [Co en^B zylmal ]

As ex p ected ,  r in g  opening does not obey B ro n ste a d 's  equat ion .  
However, log^gkg does show n e g a t iv e  dependency o n which 
i s  expected f o r  a r e a c t i o n  i n v o l v i n g  one n e g a t i v e l y  charged 
and one p o s i t i v e l y  charged io n .
Within experim enta l  e r r o r ,  the  second s ta ge  o f  the r e a c t i o n  
i s  independent of  i o n i c  s t r e n g t h .  This  i s  e x c e l l e n t  
c o rr o b o r a t iv e  ev idence  f o r  th e  zero charged in te rm e d ia te  
[Coen2(Rm al)(0H )]° .

2+ +R e a ct io n s  carr ie d  out i n  the  presence  o f  Ba and K i o n s  
showed no change i n  observed r a t e s .  We may, t h e r e f o r e ,  s a f e l y  
assume th a t  n e i t h e r  r in g  opening, nor a b s t r a c t i o n  of  malonate  
i s  s u b je c t  to  c a t i o n  c a t a l y s i s  ( e i t h e r  s p e c i f i c  or g e n e r a l ) .
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DISCUSSION.

I t  i s  apparent th a t  the  i n t r o d u c t io n  of  a la r g e  s t e r i c  f a c t o r  
has r a i s e d  the  energy b a r r ie r  to  the  a c t i v a t e d  complex so as  
to  render the  r in g  opening r e a c t i o n  i n  b a s i c  s o l u t i o n  
o b s e r v a b le .
The u n su b s t i tu te d  complex [Ooen^mal]^ r e a c t s ( 35) i n  one
observable  s t a g e .  However, th e  v a lu e s  o f  E , (15 kca l /m ole  

r + af o r  [Ooen^Etmal] and 18 k c a l /m o le  f o r  [Coen^Bzylmal] ) ,  are
low enough to  make th e  r in g  opening r e a c t i o n  very  f a s t  i n
comparison to  the  second s t a g e .
We may deduce t h a t ,  s in c e  r in g  opening becomes observable  as  
a r e s u l t  o f  in tr o d u c in g  a l a r g e  s t e r i c  f a c t o r  on the  c c - p o s i t i o n ,  
i t  ta k e s  p la c e  by carbon-oxygen f i s s i o n ,  s in c e  the  s t e r i c  
f a c t o r  w i l l  have a much more s u b s t a n t i a l  e f f e c t  i n  t h i s  reg ion  
than i n  the  r e g io n  of  the  c o b a l t -o x y g e n  c o -o r d in a te  bond. Such 
a c o n c lu s io n  i s  supported by the  la c k  of s t e r i c  change during  
th e  course  o f  the  r e a c t i o n  and a l s o  by analogy with
[Coen^(G^O .)]"**, where carbon-oxygen f i s s i o n  was demonstrated by

18 / \0 exch a ng e (3 ) .
I t  i s  apparent,  a l s o ,  th a t  the  e f f e c t  o f  the  OC'-substituents  
i s  not s o l e l y  s t e r i c .  Both e th y l  and benzy l  are expected to  
exer t  an in d u c t iv e  e f f e c t  on t h e i r  neighbouring atoms. I f  
carbon-oxygen f i s s i o n  o p e r a t iv e  as  the  d e c h e la t io n  
mechanism, the  O C -su b s t i tu en ts  would be expected to  f a c i l i t a t e  
th e  r e a c t i o n  compared to  [Coen^mal]^, by a c t i v a t i n g  the  
carbonyl  carbon w ith  r e s p e c t  to  an incoming n u c l e o p h i l e .
However, s in c e  the  net a c t i v a t i o n  energy i s  increased  
compared to  [Coen^mal]^, th e  s t e r i c  e f f e c t  of the  OC -  
s u b s t i t u e n t s  c o n t r ib u t e s  much more t o  the  t o t a l  than does the  
e l e c t r o n i c  e f f e c t .
I t  i s  i n t e r e s t i n g  to  note  th a t  th e  a c t i v a t i o n  energy f o r  the  
r in g  opening r e a c t i o n  f o r  the  benzyl  s u b s t i tu te d  complex i s  
g r e a t e r  than th a t  f o r  the  e th y l  s u b s t i t u t e d  complex, w h i l s t  
the  v a l u e s  f o r  th e  second s ta g e  are comparable. The higher  
v a lu e  f o r  r in g  opening i s  r e c o n c i l a b l e  w ith  the  increased  
s t e r i c  b a r r ie r  t o  a t t a c k  on the  carbonyl  carbon, (outweighing  
th e  i n e v i t a b l e  in c re a se d  i n d u c t iv e  e f f e c t ) .  The f a c t  th a t  E  ̂
f o r  th e  second s ta g e  appears l a r g e l y  independent of  the  
s u b s t i t u e n t  may w e l l  be i n d i c a t i v e  o f  co b a l t -o x y g en  f i s s i o n
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in this stage, since this is expected to be less sensitive 
to the OC -substituent, both sterically and electronically.

If the  carbonyl carbon atoms are activated in the manner 
d e s c r ib e d ,  a different dechelation mechanism is expected for 
[CoengEtmal]^ and [GoengBzylmal]^ than for [GoeUpmal]^. There 
is no reason why ring opening should not occur in an identical 
manner i n  a l l  th r e e  complexes i n  d i l u t e  ba se ,  but i n  
concentrated base, the combined effects of the medium and of 
the OC-substituents may lead to a continued pre feren ce  for 
hydroxide attack on the carbonyl carbon, and its consequences, 
rather than deprotonation to form the stable conjugate  base 
postulated by Parago(35).
As observed, in concentrated base ,  (^1.50M), a d e v i a t io n  
from simple second order k i n e t i c s  occurs  f o r  both s t a g e s  of  
th e  r e a c t i o n .  This  i n v o l v e s  a term second order i n  hydroxide
concentration and an extra term, first order in complex 
c o n c e n tr a t io n  and zero order in [OH” ] .  Since a l i m i t i n g  rate 
is observed at high [OH”] in the case of [Goen^mal]^, the 
base h y d r o l y s i s  of the substituted malonato complexes goes, 
in concentrated base at least, by a different mechanism.

In dilute base, it is postulated that ring opening occurs by 
S«2 a t t a c k  on the  carbonyl  carbon by OH” , and th a t  t h i s
leads to G-0 fission.

s  ?■
0 — 0 p — Ç\^

e n -.Go GHR + OH   ̂ en>̂ Cô  CHR

0 0

o'
/ O — 0 ^  /OH

en„Co CHE-  > engCo
0 —  G 0 —  G GHR—  Q — .0

0 0 B



158.

The reaction necessarily proceeds with retention of configur
ation. The c o n c lu s io n  that G-0 fission operates is also 
supported by the activation entropy values obtained =-22eu
and-1 2eu,for [Coen^ltmal]'^ and [CoengBzylmal]^ respectively. 
Such values are typical of reactions involving substantial 
lack of disordering factors. However, Tobe’s correlation(99)
(p.2 7) of activation entropies and steric change does not 
n e c e s s a r i l y  apply here, since the metal-chelate bond is not 
broken.
The mechanism op e r a te s  up u n t i l  f-^1.50M[0H” ] .  The k' v a lu e s  
found a t j u  = 1.00 and j x  = 4.00 are necessarily different. 
However, rough E v a l u e s  c a l c u l a t e d  from th e  data  a t  25.2°G 
and 35 C when p = 4 .0 0  ( -^ 1 6k ca l /m o le  and -^ 1 7 .5 k c a l /m o le ,  
for [Coengltm al]*  and [Goen^Bzylmal]* respectively), confirm  
t h a t  th e  same mechanism o p e r a te s .  Such a c o n c lu s io n  a l s oÜ
a p p l i e s  t o  the  kg v a l u e s  i n = 4 .0 0  s o l u t i o n .  (E - ^ 2 7 k c a l /
mole for both complexes).

Since the loss of optical a c t i v i t y  accompanying base hydrolysis
was not followed it is not possible to state exactly by what
mechanism the second stage proceeds when the latter shows
simple second order kinetics. Go-0 bond fission is infered
by analogy with the other dicarboxylate complexes that have
been studied(3,37) and by consideration of the activation
e n e r g y ' s  relative insensitivity to the OC -substituent.
Z\ 8^ values are sufficiently low(99) for both complexes to
conclude that if the  mechanism is dissociative, then the
intermediate is a tetragonal pyramid. Such a conclusion is
supported by the lack of steric change during the second
stage. However, both activation entropy and lack of steric
change could be reconciled with an associative mechanism.
Tobe(99) has further pointed out t h a t  even if a mechanism is
not truely dissociative but is solvent assisted, the critical
s t r e t c h i n g  of the leaving group-cobalt bond may be accompanied
by general rearrangement toward five c o -o r d in a te  sy m m e tr y , J-. e.
trigonal bipyramidal to give steric change, and t e t r a g o n a l
pyramidal to preclude it. Such a d e s c r i p t i o n ,  which seems
analogous to the Ig^ p .19 )  p r o c e s s ,  may well pertain here.

2—  2—The l e a v i n g  group, either Etmal or Benzylmal may be seen
from the results to have d i f f e r i n g  effects upon the rate of
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reaction. This is again symptomatic of an associative process. 
In the case of [Coen^CC^O^)]*̂ , (p. 101 ) an mechanism was
p o s t u la t e d  and accounted w e l l  f o r  the  observed r e s u l t s ,  i . e .  
s u b s t a n t i a l  steric change; r a cé m isa t io n  and the product ion  
of the t ra n s  dihydroxo ion d i r e c t l y  from the hydroxyoxalato 
in t e r m e d ia t e .  The lack of steric change observed in the case 
of the'OC-substituted malonato complexes,  irrespective of 
c o n d i t i o n s ,  makes such a mechanism u n l i k e l y .  However, it 
i s  more l i k e l y  than a pure S»1 mechanism, s in c e  i n  t h i s  case  
there is no lY donor in the trigonal plane able to stabilise 
the intermediate by p -d^2 2 overlap,(p.2 3 ) .  Those inter-X X y
mediates having OH, (the only other lY donor present), in 
the trigonal plane are forbidden if the retentive or 
inverted cis isomer only is to be the product, ( s e e  pp.23 
and 2 6 ) .
Without p o la r im e t r i c  measurements a final conclusion is 
impossible, but it is felt that s in c e  the product of the 
reaction is always cis[Coeno(OH)2]'̂ and in view of the 
e f f e c t  of the leaving groups upon the rate, an associative 
mechanism i s  most probable. However, all possible inter
mediates are o u t l in e d  i n  Scheme 3. An dmido conjugate base 
mechanism i s  not included. This is irrelevant in the absence  
of polarimetric results, anyway, since it provides only fo r  
net inversion, (over the Sĵ 1 mechanism), and this was not 
studied here. i.e. type B intermediates (p.26) only are 
envisaged.

see  Scheme 3.

Only th o se  in te r m e d ia te s  g i v i n g  r e t e n t i v e  or in v e r te d  c i s  
product are  in c lu d e d .  In  the  a s s o c i a t i v e  mechanism t h e s e  may 
come about by c i s  or t r a n s  a t t a c k ,  C is  a t t a c k  seems u n l ik e l y  
on account of  the  bulky nature o f  the  e t h y l -  and b e n z y l -  
malonato l i g a n d s .  However, i t  i s  d i f f i c u l t  to  imagine why 
t r a n s  /  4 ,5  a t t a c k  t o  g i v e  t r a n s  dihydroxo product does not  
occur w h i le  the  e q u a l ly  l i k e l y  t r a n s  a t t a c k  a t  /  1 ,4  and 
L 3*5 d o e s . C is  a t t a c k  i s  favoured f o r  t h i s  reason .

The product of the base hydrolysis of [Ooen^mal]^ i s  racemic 
cis-CCoengfOH)^]* and racémisation is found to proceed at a 
rate equal to that of hydrolysis under given c o n d i t i o n s .  It 
is likely that in d i l u t e  base identical stereochemical
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mechanisms operate  f o r  the  s u b s t i t u t e d  and u n su b s t i tu ted  
complexes but w ith  th e  m o d i f i c a t io n s  to  the  k i n e t i c  
parameters introduced by e t h y l  and b e n z y l ,  as  descr ib ed .O n ly  
i n  the  more concen tra ted  medium does th e  oC - s u b s t i t u e n t  
a l t e r  the  m ech a n is t ic  course  of  the  r e a c t i o n  as observed from 
th e  k i n e t i c s .
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I t  was p o s t u l a t e d (37)  th a t  i n  the  case  of  [Coen2(C20^)]+ a 
s p e c i e s  o f  the  kind

enxOo' ? /O
X Q  Q o f

0
was formed i n  concentrated  ba se .  This  would be expected to  
d ec re a se  the  a c i d i t y  o f  the  amine protons  and promote a 
change from a d i s s o c i a t i v e  to  an a s s o c i a t i v e  mechanism. In  
view of the  a c t i v a t i n g  e f f e c t  o f  the  o c - s u b s t i t u e n t s  on the  
carbonyl  carbon, such a s p e c i e s  i s  p o s tu la te d  here ,  during  
the  course  o f  both s t a g e s  o f  th e  r e a c t i o n .
In the  case  of  r in g  opening, t h i s  i s  the  normal r e a c t i o n .  
However, i t  i s  p o s tu la te d  th a t  a fu r th e r  m olecule  of  hydroxide  
a t t a c k s  the  m eta l  d i r e c t l y  and syncronous ly .  This  may occur  
by c i s  or t ra n s  a t t a c k  as o u t l in e d  a lrea dy  ( p . 160) .  The 
e f f e c t  probably comes about i n  the  concentrated  medium by an 
e f f e c t  p e c u l ia r  to  t h a t  phase ,  such as  io n  p a ir in g ,  p la c in g  
the  hydroxide i n  a fa v o u ra b le  a t t a c k in g  p o s i t i o n .
In a d d i t io n ,  i t  i s  p o s tu la te d  th a t  s in c e  the  carbonyl  carbon 
atoms are so a c t i v a t e d  i n  th e  O C-subst i tu ted  complexes,  a 
m olecu le  of  complex may a b s t r a c t  a m olecule  o f  hydroxide i n  
a r a t e  determ ining  s t e p  from a neighbouring m olecule  th a t  i s  
undergoing h y d r o l y s i s .  I t  i s  ind eterm inate  as  to  whether th e  
r in g  opened form comes about by carbon-oxygen or by m eta l -  
oxygen f i s s i o n ,  s in c e  both are now p o s s i b l e .  What i s  c e r t a i n  
i s  th a t  the  r e a c t i o n  does go without i s o m é r i s a t i o n .
Having a b s tr a c te d  th e  m olecule  o f  hydroxide th a t  does not  
a c t u a l l y  engage i n  h y d r o l y s i s  i n  i t s  f i r s t  s i t e ,  th e  f u r th e r  
m olecule  of  complex then  r e a c t s  i t s e l f  in  a l i k e  manner. The 
p r o c e s s  i s  a type of  cha in  r e a c t i o n .
Such a s i t u a t i o n  i s  s u b s t a n t i a l l y  supported by the  k i n e t i c s .  
With regard t o  the  second s tag e  o f  th e  r e a c t i o n ,  where 
i d e n t i c a l  k i n e t i c s  are  observed ,  a s im i la r  scheme i s  
e n v i s a g e d •
Hydroxide a t t a c k  on the  carboxyl  group i s  u n l i k e l y  i n  view  
o f  the  c a n c e l l i n g  e f f e c t  o f  the  d e l o c a l i s e d  n e g a t iv e  charge.  
A ttack  i s  t h e r e f o r e  p o s tu la te d  on th e  remaining carbonyl



162.

carbon i n  an i d e n t i c a l  manner t o  the  f i r s t  s t a g e .  H ydro lys is  
may occur by m eta l-oxygen  or by carbon-oxygen f i s s i o n  so as  
to  always g iv e  c i s  product .
A c t i v a t i o n  e n e r g ie s  were not determined,  but i t  i s  l i k e l y  
th a t  r in g  opening has the  lower v a l u e ,  s in ce  i t  has two 
a t t a c k a b le  carbonyl carbons,  and hence may go e f f e c t i v e l y  
to  com plet ion  b e fo re  the  second s ta g e  s e t s  i n .
The mechanism i s  o u t l in e d  i n  Schemes 4 and 5.

Scheme 4.
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Note th a t  the  mechanism i n v o l v e s  i d e n t i c a l  in t e r m e d ia t e s ,  D.I ■”
Sin ce  the  kp path has been shown t o  be n e g l ig a b l e  a t  LOH~]
1.50M ( s i n c e  the  s o l u t i o n s  o f  th e  quadrat ic  r a te  laws are  
in va lid  beyond t h i s  p o i n t ) ,  t h e s e  in te r m e d ia te s  must engage 
i n  the  k^ path i n  order t o  ach iev e  the  open r in g  form. For 
th e  D in te rm e d ia te  produced by a b s t r a c t i o n  of  the  hydroxide 
bound t o  the  m etal  i n  B t h i s  would appear to  c o n s t i t u t e  a 
c lo s e d  loop  p r o c e s s .  However, i t  i s  proposed that (a)  the  D 
interm ediate produced in  such a manner has become activated  
(D*) by more m olecular  c o l l is io n s  than D, and i s  ab le  to  
r e a c t  w ith  C-0 f i s s i o n  d i r e c t l y  -  but i n  a fa s t  s t e p  and i n  
a manner independent of  th e  kg path; or (b) that in term ed ia te  
C i s  pre fered .  (b)  i s  deemed ntore l ik e ly
I f  (b)  i s  the  c a s e ,  0^^ exchange experiments would elu cid ate  
the  mechanism more f u l l y .

Scheme 5. The mechanism o f  the  second s tag e  of  the  base 
h y d r o l y s i s  o f  [GoengRmal]"^ , COH"’] > 1.50M.
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S im i la r  arguments apply to  the  r e a c t i o n  of e i t h e r  H or H*
it

i n  the  path or i n  a f a s t  s t e p  t o  g iv e  dihydroxo product.

I t  i s  worth not in g  th a t  a t  25°C th e  k̂  and k .  paths g e n e r a l ly  
dominate e a r l i e r  than a t  35°C. This  i s  deduced from the  
s o l u t i o n s  of  the  g e n e r a l  quadrat ic  r a t e  law (Table 28) and 
from th e  order of  r e a c t i o n  wrt [OH"] deduced from the  i n i t i a l  
r a t e s .  In  t h i s  r e s p e c t  the  mechanism i s  s i m i la r  to  th a t  i n  
[G oen2(C 20j) ]^(37)  where, i f  an a s s o c i a t i v e  mechanism does  
o p e r a te ,  i t  i s  favoured a t  lower temperature.

The mechanisms o u t l in e d  come about as  a r e s u l t  o f  th e  e f f e c t  
o f  the  medium and o f  th e  o c - s u b s t i t u e n t  ( i n  a c t i v a t i n g  the  
carbonyl  carbon) .
The l a t t e r  e f f e c t  can a l s o  be r e c o n c i l e d  w ith  the  r e v e r s i b i l i t y  
o f  the  second s t a g e .

,3-CHR-Ct , d i s p la c e d  in  the  second s t a g e ,  u n l ik e  e i t h e r

0 \  gO 0^
;G-G' or C-OHg-G: , may r e t a i n  some polar  character

OY ^0 0^  ̂ ^0
Ô+ è -

of  the  carboxyl  group, i . e .  ■— C—0 . I t  i s  t h e r e f o r e  p o s s i b l e

t h a t  t h i s  may d i s p l a c e  a m olecule  o f  OH" from c is - [C o en 2 (0 H )2 ]^ .
S in ce  the  product o f  the  base  h y d r o l y s i s  o f  [Goen2(C2^4 ) '̂^
and [Goen^mal]*^i s  i r r e v e r s i b l y  dihydroxo io n ,

?— P —mal and (GgO^) are c e r t a i n l y  incapab le  o f  t h i s .  The r e s u l t  
i n  t h i s  case  i s  th a t  an e q u i l ib r iu m  i s  f i n a l l y  e s t a b l i s h e d  
c o n t a in in g  some o f  the  hydroxymalonato in te r m e d ia te .
Equil ibrium  c o n s ta n t s (T a b le  21 ) are  l a r g e  as  one would 
e x p e c t .  G en era l ly ,  th e y  are l a r g e r  f o r  the  benzylmalonato  
complex. This  i s  unexpected ,  s in c e  the  g r e a te r  in d u c t iv e  
power o f  the  b e n z y l  group might be expected to  p o l a r i s e  the

^ C = 0  bonds more and thereby  push e q u i l ib r iu m  (O') t o  the  
l e f t .  However, s in c e  a la r g e  experim enta l  error  was incurred ,  
th e  r e l a t i v e  v a l u e s  of  Kp, may not be as they  appear.
Furthermore, 10Dq v a l u e s  (p .  110) are l e s s  f o r  Et mal " and

2 2 Bzylmal than f o r  mal This  i s  a g a in  contrary  to  the
argument above,  s i n c e  i n  th e  l i g h t  o f  the  l igan d  f i e l d  

2 —param eters ,  mal " appears t o  be more capable  than e i t h e r  
Etmal^" or Benzylmal^" of  donating  an e l e c t r o n  p a ir  to  the



165.

metal’s d orbitals.
Further ev idence  f o r  the  o p e r a t io n  o f  th e  mechanism descr ibed
above is also apparent from th e  amounts of [CoenpCRmaljtOH)]^ 
formed in equ i l ib r iu m  (B ’ ) ( p . 1 l 8 ) .  As s ta te d  (p.135) Kp, 
v a l u e s  i n  concentrated  base are roughly  the  same amount 
g r e a t e r  than those in d i l u t e  base, than the amount of 
in te rm e d ia te  formed in concentrated  base i s  less than the 
optimum q u an t i ty  (F igure  26) formed i n  d i l u t e  b a se .  This  
phenomenon was a t t r i b u t e d  to  the  production of ci3-[Goeno(OH)^] 
whilst ring opening was in p r o g r e s s .  The mechanism described 
above a l lo w s  f o r  t h i s .
Once a molecule of complex has undergone ring opening to ̂ t
give E, by the and k .  paths there is no reason  to suppose 
why a r in g  opened m olecule  should not engage i n  the  k. path

' Iwith one having just undergone association in the A + B, k,
I d

path. Such an interaction is not included in the kp path in 
d i l u t e  b a se .  (Although i t  may occur but be n e g l ig a b l e  i n  
q u a n t i t y ). Interaction of this nature is not as l i k e l y  as  
the A + B, k^ type, since only one carbonyl carbon is 
r e l a t i v e l y  a c t i v a t e d .  However, if it does occur, which seemsM....... ..
most likely, reaction along the k_ path i s  then i n e v i t a b l eJ I ^  n
and cis dihydroxo product results. The k^ ,k̂ ,k>j ard k^paths are, 
in fact, i n t i m a t e l y  i n t e r l i n k e d .
At lower temperatures (25.2°C)(in concentrated base), Ep, 
v a l u e s  are higher  than at 35°C. This is consistent with the
e a r l i e r  s u g g e s t io n  t h a t  the (k^ + k_) paths are favoured by
lower tem perature,  thereby a l lo w in g  more c i s - [ G o e n g ( 0H)2]^
to  form during the ring opening stage and increase the 
value of Kq ,.
Once a l l  th e  complex i s  i n  the  r in g  opened form, t h i s  i s  the

( ”1only species able to react in the klj path and only cis 
dihydroxo product can result. As observed,  the equilibrium for 
th e  second s ta g e  i s  only a f f e c t e d  during th e  course  o f  r in g
opening.

In comparison to the results for the base catalysed 
h y d r o l y s i s ,  th o s e  for the acid catalysed reaction do not 
permit as  full a description of the operative mechanism. 
Several facts, are however, apparent.



166 .
S in ce  LCoengWal]* and [OoengfCgO^)]* are  not su bjec t  t o  ac id  
c a ta ly s e d  h y d r o l y s i s ,  once ag a in  the  (X :-su b s t i tu en t  i s  
r e s p o n s ib l e  fo r  the  extreneous  e f f e c t .  I t  i s  proposed th a t  
th e  in d u c t iv e  e f f e c t  of the  group makes p r o to n a t io n  of  the  
carbonyl  oxygens f e a s i b l e ,  thereby  l e a d in g  to  d e c h e la t i o n  and 
the  product ion  of  i n t e r m e d ia t e s .
This  i s  in fe r r e d  from th e  dependence o f  the  observed pseudo 
f i r s t  order r a te  c o n s t a n t s  on a c id  c o n c e n tr a t io n .  In  a d d i t io n  
s i n c e  th a t  dependence i s  h a l f - o r d e r ,  the  p ro to n a t in g  moiety  
must be a s s o c i a t e d  w ith  two m o lecu les  of  complex. This  i s  
c o n s i s t e n t  w ith  the  g e n e r a t io n  o f  bimalonatoaquo and 
malonatoaquo i n t e r m e d ia t e s .
S in ce  ac id  h y d r o l y s i s  i s  observed only i n  the  case  of  the  

Oc - s u b s t i t u t e d  complexes,  th e  m olecule  of  ac id  must be a s s o -  
c ia t e d  w ith  a group e a s i l y  in f lu e n c e d  by the  s u b s t i t u e n t .
This  i s  one of  the  carbonyl  oxygens. I f  such a p r o to n a t io n  does  
occur,  the  observed d e c h e la t i o n  must come about by c o b a l t -  
oxygen f i s s i o n ,  to  g e n era te  the  two in te rm e d ia te  t y p e s ,  i . e .

gLCoengRmal]̂  + + Ĥ O —  ̂ [Coen2(H20)(RmalH)]2+ +

[CoengCHgOXEmal)]"^ ( E ' )

This  i s  f u l l y  c o n s i s t e n t  w ith  the  s u g g e s t io n s  of  H a rr is (5 2 )
( p . 106) f o r  [CoengCO^]^, where th e  two forms analogous to  
th o s e  i n  ( E ' ) were proposed ( e q u i l i b r i a  (T ) and ( U ) ) ,  even  
though the  r e a c t i o n  was observed t o  proceed i n  one s t a g e .

A comparison t o  the  zero order dependence o f  th e  second 
s ta g e  i s  not found i n  e i t h e r  the  mechanism of  H a r r is (5 2 )  or 
Jord(xn( 5 8 ) ( p .  107) fo r  the  ac id  h y d r o ly s i s  o f  [CoengCO^]^, 
both o f  which in c lu d e  one a c i d - c a t a l y s e d  term i n  the  removal  
of  carbonate .
The products  of the  r e a c t i o n  appear t o  be both c i s  and tra n s  
-[Goen2(H20)2]^^. Such a r e s u l t  could come about as  a 
consequence o f  a d i s s o c i a t i v e  mechanism i n  which i s
in v o lved  i n  the  f a s t  s t e p  or as  a r e s u l t  o f  product ion  of  
aquohydroxo io n ,  which has been shown(45) to  i so m e r ise  
extrem ely  r a p i d l y .  By analogy w ith  the  carbonate complex(34)  
d é c h é l a t i o n  probably goes  w ith  r e t e n t i o n  o f  c o n f ig u r a t io n



167.

even i f  Co-0 f i s s i o n  o ccu rs .  Product ion  of  the  aquohydroxo 
in te r m e d ia te  i n  a n e u tr a l  s t e p  from the  in te rm e d ia te  fo l low ed  
by rapid i s o m é r i s a t i o n ,  would be c o n s i s t e n t  w ith  the  r e s u l t s  
observed here ,  and with  the  analogous s te p  (V) proposed by 
H a r r is .

cis-tCoengCHgOXRmal)]'^ + HgO — > cis-CCoen^COHjÇH^O)]^'^

+ BmalH". ( ? ' )

o i s -CCoen^COHjCH^O)]^ t r a n s -CCoen^COHXH^O)!^'*' ( S ' )

R eact ion  of  the  bimalonatoaquo in te rm e d ia te  i n  n e u t r a l  and 
a c id  c a ta ly s e d  s t e p s  analogous t o  (W) and (X) o f  H arris  and 
o f  Jordon i s  in d ete rm in a te  here I f  th e  a c id  c a ta ly s e d  s t e p
does occur as  w e l l  a s  th e  i n e v i t a b l e  step:

c i s  and t r a n s -CCoengCCRjCHoQ)]^*  ̂ + Ĥ O -----------^

c i s  and tr a n s  [OoengfHgOjg]^^ + Ĥ O (H*)

then  n e i t h e r  f i g u r e s  i n  the  observed k i n e t i c s .

S in ce  no n e u t r a l  r a t e  was observed ,  even on h ea t in g  t o  95^C, 
d e c h e la t i o n  appears t o  be r a t e  c o n t r o l l i n g .  This  does not  
n e c e s s a r i l y  imply t h a t  th e  r a te  o f  d e c h e la t i o n  c o n t r o l s  the  
r a t e  o f  subsequent s t e p s ,  but s in c e  th e  second s ta g e  i s  
independent of  [H_0*] i t  can only  occur i n  ac id  s o l u t i o n  
a f t e r  a c id  c a ta ly s e d  d e c h e la t i o n  of  s u b s t i t u t e d  malonate .

In  a d d i t io n ,  i t  i s  a l s o  apparent th a t  the de c h e la te d  i n t e r 
m e d ia te s ,  whatever t h e i r  nature ,  do not c o n t r ib u t e  t o  the  
f i n a l  products .  Th is  i s  q u i t e  c e r t a i n  i n  v iew o f  the  r e s u l t i n g  
spectrum on adding a l k a l i  to  the  ac id  s o l u t i o n  o f  products .
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GENERAI CONCLUSION.

The pmr s t u d i e s  have demonstrated the  s t e r e o s p e c i f i c i t y  of  
the  ac id  c a ta ly s e d  d e u t e r a t io n  o f  th e  a c t i v e  methylene group 
i n  LOomal^en] . Absolute  assignment o f  the in e q u iv a le n t  
protons:  and Hg was a r e s u l t  o f  the  o b ser v a t io n  of
' t r a n s - s p a c e '  co u p l in g  i n  [CoEtmalpen]". This  i s  the  f i r s t  
rep ort  of  t h i s  phenomenon i n  th e  f i e l d  o f  t r a n s i t i o n  metal  
chem is try .
The base c a ta ly s e d  d e u t e r a t i o n  proceeded a t  a r a te  too  f a s t  
to  measure. However, t h i s ,  as  w e l l  as the  ac id  c a ta ly s e d  
r a t e s  confirmed th a t  th e  l a b i l i t y  o f  the  OC-protons i s  
s u f f i c i e n t  to  complement the  conjugate  base  proposed by 
P a r a g o (3 4 ,3 5 ) .
The r e s u l t s  should prove u s e f u l  i n  the s y n t h e s i s  of  oC-mono 
- s u b s t i t u t e d  ( e s p e c i a l l y  deuterium s u b s t i t u t e d )  malonic ac id  
and malonate e s t e r s .

The in t r o d u c t i o n  o f  the  o C - s u b s t i t u e n t s ;  e t h y l  and b e n z y l ,  
rendered th e  r in g  opening s tage  o f  th e  ac id  and o f  th e  base  
c a t a l y s e d  h y d r o l y s i s  o b ser va b le .  This  s tage  i s  not observed  
i n  the  base  h y d r o l y s i s  o f  [Coen2m a l]^ (34 ,3 5 )  or the  ac id  
c a ta ly s e d  h y d r o l y s i s  o f  CCoen2C0 ]̂'*’( 52 ,58 ,101  ) .
In  f a c t ,  the  s u b s t i t u e n t s  are r e s p o n s ib l e  f o r  the  f a c t  th a t  
a c id  h y d r o l y s i s  i s  observed a t  a l l .
The h y d r o l y s i s  of the  complex c a t i o n s  [CoengEtmal]^ and 
[OoengBzylmal]* i s  t h e r e f o r e  su b je c t  to  s p e c i f i c  a c id -b a s e  
c a t a l y s i s .
In  d i l u t e  b a se ,  th e  k i n e t i c s  o f  h y d r o ly s i s  are as  observed f o r  
the  [Coen2(C20^)]*(87)  and [Coen2mal]^(34,35)  i o n s ,  i . e .  
s im ple  second order.  In  concentrated  base the  k i n e t i c  r a te  
law c o n s i s t s  o f  two terms; one second order i n  [OH"], (as  
p o s t u la t e d  by Taube(3) and confirmed by Earago(37) fo r  
[Coen2(C20^)]^) ,  and one zero order i n  LOH"].
The k i n e t i c s  were r e c o n c i l e d  w i th  the  mechanisms proposed  
on p p . 162-3 .  The mechanisms a l lo w  f o r  the  form ation  of  
dihydroxo product w h i l s t  th e  r in g  opening s tage  i s  s t i l l  in  
p r o g r e s s .  This  a ccou nts  f o r  the  e x i s t e n c e  of  an optimum 
v a lu e  o f  [OH"] to  g i v e  a maximum amount of  the  in te rm e d ia te  
[Coen2 (Rmal)(0H ) ] ° ,  a t  a g iv e n  tem perature .
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This  o b s e r v a t io n  was a l s o  made i n  the  case  of  L G oen^C C ^O ^)69) 
but cannot be accounted f o r  by e i t h e r  simple second order  
k i n e t i c s ,  or k i n e t i c s  second order i n  [OH"] without the  zero  
order term. Further examination o f  the  k i n e t i c s  of the base  
h y d r o l y s i s  o f  t h i s  complex i s  t h e r e f o r e  advocated.
S ince  the  change of  k i n e t i c s  i n  concentrated  base produces  
the  p o s s i b i l i t y  o f  d i f f e r e n t  bond f i s s i o n  to  that  i n  d i l u t e  
b a s e , 0^^ exchange experiments would be a most u s e f u l  next  
s t e p  i n  t h i s  r e se a r c h .
Such c o n c lu s io n s  as are forthcoming from the  ac id  c a ta ly s e d  
h y d r o l y s i s ,  support th e  c o n c lu s io n s  made i n  the  case  of  
[CoengCO ] + ( 5 2 , 5 8 ) .

One may s p e c u la t e  as  t o  how f a r  the  e x i s t e n c e  o f  ac id  
c a ta ly s e d  h y d r o l y s i s  i n v a l i d a t e s  th e  pmr s p e c t r a l  ass ignments  
made i n  the  c ase  of  [CoEtmalgGn]* and [CoengEtmal]^. No 
chem ical  s h i f t  changes or e f f e c t s  on the  l i n e  shapes were 
observed -  a lthough  s p e c t r a  were recorded q u ick ly  i n  most 
c a s e s .
In  a d d i t i o n ,  the  d e f i n i t e  e x i s t e n c e  o f  two g e o m e tr ica l  
i som ers  o f  [OoEtmalgen]" p r e c lu d es  a d e c h e la t i o n  e q u i l ib r iu m ,  
or p r e -e q u i l ib r iu m  i n  anyth ing  but very  small  p r o p o r t io n s ,  
as  was proposed f o r  [Comalgen]".
On t h i s  e v id e n c e ,  th e  s p e c t r a l  ass ignm ents  may stand,  
a lthough  fu r th e r  work i s  needed i n  t h i s  r e s p e c t .
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APPENDIX I

The u v - v i s i b l e  sp e c tr a  of  EjCOomaljllHgO and ECComalgenDHgO 
were recorded i n  a range o f  sodium a ce ta te /H C l  b u f f e r s  
(pH 1 - 4 ) .

( i )  K^CComal^llHgO. I n i t i a l  sp e c tr a  were a l l  i d e n t i c a l .  There-  
f o r e ,  th e  s e l f - b u f f e r i n g  e f f e c t  o f  the  complex cannot be due
to  the  p r e -e q u i l ib r iu m  (H )(p .  61 ) a lrea d y  p o s t u l a t e d ,  s in c e  
t h i s  would be expected t o  be pH dependent and hence show 
s i g n i f i c a n t  s p e c t r a l  d i f f e r e n c e s  i n  a range o f  b u f f e r s .

However, s p e c tr a  recorded 10-15 minutes a f t e r  d i s s o l u t i o n
(F igure  A1) rev ea led  th e  p o s s i b i l i t y  o f  ac id  h y d r o l y s i s .  The . 
s p e c t r a  shown are v i r t u a l l y  s t a t i o n a r y  and th e r e f o r e  an ac id  
h y d r o l y s i s  e q u i l ib r iu m  which i s  pH dependent i s  p o s t u la t e d .

The s p e c t r a  are c o n s i s t e n t  w ith  the  form ation  o f  aquo 
complexes,  s in c e  the  E  v a lu e s  are low. However, th ere  i s  
no r a d i c a l  change i n  band p o s i t i o n s .  Dechelated  malonate i s  
t h e r e f o r e  a p o s s i b i l i t y .  The b u f f e r i n g  e f f e c t  o f  the  complex
could t h e r e f o r e  come about by the  a c t i o n  of  the  d eche la ted  
malonate rather  than by the  a c t i o n  p r e v io u s ly  p o s tu la ted  ( p . 61)

Further i n v e s t i g a t i o n  o f  t h i s  system i s  needed.

( i i )  ElComalgenlHgO. The complex i s  q u i te  s t a b le  f o r  long  
p e r io d s  i n  a l l  the  b u f f e r  s o l u t i o n s .  Spectra  are i d e n t i c a l  
w it h in  th e  l i m i t s  o f  we ighing  e r r o r . ( F ig u r e  A2).
I t  has been n o t ic ed  a lre a d y  (p .  54 ) th a t  th e  s e l f  b u f f e r in g  
e f f e c t  o f  t h i s  complex i s  c o n s id er a b ly  l e s s  marked than that  
o f  E^COomalTllHgO. There i s  no ev idence  as  t o  whether i t s  
e f f e c t  i s  due to  the  p r e -e q u i l ib r iu m  (H )(p .6 1  ) or to  small  
amounts of  the  hydrolysed form p o s tu la te d  above f o r  the  
tr i sm a lo n a to -c o m p le x .  Scheme 2 ( p . 96) i s  t h e r e f o r e  al lowed t o  
s tan d ,  w ith  the  r e s e r v a t i o n  th a t  th e  f i r s t  p r e -e q u i l ib r iu m  
p o s tu la te d  may be i n v a l i d .  N e v e r t h e le s s  a n o n s t e r e o s p e c i f i c  
pathway i s  e s s e n t i a l  i n  th e  l i g h t  o f  the  ev idence  a lready  
p r e se n te d .  I f  th e  p r e -e q u i l ib r iu m  i s  i n v a l i d ,  then  the  
n o n s t e r e o s p e c i f i c  pathway probably a r i s e s  from the  protonated  
complex. This  i s  a l lowed f o r  i n  Scheme 2.
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AP?3NDIX I I .

Computer programme f o r  the  s o l u t i o n  of  the  quadratic  
r a t e  laws.

The programme i s  i n  Fortran IV.
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APPENDIX I I I

Survey o f  u v - v i s i b l e  s p e c tr a  of  c o b a l t ( I I I )  complexes  
c o n ta in in g  co -o r d in a ted  malonate .

The p r e p a r a t io n s  o f  th e  new malonato complexes are  d escr ib ed
e a r l i e r  i n  t h i s  t h e s i s  ( p p . 54-60 and p . 108) .  For the  sake of  
com pleteness  a survey o f  the  complex’ s u v - v i s i b l e  s p e c t r a ,  
compared t o  p r e v io u s l y  reported complexes,  i s  g iven  here .

Complex T r a n s i t i o n G
^ m T r a n s i t i o n ^ m

2g

[Coen^mal]* 20 ,100 115 28 ,000 104

[Coen^Etmal]"^ 19,600 144 27,800 133

[CoengBzylmal]^ 19,650 202 27 ,800 181.3

[Gomal^en]” 18,600 9 0 .4 26 ,050 113.8

[CoEtmalpGn]" 18,300 101 25 ,800 117.5

[CoBip5i gOal]* 20 ,100 8 1 .4

[CoBipygmallCComalgBipyllO,100 152

[Gophengmal]^ (2 ) 19 ,800 8 9 .8

[GophengmallCGomalgPhenllDfOOO 165

1 1
N.B. th e  A. ----- > Tp t r a n s i t i o n s  of  the  complexes c o n ta in in g

I ê  <-6
h e t e r o c y c l i c  l i g a n d s  are hidden by th e  u v - a c t i v e  
chromophores o f  th e  l a t t e r .
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