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A b s t r a c t

PRELIMINARY STUDIES OF A METALLOPROTEIN MODEL SYSTEM

by

GARY M. ONADY

A d v ise r :  Dr. David K. L a v a l le e

Im p o r ta n t  o x i d a t i o n - r e d u c t i o n  r e a c t i o n s  i n  l i v i n g  system s in v o lv e  

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

h ig h l y  s p e c i f i c  manner. P r o s t h e t i c  group a l ig n m e n t  w i th  th e  fo rm a t io n  

o f  an e l e c t r o n  t r a n s f e r  complex i s  th o u g h t  to  be c r u c i a l  i n  d e te rm in in g  

e l e c t r o n  t r a n s f e r  be tw een  such  p r o t e i n s .  The d i s t a n c e s  s e p a r a t in g  

p r o s t h e t i c  g roups a r e  t h e r e f o r e  ex p ec ted  to  p la y  an im p o r ta n t  r o l e  i n  

such  e l e c t r o n  t r a n s f e r  p r o c e s s e s .

Two k i n e t i c  t h e o r i e s  may a p p ly  to  such  sy s te m s :  th e  a d i a b a t i c

Marcus th e o ry ,  o r  th e  n f l i ia d ia b a t ic  H o p f ie ld  th e o ry .  Both t h e o r i e s  

show d i s t a n c e  dependence on e l e c t r o n  t r a n s f e r  r a t e s .  Marcus th e o ry ,  

a p p l i e d  to  sy stem s  h av in g  f ix e d  geom etry , p r e d i c t s  an in c r e a s e  i n  r a t e  

w i th  s e p a r a t i o n  o f  red o x  c e n t e r s  o f  th e  same s ig n  o f  charge  due to  

f a v o r a b l e  e l e c t r o s t a t i c  e f f e c t s  on th e  o u t e r - s p h e r e  a c t i v a t i o n  en e rg y .  

H o p f ie ld  th e o ry  p r e d i c t s  an o p p o s i t e  e f f e c t  f o r  d i s t a n c e  dependence on 

e l e c t r o n  t r a n s f e r  r a t e s  due to  d e c re a se d  v a lu e  o f  the  o v e r la p  i n t e g r a l  

be tw een  th e  two wave f u n c t i o n s  o f  th e  redox  c e n t e r s .



The p u rp o se  o f  t h i s  p r o j e c t  i s  to  i n v e s t i g a t e  e l e c t r o n  t r a n s f e r  

p r o p e r t i e s  o f  system s where red o x  c e n t e r s  a r e  s e p a r a t e d  by known 

d i s t a n c e s .  A ndros tane  and c h o le s t a n e  d e r i v a t i v e s  w ere used  to  

s e p a r a t e  Ru2+ and Co3+ r e a c t i o n  c e n t e r s .  Complexes i n v e s t i g a t e d  

were [ ( p ic )  ( N ^ ^ R u O ,  7dac)Co(NH3)i+ (H20) ] 5+ and [ (p ic )  (NH3) t+ 

R u O .T d a a jC o C N H ^  (H2Q) ] 5+ i n  w hich m e ta l  c e n t e r s  a r e  s e p a r a t e d  

by 7 .47  and 13 .36  A r e s p e c t i v e l y .  E l e c t r o n  t r a n s f e r  r a t e s  were
—1+ — I

o b se rv ed  a s  i d e n t i c a l  f o r  b o th  c a s e s  w i th  k = 1 .4  x 10 s 

A c t i v a t i o n  p a ra m e te r s  a r e  n e a r l y  i d e n t i c a l  where AH^ = 22 k c a l /  

mole and AS^ = "5 c a l /m o le  K. f u r t h e r  e x p e r im e n ts  w i l l  be 

n e c e s s a r y  to  v e r i f y  th e  mechanism o f  e l e c t r o n  t r a n s f e r  ob se rv ed  

i n  th e  a n d r o s ta n e  and c h o le s t a n e  d e r i v a t i v e s .



PREFACE

There  a r e  many p e o p le  and c i rc u m s ta n c e s  which have  c o n t r i b u t e d  to  

my developm ent a s  a s c i e n t i s t  and a s  a p e r s o n .  For my s c i e n t i f i c  

deve lopm en t,  I  was most f o r t u n a t e  to  have th e  f a c u l t y  and u n d e rg ra d u a te  

c h e m is t ry  c u r r ic u lu m  a t  t h e  U n iv e r s i t y  of C i n c i n n a t i  a s  an  e x tre m e ly  

f i r m  f o u n d a t io n  to  b u i l d  on. I t  was Dr. Edward D eutsch  who n u r tu r e d  my 

r e s e a r c h  i n t e r e s t s ,  l e a d in g  to  an e x c e l l e n t  g ra d u a te  e x p e r i e n c e .

Chosing Dr. David K. L a v a l l e e  a s  my r e s e a r c h  a d v i s e r  was a n a t u r a l  

t r a n s i t i o n .  Through D r. L a v a l l e e ,  I  l e a r n e d  v a lu a b le  methods o f  

a p p ro a c h in g  s c i e n t i f i c  problem s i n  many ways and i n  many a r e a .  He has  

t r u l y  g iv e n  me c o n f id e n c e  i n  m yse lf  as  a s c i e n t i s t .

Of c o u r s e  a b ig  p a r t  o f  my g ra d u a te  e d u c a t io n  h a s  been  my co w o rk ers .  

I  thank  a l l  o f  them f o r  t h e i r  a d v ic e  and f r i e n d s h i p .  In  p a r t i c u l a r ,  I  

would l i k e  t o  thank  A lan Kopelove f o r  a l l  he has  done f o r  me i n  b o th  th e  

la b  and on th e  c l i f f s  i n  New P a l t z .  Those weekend e x c u r s io n s  w i th  Alan 

h e lp e d  c l e a r  my mind f o r  th e  f r e s h  new week o f  c h e m is t ry  which fo l lo w ed .

1 would l i k e  to  a l s o  th a n k  B e r ta  Anderes whos k i s s e t o s  h e lp e d  fog my 

mind w i th  th o u g h ts  o t h e r  th a n  c h e m is t ry  which was i n i t i a l l y  c l e a r e d  by 

m oun ta in  c l im b in g  i n  New P a l t z .  A s p e c i a l  th a n k s  goes to  Dr. S. 

J e g a n a th e n  f o r  h i s  c o n t r i b u t i o n  to  t h i s  p r o j e c t  i n  o r g a n ic  s y n t h e s i s ,  

and h i s  e x p la n a t io n s  o f  th e  s o c i a l  r o l e s  o f  women i n  I n d ia n  s o c i e t y .

Of th e  th in g s  t h a t  k e p t  me go ing  th rough  more d i f f i c u l t  t im e s ,  

t h r e e  s t a n d  o u t  a s  most Im p o r ta n t  to  me. The f i r s t  i s  my m usic .  My 

g r a d u a te  c a r e e r  n o t  o n ly  h a s  g iv e n  me a d iv e r s e  c h e m is t ry  e x p e r i e n c e ,  

b u t  has  l e d  a l s o  to  a w ide m u s ic a l  e x p e r i e n c e ;  from p la y in g  w i th  th e  

C .S.U . S ta te sm en ,  to  some e x c e l l e n t  i n d i v i d u a l s  i n  b o th  C olorado  and i n  

New York C i ty .  Music h as  always been  t h e r e  to  h e lp  r e g a i n  c o n t r o l  o f



my s e l f  and my th o u g h t s .

I  e s p e c i a l l y  w ant to  ta k e  t h i s  chance to  thank  Jo n  Doi f o r  ch o o s in g  

me a s  a c l o s e  f r i e n d  as w e l l  as  a cow orker.  His h e lp  i n  th e  l a b o r a t o r y  

was i n v a lu a b le  to  my work th ro u g h  h i s  keen  knowledge and p r e c i s e  l o g i c .  

His f r i e n d s h i p  means even  m ore. The a d v ic e  he g iv e s  somehow alw ays 

makes s e n s e ,  and h i s  com passion  alw ays s h in e s  th ro u g h ,  Both he and h i s  

w ife  D ebb ie ,  (and o f  c o u rse  S te p h a n ie )  I  c o n s id e r  a s  my second f a m i ly .

T h is  b r in g s  me to  my f a m i ly .  I  nev e r  r e a l l y  know how to  show my 

a p p r e c i a t i o n  f o r  a l l  my p a r a n t s  and my b r o t h e r  have  done f o r  me. Some 

o f  th e  ways o f  g iv in g  to  them w hat th e y  have  g iv e n  to  me a r e  i n  my 

acco m p lish m en ts .  I  c o u ld  have  n e v e r  a c h ie v e d  what I  have w i th o u t  them. 

My fa m i ly  i s  my l i f e .  I  d e d i c a t e  t h i s  work to  them.

F i n a l l y ,  I  would l i k e  to  end t h i s  p r e f a c e  w i th  an e x c e r p t  from Hugh

P r a t h e r ' s  "N otes  to  M y se lf :  My S t r u g g le  to  Become a  P e r s o n " ,  w hich

summarizes f a i r l y  w e l l  my g ra d u a te  r e s e a r c h  e x p e r i e n c e :

I  d o n ' t  l i v e  i n  a  l a b o r a t o r y :  I  have  no way o f  knowing w hat
r e s u l t s  my a c t i o n s  w i l l  h av e .  To l i v e  my l i f e  f o r  r e s u l t s  
would be to  s e n te n c e  m y se lf  to  c o n t in u o u s  f r u s t r a t i o n  and to  
hang o v er  my head  th e  t h r e a t  t h a t  d e a th  may a t  any moment make 
my h av in g  l i v e d  a w a s te .  My o n ly  s u r e  rew ard  i s  i n  my a c t i o n s  and 
n o t  from them. The q u a l i t y  o f  my rew ard  i s  i n  th e  d e p th  o f  my 
r e s p o n s e ,  th e  c e n t r a l n e s s  o f  th e  p a r t  o f  me I  a c t  from.

Because th e  r e s u l t s  a r e  u n p r e d i c t a b l e ,  no e f f o r t  o f  mine i s  doomed 
to  f a i l u r e .  And even  a  f a i l u r e  w i l l  n o t  ta k e  th e  form I  im ag in e .
The most r e a l i s t i c  a t t i t u d e  f o r  me to  have tow ard f u t u r e  con­
seq u en ce s  i s  " i t  w i l l  be  i n t e r e s t i n g  to  s e e  what h a p p e n s ."  
E x c i te m e n t ,  d e j e c t i o n  and boredom assume a knowledge o f  r e s u l t s  t h a t  
I  can n o t  hav e .

Thank you , Jenny G ruder ,  f o r  e n l i g h t e n i n g  me w i th  t h i s  p h r a s e ,  a s  w e l l  

a s  y o u r  own t h o u g h t s .

vi



LIST OF ABBREVIATIONS

CDCA c h e n o d e o x y ch o lic  a c id

daa  d ia m in e o a n d ro s ta n e

dac d ia m in o c h o le s ta n e

kha k e to h y d ro x y c h o le s ta n e  o r  a n d ro s ta n o lo n e

dka d ik e to a n d r o s ta n e

dkc d ik e to c h o le s t a n e

LAH l i t h i u m  alum inium  h y d r id e

MES m o r p h o l in e e th a n e s u l fo n ic  a c id

NapTs sodium t o s y l a t e

pacm b is (p a ra a m in o c y c lo h e x y l )m e th a n e  o r  4 ,4 -d ia m in o d ic y c lo h e x y lm e th a n e

p ic  y - p i c o l i n e

THF t e t r a h y d r o f u r a n

UDCA u rs o d e o x y c h o l ic  a c i d

vii



TABLE OF CONTENTS

A b s t r a c t

P r e f a c e

L i s t  o f  A b b re v ia t io n s  

L i s t  o f  T ab le s  

L i s t  o f  F ig u re s  

CHAPTER 1

INTRODUCTION

A. D is c u s s io n  o f  B io l o g i c a l  E l e c t r o n  T r a n s f e r  P r o t e i n s

B. T h e o r ie s  o f  E l e c t r o n  T r a n s f e r

1. G en e ra l  R ate  E x p re s s io n

2. Marcus Theory

3. H o p f ie ld  Theory

C. C h a r a c t e r i s t i c s  o f  th e  Model System 

CHAPTER 2

EXPERIMENTAL

A. M a te r i a l s

B. S y th e s i s

1. O rgan ic  Compounds

2. C o b a lt  Compounds

3. Ruthenium Compounds

4. B in u c le a r  Compounds

5 . S i l i c a  Gel P r e p a r a t io n s

6 .  G e l - B i m e ta l l i c  Compounds

C. Methods and T echniques

1. C h a r a c t e r i z a t i o n  o f  Gels

Page

i i i

v

v i i

x i

x i i i

1

1

9

9

9

11

16

26

26

33

33

37

41

46

52

53

54 

54

viii



page
2 . M o lecu la r  S t r u c t u r e s  54

3. UV-Vis, IR , and NMR S p e c t ra  56

4. C y c l ic  Voltammetry 56

5. pH M easurements 57

D. K in e t i c  Methods 58

1. D e s c r ip t i o n  o f  th e  K in e t i c  Experim ent 58

2. T rea tm en t o f  D ata  59

3. A c t i v a t i o n  P a ra m e te rs  62

CHAPTER 3

RESULTS 63

A. E le c t r o n  T r a n s f e r s  w i th

[ (p ic ) (N H 3) 4Ru(3,7dac)Co(NH3) 1+(H20 ) ] 6+ 63

B. E l e c t r o n  T r a n s f e r s  w i th

[{p ic)(N H 3) i+Ru(3,17daa)Co(NH3) lt(H20 ) ] 6+ 75

C. E l e c t r o n  T r a n s f e r s  w i th

[ ( p ic )  (NH3) 1+Ru(pacm)Co(NH3) 4 (H20) ]6+ 85

CHAPTER 4

DISCUSSION 92

A. S y n th e s is  92

B. S t r u c t u r a l  A n a ly s is  o f

3ct, 7 a -d ia m in o -5 B -c h o le s ta n -2 4 -o l  94

C. S t r u c t u r a l  A n a ly s is  o f

3 $ ,7$“ d ia m in o -5 a -a n d ro s ta n e  101

D. C o n s id e r a t io n  o f  B im e ta l l i c  Complex R e a c t io n s  113

E. Mechanisms and E x p e r im e n ta l  C r i t i q u e  113

1. Ruthenium H y d ro ly s is  from th e  S te r o i d  Complex 115

ix



Page
2. C o b a l t  H y d ro ly s is  from th e  S te r o i d  Complex

Leading  to  E le c t r o n  T r a n s f e r  115

3. E l e c t r o n  T r a n s f e r s  o f  Ru2+ and Co3+ on

S e p a ra te  M olecu les  116

4. R e a c t io n s  w i th  T o s y la te  a n d /o r  4 -m o rp h o l in e -  

e t h a n s u l f o n ic  Acid 117

5. R e a c t io n s  R e s u l t in g  from S te r o id  D ecom position  117

6. P ho tochem ica l  R e a c t io n s  118

7. D im e r iz a t io n  o f  B in u c le a r  Complexes 118

8. C a t a l y t i c  R e a c t io n  119

9. I n t r a m o le c u la r  E l e c t r o n  T r a n s f e r  120

F. Marcus Theory C a lc u l a t i o n s  o f  F ree  E n e rg ie s  o f

A c t i v a t i o n  121

G. Summary o f  R e s u l t s  122

H. C onclud ing  Remarks 125

REFERENCES 128

x



8

27

36

36

45

50

51

55

68

71

74

80

84

LIST OF TABLES

D is ta n c e s  P o s t u l a t e d  i n  E l e c t r o n  T r a n s f e r  P r o t e i n  

C om plexes.

R ate  Comparisons Between Theory and E x p e r im e n ta l .  

M a t e r i a l s .

Some O rgan ic  I n f r a r e d  A ss ignm en ts .

Diamine I n f r a r e d  S p e c t r a  A ss ignm ents .

UV-Vis S p e c t r a l  A ss ignm en ts .

I n f r a r e d  S p e c t r a l  A ssignm ents  f o r  B im e ta l l i c  

C om plexes.

Co:Ru R a t io  A n a ly s i s  f o r  

[ (p ic ) (N H 3) 4Ru(L)Co<NH3) 4 (H20 ) ] C l 6 .

E x h a u s t iv e  R e d u c t io n  A n a ly s is  on 

Gel^SN-Ru(NH ) ^ (pacm) Co(NH3) ^(H20 ) 5+.

E f f e c t s  o f  C o n c e n t r a t io n  on ke t  f o r  

[ ( p i c ) (NH3) ^Ru( 3 , 7dac) Co(NH3) ^(H20 ) ] 5+.

F i r s t  O rder T em pera tu re  Dependence f o r  

[ (p ic ) (N H 3) 4Ru(3,7dac)Co(NH3) lt(H20) ] 5+.

Second O rder T em peratu re  Dependence f o r  

[ ( p ic )  (NH3) t+Ru(3,7dac)Co(NH3)^ (H 20) ] 5+.

E f f e c t s  o f  C o n c e n t r a t io n  on ke t  f o r  

[ ( p ic )  (NH3) t+Ru(3 ,17daa)Co (NH3\  (H20) ] 5+.

F i r s t  O rder  T em pera ture  Dependence f o r  

[ ( p i c )  (NH3) ^ ( 3 , 1 7 ) 0 0  (NH3) lt(H20 ) ] 5+.

xi



Table

XIV Second O rder T em pera tu re  Dependence f o r  

[ ( p i c )  (NH3) 4Ru(3,17daa)Co(NH3) lt(H20) ] 5+.

XV Second O rder T em pera tu re  Dependence f o r  

[ (p ic )(N H 3) 4Ru (pacm)Co(NH3)^(H 20 ) ] 5+.

XVI Summary o f  E l e c t r o n  T r a n s f e r  R e a c t io n s  f o r  

[ ( p ic )  (nh3) ^ R u d o c o ( nh3) 4 (H20) ] 5+.

XVII Comparison o f  O bserved and C a lc u la te d  F ree

E n e rg ie s  o f  A c t i v a t i o n  f o r  F i r s t  O rder E le c t r o n  

T r a n s f e r  a t  25°C.
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CHAPTER 1 

INTRODUCTION

A. D is c u s s io n  o f  B i o l o g i c a l  E l e c t r o n  T r a n s f e r  P r o t e i n s

As an i n c r e a s i n g  number o f  s t r u c t u r e s  f o r  e l e c t r o n  c a r r i e r s  i n

b i o l o g i c a l  sy s tem s  a r e  s o lv e d ,  i n c r e a s i n g  i n s i g h t  i n t o  mechanisms o f

e l e c t r o n  t r a n s f e r  i s  b e in g  o b ta in e d .  The q u e s t i o n  o f  th e  d i s t a n c e s  over

which e l e c t r o n  t r a n s f e r  c e n t e r s  i n t e r a c t  i n  th e  fo rm a t io n  o f  p r o t e i n -

e l e c t r o n  t r a n s f e r  com plexes how ever, s t i l l  r e m a in s .  As F .R . Salemme

most a p p r o p r i a t e l y  s t a t e s :

" . . .  f o r  th e  m a jo r i t y  (b u t  n o t  a l l )  o f  known e l e c t r o n  t r a n s p o r t  
p r o t e i n  s t r u c t u r e s ,  th e  r e a c t i v e  p r o s t h e t i c  group i s  d is p o se d  to  
a l lo w  more o r  l e s s  d i r e c t  i n t e r a c t i o n  w i th  th e  e x t e r n a l  
en v iro n m en t .  T h is  would s u g g e s t  t h a t ,  i n  most c a s e s ,  th e s e  
m o lecu le s  r e a c t  by mechanisms in v o lv in g  i n t e r a c t i o n s  be tw een  th e  
p r o s t h e t i c  g roups  i n  th e  t r a n s i t i o n  s t a t e .  However, i t  i s  by 
no means c l e a r  w h e th e r  th e s e  i n t i m a t e  i n t e r a c t i o n s  a r e  s u f f i c i e n t  
to  a l lo w  e l e c t r o n  t r a n s f e r  to  ta k e  p la c e  by c l a s s i c a l  o u te r s p h e r e  
r e a c t i o n  mechanisms w hich r e q u i r e  d i r e c t  o r b i t a l  o v e r la p  o f  th e  
r e a c t i o n  s p e c i e s  o r  a r e  b e t t e r  d e s c r ib e d  as s h o r t r a n g e  tu n n e l in g  
p r o c e s s e s . " 1

T h is  s ta t e m e n t  a d d r e s s e s  th e  co n ce rn  o f  t h i s  t h e s i s :  th e  d e s ig n  o f  an

e x p e r im e n ta l  system  to  d e f in e  known d i s t a n c e s  o f  e l e c t r o n  t r a n s f e r  

c e n t e r s ,  and i n v e s t i g a t e  e l e c t r o n  t r a n s f e r  k i n e t i c s .  The r e s u l t s  w i l l  

be compared w i th  p r e d i c t i o n  o f  th e  Marcus th e o ry  o f  o u te r s p h e r e  e l e c t r o n  

t r a n s f e r , 2 and th e  t u n n e l in g  th e o ry  d e s c r ib e d  by H o p f i e ld .3 D is c u s s io n  

o f  b o th  t h e o r i e s  w i l l  f o l lo w ,  b u t  f i r s t  a rev ie w  o f  s e v e r a l  p r o t e i n s  

w i l l  i n t r o d u c e  th e  t h e s i s .

As b i o l o g i c a l  sy stem s  e v o lv e d ,  becoming more com plex, so d id  t h e i r  

demand f o r  th e  en e rg y  to  s u s t a i n  t h e  r e q u i r e m e n ts  o f  an o rg a n is m s ' 

s u r v i v a l .  E vo lv ing  w i th  th e s e  o rgan ism s was a s e r i e s  o f  e l e c t r o n  

t r a n s f e r  p r o t e i n s .  The en e rg y  y i e l d e d  by th e  t r a n s f e r  o f  e l e c t r o n s  down
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a p o t e n t i a l  g r a d i e n t  c r e a t e d  by th e s e  d i s t i n c t  p r o t e i n s  was coup led  to  

p ro v id e  ene rgy  which c o u ld  be u t i l i z e d  by th e  o rgan ism  -  as  th e  

phospha te  bond i n  a d e n o s in e  t r i p h o s p h a te  (ATP). F ig u re  1 i l l u s t r a t e s  

t h r e e  such  system s found i n  th e  b i o s p h e r e ,  r a n g in g  from th e  more 

s i m p l i s t i c ,  c y c l i c  p h o to p h o s p h o ry la t io n  found i n  b a c t e r i a ,  to  th e  more 

complex sys tem s found i n  th e  m i to c h o n d r ia  o f  e u k a ry o te s  and th e  

c h l o r o p l a s t s  o f  p l a n t s .  T h is  i l l u s t r a t e s  one o f  th e  many p h y s i o l o g i c a l  

f u n c t io n s  e l e c t r o n  t r a n s f e r  p r o t e i n s  s e r v e .  Even though th e s e  system s 

d i f f e r  i n  t h e i r  co m p lex ity  and numbers o f  p r o t e i n s ,  th e y  a l l  seem to  

have th e  same b a s i c  a t t r i b u t e s  -  t h e  e l e c t r o n  c a r r i e r s  show e x c e p t io n a l  

s p e c i f i c i t y  f o r  fo rm a t io n  o f  a  p a r t i c u l a r  p r o t e i n - e l e c t r o n  t r a n s f e r  

complex.

Two ty p e s  o f  s t r u c t u r a l l y  known e l e c t r o n  t r a n s f e r  p r o t e i n s ,  the  

non-heme f e r r e d o x i n s  and th e  h e m e -c o n ta in in g  cy toch rom es ,  a r e  i l l u s ­

t r a t e d  i n  F ig u re  2 . The p r o s t h e t i c  group env ironm en t o f  th e s e  p r o t e i n s  

h a s  been  c a r e f u l l y  c o n s id e r e d .  A c o n s i s t e n t  f e a t u r e  o f  th e s e  m o lecu le s  

a r e  th e  m e ta l s '  f i x e d - l i g a n d  e n v i ro n m e n ts ,  w h e th e r  i t  be f o r  enzyme 

i n t e g r i t y ,  red o x  p o t e n t i a l ,  p o s i t i o n i n g  f o r  o p t im a l  e l e c t r o n  t r a n s f e r ,  

o r  any co m b in a tio n  o f  th e s e  p o s s i b i l i t i e s .  C o n tra ry  to  c a t a l y t i c a l l y  

a c t i v e  enzymes, where e n z y m e -s u b s t r a te  i n t e r a c t i o n s  s e rv e  to  d i s t o r t  

the  s u b s t r a t e  tow ards th e  t r a n s i t i o n  s t a t e ,  the  e l e c t r o n  t r a n s f e r  

p r o t e i n s  seem to be b e s t  th o u g h t  o f  a s  an  i n t e g r a t e d  w ho le ,  w i th  the  

m e ta l  c e n t e r  h av in g  l i t t l e  f l e x i b i l i t y .

The a c t u a l  d i s t a n c e s  betw een th e  p r o s t h e t i c  g roups o f  i n t e r a c t i n g  

e l e c t r o n  t r a n s f e r  p r o t e i n s  i n  b i o l o g i c a l  system s p roposed  to  d a te  v ary  

from 8-40 A. James Chien h as  shown good c o r r e l a t i o n  to  H o p f ie ld  th e o ry
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F ig u re  1. E l e c t r o n  T r a n s f e r  Systems Found i n  th e  B io sp h e re .

I .  B a c t e r i a l  c y c l i c  p h o to p h o s p h o ry la t io n .

I I .  M i to c h o n d r ia l  e l e c t r o n  t r a n s p o r t  c h a in .

I I I .  P h o to s y n th e t i c  e l e c t r o n  t r a n s p o r t .
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F ig u re  2. Ribbon Backbone R e p r e s e n ta t i o n s  o f  V arious  

E l e c t r o n  T r a n s f e r  P r o t e i n s . 1

Non Heme I r o n  P r o t e i n s  -  The d a rk en e d  atom i s  i r o n .

I .  R ubredoxin  -  I r o n  bound to  p r o t e i n  by fo u r  

c y s t e i n e  r e s i d u e s .

I I .  F e r r e d o x in  -  I r o n  bound to  p r o t e i n  by one 

c y s t e i n e  r e s i d u e ,  w h i le  c o o rd in a te d  in  

th e  t h r e e  rem a in in g  p o s i t i o n s  by in o r g a n ic  

s u l f u r .

I I I .  High P o t e n t i a l  I r o n  P r o t e i n  -  I r o n  bound 

s i m i l a r l y  as  i n  F e r r e d o x in .

Heme C o n ta in in g  Cytochromes.

IV. Cytochrome c -  D o tted  s t r u c t u r e  i s  d e l e t e d  

i n  th e  s m a l l e r  cy tochrom es .

V. Cytochrome b -  U n like  th e  c cy tochrom es , 

th e  p o rp h y r in  i s  n o t  c o v a l e n t l y  l i n k e d  to  

th e  p r o t e i n .





p r e d i c t i o n  o f  e l e c t r o n  tu n n e l in g  w i th  a  s e r i e s  o f  cytochrom e c m e ta l
O ,

d e r i v a t i v e s ,  where he  e s t i m a t e s  th e  d i s t a n c e  o f  i n t e r a c t i o n  to  be 4 A .4 

J a n e  V anderkoo i,  e t . a l . , 5 *6 perfo rm ed  a  f l u o r e s c e n c e  e x p e r im en t  a p p ly in g  

F o r s t e r  th e o ry  to  t i n  d e r i v a t i v e s  o f  cytochrome c to  s tu d y  th e  d i s t a n c e s  

p r e d i c t e d  i n  th e  cy tochrom e c -cy toch rom e o x id a s e  red o x  p a i r .  The 

r e s u l t s  were b ased  on th e  d i s t a n c e  r e l a t i o n s h i p :

R& -  8 .785  x 1 0 -25<2* n -4/0° ° e a ) f a ) d X  (1)

in  w hich R̂ , i s  d e f in e d  a s  th e  d i s t a n c e  a t  w hich a f l u o r e s c e n t  donor 

i s  50% quenched by an a c c e p t o r  w i th  $ b e in g  th e  e m is s io n  quantum y i e l d  

o f  th e  donor i n  ab sen ce  o f  th e  a c c e p to r ,  n th e  r e f r a c t i v e  in d e x ,  e(A) 

i s  th e  a b s o r p t i o n  sp ec tru m  o f  th e  a c c e p to r ,  f ( \ )  i s  th e  n o rm a l iz e d  

f lu o r e s c e n c e  em mission sp e c tru m  o f  th e  do n o r ,  and k  an o r i e n t a t i o n
O

f a c t o r .  A c tu a l  c a l c u l a t i o n s  show R = 37 A b u t  due to  u n c e r t a i n t i e s  i nO
O

some o f  th e  a p p ro x im a t io n s  made, th e  ran g e  c o u ld  be betw een 25-40 A. 

O ther  e s t i m a t e s  as  to  d i s t a n c e  i n t e r a c t i o n s  be tw een  e l e c t r o n  t r a n s f e r  

p r o t e i n s  from t h e o r e t i c a l  c a l c u l a t i o n s ,  com puter c a l c u l a t e d  i n t e r ­

a c t i o n s  be tw een  known s t r u c t u r a l  p r o t e i n s ,  and mere s p e c u l a t i o n  from 

th e  s t r u c t u r e s  o f  th e  i n d i v i d u a l  p r o t e i n s  have been  r e p o r t e d .  These 

d i s t a n c e s  a r e  summarized i n  T ab le  I ,  where th e  r e f e r e n c e s  may be found.

The c h a n n e l in g  o f  a r e d u c t a n t  th ro u g h  a  c l e f t  t o  r e a c h  th e  o x id a n t  

i n  a  d i r e c t  c o l l i s i o n  o r  w i th  b r id g i n g  by a l i g a n d  ( in n e r - s p h e r e  

r e a c t i o n )  i s  n o t  v e ry  l i k e l y  s in c e  th e  m e ta l  i s  encased  i n  a f i x e d ,  

p r o t e c t i v e  en v iro n m en t .  T h is  l e a v e s  th e  o u t e r - s p h e r e  mechanism, w hich 

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

d e f in e d  by van  d e r  Waals c o n t a c t  r a d i i , 11’ 12) and th e  e l e c t r o n  tu n n e l in g  

mechanism w hich seems a l i k e l y  p o s s i b i l i t y  f o r  th e s e  sy s te m s .

- 7 -



Table I. Distances Postulated in Electron Transfer Protein Complexes.

P r o t e i n  Complexes
O

D is ta n c e ,  A S p e c u la to r R eference

c y t c - c y to x 15-20 E re c in s k a 7

c y t c - c y to x 25-40 V anderkooi 6

c y t c - c y tp e r o x 16 .5 K rau t 8

cy tc .-cy tjb5 8 .4 Salemme 1

c y t c - c y t c 4 Chien 4

cy tc -H IP IP 4-10 B enne t t 9

c y t - c h l o r

Chromatium 8 H o p f ie ld 3

Chromatium 12-13 J o r t n e r 10

Rhodapseudomonas 11 H o p f ie ld 3

-  8 -



B. Theories of Electron Transfer

For e l e c t r o n  t r a n s f e r  be tw een  s p e c i e s  h e ld  a t  f i x e d  d i s t a n c e s ,  the  

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

and n u c l e a r  p a r t s .  The a c t u a l  d i s t a n c e  betw een f ix e d  c e n t e r s  becomes 

im p o r ta n t  i n  th e  c o n t r i b u t i o n  o f  th e  e l e c t r o n i c  p a r t  to  th e  r a t e  o f  

e l e c t r o n  t r a n s f e r .  The e l e c t r o n i c  p a r t  r e a c h e s  i t s  upper l i m i t  when 

th e  r e a c t a n t s  a r e  v e ry  c l o s e .  In  t h i s  c a s e ,  th e  r a t e  depends m ain ly  on 

th e  n u c l e a r  p a r t  and th e  e l e c t r o n  t r a n s f e r  i s  d e s in e n te d  a s  a d i a b a t i c .  

The low er l i m i t  o f  th e  e l e c t r o n i c  p a r t  r a d i c a l l y  d e c r e a s e s  ( t y p i c a l l y  

by 5 ,  10 , 15 , o r  20 o r d e r s  o f  m agn itude)  when r e a c t a n t s  a r e  s e p a r a t e d  by
Q _ _

l a r g e  d i s t a n c e s  (10 , 20 , 30, o r  40 A, r e s p e c t i v e l y ) . 13

For th e  a d i a b a t i c  n u c l e a r  c o n t r i b u t i o n  to  th e  r a t e  law , Marcus 

th e o ry  s u c c e s s f u l l y  d e s c r i b e s  th e  ob se rv ed  r a t e s . 11»12>ll+»15 In  t h i s  

t r e a tm e n t  th e  l i g a n d s  rem ain  i n t a c t  and do n o t  b r id g e  th e  two m e ta l  

atoms d i r e c t l y  d u r in g  th e  e l e c t r o n  t r a n s f e r .  Such o u te r - s p h e r e  e l e c t r o n  

t r a n s f e r  r e a c t i o n s  o f  m odera te  d r iv i n g  f o r c e  have r a t e s  d e te rm in e d  by:

1) th e  i n n e r - s p h e r e  r e o r g a n i z a t i o n  e n e rg y ,  which i s  d ependen t on th e  

Franck-Condon b a r r i e r ,  2) th e  o u te r - s p h e r e  r e o r g a n i z a t i o n  e n e rg y ,  

c o n s i s t i n g  m a in ly  o f  th e  changes i n  e l e c t r o s t a t i c  i n t e r a c t i o n s  of 

s o l u t e s  and s o lv e n t  i n  th e  fo rm a t io n  o f  th e  a c t i v a t e d  complex, 3) th e  

work te rm s f o r  b r in g i n g  r e a c t a n t s  t o g e th e r  and s e p a r a t i o n  th e  p ro d u c ts  

o f  th e  a c t i v a t e d  com plex, and 4) th e  e f f e c t  o f  th e  d r i v i n g  f o r c e  f o r  th e  

e l e c t r o n  t r a n s f e r .  Theory th e n  p r e d i c t s  th e  fo l lo w in g  dependence f o r  

th e  r a t e  c o n s t a n t :



w here k i s  a  th e rm a l ly  av e ra g ed  t r a n s m is s i o n  f a c t o r  b e in g  e q u a l  to  one 

f o r  p u r e ly  a d i a b a t i c  b e h a v io r ,  Q’ s a re  th e  p a r t i t i o n  f u n c t i o n s ,  and Ea 

i s  th e  a c t i v a t i o n  en e rg y .  E x p re s s in g  e q u a t io n  (2) i n  te rm s o f  f r e e  

ene rgy  t h i s  e x p r e s s io n  becomes:

k .  J S e-4<S+/SI (3)
n

M arcu s - ty p e  b e h a v io r  now a p p e a rs  i n  te rm s o f  AG^:

AG+ -  AG+eran s  + AG+in  + AG+o u t  + » r  + AG./2 (4)

Where AG4tr a n g  i s  th e  f r e e  en e rg y  o f  fo rm a t io n  o f  th e  t r a n s i t i o n  s t a t e :  

AG+trans = -R Tln(hZ/kT) (5)

where Z i s  th e  c o l l i s i o n  f re q u e n c y .

The te rm s A G ^^ and AG^Qut a r e  th e  r e o r g a n i z a t i o n  e n e r g i e s  o f  th e  

i n n e r -  and o u t e r - c o o r d i n a t i o n  s h e l l s ,  r e s p e c t i v e l y :

AG± = ~ a ?i
i n  t f x + f 2)

2
(6 )

AG+ = (“T  -  ^  (7)o u t  4 2 a 1 2 a 2 d n2 Ds

where q^ , q£> a ls  and a 2 , a re  th e  ch a rg e s  and r a d i i  o f  the  two r e a c t a n t s

r e s p e c t i v e l y ;  d i s  th e  d i s t a n c e  betw een th e  two r e a c t a n t  c e n t e r s  i n  th e

• a c t i v a t e d  com plex, w i th  f j  and f 2 th e  r e a c t a n t  f o r c e  c o n s t a n t s .  The

o p t i c a l  d i e l e c t r i c  c o n s t a n t ,  n 2 and Dg , th e  s t a t i c  d i e l e c t r i c  c o n s ta n t

r e p r e s e n t  t h e  c o n t r i b u t i o n  o f  th e  medium to  th e  r e o r g a n i z a t i o n  e n e rg y .

The wr  te rm  i n  e q u a t io n  (4) i s  th e  work r e q u i r e d  to  b r in g  th e

r e a c t a n t s  t o g e t h e r ,  b e in g  c a l c u l a t e d  by Debye-Huckel t r e a tm e n t :

“ D3d ( l 1+ , Bdi'“ j  (' 8a)

6 -

w here N i s  A v o g ad ro 's  number and u i s  th e  i o n i c  s t r e n g t h .
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The thermodynamic d r iv e  l i k e w i s e  i n f l u e n c e s  th e  a c t i v a t i o n  f r e e  

en e rg y .  By v i r t u e  o f  th e  p a r a b o l i c  sh ap e  o f  th e  two i n t e r a c t i n g  

p o t e n t i a l  f u n c t i o n s ,  th e  change i n  AGf i s  h a l f  t h a t  i n  AG0 .

When such a t r e a tm e n t  i s  made w i th  th e  e l e c t r o n  t r a n s f e r  sy s tem s  o f

Fe(H20 ) 6z + /3 + , Ru (NH3) 62 + /3+ , Ru (NH3) 5 ( p z ) 2 + /3 + , R u(bpy)32 + /3 + , (where

pz i s  p y ra z in e  and bpy i s  b i p y r i d i n e )  good ag reem en t i s  found betw een

AĜ= and AĜ 1 , . 15 The d i s t a n c e s  be tw een  c e n t e r s  i n  th e s e  system s
cqXc ods

v a r i e s  from 7 to  14 A. In  a sy s tem  such  a s  R u(bpy)32"*' 3̂+, th e  o v e r la p  

betw een m e ta l  t 2g and l i g a n d  it o r b i t a l s  i s  s u f f i c i e n t  to  a l lo w
O

a d i a b a t i c  e l e c t r o n  t r a n s f e r  a t  14 A betw een  c e n t e r s .

The e l e c t r o n i c  p o r t i o n  o f  th e  e l e c t r o n  t r a n s f e r  r a t e  would be 

e x p e c te d  to  c o n t r i b u t e  s i g n i f i c a n t l y  a t  g r e a t e r  d i s t a n c e s  th a n  th o se  

a l lo w ed  by o u t e r - s p h e r e  e l e c t r o n  t r a n s f e r  o r  where an i n s u l a t i n g  w a l l  

o f  p r o t e i n  p r e v e n t s  th e  m e ta l  c o o r d in a t io n  s p h e re s  o f  th e  p r o s t h e t i c  

group from o v e r la p in g .  The e l e c t r o n i c  p o r t i o n  i s  t r e a t e d  by H o p f ie ld ’ s 

th e o ry  o f  n o n a d i a b a t i c ,  v i b r o n i c a l l y  coup led  e l e c t r o n  t r a n s f e r .

The t h e o r e t i c a l  model o f  H o p f i e l d ' s  r a t e  e q u a t io n  i s  b a se d  on 

e l e c t r o n  t r a n s f e r  be tw een  two s i t e s  i n  a f i x e d  geom etry . The e l e c t r o n  

to  be t r a n s f e r r e d  i s  i n i t i a l l y  i n  a  wave f u n c t io n  ip a t  e v e n t u a l l y  to  be 

t r a n s f e r r e d  to  s i t e  b i n  i ^ .  The m a t r ix  e le m e n t ,  r e p r e s e n t s  th e

H am il to n ian  o f  th e s e  two, o n e - p a r t i c l e  s t a t e s  r e s u l t i n g  from th e  o v e r la p  

betw een th e s e  wave f u n c t i o n s .  The c l o s e r  t o g e t h e r  s i t e s  a and b a r e ,  

th e  g r e a t e r  th e  o r b i t a l  o v e r la p  and th e  l a r g e r  Ta^ w i l l  b e .

The r a t e  o f  e l e c t r o n  t r a n s f e r  on f u r t h e r  developm ent becomes 

dependen t on th e  i n t e r -  and in t r a m o l e c u l a r  v i b r a t i o n s ,  by g iv in g  an 

en e rg y  w id th  to  th e  e l e c t r o n i c  s t a t e s .  I n  a d e s c r i p t i o n  an a lo g o u s  to
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t h a t  o f  th e  F o r a t e r  t r e a tm e n t  o f  e x c i t a t i o n  t r a n s f e r , 17’ 18 t h i s  r a t e  

can be  e x p re s s e d  by:

k£b -  (27r/h)lTa b ( r ) | 2O a <E) V < E>dE (9)

w ith  Tab a f u n c t i o n  o f  th e  d i s t a n c e ,  r ,  o f  s e p a r a t i o n  betw een s i t e s  a 

and b .  The te rm s  Da (E) and D|j(E) a r e  th e  e l e c t r o n  removal and 

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

Assuming th e  c u r v a t u r e  o f  th e  wave f u n c t i o n s  (ka and kb ) a r e  th e  same 

w i th  o r  w i th o u t  th e  e l e c t r o n ,  Dg (E) and Dt,(E) b e in g  a l s o  G aussian  shaped 

f u n c t i o n s ,  th e  r a t e  e q u a t io n  i s  r e s t a t e d  a s :

kab = (2f:/h) |Ta b ( r )  | 2 (2TTh2) -l3e - ( Ea “ Eb " A) 2/2 o 2 (10a)

where

O2 = (ka q | / 2 ) k BTa c o th (T a /2T) + (kbq 2/ 2 ) k BTbc o th (T b /2T) (10b)

and

A = k a q | / 2  + kbq £ /2  (10c)

w i th  qa and qb b e in g  th e  n u c l e a r  c o o r d in a t e s  and kg i s  th e  Boltzmann 

c o n s t a n t .  The v i b r o n i c  c o u p l in g  p a ra m e te r  i s  d e f in e d  by A, and T i s  

th e  t e m p e ra tu re  i n  d eg ree s  K e lv in ,  w i th  kgTa (kgTb ) b e in g  th e  en e rg y  

s e p a r a t i o n  be tw een  n u c l e a r  harm onic o s c i l l a t o r  s t a t e s  f o r  s i t e  a ( b ) .

At h ig h  te m p e ra tu re  t h i s  r a t e  becom es:

kab = (2ir/h) |Tab ( r )  | 2 (4TTkBTA)-lle - ^Ea Eb ~ A)2/4kgT m )

In  such  a  t r e a tm e n t ,  t h e  e l e c t r o n  t r a n s f e r  o c c u rs  from one v ib r o n i c  

s t a t e  o f  a to  a n o th e r  s t a t e  o f  b ,  th e  v i b r a t i o n a l  form b e in g  t h a t  o f  a  

harm onic  o s c i l l a t o r .  The v i b r a t i o n a l  p o t e n t i a l  e n e rg y ,  ^kq2 , r e l a t e s  

k and q as  th e  f o r c e  c o n s t a n t  and d is p la c e m e n t  from e q u i l i b r i u m  

n u c l e a r  p o s i t i o n ,  r e s p e c t i v e l y .  The tu n n e l in g  m a t r ix  e lem en t i s  f u r t h e r  

app ro x im ated  by:
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which i s  th e  tt r e so n an ce  i n t e g r a l  f o r  ca rbon  a tom s, each  i n  an a ro m a t ic  

m o lecu le ,  w i th  (NgN^) ^ b e in g  a n o r m a l iz a t io n  f a c t o r  o f  Na and atoms 

i n  c o n ta c t  th ro u g h  one " e d g e " .  The s e p a r a t i o n  betw een edge atoms i s  

th e n  r .  T h is  it r e so n a n c e  i n t e g r a l  i s  u sed  as  an a p p ro x im a t io n  to  

comply w i th  th e  cytochrom e sys tem s i n v e s t i g a t e d .

R ates  a r e  rep ro d u ced  in  t h i s  t r e a tm e n t  from 60 to  300 K f o r  the  

e l e c t r o n  t r a n s f e r  from a cytochrom e to  c h lo r o p h y l l  i n  C hrom atium ,19,20

i n  which th e  p a r a m e te r s ,  Eq -  E^ = 0 .0 5  eV, A = 1 .0  eV, and |Ta ^j =
mm I O

4 x 10“ 4 eV, g iv e s  a t r a n s f e r  d i s t a n c e  be tw een  heme groups o f  8 A. In  a 

s i m i l a r  t r e a tm e n t  w i th  Rhodopseudomonas g e l a t i n o s a ,  a l s o  in v o lv in g  

e l e c t r o n  t r a n s f e r  v i a  cy toch rom es ,  Ea -  E^ = 0 .2 5  eV ,21 w i th  Tfl = T^ =

350 K, A = 0 .9  eV and , [Ta ^ |  = 1 x 10-4  eV w hich g iv e s  th e  t r a n s f e r
O

d i s t a n c e  as  11 A.

P r e v io u s ly ,  most c o r r e l a t i o n s  have been  b a se d  s o l e l y  on t h e o r e t i c a l  

c a l c u l a t i o n s .  James Chien j u s t  r e c e n t l y  com ple ted  an e l e c t r o n  t r a n s f e r  

s tu d y  in v o lv in g  b i o l o g i c a l  m o lecu le s  i n  s o l u t i o n . 4 In  t h i s  t r e a tm e n t ,  

e x p e r im e n ta l ly  o b ta in e d  k i n e t i c  d a t a  were found to  be i n  good 

agreem ent w i th  th e  t h e o r e t i c a l  r a t e  c o n s ta n t s  p r e d i c t e d  by H o p f ie ld  

th e o ry .  By u s in g  m e ta l  s u b s t i t u t e d  h e m o p ro te in s ,  th e  o x id o re d u c t io n s  

o f  an i r o n  heme and a m e t a l - s u b s t i t u t e d  heme was fo l lo w e d .

T rea tm en t o f  such  a  sy s tem  was ex te n d e d  to  d e s c r ib e  b im o le c u la r  

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

a v e ra g in g  th e  r a t e  as a  f u n c t io n  o f  d i s t a n c e  o v e r  p r o b a b i l i t y  

d i s t r i b u t i o n  o f  g e o m e tr ie s ,  w here th e  r e l a t i v e  l o c a t i o n  o f  donor and



a c c e p to r  v a r i e s  w i th  t im e .  N e g le c t in g  a p a r t i c u l a r  geom etry f o r  

e l e c t r o n  t r a n s f e r ,  th e  b im o le c u la r  r a t e  becom es : 2 2

k£b = 6 .0 2 3  x 1 0 - ^ b (27TX3r/R p )  (13)

w here X i s  th e  c h a r a c t e r i s t i c  decay c o n s ta n t  d e f in e d  by * s ( l /0 .7 2 )  =
O

0 .7  A. The s e p a r a t i o n  betw een i n t e r a c t i n g  p r o t e i n s  i s  g iv e n  by Rp. 

A c t i v a t i o n  p a ra m e te rs  were shown to  be :

AH+ = (Ea -  Eb -  A)2/4  -  3RT/2 . (14)

r 2 .3 8  x 10“ 2 / 2^X3 r v , , \  i?-, __4S+ -  R ln (  j - j  (— ) + |Ta b |2 ]  -  3R/2 (15)

The d a t a  u sed  by Chien f o r  com parisons betw een th e o ry  and o b se rv ed  

v a lu e s  was ta k e n  from th e  l i t e r a t u r e  when a v a i l a b l e .  These v a lu e s  

in c lu d e d  m id p o in t  p o t e n t i a l s ,  v ib r o n i c  c o u p l in g  p a r a m e te r s ,  and d i s t a n c e  

o f  c l o s e s t  app roach  by x - r a y  s t r u c t u r a l  d a t a .  When x - r a y  d a t a  was n o t  

a v a i l a b l e ,  sp ace  f i l l i n g  models w ere used to  e s t i m a t e  th e  t o t a l  

d i s t a n c e .  When r a t e s  were found to  be in d e p e n d e n t  o f  i o n i c  s t r e n g t h  

th e n  k 11 = k“ ; o th e rw is e ,  e q u a t io n  (13) was c o r r e c t e d  t o  a l lo w  f o r  

co lum bic i n t e r a c t i o n s .  T h is  was c o r r e c t e d  u s in g  Marcus th e o ry  i n  which 

k“  i s  found from k^ by th e  fo l lo w in g  r e l a t i o n s h i p :

InR - -  +  3 . 5 8 1 - f ^  +  < « . ,

k  = 0 . 329yljA“ 1 (16b)

In  t h i s  t r e a tm e n t ,  th e  v a lu e s  o f  ( th e  f u l l  r a d iu s  o f  th e

m o lecu le  o r  th e  " a c t i v e - s i t e "  r a d iu s )  and Z (Zh) (between th e  t o t a l
a

c h a rg e s  deduced from amino a c i d  sequence  o r  th e  " a c t i v e - s i t e "  c h a r g e ) , 

a r e  n o t  so s t r a i g h t f o r w a r d l y  o b ta in e d .  The " a c t i v e - s i t e "  t r e a tm e n t  was 

most c o n s i s t e n t  w i th  r a t e s  e x t r a p o l a t e d  to  i n f i n i t e  i o n i c  s t r e n g t h .

These r e s u l t s  a r e  summarized i n  T ab le  I I .
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Table II. Rate Comparisons Between Theory and Experimental - From J.C.W. Chien Reference.

E le c t ro n  Donor, a E le c t ro n  A ccep to r ,  I> k '
20
obs k°“c a lc

AH=j= 
obs c a lc

-AS=}= 
obs c a lc

Fec y tc Fe cytc"*" 8 . 1 X 1 0  3 1 . 2 X 1 0  4 7.0 4 .9 17 23

F e cy tc ^ ^ 5 5 1
4 .9 X 1 0  4 1 .4 X 1 0 4 1 2 5 .1 -1 2 .4 23

Fec y t c 55i F e cy tc+ 4 .9 X 1 0  4 2 . 1 X 1 0 ^ 1 2 5 .1 -1 2 .4 23

C° c y tc F ec y tc + 8 .3 X 1 0  3 9 .6 X 1 0  3 2 .3 3 .7 33 23

Fec y tc Fe(CN)6 3- 4 .0 X 1 0  6 2 .9 X 1 0  6 2 3 .1 2 1 19

F ec y t c 2
Fe(CN)6 3' 5 .6 X 1 0  5 4 .9 X 1 0  5 11 .4 3 .7 - 1 . 8 19

FeCCNJe4- Fec y t c 2+ 2 . 2 X 1 0  3 1 .7 X 1 0  3 5 .2 6 . 2 1 0 . 2 19

Fe (EDTA)2" F e c y t c 2 2 . 1 X 1 0  4 1 . 6 X l o " 6 . 0 3.4 2 0 26

Cocy tc Fe (EDTA) ” 46 45 4 .2 5 .0 36 31

c y tc PM*- 5 .2 X 1 0  4 1 . 1 X 1 0  5 6 .3 5 .4 18 18

in d e p e n d e n t  o f  I o n ic  s t r e n g t h ,  o th e rw is e  k obs was c o r r e c te d  to  i n f i n i t e  i o n i c  s t r e n g t h ,  

k = M *s- 1 ; AĤ  = k c a l /m o le ;  AS^ = eu



Prom t h i s  d a t a ,  th e  r a t e s  a r e  i n  good ag reem en t w i th  th o s e  

p r e d i c t e d  by H o p f i e l d ' s  th e o ry  o f  v i b r o n i c a l l y  co u p led  e l e c t r o n  

tu n n e l in g .  I t  s h o u ld  a l s o  be m entioned  t h a t  t h e  a c t i v a t i o n  p a ra m e te rs  

were i n  good a g ree m en t ,  w i th  th e  e x c e p t io n  o f  t h r e e  c a s e s .  Chien 

s u g g e s t s  t h a t  th e  d e v i a t i o n s  r e s u l t  from some co n fo rm a tio n  change o f  

one o r  b o th  p r o t e i n  m o le c u le s .

T unn e lin g  mechanisms have been  p o s t u l a t e d  to  d e s c r ib e  e l e c t r o n
O

t r a n s f e r  a t  d i s t a n c e s  o f  40 A. L ik e w ise ,  e x p e r im e n ta l  s u p p o r t  now 

e x i s t s  f o r  tu n n e l in g  a t  d i s t a n c e s  as  s h o r t  as  4 A .  I t  i s  th e  purpose  

o f  t h i s  s tu d y  to  h e lp  d e te rm in e  a t  what d i s t a n c e s  betw een redox  c e n t e r s  

t h a t  a  p a r t i c u l a r  mode o f  e l e c t r o n  t r a n s f e r  d o m in a te s .  Such an 

e x p e r im e n t  r e q u i r e s  a  s y s t e m a t i c  s e p a r a t i o n  o f  redox  c e n t e r s  by 

p r o g r e s s i v e l y  l a r g e r  d i s t a n c e s  th rough  a s a t u r a t e d  l i g a n d  sys tem  in  

w hich d i s t a n c e s  a r e  w e l l  d e f in e d  and s t a t i c  th ro u g h o u t  th e  e l e c t r o n  

t r a n s f e r  p r o c e s s .  The r a t i o n a l  to  t h i s  s y s t e m 's  d e s ig n  f o l lo w s .

C. C h a r a c t e r i s t i c s  o f  th e  Model System

The sy s tem  so chosen  f o r  t h i s  i n v e s t i g a t i o n  c o n s i s t s  o f  a 

s u b s t i t u t i o n  i n e r t  ru th en iu m  com plex, and a  s u b s t i t u t i o n  i n e r t  c o b a l t  

com plex, each  b e in g  f i x e d  a t  chosen  s i t e s  on a s e r i e s  o f  c h o le s t a n e  

d e r i v a t i v e s .  Each c o m p le x -c h o le s ta n e  d e r i v a t i v e  may a l s o  be c o v a l e n t l y  

bound to  a t r e a t e d  s i l i c a  g e l .  T h is  sy s tem  i s  diagrammed i n  F ig u re  3.

In  such a l i g a n d  sy s tem , two m e ta l  atoms can  be bound a t  w e l l  

d e f in e d  d i s t a n c e s ,  a s  th e  c h o l e s t a n e  system  i s  r i g i d .  The c h o ic e  o f  a  

s a t u r a t e d  sy s tem  l i k e w is e  p r e c lu d e s  any l i k e l i h o o d  o f  i n n e r - s p h e r e  

t r a n s f e r  o f  an  e l e c t r o n .  The number o f  e x i s t i n g  c h o le s t a n e  d e r i v a t i v e s  

a l s o  p ro v id e s  a  wide c h o ic e  of p o s i t i o n s  f o r  m e ta l  b in d in g ,  and 

c o n s e q u e n ta l ly  a range  o f  d i s t a n c e s .
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F ig u re  3. Diagram D e p ic t in g  th e  Systems Chosen fo r  t h i s  I n v e s t i g a t i o n .

A = -CH3  B = O ther -NH2  s i t e s  a v a i l a b l e
= -CH2 CH2-S iE  f o r  m e ta l  b in d in g .
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F ig u re  4 .  Diagram D ep ic t in g  the  K in e t ic  Scheme f o r  t h i s  I n v e s t i g a t i o n .
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The m e ta ls  o f  c h o ic e  a r e  s u b s t i t u t i o n  i n e r t .  Both ru th en iu m  ( I I )

and (E l)  a r e  s u b s t i t u t i o n  i n e r t .  The c o b a l t  (HI) s i t e  i s  a l s o  i n e r t

to  s u b s t i t u t i o n .  Once th e  Co(EL) complex h as  been  reduced  to  C o ( I I )  a 

l a b i l e  s p e c ie s  i s  p ro d u ced .  T h is  l a b i l i t y  may be u t i l i z e d  by m o n i to r in g  

th e  C o ( I I )  s p e c i e s  formed w i th  th e  a id  o f  a  c o l o r i m e t r i c  r e a g e n t ,  o r  by 

c o n d u c t i v i t y  m easurem ents .

The i n i t i a l  s t a t e  o f  th e  b i m e t a l l i c  complex In v o lv e s  Ru(EI) and

C o(IE ) .  I n h e r e n t  i n  t h i s  sy s tem  i s  th e  s e l e c t i v e  c o n t r o l  o f  i n i t i a t i n g

r a p i d  r e d u c t io n  o f  one o f  th e  m e ta l  atoms o v e r  th e  o t h e r .  The Ru(EE) 

i s  f i r s t  red u ce d  r a p i d l y  by a s e p a r a t e  s p e c ie s  (eg .  Eu2+ o r  Ru(NH3) 62+) .  

Once t h i s  i s  done, th e  r a t e  o b se rv ed  i s  th e  t r a n s f e r  o f  t h i s  reduced  

m e ta l  a to m s 's  e l e c t r o n  (Ru2"*") to  th e  o th e r  m e ta l  atom (Co3+) . The 

c h o ice  o f  Co(IE) i n  th e  s t a r t i n g  complex i s  c o n v e n ie n t  s in c e  r e d u c t io n  

i s  s low  compared to  t h a t  o f  Ru(EL ) . 2 3 » 2 4 > 2 5  A h ig h  Franck-Condon 

b a r r i e r  f o r  i n n e r - s p h e r e  re a r ra n g e m e n t  e x p l a in s  t h i s  o b s e r v a t i o n . 2 6 » 2 7 » 2 8  

The R u ( I I )  th e n  red u ce s  th e  Co(EL) s i t e  i n t r a m o l e c u l a r l y .  See F ig u re  

4 f o r  s c h e m a t ic s .

F i n a l l y ,  a t t a c h i n g  th e  complex to  a g e l  p ro v id e s  two a d v a n ta g e s .  

F i r s t ,  a s  th e  o x i d a n t - r e d u c t a n t  s i t e  s e p a r a t i o n  i n c r e a s e s ,  th e  r a t e  o f  

i n t r a m o l e c u la r  e l e c t r o n  t r a n s f e r  f o r  n o n a d ia b a t i c  b e h a v io r  shou ld  

r a p i d l y  d e c r e a s e .  T h is  i n c r e a s e s  th e  p o s s i b i l i t y  o f  a b im o le c u l a r ,  

i n t e r m o l e c u l a r  e l e c t r o n  t r a n s f e r  to  compete w i th  th e  in t r a m o l e c u la r  

t r a n s f e r  o f  i n t e r e s t .  F ix in g  th e  complex to  th e  g e l  w i l l  p r e v e n t  such  

a c o m p l ic a t io n .

One o t h e r  c o m p l ic a t io n  i s  th e  p o s s i b i l i t y  o f  th e  fo l lo w in g  r e a c t i o n ,  

w hich was o bserved  i n  a s i m i l a r  sy stem  s t u d i e d  by I s i e d  and T aube : 2 2
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Ru(II)L C o(U I) + Ru(HE)L -> R u ( I I )L  + Ru(m)LCo (HI) (17)

Such a  c o n d i t i o n  i s  once a g a in  av o id ed  by a t t a c h i n g  th e  r e a c t i v e  

s p e c i e s  t o  a  g e l  s in c e  th e  Ru(IH)L p ro d u c t  formed w i l l  be p re v e n te d  

from go ing  i n t o  s o l u t i o n .

In  t h i s  s e r i e s  o f  r e a c t i o n s ,  th e  n a t u r e  o f  t h e  f i r s t  c o o r d in a t io n  

s p h e re  ab o u t  th e  m e ta l  atom w i l l  rem ain  c o n s t a n t ;  t h e r e f o r e ,  AG=ft r a n s , 

A G ^n and AG„/2 w i l l  n o t  appea r  i n  t h i s  t r e a tm e n t  as  c o n t r i b u t i n g  

f a c t o r s  i n  r a t e  com paresons. The r a t i o  o f  r a t e s ,  i f  Marcus ty p e  

b e h a v io r  d o m in a te s ,  w i l l  be a f u n c t i o n  o f  d i s t a n c e  (due to  d i f f e r e n t  

o u t e r - s p h e r e  r e o r g a n i z a t i o n  e n e r g i e s  d e s c r ib e d  by e q u a t io n  ( 6 ) ) .  In  a 

Marcus t r e a t m e n t ,  t h e  coulom bic  work te rm  as  shown i n  e q u a t io n s  ( 8 a )  and 

( 8 b) a l s o  h a s  a  d i s t a n c e  dependence w hich  would n o rm a l ly  c o n t r i b u t e  to  

th e  r a t e  a s  s e e n  i n  e q u a t io n  (4 ) .  For i n t r a m o l e c u l a r  r e a c t i o n s ,  o f  

th e s e  com plexes , t h e r e  sh o u ld  be no cou lom bic  work a s  d i s t a n c e  i s  

i n c r e a s e d  betw een r e a c t i o n  c e n t e r s .  A d ia b a t i c  e l e c t r o n  t r a n s f e r  r a t e s  

o f  t h e s e  system s sh o u ld  i n c r e a s e  w i th  i n c r e a s i n g  s e p a r a t i o n  due to  

e l e c t r o s t a t i c  c o n s i d e r a t i o n s .  See F ig u re  5 .

A c t i v a t i o n  p a ra m e te r s  f o r  t u n n e l in g  r e a c t i o n s  can be t r e a t e d  

s i m i l a r l y  to  th e  method o f  C hien . The f u n c t i o n a l  form o f  |Ta ^ ( r ) |  

i n  t h i s  t r e a tm e n t  i s  d e te rm in e d  by an  e x p o n e n t i a l  d e c re a s e  as  o x id a n t -  

r e d u c t a n t  s e p a r a t i o n  i n c r e a s e s .  The s lo p e  o f  such  a d e c r e a s e  would 

depend g r e a t l y  on th e  e x p o n e n t i a l  f u n c t i o n  o f  th e  t u n n e l in g  m a t r ix  

e le m e n t .  (See a l s o  F ig u re  5 ) .

The d i s c r i p t i o n  o f  th e  s y n t h e s i s  o f  two s t e r o i d  d e r i v a t i v e s  and a 

g e n e r a l i z e d  s y n t h e t i c  scheme which may be  a p p l i e d  to  b o th  f r e e  io n  and 

s i l i c a  bound forms o f  th e s e  b i m e t a l l i c  com plexes f o l lo w s .  I n i t i a l
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Figu re  5. T h e o r e t i c a l  P r e d ic t i o n  o f  R a tes  a s  a F u n c tio n  o f  D is tan ce
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k i n e t i c  s t u d i e s  w ere perfo rm ed  to  t e s t  th e  s c h e m a tic  sequence  d i a ­

grammed i n  F ig u re  4 . T h is  t h e s i s  sh o u ld  be viewed as a  p r e l i m i n a r y  

s tu d y  s in c e  th e  co m p lex ity  o f  such  an i n v e s t i g a t i o n  r e q u i r e s  many 

a p p ro a c h e s .  T h is  work r e p r e s e n t s  th e  b e g in n in g  o f  a  s e r i e s  d e d i c a te d  to  

th e  tho rough  s tu d y  o f  e l e c t r o n  t r a n s f e r  as  a f u n c t io n  o f  d i s t a n c e .
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CHAPTER 2 

EXPERIMENTAL

A. M a te r i a l s

The m a t e r i a l s  used  i n  t h i s  i n v e s t i g a t i o n  a r e  l i s t e d  i n  T ab le  I I I .  

A l l  ch e m ic a ls  used  w ere r e a g e n t  g r a d e ,  u n le s s  o th e rw is e  s p e c i f i e d .  

S e v e ra l  o f  th e  s o l v e n t s  used  were f u r t h e r  t r e a t e d  from th e  r e a g e n t  

g rad e  s to c k .

T r i f l u o r o m e th a n s u l f o n ic  a c i d  was f r a c t i o n a l l y  d i s t i l l e d  u s in g  a 

V i t r o  g la s sw a re  s e t  up.

T e t r a h y d ro fu ra n  was p u r i f i e d  by r e f l u x i n g  a ,5% s u sp e n s io n  o f  

CuCl i n  t e t r a h y d r o f u r a n  f o r  30 m in u te s ,  fo l lo w e d  by d i s t i l l i n g .  T h is  

was a g a in  r e f l u x e d  w i th  sodium m e ta l ,  th en  w i th  l i t h i u m  aluminum 

h y d r id e ,  fo l lo w ed  by d i s t i l l a t i o n  o v er  m o le c u la r  s i e v e s . 2 9

Xylene was f i r s t  p u r i f i e d  i n  a s e p a r a t o r y  fu n n e l  by w ashing  

w i th  c o n c e n t r a te d  H2 SO4  u n t i l  th e  y e l lo w  c o l o r  was no lo n g e r  d e t e c te d  

i n  th e  a c i d  l a y e r .  I t  was th e n  d r i e d  o v e r  phosphorous  p e n to x id e  and

2  Qd i s t i l l e d  o v e r  m o le c u la r  s i e v e s .  J

A cetone was f r a c t i o n a l l y  d i s t i l l e d  from p o ta ss iu m  perm anganate  and 

s t o r e d  o v er  m o le c u la r  s i e v e s .

Some o f  th e  compounds used i n  th e  s y n t h e s i s  and k i n e t i c  i n v e s t ­

i g a t i o n s  w ere a l s o  p r e p a re d  from r e a g e n t  g rad e  a n d /o r  p u r i f i e d  

p r e c u r s o r s .

Ba(CF 3 SO^)2 . Ten grams o f  BaC03  were suspended  i n  100 ml o f  w a te r .  

C o n c e n tra te d  CF3 S03H was added drop by drop  w i th  v ig o ro u s  s t i r r i n g  and 

warming u n t i l  th e  s o l u t i o n  c l e a r e d .  Powdered BaC03  was added u n t i l  no 

f u r t h e r  f i z z i n g  was o b s e rv e d .  T h is  s o l u t i o n  was f i l t e r e d ,  and th e  

s o lv e n t  e v a p o ra te d  u s in g  a  r o t a r y  e v a p o r a to r .
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T ab le  I I I .  M a te r i a l s  

A c e t ic  Acid 

A cetone 

A c e t o n i t r i l e  

A lum ina(80-200 mesh)

Ammonium A c e ta te  

Ammonium C arbona te  

A m m onium  H ydroxide 

Andros ta n o lo n e  

A r g o n ( p re p u r i f ie d  g rade )  

A sc o rb ic  Acid 

Barium C arbona te  

C henodeoxycholic  Acid 

Chloroform  

Chromic P e r c h l o r a t e  

Chromium Oxide 

C o b a l t  C arbona te  

C oba l tous  C h lo r id e  

Cuprous C h lo r id e  

Cyclohexanone 

D im ethyl S u l fo x id e  

E th a n o l (95%)

E th a n o l ( a b s o lu te -G o ld  S h ie ld )  

E t h e r (anhy d ro u s )

Europium Oxide 

F lu o ro c h e m ic a l  Acid

F i s h e r

F i s h e r

F i s h e r

F i s h e r

F i s h e r

F i s h e r

F i s h e r

A ld r ic h

Union C arb ide

A ld r ic h

F i s h e r

A ld r ic h

F i s h e r

F r e d e r i c k  Smith Co.

A lfa

A lfa

F i s h e r

M a l l in c k ro d t

Eastman

F is h e r

F i s h e r

IMC Chem ical Group

F i s h e r

A lfa

F lu o ra d
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H y d ro c h lo r ic  Acid F i s h e r

Hydrogen P e r o x id e (30%) F is h e r

L i th iu m  Aluminum H ydride A lfa

L u b r i s e a l A r th u r  H. Thomas Co.

M ercu r ic  C h lo r id e F i s h e r

M ercury M e t a l ( t r i p l e  d i s t i l l e d ) A r th u r  H. Thomas Co.

4 , 4 -d ia m in o d ic y c lo h e x y lm e th a n e P f a l t z  & Bauer

M ethanol F i s h e r

4 - m o r p h o l in e e th a n e s u l f o n ic  Acid A ld r ic h

N i t r o g e n ( p r e p u r i f i e d  g rad e ) Union C arb ide

T r im e th y lo r th o fo rm a te A ld r ic h

P e r c h l o r i c  Acid F i s h e r

Phosphorous P e n to x id e F i s h e r

P o ly a c ry la m id e  G e l(B io -G e l  P - 2 ,  100-200 mesh) Bio-Rad

P o ta s s iu m  Perm anganate Merck

P o ta s s iu m  T h io cy n a te F i s h e r

Resin(AG 2-X8, 50-100 mesh, c h l o r i d e  form) Bio-Rad

Ruthenium Hexammine T r i c h l o r i d e M atthey  Bishop In c .

S i e v e s (3 A) D avison

p - T o lu e n e s u l f o n ic  A cid ,  Monohydrate Baker

T r i m e th y l c h lo r o s i l a n e P e t r a r c h  Systems In c

H e x a m e th y ld is i la z a n e P e t r a r c h  Systems Inc

S i l i c a  G e l (60-200 mesh) D avison

6 - T r l c h l o r o s i l y l - 4 - e t h y l p y r i d i n e P e t r a r c h  Systems Inc

Sodium A c e ta te F i s h e r

Sodium B i s u l f i t e F i s h e r
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Sodium C arbonate F i s h e r

Sodium C a rb o x y la te F i s h e r

Sodium C yanoborohydride F i s h e r

Sodium H ydroxide F i s h e r

Sodium M eta l A lfa

Sodium S u l f a t e F i s h e r

T e t r a h y d ro fu ra n F is h e r

Xylene F i s h e r

Z inc M e t a l ( g r a n u l a r ,  20 mesh) F i s h e r

Z inc M etal(m ossy) Baker
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Sodium t o s y l a t e .  Twenty grams o f  p - t o l u e n e s u l f o n i c  a c id  w ere 

t r e a t e d  w i th  sodium h y d ro x id e  u n t i l  th e  pH tu r n e d  b a s i c .  C r y s t a l l i n e  

t o l u e n e s u l f o n i c  a c i d  was a g a in  added u n t i l  th e  pH j u s t  tu rn e d  a c i d i c .  

T h is  s o l u t i o n  was ta k e n  to  d r y n e s s .  The re m a in in g  p ro d u c t  was d r i e d  

o v e r n ig h t  a t  70°C i n  a  vacuum oven .

E u 2 +  s o l u t i o n s .  One h a l f  h o u r  p r i o r  to  i n i t i a t i o n  o f  th e  k i n e t i c  

r u n s ,  7 mg o f  Eu2 0 3  w ere w e ighed ,  added to  5 ml o f  a  2 .25  x 10~ 2  M 

HC1 s o l u t i o n ,  th e n  h e a t e d  and s t i r r e d  u n t i l  d i s s o l v e d .  T h is  s o l u t i o n  

was d i l u t e d  t o  1 0  m l, and poured  o n to  a z in c  amalgam and p la c e d  on th e  

a rg o n  l i n e  equ ipped  w i th  a  chromous b u b b le r .

Chromous b u b b le r .  A 0 .2  M chrom ic s o l u t i o n  was p re p a re d  from 

chrom ic p e r c h l o r a t e  and 0 .5  M HCIO^. M eanw hile , 70 g o f  mossy z in c  

w ere added to  a  4 M HClOi, s o l u t i o n .  A f t e r  th e  m ix tu re  had bubb led  

v ig o r o u s ly  f o r  s e v e r a l  m in u te s ,  th e  l i q u i d  was d e c a n te d ,  th e  z in c  was 

r i n s e d  w i th  w a te r ,  and d r i e d  on a  p a p e r  to w e l .  To 75 ml o f  a  s a t u r a t e d  

HgCl2  s o l u t i o n ,  30 g o f  th e  c le a n e d  z in c  w ere added , and a l low ed  to  

s ta n d  f o r  a h a l f  h o u r .  The amalgam was c o l l e c t e d ,  d r i e d ,  and p la c e d  

i n t o  a  gas  d i s p e r s i o n  b o t t l e  c o n t a in in g  250 ml o f  th e  chrom ic s o l u t i o n .  

T h is  s o l u t i o n  was bubb led  w i th  a rg o n  u n t i l  a  sky  b lu e  s o l u t i o n  was 

o b s e rv e d ,  th e n  th e  tow er i s  re a d y  f o r  u s e . 3 0

4 ,4 -d ia m in o d ic y c lo h e x y lm e th a n e .  The brown waxy s o l i d  was d i s s o lv e d  

i n  a  minimum amount o f  m e th a n o l .  D i s t i l l e d  w a te r  was th e n  added d ro p -  

b y -d ro p  u n t i l  no f u r t h e r  p r e c i p i t a t i o n  o f  th e  w h i te  s u s p e n s io n  was 

o b se rv e d .
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F ig u re  6 . I n e r t  G as l in e  A p p ara tu s .
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B. Synthesis
Organic Compounds
M ethyl 3 a ,7 a - d ih y d r o x y - 5 6 - c h o la n a te

To 50 ml o f  f r e s h l y  d e s t i l l e d  m e th a n o l ,  3 ml of c o n c e n t r a te d  HC1 

and 5 g o f  3 a ,7 a - d ih y d r o x y - 5 8 - c h o la n ic  a c i d  (ch en o d e o x y ch o lic  a c id )  

w ere added . T h is  s o l u t i o n  was r e f lu x e d  f o r  one h a l f  h o u r ,  and co o led  

to  room te m p e ra tu r e .  A f t e r  c o o l in g ,  10 ml o f  w a te r  w ere added , and the  

s o l u t i o n  was e v a p o ra te d  u n t i l  a  p r e c i p i t a t e  was o b s e rv e d .  A no ther 40 ml 

o f  w a te r  were added .  Two p e l l e t s  o f  NaOH w ere added , and th e  s o l u t i o n  

was e x t r a c t e d  w i th  c h lo ro fo rm .  The ch lo ro fo rm  l a y e r  was saved  and the  

e s t e r  was c o l l e c t e d  by e v a p o r a t in g  t h i s  l a y e r .

M ethyl 3 , 7 -d ik e to - 5 B - c h o la n a te

A s o l u t i o n  o f  4 g o f  C r0 3  i n  15 ml o f  w a te r  was f i r s t  p r e p a re d .

S ix  grams o f  th e  m e thy l d ih y d ro x y c h o la n a te w e re  d i s s o lv e d  i n  15 ml o f  

g l a c i a l  a c e t i c  a c i d .  A few m i l l i l i t e r s  o f  g l a c i a l  a c e t i c  a c id  were added 

to  th e  C r0 3  s o l u t i o n  fo l lo w e d  by th e  d ro p -b y -d ro p  a d d i t i o n  o f  the  

c h o la n a te  s o l u t i o n .  A deep brown s o l u t i o n  soon r e s u l t e d .  The s o l u t i o n  

was s t i r r e d  f o r  15 m in u tes  a f t e r  th e  l a s t  a d d i t i o n  o f  c h o la n a te  s o l u t i o n  

had  been  made. Water was added to  p r e c i p i t a t e  th e  p r o d u c t .  The p ro d u c t  

was d i s s o lv e d  i n  m e thano l and r e p r e c i p i t a t e d  w ith  w a te r .

M ethyl 3 a ,7 a -d ia m in o -5 B -c h o la n a te

S ix  grams o f  th e  d ik e to c h o la n a t e  w ere added to  50 ml o f  m ethano l 

fo l lo w ed  by 1 6 .2  g o f  ammonium a c e t a t e ,  and 4 g o f  NaBH3 CN. T h is  was 

s t i r r e d  f o r  48 h o u r s .  The p ro d u c t  was e x t r a c t e d  i n t o  ch lo ro fo rm  and 

was c o l l e c t e d  by e v a p o r a t in g  th e  d r i e d  c h lo ro fo rm  l a y e r .
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3ct, 7 a - d ia m in o -5 3 -c h o la n -2 4 -o l

D ried  t e t r a h y d r o f u r a n  was used  to  d i s s o l v e  4 g o f  th e  d ia m in o -  

c h o l a n a te .  Two grams o f  l i t h i u m  alum inium  h y d r id e  w ere added to  a n o th e r  

30 ml p o r t i o n  o f  THF. The c h o la n a te  s o l u t i o n  was s lo w ly  added to  the  

LAH s o l u t i o n ,  and th e  m ix tu re  was l e f t  to  s t a n d  f o r  two h o u r s .  W ater 

was added a few d ro p s  a t  a  tim e to  th e  r e a c t i o n  s o l u t i o n  u n t i l  th e  

s o l u t i o n  c l e a r s  and th e  p r e c i p i t a t e  s e t t l e d  to  th e  bo ttom  o f  th e  f l a s k .  

The f l a s k  was k e p t  i n  an  i c e  bach  d u r in g  t h i s  p ro c e d u re .  A f t e r  

f i l t e r i n g ,  th e  s o l u t i o n  was d r i e d  w i th  Na2 S0 l+ and th e n  ta k e n  to  d ry n e s s .

3 . 1 7 - d ik e to - 5 a - a n d r o s  ta n e

T h is  compound was p re p a re d  from a n d ro s ta n o lo n e  by th e  same methods 

d e s c r ib e d  f o r  th e  m ethy l 3 , 7 - d ik e to - 5 3 - c h o l a n a t e  s y n t h e s i s .

3 . 1 7 -d io x im e -5 a -a n d ro s  ta n e

An aqueous s o l u t i o n  o f  150 mg o f  h y d ro x y l  amine hydrogen  c h l o r i d e  

and 2 0 0  mg o f  sodium a c e t a t e  was p r e p a r e d ,  to  w hich 1 0 0  mg o f  the  

d ik e to a n d r o s ta n e  w ere added . Enough e th a n o l  was added to  make a c l e a r  

s o l u t i o n .  T h is  s o l u t i o n  was r e f lu x e d  f o r  5-6  h o u r s .  Excess e th a n o l  

was d i s t i l l e d  o f f  and th e  w h i te  c r y s t a l l i n e  p ro d u c t  was f i l t e r e d  and 

d r i e d .

33 ,17  6 -d ia m in o -5 a -a n d ro s  ta n e

To a  r e f l u x i n g  s o l u t i o n  o f  th e  d ioxim e (100 mg) i n  i s o p r p o a n o l ,

300 mg o f  sodium m e ta l  were added i n  p o r t i o n s .  Water was added to  t h i s  

s o l u t i o n  w hich was th e n  e x t r a c t e d  w i th  c h lo ro fo rm .  E v a p o ra t io n  o f  th e  

CHC13  l a y e r  y i e l d e d  a  w h i te  s o l i d  which was r e c r y s t a l l i z e d  from 

m e th a n o l / e th e r  o r  m e th a n o l /w a te r .
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[ 4 , 4 -d iaam m onium dicyclohexy lm ethane]C l?

Ten grains o f  th e  d ia m in o d icy e lo h e x y lm e th an e  were suspended  i n  

100 ml o f  w a te r .  C o n c e n t ra te d  HC1 was added d ro p -b y -d ro p  w ith  

v ig o ro u s  s t i r r i n g  and wanning u n t i l  th e  s o l u t i o n  c l e a r e d .  T h is  s o l u t i o n  

was ta k e n  to  d r y n e s s ,  and th e  r e s u l t i n g  cake was washed w i th  e t h e r .  

T ab le s  IVA. and  IVB. fo l lo w  w i th  i n f r a r e d  s p e c t r a  a ss ig n m e n ts  f o r  

v a r io u s  o r g a n ic  p r o d u c ts  and s y n t h e t i c  i n t e r m e d i a t e s .
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Table IVA. Some Organic Infrared Assignments.

A ssignm ent 3 , 7dkc 3 ,17dka 3,17kha

CH
S t r e t c h

2969 s 
2947 s 
2870 s

3006 s 
2928 s 
2852 s

3015 s 
2932 s 
2852 m

C=0
S t r e t c h

1735 s 
1710 s

1720 s 
1700 s

1700 s

CH
Bend

1450 m 
1431 m 
1414 m

1508 m 
1466 m 
1442 m 
1413 m

1512 m 
1470 m 
1445 m 
1418 m

T ab le  IVB. Diamine I n f r a r e d  S p e c t r a  A ss ignm en ts .

A ssignm ent pacmCl2 3 , 7dac 3 ,1 7 d aa

NH
S t r e t c h 3440 m(b) 3160 s ( b ) 3300 m(b)

CH
S t r e t c h

2920 s 
2623 w 
2542 w

2980 s 
2860 s 
2320 m 
2168 m

2920 s 
2846 s

NH
Bend

1601 m 1650 m(s) 
1588 m

1590 m(b)

CH
Bend

1488 m 
1444 m 
1352 m

1464 m 
1443 m 
1373 m

1444 m 
1377 m

I n t e n s i t i e s :  w -  weak D e s c r ip t i o n s :
m = medium (b) = b road
s = s t r o n g  (s )  = s h o u ld e r

pacmCl2  = [ 4 , 4 -d iam o n iu m d icy c lo h ex y lm e th an e ]C l 2  

3 ,7 d ac  = 3 a ,7 a - d ia m in o - 5 3 - c h o la n - 2 4 - o l  
3 ,7dkc  = M ethyl 3 ,7 - d i k e to - 5 8 - c h o l a n a t e  

3 ,1 7 d aa  = 3 B ,1 7 8 -d ia m in o -5 a -a n d ro s ta n e  
3 ,1 7 d k a  = 3 ,1 7 -d ± k e to -5 a -a n d ro s ta n e  
3 ,17kha  = A n d ro s tan o lo n e

- 36 -



C o b a l t  Compounds 

[Co(NH,)g (dm so)irC F 3 SO,]^

In  a  method s i m i l a r  t o  t h a t  d e s c r ib e d  by O 'H a l lo ra n  and M a l in , 3 1  

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

was p r e p a re d .  I n f r a r e d '  and NMR s p e c t r a  matched th o se  s p e c t r a  seen  

by O 'H a l lo r a n  and M alin  f o r  t h i s  complex.

[Co (NHQ u ( C F ^ S 0 , ) q ] [ C F ^ S 0 , 1

I n i t i a l l y ,  [Co(NH3 ) i,(H 2 0 )C l]S 0 t+ was p r e p a re d  from CoCl2 *6 H2 0  by 

p r e v io u s l y  d e s c r ib e d  m e th o d s . 3 2  E lem en ta l  a n a l y s i s  was c o n f i r m a ta to r y  

f o r  t h i s  p r o d u c t .  F iv e  grams o f  th e  ch lo ro aq u o te traam m in e  c o b a l t  

complex were th e n  d i s s o lv e d  i n  30 ml o f  anhydrous CF3 SO3 H and a s t e a d y  

s t r e a m  o f  N2  was p a s s e d  th ro u g h  th e  s o l u t i o n  a s  i t  was warmed to  90°C. 

A f t e r  e v o l u t io n  o f  HC1 (m on ito red  w i th  a d i l u t e  s o l u t i o n  o f  AgN03  i n  

a c e to n e )  th e  f l a s k  was co o led  i n  an  i c e  b a t h .  At t h i s  tim e the  gas 

flow  was d i s c o n t in u e d  and 50 ml o f  e t h e r  was added drop by drop w i th  

v ig o ro u s  s t i r r i n g .  F u r th e r  d i l u t i o n  r e s u l t e d  i n  a v i o l e t  s u s p e n s io n ,  

which was t r a n s f e r r e d  to  a capped c e n t r i f u g e  tube  and c e n t r i f u g e d .  The 

p e l l e t s  w ere re su sp en d ed  i n  e t h e r  and a g a in  c e n t r i f u g e d  t h r e e  t im e s .

They were th e n  re su s p e n d e d  and f i l t e r e d  under  vacuum in  a  s i n t e r e d  g l a s s  

f u n n e l .  A f te r  f u r t h e r  e t h e r  w ash es ,  th e  p ro d u c t  was ground i n  a m o r ta r  

and d r i e d  i n  vacuo o v e r  P 2 ^ 5 * T h is  was s i m i l a r  to  p ro c e d u re s  d e s c r ib e d  

by Sargenson  u t i l i z i n g  CF3 SO3 "  a s  a l a b i l e  l i g a n d  f o r  C o (m ) com plexes . 3 3  

[Co <NH? ) „ (H„0) (L) ] [CF-1 SO-1 ] „

A 75 .8  mg sample o f  d ry  [Co(NH3 )^ (C F 3 SO3 ) 2 ] [CF3 S03] was d i s s o lv e d  

i n  10 ml o f  d ry  a c e to n e .  One e q u i v a l e n t  o f  l i g a n d  ( t h r e e  e q u i v a l e n t s  

i n  th e  ca se  o f  4 ,4 -d ia m in o d ic y c lo h e x y lm e th a n e ) , was added to  th e  p u r p le
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a c e to n e  s o l u t i o n .  A c o l o r  change was o b se rv e d  from p u r p le  to  r o s e ,  

a t  w hich p o i n t  th e  s o l u t i o n  was ta k e n  to  d ry n e s s  and d i s s o lv e d  i n  an  

aqueous HC1 s o l u t i o n  a t  pH 4, T h is  s o l u t i o n  was th e n  p a s s e d  th ro u g h  

a P -2  column. The o r a n g is h  f r a c t i o n  was th e n  ta k e n  to  d r y n e s s .  The 

l i g a n d  i s  v e r i f i e d  by th e  s h a rp  CH s t r e t c h  a t  2930 and 2850 cm” 1.
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F igu re  7. Spectrum o f  [Ru(NH3 ) 4 (S O ^)(p ic)]C 1 .
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Ruthenium Compounds 

trans-[R u(N H 3  ), | (S0 2 )C1]C1

The method o f  W ib e r le y 3 4  was u sed .  S u l f u r  d io x id e  was g e n e ra te d  by 

th e  drop by drop a d d i t i o n  o f  8  M H2 SO4  to  a s l u r r y  o f  1 0 0  g o f  sodium 

s u l f i t e .  T h is  s u l f u r  d io x id e  was th e n  b u b b le d  a t  a  c o n t r o l l e d  r a t e  i n t o  

th e  r e a c t i o n  f l a s k .

[Ru(NH3 ) , | (SO,[) ( p i c ) ] C l

T h is  s p e c i e s  was p r e p a re d  by th e  g e n e r a l  p ro c e d u re  d e s c r ib e d  by 

I s i e d . 2 6  A 90 mg sam ple o f  trans-fRuCN H ^J^(S0 2 )C1]C1 was d i s s o lv e d  in  

5 ml o f  w a te r  und er  a rg o n ,  w here a s l i g h t  e x c e ss  o f  y - p i c o l i n e  was added 

drop by drop (3 d r o p s ) .  The a d d i t i o n  o f  80 mg o f  NaHC03  fo l lo w ed  and 

th e  r e a c t i o n  was l e f t  to  s t a n d  f o r  t h r e e  m inu tes  ( u n t i l  b u b b l in g  sub­

s id e d )  . Then fo u r  d ro p s  o f  6  M HC1 w ere added , fo l lo w ed  q u ic k ly  by 

a d d i t i o n  o f  fo u r  d rops o f  30% H2 0 2 . The s o l u t i o n  was th e n  q u ic k ly  

p ou red  in t o  a c e to n e  and p la c e d  i n  a  f r e e z e r  f o r  s e v e r a l  m in u te s .  The 

p ro d u c t  was f i l t e r e d  and washed w i th  a c e to n e  and e t h e r .  The p ro d u c t  

sp ec tru m  i s  shown i n  F ig u re  7. T h is  sp ec tru m  i s  v e ry  s i m i l a r  to  the  

sp ec tru m  o f  tran s -[R u (N H 3 ) 1+(py)SOi+]Cl r e p o r t e d  by Ford , e t  a l . . 3 5  

[Ru(NH3 ) , | ( p ic )  (L) ]Clit

T h is  i s  a  g e n e r a l  s y n t h e s i s  d e v is e d  to  work f o r  a l l  l i g a n d s  used 

i n  th e  c o u rse  o f  t h i s  s tu d y .  In  a  24/40  j o i n t e d  e r le n m ey e r  f l a s k ,

57 mg o f  Ba(CF 3 S0 3 ) 2  and a  s l i g h t  e x c e ss  o f  l i g a n d  (e x c e p t  f o r  th e  case  

u s in g  4 , 4 -d ia m in o d ic y c lo h e x y lm e th a n e  where a  t h r e e  f o l d  e x c e ss  was used) 

was added . These two compounds were th e n  d i s s o l v e d  i n  m e th an o l,  

a f t e r  which a l a r g e  e x c e ss  o f  Na2 S0 4  was added to  th e  f l a s k .  Then 

5 0 .4  mg o f  [Ru(NH3 )^ (p ic ) (S O ^ ) ]C 1  were d i s s o lv e d  i n  th e  m ethano l
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s o l u t i o n .  A b r i g h t  y e l lo w  c o l o r a t i o n  o c c u rs  im m e d ia te ly .  T h is  s o l u t i o n  

was s t i r r e d  f o r  15 m in u te s .  The s o l u t i o n  was th e n  c o n c e n t r a te d  over 

Na2 SOit fo rm ing  a  cak e .  The p r o d u c t  was re c o v e re d  by r e d i s s o l u t i o n  in  

a b s o lu t e  e th a n o l  fo l lo w e d  by e v a p o r a t in g  to  d ry n e ss  u s in g  a r o t a r y  

e v a p o r a to r .  T h is  o r a n g i s h - y e l lo w  compound was th e n  d i s s o l v e d  i n  a pH 4 

aqueous s o l u t i o n  o f  HC1, and was p a s s e d  th ro u g h  a  P-2  column. The 

p ro d u c t  may be c o l l e c t e d  a t  t h i s  s t a g e  by exchang ing  a n io n s  to  C l“ w i th  

a Bio-Rad a n io n  exchange column, and th e n  p o u r in g  th e  r e s u l t i n g  

o r a n g is h  s o l u t i o n  i n t o  a c e to n e .

A no ther a l t e r n a t i v e  to  th e  above method g iv e s  a  l a r g e r  y i e l d .  In  a 

method s i m i l a r  to  one used  by T aube , 3 6  60 mg o f  [RutNHg)^ (S0t+) (p ic )  ]C1 

in  30 ml o f  m e thano l were red u ce d  w i th  z in c  amalgam un d er  an argon  

a tm o sp h ere .  T h is  s o l u t i o n  was t r a n s f e r r e d  to  an  oxygen purged f l a s k  

c o n ta in in g  a s l i g h t  e x c e ss  o f  l i g a n d  (a  f i v e  f o ld  e x c e s s  i s  used w ith

4 ,4 -d ia m in o d ic y c lo h e x y lm e th a n e ) . The r e a c t i o n  p roceeded  f o r  2 h o u r s ,  

a f t e r  which th e  s o l u t i o n  was made s l i g h t l y  a c i d i c  w i th  6  M HC1, and then  

t r e a t e d  w i th  brom ine w a te r  drop by drop u n t i l  th e  c o l o r  change from 

deep o range  to  p a l e  y e l lo w  was o b se rv e d .  T h is  s o l u t i o n  was e x t r a c t e d  

w i th  c h lo ro fo rm ,  c o n c e n t r a te d  to  5 m l, and p r e c i p i t a t e d  i n  a c e to n e .  The 

p ro d u c t  w i th  4 ,4 -d ic y c lo h e x y lm e th a n e  was f u r t h e r  t r e a t e d  w i th  s e v e r a l  

e th a n o l  w ashes .  A r e p r e s e n t a t i v e  sp ec tru m  i s  shown i n  F ig u re  8 .

T ab le  V. compares th e  s i m i l a r i t i e s  be tw een  u v -v is  s p e c t r a  o f  t h i s  

complex s e r i e s .
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F ig u re  8 . S p e c t ra  o f  [Ru(NH3 ) ^ ( p i c ) ( 3 , 7 d a c ) ] i n  o x id iz e d  ( l e f t  most peaks) 

and reduced  ( r i g h t  most peak) s t a t e s .
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Table V. UV-Vis Spectral Assignments

Compound Abs(nm) e x 1 0 “ 3  

( l i t / m o l e •cm)

Ru(NH3 ) 1+( p i c ) ( S 0 lt) 253a 5 .0
323b 2 .5

Ru(NH3 ) i+ ( p ic )  (3 ,7 d a c )  (ox) 25 3a 5 .0
344b 1 .9

( re d ) 388c 4 .3

Ru(NH3 ) lt( p ic )  (3 ,1 7 d a a )  (ox) 254a 5 .0
34 2b 2 .3

( re d ) 389c 4 .1

Ru(NH3 ) 1+( p ic )  (pacm) (ox) 254a■L 5 .0
34 5b 2 . 6

( re d ) 387c 3 .8

A ssignm ents  f o r  s p e c t r a l  ty p e s :  a )  ( p i c ) ;
b) (LMCT) ; c) M-+Ltt (MLCT) .

These a s s ig n m e n ts  o f  e a r e  made by r a t i o s  o f  
th e  band to  th e  a s s ig n e d  p e a k s .  This
v a lu e  a g re e s  to  th o s e  r e p o r t e d  i n  th e  
l i t e r a t u r e .  ̂^
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B in u c le a r  Compounds

[ ( p i c )  (NH^)ttRu(pacm)Co(NHQ) , | (H-,0) 1 [CF^SO^Ig

The [R uC N H j)^(pic)(pacm )JCl^  was c o n v e r te d  to  th e  t r i f l u o r o m e t h a n e -  

s u l f o n a t e  s a l t  by u s in g  a  Bio-Rad a n io n  exchange column. F re s h ly  

d i s t i l l e d  n -p ro p a n o l  was used  to  d i s s o l v e  6 8  mg o f  [Ru(NH3 ) 1+(p ic )  (pacm) ] -  

[CFgSOj]^. The b r i g h t  y e l lo w  c loudy  s o l u t i o n  c l e a r e d  upon a d d i t i o n  o f  

132 mg (a  t h r e e  f o ld  e x c e ss )  o f  [Co(N Hj)^(dm so)] [CF3 S0 3 ] 3  to  become 

la v e n d e r .  A f t e r  tw e lv e  h o u r s ,  th e  s o l u t i o n  was d i l u t e d  w i th  w a te r  to  

tw ice  th e  o r i g i n a l  volum e, and th e n  c o n c e n t r a te d  u s in g  a  r o t a r y  evap­

o r a t o r  to  10 ml. T h is  p ro c e d u re  was r e p e a te d  u n t i l  th e  odor o f  th e  

p ro p a n o l  was no lo n g e r  d e t e c t e d .  The sample was th e n  p as se d  th rough  

a P-2 column, c o l l e c t e d ,  and th e n  washed w i th  e t h e r .

[ (p ic ) (N H : ), Ru(L)Co(NH3), (H2 0 )]C 1 s

U t i l i z a t i o n  o f  l a b i l e  [Co(NH3 )i+(CF3 S0 3 ) 2 ][CF 3 S0 3 ] was a  more 

c o n v e n ie n t  method f o r  fo rm ing  th e  b i m e t a l l i c  complex. The p re v io u s  

[Ru(NH3 )it ( p ic )  (L) jCli* p ro d u c t  may be r e c o n v e r t e d  to  th e  CF3 S03~ s a l t  by 

a g a in  u s in g  a  Bio-Rad a n io n  exchange column charged  w i th  CF3 SO3 H, and 

once a g a in  ta k in g  t h i s  p ro d u c t  to  d r y n e s s .  At t h i s  p o i n t ,  d ry  

p ro d u c t  was r e d i s s o l v e d  i n  1 0  ml o f  v e ry  dry a c e to n e  to  w hich a o n e -  

a n d - a - h a l f  f o l d  e x c e s s  o f  [Co(NH3 )^ (C F 3 S0 3 ) 2 ][CF 3 S03] was added . T h is  

s o l u t i o n  was s to p p e re d  and s t i r r e d  f o r  45 m in u te s ,  ta k e n  to  d ry n e s s ,  

r e d i s s o l v e d  i n  a  pH 4 aqueous HC1 s o l u t i o n ,  and p a s se d  th ro u g h  a 

P-2  column. The p ro d u c t  f r a c t i o n  was th e n  p as se d  th ro u g h  a  Cl~ a n io n  

exchange column and p r e c i p i t a t e d  i n  a c e to n e .  By fo l lo w in g  t h i s  

a l t e r n a t e  scheme, r e a c t i o n  tim es  w ere reduced  g iv in g  b e t t e r  y i e l d s .  

P ro d u c t  s p e c t r a  o b ta in e d  by e i t h e r  method a re  i d e n t i c a l .  See F ig u re  9.
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F ig u re  9. S p e c t ra  o f  [ (p ic )  (NH3 ) ltRu(3,7dac)Co(NH 3 ) 1+(H2 0 ) ] C l 6 . The r i g h t  most spectrum  

i s  o f  the  r e g io n  c h a r a c t e r i s t i c  o f  C o (m ) .  The l e f t  p o r t i o n  o f  th e  f ig u r e  

shows th e  s p e c t r a l  r e g io n  c h a r a c t e r i s t i c  o f  Ru(HI) and R u ( I I ) .  The l e f t  most 

peaks a re  i n  th e  o x id iz e d  s t a t e ,  th e  r i g h t  most i n  th e  reduced  s t a t e .



0.1 000 G . 0*500 0 . 0000
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[ (H,Q) (NH,) ,,Co (L)Ru(NHj)  ̂ ( p ic )  ]C1C

The c o b a l t  p o r t i o n  may be added b e f o r e  th e  ru th en iu m  p o r t i o n  o f  th e  

b i m e t a l l i c  complex by f i r s t  d i s s o l v i n g  ab o u t 75 mg o f  th e  

[Co(NH3 ) u (H2 0 ) ( L ) ] [CF3 S03] ^ complex i n  25 ml o f  m e th an o l.  An e q u i v a l e n t  

amount o f  Ba(CF3 S0 3 ) 2  and [RutNHj)^ (S01+) ( p ic )  ]C1 was added to  t h i s  

m ethano l s o l u t i o n .  W ith in  two h o u rs  a  c l e a r  y e l lo w  s o l u t i o n  r e s u l t e d .  

T h is  s o lu t i o n w a s  ta k e n  to  d ry n e s s  i n  th e  p re s e n c e  o f  Na2 S01+ w i th  th e  

r o t a r y  e v a p o r a to r ,  and th e n  r e d i s s o l v e d  i n  a b s o lu t e  e t h a n o l .  The Na2 S0lt 

was f i l t e r e d  from th e  e t h a n o l  s o l u t i o n ,  and t h i s  s o lu t io n w a s  once a g a in  

ta k e n  to  d r y n e s s .  I n  a  pH 4 aqueous HC1 s o l u t i o n ,  th e  p ro d u c t  was 

r e d i s s o l v e d  and p as se d  th ro u g h  th e  P-2 column. T h is  was once more 

p as se d  th ro u g h  an a n io n  exchange column charged  w i th  C l- . The p ro d u c t  

was most e a s i l y  c o l l e c t e d  by th e n  ta k in g  to  d ry n e s s .  I n f r a r e d  d a t a  f o r  

th e  b i m e t a l l i c  complexes a r e  l i s t e d  i n  T ab le  VI. T ab le  V II I  shows a

c o b a l t : r u t h e n iu m  r a t i o  a n a l y s i s .

The e le m e n ta l  a n a l y s i s  f o r  th e  two b i m e t a l l i c  complexes a r e  

g iv e n  as fo l lo w s  ( G a lb r a i t h ,  K n o x v i l l e ,  T e n n . ) :

[(NH3 ) 4 (H2 0)Co(3,7dac)Ru(NH 3 ) 4 ( p i c ) ] 5+

c a l c u l a t e d :  C, 36 .22  H, 7 ,60  Ru, 10 .16  Co, 5 .92

found: C, 9 .26  H, 4 .8 0  Ru, 15 .28  Co, 9 .26

[(NH3) 4 (H20)Co(3,17daa)Ru(NH 3) 4 ( p i c ) ] 5+

c a l c u l a t e d :  C, 32.97 

found: C, 8 .44

H, 7 .41  

H, 4 .37

Ru, 11 .10  

Ru, 15 .18
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Table VI. Infrared Spectral Assignments for
B i m e t a l l i c  Complexes.

A ssignm ents Ru-pacm-Co R u-3 ,7dac-C o Ru-3,17daa-Co

NH 3440 s (b ) 3440 s ( b ) 3440 s (b )
S t r e t c h 3190 s ( b ) 3176 s ( b ) 3200 s (b)

CH 2922 s 3018 s ( s ) 2930 m(s)
S t r e t c h 2856 m 2811 s ( s )

NH
Bend 1618 m(b) 1622 m 1618 m

CH
Bend

1518 w 1404 s 1400 s
1448 m 
1400 m

n  J  _ 1312 w 1312 m 1310 mRing
S t r e t c h 1301 w 1302 m 1300 m

I n t e n s i t i e s : w = weak D e s c r ip t i o n : (b) = b ro ad
m = medium (s )  = s h o u ld e r
s = s t r o n g

pacm = 4 ,4 -d ia m in o d ic y c lo h e x y lm e th a n e  
3 ,7 d ac  = 3ct, 7 a -d ia m in o -5 B -c h o la n -2 4 -o l  

3 ,1 7 d aa  = 3 8 ,1 7 3 -d ia m in o -5 a -a n d ro s ta n e
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Table VII. CotRu Ratio Analysis for
[ (p ic ) (N H 3) 4Ru(L)C o (NH3 )^ (H 2 0 ) ] C l g

L igand Ru a n a l y s i s 3  (M) Co a n a l y s i s *3  (M) Co :Ru

3 , 7dac 3 .3  x 10-lt 3 .06  x 10 - 4 .93

3 ,17daa 3 .3  x 10_1+ 3 .10  x 10 " 4 .94

pacm 1 . 8  x 1 0 -lt 2 .1 3  x lO " 4 1 .18

C a l c u la t i o n s  w ere b ased  on: a) e x t i n c t i o n  c o e f f c i e n t s
l i s t e d  i n  T ab le  V and b) e x t i n c t i o n  c o e f f c i e n t  o f  CoCSCN)^2- 
i n  a c e t o n i t r i l e .  The a n a l y s i s  was perfo rm ed  on th e  k i n e t i c s  
s to c k  s o l u t i o n s  by r e d u c t i o n  w i th  e x c e ss  a s c o r b a t e  o v e r ­
n i g h t ,  t a k in g  to  d ry n ess  and r e d i l u t i o n  to  3 .00  ml w i th  a 
s o l u t i o n  o f  KSCN (0 .0 1  M) i n  a c e t o n i t r i l e .  The peak a t  
623 nm f o r  Co2+ was compared to  th e  p r e - r e d u c e d  s to c k  
s o l u t i o n  peak  a t  345 nm.
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S i l i c a  Gel P r e p a r a t io n s  

«Si(OCHo) (CH„CH?-@0

F i r s t ,  2 3 .0  ml o f  t r i c h l o r o s i l y l e t h y l p y r i d i n e  and 4 .8  ml o f  

tr im e th o x y m eth an e  were r e f lu x e d  i n  1 0 0  ml o f  f r e s h l y  d i s t i l l e d  x y le n e  

f o r  t h r e e  h o u r s .  While th e  r e f l u x i n g  was c o n t in u e d ,  10 g o f  v e ry  dry  

S i0 2  were added . A f t e r  t h i s  a d d i t i o n ,  th e  r e f l u x i n g  was c o n t in u e d  

f o r  24 h o u r s .  The t r e a t e d  g e l  was f i l t e r e d  and washed w i th  m ethano l 

and a c e to n e  and d r i e d  under  a vacuum.

Gel S i l y l a t i o n

From coverage  d a t a  o b s e rv e d  by B u rw e l l , e t  a l . , 3 7  c a l c u l a t i o n s  show 

f o r  e v e ry  10 g o f  th e  p y r i d y l  g e l ,  50 ml o f  h e x a m e th y ld i s l l a z a n e ,  and 

5 ml o f  t r i m e t h y l c h l o r o s i l a n e  s h o u ld  be added . T h is  r e a c t i o n  was 

s t i r r e d  f o r  e i g h t  h o u r s .  The s i l y l i z e d  g e l  was th e n  c o l l e c t e d  by 

f i l t r a t i o n  and washed w i th  m e thano l and  a c e to n e .
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/

G e l - B i m e ta l l i c  Compounds 

gel-<SN-Ru (NH 2  ) ,, (L) Co (NH 3  ) ,, (H20 ) |

The g e l  compounds w ere a l s o  o b ta in e d  by s i m i l a r  methods d e s c r ib e d  

i n  th e  p r e c e d in g  c o b a l t  and ru th en iu m  s y n th e s e s .  For each  500 mg o f  

p y r i d y l  g e l ,  100 mg o f  [Ru(NH3 ) ^ (S 0 2 )C1]C1 w ere used  i n  th e  i n i t i a l  s t e p  

o f  t h e  s y n th e s e s .  A l l  o t h e r  r e a c t a n t s  w ere used i n  th e  a p p r o p r i a t e  

r e l a t i v e  am ounts . The o n ly  m ajor change i n  te c h n iq u e  was th e  use  o f  

p ro p a n o l  as  th e  s o lv e n t  f o r  th e  ru th e n iu m - l ig a n d  b in d in g  s t a g e  o f  th e  

s y n t h e t i c  p r o c e d u r e .  Throughout th e  e n t i r e  s y n t h e t i c  p ro c e d u re ,  an 

a rg o n  a tm osphere  was c o n s t a n t l y  m a in ta in e d .  The p ro d u c t  g e l  was f i n a l l y  

washed w i th  a c e to n e  and d r i e d  u n d e r  a rg o n .  N ote: The l i g a n d  a t ta c h m e n t

s t a g e  must be acco m p lish ed  th ro u g h  th e  Ba(CF 3 S0 3 ) 2  r o u t e .
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C. Methods and T echniques  

C h a r a c t e r i z a t i o n  o f  G els

T r e a t in g  a  known w e ig h t  o f  g e l  w i th  an e x c e ss  o f  a s c o r b a t e  i n  10 ml 

o f  w a te r  f o r  24 h o u rs  a l lo w ed  th e  com ple te  r e d u c t io n  o f  th e  m e ta l  s i t e s .  

P i p e t t e d  0 .200  ml p o r t i o n s  o f  th e  reduced  g e l  s o l u t i o n  were t r e a t e d  w i th  

3 .00  ml o f  a  0 .0 1  M s o l u t i o n  o f  KSCN i n  a c e t o n i t r i l e .  The c o n c e n t r a t i o n
A

of  Coz was measured from th e  a b s o r p t i o n  a t  623 nm from th e  v i s i b l e  

spectrum .

The ru th en iu m (H t)  c o n c e n t r a t i o n  was o b ta in e d  from v i s i b l e  s p e c t r a .

A 0 .1  cm sam ple c e l l  was p r e p a re d  by s u sp e n d in g  a known w e ig h t  o f  th e  

e x h a u s t i v e ly  reduced  g e l  w i th  an  e x c e ss  o f  S i0 2  i n  cyc lohexanone a f t e r  

a i r  o x id a t io n .  The volume o f  th e  su s p e n s io n  was th e n  m easured. S p e c t r a  

were r e c o rd e d  o v e r  v a r io u s  sam ple a r e a s  by moving th e  c e l l  by sm a l l  

in c re m e n ts .  M olar a b s o r p t i v i t i e s  o f  th e  f r e e  io n  s p e c i e s  w ere used  to  

c a l c u l a t e  th e  c o n c e n t r a t i o n  on th e  g e l .  See T ab le  V I I I .

M o lecu la r  S t r u c t u r e s

M o lecu la r  c a l c u l a t i o n s  r e p o r te d  w i th i n  w ere ta k e n  from th e  P ro p h e t  

M olecu les  System . 3 8  T h is  sy s tem  i s  a v a i l a b l e  th ro u g h  th e  N a t io n a l  

I n s t i t u t e s  o f  H e a l th ,  u t i l i z i n g  equipm ent s u p p l i e d  by T e k t ro n ix .  

C r y s t a l l o g r a p h ic  d a t a  were e n t e r e d  from s e v e r a l  s o u r c e s .  The d a t a  f o r  

th e  c i s  fu se d  r in g  3 , 7 - c h o le s t a n e  c o o r d in a te s  were s u p p l ie d  from th e  

x - r a y  s t r u c t u r e  r e p o r t e d  f o r  3 a ,7 a ,1 2 a - t r ih y d r o x y - 5 t3 - c h o le s t a n - 2 6 - o i c  

a c i d . 3 9  The c r y s t a l  s t r u c t u r e  used  f o r  th e  t r a n s  fu s e d  r i n g  complex o f  

th e  3 ,1 7 -a n d ro s ta n e  was o b ta in e d  from th e  P u b l i c  M olecu les  T ab le  of 

C r y s t a l l o g r a p h i c  C o o r d in a t e s . 1 1 0  The c o b a l t  complex c o o r d in a te s  were 

e n t e r e d  from th e  Co(NH3) 63+ s t r u c t u r e  r e p o r t e d  by I b e r s . ui C o o rd in a te s  

f o r  th e  ru th en iu m  complex w ere e n t e r e d  from d a t a  r e p o r te d  by C a ro l
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T able  V I I I .  E xhaus t ive  R eduction  A n a ly s is  on

gel-©J-Ru(NH3) n  (pacm)Co (NH3 ) 4  (H2 0) 6+

S pec ies  Analyzed S o lven t X nm l i t e r  e ------mole*cm A0D b cm C o n c e n t ra t io n  
on g e l

Co(SCN)1+2“ a c e to ­
n i t r i l e

S i0 2

623 1580 0.153 1 . 0 0 1 .33  x 10~ 4  m ole/gk

gel-~N-Ru (NH3) ̂  (pacm) 4+ c y c lo -
hexanone

s l u r r y

365 2600a 1.594 0 . 1 0 1 .51  x 10 - 4  m o le /gc

^This  £ i s  from a b s o rp t io n  d a ta  f o r  (picjRuCNHg)^(pacm)4+ in  w a te r .

^The sample used i n  th e  c o b a l t  a n a l y s i s  i s  0 .11661 g o f  g e l  i n  10 ml r e a c t i o n  molume. A
0.200  ml volume i s  th e n  t r e a t e d  w ith  3 .00 ml o f  KSCN re a g e n t .

cThe sample used in  th e  ru then ium  a n a l y s i s  i s  0 .01363 g w i th  a  c e l l  volume o f  0 .3356 ml.



C re u tz  th e  Ru(NH3 ) 5 (pz) 2+ s t r u c t u r e . 1 + 2  A l l  c r y s t a l l o g r a p h i c  d a ta  were 

t a b u l a t e d  and changed to  c a r t e s i a n  c o o r d in a te s  th rough  th e  p u b l i c  

preconnect-Q T  command. The f i n a l  m o le c u la r  c o o r d in a te s  were o b ta in e d  

th ro u g h  th e  e d i tm o d e l  p r o c e d u re .

U V -V is ib le ,  IR, and NMR S p e c t ra

K i n e t i c  ru n s  w ere r e c o rd e d  on b o th  th e  Cary 14 and Beckman DU- 8  

s p e c t r o p h o to m e te r s .  The UV-Vis s p e c t r a  f o r  th e  complexes r e p o r te d  

w i th i n  were r e c o rd e d  on th e  Beckman DU- 8  s p e c t ro p h o to m e te r .

I n f r a r e d  s p e c t r a  were r e c o rd e d  on a Beckman 4240 r e c o rd in g  

s p e c t ro p h o to m e te r  ( ra n g e :  4000-250 cm- 1 ) .  The KBr d i s c  method was

used  f o r  a l l  s p e c t r a . 4 3

P ro to n  NMR s p e c t r a  were r e c o rd e d  on th e  V a r ia n  EM360A. The s o lv e n t  

chosen  f o r  th e s e  s p e c t r a  was CDC13  w i th  1% t e t r a m e t h y l s i l a n e .  A l l  

s p e c t r a  r e p o r t e d  w ere  re c o rd e d  a t  room te m p e ra tu r e .

C y c l ic  Voltammetry

The a p p a r a tu s  used f o r  r e c o r d in g  c y c l i c  voltammograms c o n s i s t e d  o f  

a B i o a n a l y t i c a l  CV-1A C y c l ic  Voltammetry U n i t .  An H - c e l l  s e t  up was 

u s e d ,  w i th  a c o i l e d  p la t in u m  w ire  f o r  a  w orking  e l e c t r o d e ,  a second 

p la t in u m  w ire  as  an a u x i l i a r y  e l e c t r o d e ,  and a s i l v e r  c h l o r i d e  e l e c t r o d e  

used  as th e  r e f e r e n c e .  Voltammograms were re c o rd e d  on an Onmigraphic 

2000 X-Y r e c o r d e r .

The h a l f  wave p o t e n t i a l s ,  E^, w ere c a l c u l a t e d  from th e  a r i t h m e t i c  

a v e ra g e  o f  th e  peak p o t e n t i a l s .  M easured p o t e n t i a l s  were c o n v e r te d  to  

th e  NHE s c a l e  by add ing  +0 .222  V to  th e  measured E^ v a lu e s .

The c y c l i c  vo ltam m etry  ex p e r im e n ts  w ere perfo rm ed  d i r e c t l y  w i th  th e  

k i n e t i c  s to c k  s o l u t i o n s  b e in g  0 .1  M i n  i o n i c  s t r e n g t h .  These v o l t ­

ammograms were th e n  compared w i th  th e  voltammogram o f  Ru(NH3 ) 5 ( p y ) .
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LlU
T h is  complex i s  known to  be r e v e r s a b l e  w i th  * 298 mV. 

pH M easurements

M easurements w ere made u s in g  a  R ad iom eter ,  PHM 84 equ ipped  w i th  a 

s a t u r a t e d  ca lom el combined e l e c t r o d e .  S ta n d a r d i z a t io n s  were made j u s t  

p r i o r  to  m easurem ents  u s in g  pH 7 .00  and pH 4 .0 1  b u f f e r  s o l u t i o n s  

s u p p l i e d  th rough  R ad iom ete r .
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D. K in e t i c  Methods

D e s c r ip t i o n  o f  th e  K in e t i c  Experim ent

A s to c k  s o l u t i o n  o f  th e  b i n u c l e a r  complex to  be i n v e s t i g a t e d  was 

f i r s t  p r e p a r e d .  T h is  s to c k  s o l u t i o n  c o n s i s t s  o f  b i n u c l e a r  complex,

(3 x 10-l+ M), 0 .0 2  M i n  4 - m o r p h o l in e e th a n e s u l f o n ic  a c i d  (MES), (which 

g iv e s  a pH n e a r  4 ) ,  and th e  i o n i c  s t r e n g t h  was a d ju s t e d  to  0 .1  M w i th  

sodium t o s y l a t e  (N apTs). The same s to c k  s o l u t i o n  was used th ro u g h o u t  

th e  s e r i e s  o f  k i n e t i c  i n v e s t i g a t i o n s  f o r  each  p a r t i c u l a r  b i n u c l e a r  

complex.

V arious  s i z e  c e l l s  w ere used  w hich d e te rm in e d  th e  volume o f  s to c k  

s o l u t i o n  p i p e t t e d  i n t o  th e  c e l l .  The c e l l s  w ere c lo s e d  w i th  ru b b e r  

s e p t a ,  f a s t e n e d  t i g h t l y  w i th  copper w i r e ,  and t r a n s f e r r e d  to  th e  

th e rm o s ta te d  c e l l  compartment o f  th e  s p e c t ro p h o to m e te r .  While each  c e l l  

was th e r m o s ta te d ,  argon  was s u p p l i e d  (by a l i n e  equ ipped  w i th  a chromous 

b u b b l e r ) ,  th ro u g h  one septum  n e e d le  and v e n te d  by a n o th e r .  The p u rg in g  

was c o n t in u e d  f o r  45 m in u te s ,  a f t e r  which tim e th e  b l e e d e r  n e e d le  was 

f i r s t  w ithd raw n , fo l lo w ed  im m ed ia te ly  by th e  im put n e e d l e .  Im m edia te ly  

a f t e r  th e  w ithd raw  o f  b o th  n e e d l e s ,  th e  s e p t a  w ere c o a te d  w i th  L u b r i s e a l .

K i n e t i c  ru n s  w ere i n i t i a t e d  a f t e r  each  c e l l  had  e q u i l i b r a t e d .

Twenty m inu tes  from i n i t i a t i n g  th e  Eu2+ g e n e r a t i o n ,  th e  r e d u c t a n t  was 

ready  f o r  i n j e c t i o n  i n t o  th e  th e rm o s ta te d  c e l l .  A gas t i g h t  s y r in g e  

was f i r s t  pu rged  o f  a i r  by w ith d raw in g  th e  a tm osphere  w i t h i n  th e  

e ry le n m ey e r  b u b b le r  and i n j e c t i n g  i t  o u t s i d e  th e  f l a s k .  T h is  p ro ced u re  

was r e p e a t e d  e i g h t  t im e s .  The s y r in g e  was d ip p e d  i n t o  th e  s o l u t i o n  and 

f i l l e d  w i th  a  q u a r t e r  volume o f  l i q u i d .  Bubbles were pu rged  from the  

s y r in g e  and th e  s o l u t i o n  was d i s c a r d e d .  T h is  p ro c e d u re  was r e p e a te d  

once more. The t h i r d  sam ple was a d j u s t e d  to  th e  d e s i r e d  volume and the
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r e a c t i o n s  were i n i t i a t e d  w i th  t h i s  a d d i t i o n .

Once an  i n j e c t i o n  has  been  made, t h e  tim e was r e c o rd e d .  The c e l l  

was im m ed ia te ly  removed from  th e  th e rm o s ta te d  compartment by h o ld in g  th e  

ru b b e r  sep tum  p o r t i o n  o f  th e  c e l l  sy s tem . T h is  was t r a n s f e r r e d  to  a  

v o r t e x  m ixer b r i e f l y  and r e p l a c e d  back  i n t o  th e  compartment w i t h i n  5 

se c o n d s .  The tim e d i f f e r e n c e  be tw een  i n j e c t i o n s  and ab so rb an ce  r e a d in g s  

were th e n  re c o rd e d .

M u l t ip le  ru n s  i n  w hich te m p e ra tu re  dependence was i n v e s t i g a t e d ,  

were perfo rm ed  on th e  Beckman DU- 8  s p e c t ro p h o to m e te r .  A bsorbance 

r e a d in g s  w ere a t  programed i n t e r v a l s .  D ata  from th e  Cary came from a 

c o n t in u o u s  c u rv e .

T rea tm en t o f  D ata

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

th e  scheme:
f a s t

A + B ----- ► C + D (18)
slow

C -----► E (19)
f a s t

E -----► F + G (20)

In  t h i s  s eq u en ce ,  A = (p ic )  (NH3 ) itRu(HI) (NH2 ~R-NH2)Co (EL) (NHj)^ (H^O) ,

B = Eu2+, C = (p ic )(N H 3 ) l+R u(II)(N H 2 -R-NH2 )C o(iri)(N H 3 ) lt(H2 0 ) ,  D = Eu3+,

E = (p ic )(N H 3 ) lfRu(Hr)(NH 2 -R-NH2 )C o (I l) (N H 3 ) it(H2 0 ) ,

F -  (p ic )(N H 3 ) lfRu(3E)(NH -R-NH2) ,  and G = C o ( I I ) ( a q ) .

The f i r s t  r e a c t i o n ,  (1 8 ) ,  has  been  d e m o n s t ra te d  f o r  system s

in v o lv in g  Eu2"*" r e d u c t io n  o f  Ru(Itt) (NH3) 5  ( p y ) 3+ a t  1 M CIO^-  to  have a

r a t e  c o n s t a n t  o f  5 .4  x 10 4  >f"1 s “ 1. ltS The l a s t  r e a c t i o n  i n  th e  s e r i e s  

i s  e s s e n t i a l l y  d i f f u s i o n  c o n t r o l l e d . 4 6  The r a t e  sh o u ld  th e r e f o r e  be 

d ependen t on th e  second  s t e p ,  w hich i s  o b se rv ed  by fo l lo w in g  th e  

d e c r e a s e  o f  th e  r u th e n iu m - p ic o l in e  m e ta l  to  l i g a n d  charge  t r a n s f e r  (MLCT)
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band a t  388 nm, The fo l lo w in g  r e l a t i o n s h i p  s h o u ld  r e s u l t :

-  4ISH1EI21 -  ke t [ R u ( I I ) ]  (21)

- r c  d[Ru(IIJ) ] m  ^ f t d t  ( 2 2 )
c 0 [Ru ( i i ) ]  et-' oac W

- l n [ R u ( I I ) ] | c  -  ke t t | t  (23)O
l n c o -  I n c  * ke t t  (24)

A pparen t r a t e  c o n s t a n t s  w ere f i r s t  c a l c u l a t e d  from p l o t s  o f  

^n (0 Dt' -  OD™) VS C w hich was used to  g iv e  i n i t i a l  s lo p e s  e q u a l  to  ke t - 

E q u a t io n  (24) was th e n  t r e a t e d  to  g iv e  th e  n o n l i n e a r  l e a s t  s q u a re s  

f u n c t i o n :

ln(OD„ -  ODeo) -  ln(ODt  -  ODoo) = k efct  (25)

(OP -  ODoo) _ - k e t t  (26)
(OD: -  ODoo) u  }

0Dt  « 0D„ + (0Do -  0 D0O) e _ke t t  (27)

The d a t a  w ere e n t e r e d  i n t o  th e  P ro p h e t  sy stem  to  f i t  th e  f u n c t i o n  shown

i n  e q u a t io n  (27) to  f i v e  h a l f  l i v e s .

For an in t e r m o l e c u la r  e l e c t r o n  t r a n s f e r ,  t h e r e  a r e  two p o s s i b l e  

pathways w hich e x i s t :

f a s t
2A +  2B ---------► 2C + 2D (28)

> rC ’ + C"
2C slow  f a s t  F + G (29)

** _2E

Here th e  two new s p e c ie s  C' = (p ic )(N H 3 ) 4 R u(II)(N H 2 -R-NH2 ) C o ( I I ) -  

(NH3 ) lt(H2 0) and C" = (p ic )  (NH3) ltRu(IH) (NH2 -R-NH2) Co (HI) (NH3 ) l+(H2 0) . The 

l i k e ly h o o d  o f  p ro d u c ts  formed by go ing  th ro u g h  E seems h ig h l y  improb­

a b l e .  In  t h i s  t r e a tm e n t ,  C' and C" a r e  f u r t h e r  r e a c t i n g  s p e c i e s ,  C' 

w ith  i t s  R u ( I I )  c e n t e r  and C" w i th  i t s  C o (m ) c e n t e r .  For such 

c o n s i t e r a t i o n s  j u s t  m entioned th e  c o n d i t io n  o f  [ R u ( I I ) ]  = [Co(HE)] w i l l
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p r e v a i l ,  g iv in g  th e  g e n e r a l  r a t e  e q u a t io n s :

-  = ke t [ R u ( I I ) ] 2  (30)

“ [ R u ( I I ) ] 2  = k e t d t  (31)

< fS S S $ -  ■ k« /Sit (32)

Tk i W o. ’ 1̂  <33)

I  -  i  = k e t t  (34)
c c 0  ec

A pparen t r a t e  c o n s t a n t s  were a g a in  found by p l o t t i n g  l / ~ B t  ~ OP” )
(UDo ■* ODooJ

vs t ,  from w hich th e  i n t e r c e p t  a t  2 x [Ru2+] = k e t . E q u a t io n  (34) can 

th e n  be t r e a t e d  to  g iv e  th e  n o n l i n e a r  l e a s t  s q u a re s  f u n c t i o n :

 —    = k t  (35)
(0Dt  -  ODoo) (0D„ -  ODo,) e t  V

 i   =  I t ’ t  +  ------------- _______
(0Dt  -  0D„) (0Do -  ODoo)

1_________ k 'tO D . -  k* tODm + 1 (37)(0Dt  -  ODoo) (OD0  -  ODoo)

(0E t  -  +i  « «

0Dt  = i AnQD° 1~ l°nn '> . ' T + ODoo (39)t  k tOD0  -  k tODo, + 1

Once th e  v a lu e  f o r  k ’ has  been  m inim ized th e n  k e t  = k ' e b ,  where 

e i s  th e  e x t i n c t i o n  c o e f f c i e n t  f o r  th e  p a r t i c u l a r  complex i n v e s t i g a t e d ,  

and b i s  th e  p a th  l e n g th  o f  th e  p a r t i c u l a r  c e l l  u se d .  A bsorbances 

w ere used  o n ly  f o r  th e  c o n c e n t r a t i o n s  w hich ap p ly  to  th e  i n t e r m o l e c u la r  

e l e c t r o n  t r a n s f e r  p r o c e s s ,  which may be d e te rm in e d  by d i l u t i o n  e x p e r ­

im e n ts .  These e x p e r im e n ts  a r e  f u r t h e r  e x p la in e d  i n  C h ap te r  3.
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A c t i v a t i o n  P a ra m e te rs

The e n th a lp y  o f  a c t i v a t i o n ,  AH=j=, was c a l c u l a t e d  from th e  s lo p e  

o b ta in e d  from th e  E y ring  p l o t  o f  ln ( k /T )  v s .  ( 1 / T ) , w here th e  s lo p e  

-AH>f/R* 1 0  The e n t ro p y  o f  a c t i v a t i o n ,  AS^, was c a l c u l a t e d  from th e  

s t a n d a r d  t r e a tm e n t  o f  a b s o lu t e  r a t e  t h e o r y : 1 1

AS4 * R [ ln k 2 g 8  -  ln v ]  + AH4/298

Where

v = kgT/h = 6 .2  x 101 2  a t  T = 298°K 

A l i n e a r  l e a s t  sq u a re s  program was used from th e  P ro p h e t  sy s tem  to  

c a l c u l a t e  AH  ̂ v a l u e s .

(40a)

(40b)
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CHAPTER 3 

RESULTS

A. E l e c t r o n  T r a n s f e r s  w i th  [ ( p ic )  (NH.,),tRu(3, 7dac)Co(NH-j ) (| (HpO)6'1'

When a  90% s t io c h o m e t r i c  a d d i t i o n  o f  Eu2+ i s  made to  a c e l l  

c o n t a in in g  th e  b i n u c l e a r  com plex, an  im m ediate  y e l lo w  c o l o r  d e v e lo p s .  

T h is  c o l o r  i s  a t t r i b u t a b l e  to  th e  R u ( I I )  l i g a n d  ch a rg e  t r a n s f e r  band. 

Once re d u c e d ,  th e  ru th en iu m  s i t e  may undergo e l e c t r o n  t r a n s f e r  by e i t h e r  

th e  i n t e r m o l e c u la r  r o u t e ,  which i s  fav o re d  a t  h ig h e r  c o n c e n t r a t i o n s ,  

o r  by th e  i n t r a m o l e c u l a r  r o u t e .  To t e s t  t h i s  b e h a v o r ,  th e  k i n e t i c s  f o r  

a  d i l u t i o n  s e r i e s  were s tu d i e d  a t  25 .0°C . There  was an i n i t i a l  change 

i n  th e  ob se rv ed  r a t e  c o n s t a n t  a f t e r  th e  f i r s t  d i l u t i o n ,  from 3 x 10-1+ M 

to  1 .5  x 1 0 -1+ M, a f t e r  which f u r t h e r  d i l u t i o n s  no lo n g e r  a f f e c t e d  th e  

o b se rv ed  r a t e  c o n s t a n t .  F ig u re  10 i l l u s t r a t e s  t h i s  e f f e c t  w i th  concen­

t r a t i o n  and r a t e  dependence . T ab le  IX shows th e  r a t e  c o n s t a n t s  o b ta in e d  

from t h i s  s e r i e s  o f  d i l u t i o n s .

Runs to  d e te rm in e  th e  te m p e ra tu re  dependence o f  th e  r e a c t i o n  r a t e  

w ere made from th e  same 3 x 10“  ̂ M s to c k  by d i l u t i n g  10 ml o f  t h i s  s to c k  

to  100 m l. A l l  d i l u t i o n s  m entioned  above were made w i th  th e  same 

0 .0 8  M NapTs -  0 .0 2  M MES s o l u t i o n .  Two ran g es  a re  s tu d i e d  i n  t h i s  

s e r i e s .  One range  was s tu d i e d  from 25°C t o  1 5 °C. These r e s u l t s  a re  

shown i n  F ig u re  11 and T ab le  X. The o th e r  range  was s tu d i e d  from 30°C 

to  45°C. These r e s u l t s  a re  shown i n  F ig u re  12 and T ab le  XI.

P e r i o d i c a l l y ,  s o l u t i o n s  w ere m o n i to red  f o r  th e  fo rm a t io n  o f  Co2+ 

a f t e r  th e  r e a c t i o n  had re a c h e d  co m p le t io n .  These c o b a l t  c o n c e n t r a t i o n s  

were o b ta in e d  s p e c t r o p h o t o m e t r i c a l ly  by th e  p o ta s s iu m  t h i o c y n a t e -  

a c e t o n i t r i l e  method d e s c r ib e d  p r e v i o u s l y .  I n  a l l  c a s e s  where an 

a n a l y s i s  had been ru n ,  the  [Co2+] was e q u a l  to  th e  amount o f  Eu2+
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F ig u re  10. P l o t s  o f  C o n c e n t r a t io n  Dependence o f  k e t  f o r  

[ ( p ic )  (NH3 ) 1+Ru(3, 7dac)Co (NH3)  ̂( ^ 0 )  ] 5+.

C o n c e n t r a t io n s  a r e  sym bolized  as  f o l lo w s :

+ 1.1 x 10-5 M

□  3 .2  x 10 - 5  M

* 7 .1  x 10 " 5  M

O  2.1 x 10-1+ M

A. T h is  i s  a  p l o t  o f  lo g (0 D t  -  ODooJ/COD, -  0Dm) vs 

t im e i n  s e c o n d s .

B. T h is  i s  a p l o t  o f  (0Dt  -  OD^)/ (0Do -  0Dm) vs tim e 

i n  s e c o n d s .

The Y a x i s  i n  b o th  A and B r e p r e s e n t  th e  p e rc e n ta g e  o f  

r e a c t i o n  p r o g r e s s  w here 0 .0  on A, and 1 .0  on B r e p r e s e n t  

100% [ R u ( I I ) ] .
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C. This  p l o t  r e p r e s e n t s  95% o f  the  r e a c t i o n  as  1 /c o n c ­

e n t r a t i o n  vs t im e . The d o t t e d  l i n e  d e p i c t s  the  l i n e a r  

p o r t i o n  shown i n  p l o t  B (which i s  l i n e a r  to  n e a r l y  

th r e e  h a l f  l i v e s ) . I f  t h i s  r e a c t i o n  were second  o r d e r  

th ro u g h o u t  the  e n t i r e  e x p e r im e n t ,  a l l  p o i n t s  would 

l i e  on t h i s  l i n e .  These p o in t s  a r e  p l o t t e d  from a 

c o n t in u o u s  cu rve  a t  1 0  m inute i n t e r v a l s .
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T ab le  IX. E f f e c t s  o f  C o n c e n t ra t io n  on ke t  f o r

[ (p ic)(N H  3 ) ^Ru( 3 , 7dac)Co(NH 3 ) 4 (H2 0 ) ] 5+.

[Ru2+] x 10 4  (M) ke t  x 1 0 1* ( s " 1) ke t

2 . 1 5 .39 4 . 2a

0 .71 1.36 -

0 .32 1.45 -

0 . 1 1 1 .28 -

The pH = 4 .0  w i th  0 .0 2  M MES and 0 .0 8  M NapTs. A l l  
o f  th e s e  k i n e t i c  ru n s  w ere s tu d i e d  a t  25 .0°C .

C a l c u l a t e d  from th e  l i n e a r  f i t  o f  th e  p l o t  i n  F ig u re  
10-B a t  2 .1  x 10_1+ M.
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F ig u re  11. E yring  P lo t  o f  Tem perature Dependence f o r  [ (p ic )  (NH3) ^R uO , ydacJCoCNHg)^ (H2 0) ] 5+ 

For I n t r a m o le c u la r  E le c t ro n  T r a n s f e r  ( F i r s t  O rd e r ) .
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Table X. First Order Temperature Dependence for
[ ( p i c )  (NH3) ltRu(3,7dac)Co(NH3) lt(H20 ) ] 5+. a

T°C [Ru2+] x 1 0 5 M k . x 104 s ' 1 e t

3 .2 0.482
1 5 .0

2 .8 0 .369

3 .0 0 .856
2 0 .0

2 .5 0 .785

7 .1 1 .36
25 .0

3 .2 1 .45

aD ata  a r e  f o r  r e p l i c a t e  r u n s .

The pH = 4 .0  w i th  0 .02  M MES and 0 .0 8  M NapTs. 

AĤ f « 2 1 .0  ± 1 .3  k c a l /m o le  

AS=f = - 5 .6  ± 0 .3  ca l /m o le -^K
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F ig u re  12. E yring  P l o t  o f  Tem perature Dependence f o r  [ ( p ic )  (NH3 )t,Ru( 3 ,7dac)Co(NH 3 )i+(H2 0 ) 5+ 

For In te rm o le c u la r  E le c t ro n  T ra n s f e r  (Second O r d e r ) .
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T ab le  XI. Second O rder T em pera tu re  Dependence f o r  

[ ( p i c )  (NH3  Ji+RuO, 7dac)Co(NH3) i* (H2 0) ] 5+.

T°C [Ru2+] x 10*+ M ke t  M” 1 s ' 1

2 5 .0 2 . 1 4 .2

30 .0 1 . 8 9 .31

3 .0 15. l a
35.0

3 .1 13 .7

2 . 6 2 6 .6a
40 .0

2 .7 26. 7a

4 5 .0 2 .5 55 .0

a D u p l ic a te  r u n s .

The pH = 4 .0  w i th  0 .0 2  M MES and 0 .0 8  M NapTs. 

AH  ̂ = 22 .7  ± 0 .9  k c a l /m o le  

AS+ = 20 .5  ± 0 .9  ca l/m o le*°K
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i n j e c t e d  i n t o  th e  c e l l ,  w hich was ab o u t 90% o f  th e  t o t a l  b i n u c l e a r  

complex s p e c i e s .

M easurements w ere made a f t e r  ev e ry  k i n e t i c  ru n  to  check f o r  any pH 

change a f t e r  th e  r e a c t i o n  had re a c h e d  c o m p le t io n .  The pH, i n  most c a s e s ,  

was found to  be w i th i n  0 .1  pH u n i t s  o f  th e  i n i t i a l  s to c k  s o l u t i o n  a t  

4 . 0 .

A t e s t  f o r  oxygen le a k a g e  was a l s o  ru n  on th e  R u f N ^ J ^ p i c )  ( 3 ,7 d a c ) t4+ 

com plex. A s o l u t i o n  was p re p a re d  under  th e  same b u f f e r  and i o n i c  

s t r e n g t h  c o n d i t i o n s ,  w i th  th e  [Ru3+] d e te rm in e d  to  be a t  9 .7  x 10 - 5  M 

s p e c t r o p h o t o m e t r i c a l l y . The amount o f  [Ru2+] g e n e ra te d  by Eu2"*" a d d i t i o n  

was 6 .5  x 10 “ 5  M. T h is  ru n  was m on ito red  a t  2 5 °C f o r  750 m in u te s .  

E x t r a p o l a t i o n  o f  th e  l i n e a r  lo g  p l o t  o f  (C3t  -  0D0O) / ( 0 D 8  -  OD̂ ,) to  0 .5  

g iv e s  t h e  k Db s = 5 .0  x 10“ 6  s - 1  by th e  h a l f  l i f e  m ethod. Under th e s e  

c o n d i t i o n s ,  th e  r a t e  o f  R u ( I I )  o x i d a t i o n  due to  oxygen le a k a g e  i s  

a p p ro x im a te ly  50 t im es  l e s s  th a n  th e  e l e c t r o n  t r a n s f e r  r e a c t i o n  of th e  

b i n u c l e a r  e x p e r im e n t .

B. E l e c t r o n  T r a n s f e r s  w i th  [ (p ic )(N H ^ )a Ru(3,17daa)Co(NHq) ^ (H90 ) ]

R a te s  o f  e l e c t r o n  t r a n s f e r  f o r  a s e r i e s  o f  s u c c e s s i v e l y  l e s s  

c o n c e n t r a t e d  s o l u t i o n s  were f i r s t  i n v e s t i g a t e d  to  d e te rm in e  w h e th e r  

e l e c t r o n  t r a n s f e r  was i n t e r -  o r  i n t r a m o l e c u l a r .  These ru n s  w ere 

perfo rm ed  under  th e  same c o n d i t i o n s  as  w i th  th e  3 ,7 d ac  a n a lo g ,  a t  25°C 

and 0 .0 8  M NapTs and 0 .0 2  M MES. The pH changes were once a g a in  found 

to  be i n  t h e  same ran g e  a s  w i th  th e  3 ,7 d a c  a n a lo g :  o n ly  0 .1  pH u n i t

from th e  s to c k  s o l u t i o n  pH o f  4 .0 .  P r e p a r a t i o n s  o f  s u c c e s s iv e  

ex p e r im e n ts  i n  th e  d i l u t i o n  s e r i e s  were h a n d le d  i n  th e  same manner a s  i n  

th e  3 ,7 d a c  a n a lo g  e x p e r im e n t s .  R e s u l t s  from th e s e  s t u d i e s  a r e  shown 

i n  F ig u r e  13 and T ab le  X II .
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F ig u re  13. P l o t s  o f  C o n c e n t ra t io n  Dependence o f  k e t  f o r  

[ (p ic )(N H 3)^R u( 3 , 17daa)Co(NH3)^(H 20 ) ] 5 + .

C o n c e n t ra t io n s  a r e  sym bolized  a s  f o l lo w s :

+ 2 .4  x 10 “ 5

O  6 . 8  x  1 0 - 5  

* 1 . 2  x 1 0 _lt

O  2 .4  X  10 " 4

A. T h is  i s  a  p l o t  o f  log(ODt  -  ODoo)/(OD0  -  ODc) vs 

tim e i n  s e c o n d s .

B. T h is  i s  a p l o t  o f  (0Dt  -  ODcd)/(O D o -  0D„) vs tim e 

in  s e c o n d s .

The Y a x i s  i n  b o th  A and B r e p r e s e n t  th e  p e rc e n ta g e  o f  

r e a c t i o n  p ro g re s s  where 0 .0  on A, and 1 .0  on B r e p r e s e n t  

100% [ R u ( I I ) ] .
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C. T his  p l o t  r e p r e s e n t s  93% o f  the  r e a c t i o n  as  1 /c o n c ­

e n t r a t i o n  vs t im e .  The d o t t e d  l i n e  d e p i c t s  th e  l i n e a r  

p o r t i o n  shown i n  p l o t  B (which i s  l i n e a r  to  n e a r l y  

t h r e e  h a l f  l i v e s ) . I f  t h i s  r e a c t i o n  w ere second  o r d e r  

th ro u g h o u t  th e  e n t i r e  e x p e r im e n t ,  a l l  p o i n t s  would 

l i e  on t h i s  l i n e .  These p o in t s  a r e  p l o t t e d  from a 

c o n t in u o u s  cu rv e  a t  1 0  m inute  i n t e r v a l s .
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T ab le  X I I .  E f f e c t s  o f  C o n c e n t ra t io n  on ke t  f o r

[ (p ic ) (N H 3) ltRu(3,17daa)Co (NH3 ) „ (H2 0) 5+.

[Ru2 + ] x 10 1*  (M) k e(. x 1 0 1* ( s ' 1) ke t

2 .4 3.02 1 . 9a

1 . 2 1 .87 -

0 . 6 8 1 .31 -

0 .2 4 1.14 -

The pH = 4 .0  w i th  0 .02  M MES and 0 .0 8  M NapTs. A l l  
o f  th e s e  k i n e t i c  runs  were s tu d i e d  a t  25.0°C .

C a l c u l a t e d  from th e  l i n e a r  f i t  o f  th e  p l o t  i n  F ig u re  
13-B a t  2 .1  x 10-lt M.
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T em pera tu re  dependence was i n v e s t i g a t e d  f o r  th e  i n t r a m o l e c u l a r  

e l e c t r o n  t r a n s f e r  from  30°C to  20°C. The [Ru2+] c o n c e n t r a t i o n  chosen  

f o r  t h e s e  e x p e r im e n ts  was 5 x 10 - 5  M. D ata  o b ta in e d  from th e s e  

e x p e r im e n ts  a r e  shown i n  F ig u re  14 and T ab le  X I I I .

An e x p e r im e n t  was perfo rm ed  a t  t h i s  p o i n t  to  show t h a t  once a l l  

th e  c o b a l t  h a s  b een  red u ce d  to  Co2+, th e  charge  t r a n s f e r  band o f  th e  Ru2+ 

c o u ld  be r e g e n e r a t e d  and i t s  d e c r e a s e  sh o u ld  o n ly  be due to  th e  p re s e n c e  

o f  oxygen. To d e m o n s t r a te  t h i s ,  a f t e r  th e  f i r s t  run  a t  20°C had reach ed  

c o m p le t io n ,  Eu2+ was i n j e c t e d  i n t o  th e  c e l l  to  r e g e n e r a t e  th e  ch a rg e  

t r a n s f e r  band a t  388 nm. F u r th e r  i n j e c t i o n s  o f  Eu2+ w ere  made u n t i l  th e  

a b so rb a n c e  a t  388 nm rem ained  c o n s t a n t .  T h is  s o l u t i o n  was th e n  p la c e d  

i n  th e  d a rk  f o r  24 h o u r s .

Twenty fo u r  h o u rs  a f t e r  th e  c o n v e r s io n  o f  a l l  Ru3+ to  Ru2+, th e  

c e l l  was once  a g a in  p la c e d  i n t o  th e  s p e c t ro p h o to m e te r  a t  20°C. The 

i n i t i a l  a b s o rb a n c e  r e a d i n g  had  d e c re a se d  from th e  s a t u r a t e d  l e v e l  

r e c o rd e d  24 h o u rs  b e f o r e .  The c e l l  was l e f t  i n  th e  s p e c t ro p h o to m e te r  

and th e  d e c r e a s e  i n  th e  ch a rg e  t r a n s f e r  was fo l lo w ed  f o r  70 m in u te s .

A gain a  l i n e a r  lo g  p l o t  o f  (0Dt  -  0Doo) / ( 0 D o -  ODo,) g iv e s  an e x t r a p o l a t e d  

kQbs s i m i l a r  to  t h a t  se e n  f o r  th e  [RuCNHj)^ ( p ic )  (3 ,  7dac) ] l++ m easured 

p r e v i o u s l y .  T h is  r e s u l t  n o t  o n ly  i n d i c a t e s  the  same oxygen le a k a g e  

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

i n i t i a l l y  s e e n  w i th  i n t a c t  b i n u c l e a r  sample when th e  Eu2"*" i s  f i r s t  

i n j e c t e d .

In  one o f  th e  d u p l i c a t e  ru n s  a t  30°C, Ru(NH3) 62+ was used  as th e  

re d u c in g  a g e n t  f o r  th e  r e a c t i o n  s e r i e s .  A n e a r l y  i d e n t i c a l  r a t e  i s  

se e n  when Eu2"̂  i s  used as th e  r e d u c t a n t  under  th e  same c o n d i t i o n s .  T h is  

e x p e r im e n t  f u r t h e r  s u p p o r t s  th e  mechanism whereby th e  i n i t i a l  b i n u c l e a r

- 81 -



F ig u re  14. E yring  P l o t  o f  Tem perature  Dependence f o r  [ (p ic )  (NH3) itRu(3,17daa)Co(NH3) tt(H20) ] 5+ 

For In t r a m o le c u la r  E le c t ro n  T r a n s f e r  ( F i r s t  O r d e r ) .
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1 4 . 1 -

1 4 . 3 -  
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1 4 . 7 -  
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1 5 . 3 -  
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Table XIII. First Order Temperature Dependence for

[ ( p i c )  (NH3) l+Ru(3 ,17daa)Co (NH3) ^ (H2 0) ] 5+.

T°C [ R u 2 + ] x  10 5  M k e t  x 1 0 4  s " 1

2 0 . 0 7 .8 0.750

6 . 8 1 .3 1 a
2 5 .0

7.7 1 .5 3 a

7 .4 2 .6 5 a *b
30 .0

6 .9 2 .51

aD ata a r e  f o r  r e p l i c a t e  r u n s .  

bRu(NH3) 62+ i s  used  as th e  r e d u c t a n t .

The pH = 4 .0  w i th  0 .0 2  M MES and 0 .0 8  M NapTs. 

AH  ̂ » 2 1 . 2  ± 0 . 1  k c a l /m o le  

AS^ = - 5 . 0  ± 0 .1  ca l /m o le* °K
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r e d u c t io n  o c c u r s  i n  a f a s t  s t e p ,  fo l lo w ed  by th e  Ru(II)-K3o(HL) 

e l e c t r o n  t r a n s f e r  i n  th e  r a t e  d e te rm in in g  s t e p .

The in t e r m o l e c u la r  a c t i v a t i o n  p a ra m e te r s  were c a l c u l a t e d  from 

s tu d ie s  f o l lo w in g  e l e c t r o n  t r a n s f e r s  a t  30°C and 40°C. The r a t e  

c a l c u l a t e d  from th e  d i l u t i o n  ex p e r im e n ts  d e s c r ib e d  p r e v io u s l y  was a l s o  

used i n  th e  E y ring  p l o t  f o r  second o r d e r  te m p e ra tu re  dependence .

These r e s u l t s  a r e  shown i n  f i g u r e  15 and T ab le  XIV.

C. E le c t r o n  T r a n s f e r s  w i th  [ ( p ic )  (NH3  ) ^Ru (pacm)Co (NH.,)  ̂ (H^O) ] 6+

Second o r d e r  t e m p e ra tu re  dependence was fo llo w ed  i n  t h i s  s e r i e s  

from 30.0°C to  40°C. S tock  s o l u t i o n s  were p re p a re d  s i m i l a r l y  as  w i th  

th e  s t e r o i d  c a s e s .  F ig u re  16 i s  th e  E y ring  p l o t  o f  t h i s  s e r i e s .  D ata 

used f o r  th e  te m p e ra tu re  dependence a r e  shown in  Table XV.
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F ig u re  15. E yring  P lo t  o f  Tem perature Dependence f o r  [ ( p ic )  (NH3)itRu(3,17daa)Co(NH3) lf (H2 0) ] 

For I n te rm o le c u la r  E le c t ro n  T r a n s f e r  (Second O r d e r ) .
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Table XIV. Second Order Temperature Dependence for
[ ( p ic )  (NH3) ^R uO , 17daa)Co (NH3) h  (H.O) ] 5+.

T°C [ R u 2 + ] x 101* M ke t

25 .0 2 .4 1 .9

2 . 2 2 .5 6 a
30 .0

2 . 0 3. 21a

2 .3 1 0 . 5a
4 0 .0

2 . 6 1 2 . l a

aD u p l ic a te  ru n s .

The pH = 4 .0  w i th  0 .0 2  MES and 0 .08  M NapTs. 

Alhf = 2 1 .9  ± 2 .3  k c a l /m o le  

AS+ = 1 6 .2  ± 2 .2  c a l / m o l e *°K
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F ig u re  16. E yring  P lo t  o f  Tem perature Dependence f o r  [ (p ic )  (NH3 )Ru(pacm)Co(NH3) 1) (H2 0) ] 5+ 

For In te rm o le c u la r  E le c tro n  T ra n s fe r  (Second O r d e r ) .
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Table XV. Second Order Temperature Dependence for
[ (p ic )  (NH3 ) 4 Ru(pacm)Co(NH3 ) lt(H2 0 ) ] 5+.

T°C [Ru2+] x 104 M k e t  M - ls - l

3 . 0 0 . 973a

3 0 .0 3 . 0 0 . 9 7 9 a

1 . 6 0 . 967a

1 . 4 2 . 1 4 a
3 5 .1

1 . 6 1 . 91a

1 . 4 5 . 31a
4 0 . 0

1 . 3 5 . 3 2 a

a R e p l i c a t e  ru n s .

The pH = 4 .0  w i th  0 .02  M MES and 0 .08  M NapTs. 

AH=f = 31 .4  ± 3 .0  k c a l /  mole 

AS=f = 4 5 .0  ± 3 .2  ca l /m o le*  °K
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CHAPTER 4 

DISCUSSION

A. S y n th e s is

The u l t i m a t e  g o a l  to  any tho ro u g h  ex p e r im en t i s  t o  m e t ic u lo u s ly  

i s o l a t e  p o t e n t i a l  t r o u b l e s ,  and c o r r e c t  them; le a v in g  no doubt as  to  

th e  meaning o f  th e  r e s u l t s .  T h is  p r o j e c t  I s  committed to  such  an 

approach  and on ly  r e p r e s e n t s  a p a r t  o f  an i n t r i c a t e  w hole .

An e v e n tu a l  g o a l  o f  our r e s e a r c h  i n  e l e c t r o n  t r a n s f e r  r e a c t i o n s  i s  

to  l i n k  a b i m e t a l l i c  complex w i th  a r i g i d  s u r f a c e  to  p r e v e n t  the  

c o m p l ic a t io n  o f  e l e c t r o n  t r a n s f e r  betw een two s e p a r a t e  m o lecu le s  ( i n t e r -  

m o le c u la r  e l e c t r o n  t r a n s f e r ) .  B e fo re  t h i s  may be a cc o m p lish e d ,  i t  i s  

im p o r ta n t  to  i n v e s t i g a t e  th e  c h e m is t ry  of th e  b i m e t a l l i c  s p e c ie s  as  

f r e e  io n s  i n  s o l u t i o n .  I n  such  a s tu d y ,  c o n v e n ie n t  and s e n s i t i v e  

t e c h n iq u e s ,  such  as u v - v i s i b l e  and i n f r a r e d  s p e c t ro s c o p y ,  c y c l i c  

v o l tam m etry ,  o r  n u c l e a r  m a g n e t ic  re so n an ce  s p e c t ro m e try  may be a p p l i e d .  

These m easurem ents  p ro v id e  in f o r m a t io n  f o r  p r e d i c t i n g  how such m o lecu le s  

w i l l  f u n c t i o n  when bound to  a p o ly m eric  s u p p o r t .

S i l i c a  g e l s  may be r e a d i l y  m o d if ie d  by a t ta c h m e n t  o f  p y r id i n e  

d e r i v a t i v e s .  These g e l s  a r e  c o n v e n ie n t  s in c e  complexes o f  ru then ium  

w i th  p y r i d i n e  have  been  w e l l  s t u d i e d . k 7 j 4 6 * 4 9  One p u rp o se  o f  t h i s  

t h e s i s  in v o lv e s  th e  s tu d y  o f  v a r io u s  ro u te s  i n  w hich a p y r i d i n e -  

ru th en iu m  complex may be used  to  a ssem ble  th e  e n t i r e  b i m e t a l l i c -  

c h o l e s t a n e  system . P i c o l i n e  was chosen  b e ca u se  i t  c l o s e l y  re sem b les  

th e  e t h y l p y r i d y l  f u n c t i o n a l i t y  p r e s e n t  on one ty p e  o f  g e l  w hich may 

be used  i n  f u t u r e  s t u d i e s .  V ar io u s  ro u te s  w ere  th e n  d e s ig n e d  to  t e s t  

th e  most e f f e c i e n t  method f o r  s y n th e s i z in g  th e  d e s i r e d  b i m e t a l l i c  

co m p lex es .
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The most c o n v e n ie n t  and h ig h e s t  y i e l d i n g  r o u te  f o r  s y n th e s i z in g  

th e  b i m e t a l l i c  complex was th rough  th e  Zn(Hg) amalgam r e d u c t io n  -  

brom ine w a te r  o x id a t io n  p ro c e d u re  f o r  a t t a c h i n g  th e  c h o le s t a n e  l ig a n d  to  

th e  t e t r a a m i n e p i c o l i n e  ru then ium (H I)  f ra g m e n t ,  (C h ap te r  2 , S e c t io n  B3 

o f  t h i s  t h e s i s ) . T h is  i s  by f a r  th e  most c r u c i a l  and d i f f i c u l t  s t a g e  

in  th e  s y n t h e s i s .  T h is  i s  n o t ,  however, a c o n v e n ie n t  r o u t e  t o  use  f o r  

g e l  a t t a c h m e n t .  Use o f  Ba(CF3 S03 ) 2  to  remove SO^2" bound to  p e n t a -  

am m inep ico line  ru then ium (H I) would be th e  most c o n v e n ie n t  method f o r  

s i l i c a  p r e p a r a t i o n s .  Both r o u te s  y i e l d  th e  same p r o d u c t s ,  a s  i n d i c a t e d  

by s i m i l a r  u v - v i s i b l e  and i n f r a r e d  s p e c t r a .

The o x id iz e d  and reduced  s p e c ie s  in  homogeneous s o l u t i o n  can be 

d i f f e r e n t i a t e d  by a s h i f t  o f  th e  l i g a n d - t o - m e t a l  charge  t r a n s f e r  band 

i n  th e  o x id iz e d  s t a t e  and i n  th e  reduced  s t a t e .  In  w a te r  t h i s  change 

i s  from 345 nm to  388 nm. A s i m i l a r  s h i f t  i s  o b se rv ed  w i th  th e  

ru th e n iu m -p y r id y l  system  bound to  th e  g e l .  Here th e  change ( i n  a 

cyc lohexanone  s l u r r y )  i s  from 365 nm to  415 nm. T his  s p e c t r a l  s h i f t  i s  

a  s t r o n g  i n d i c a t i o n  t h a t  th e  ru th en iu m  i s  c o v a l e n t l y  bound to  a 

p y r id i n e  m oie ty  which i s  c o v a l e n t l y  bound to  th e  s i l i c a .

S p e c t r a l  a n a l y s i s  o f  th e  c o b a l t  r e l e a s e d  i n  th e  e x h a u s t iv e  re d u c ­

t i o n  o f  th e  b i m e t a l l i c  complex bound to  s i l i c a  g e l  g iv e s  a 1 : 1  r a t i o  

o f  Ru to  Co (Table  V I I ) .  This  s u g g e s t s  c o v a l e n t  b in d in g  o f  b o th  th e  

ru th en iu m  and th e  c o b a l t .  In  th e  c o b a l t  a d d i t i o n  s t a g e  o f  th e  s y n th e s i s  

a s e v e r a l f o l d  e x c e ss  o f  c o b a l t  was u se d .  A d so rp t io n  on th e  s i l i c a  

s u r f a c e  does n o t ,  t h e r e f o r e ,  seem l i k e l y .

The a d s o r p t i o n  o f  i o n i c  c o b a l t  com plexes o n to  th e  s i l i c a  s u r f a c e  

i s  a l s o  p re c lu d e d  by th e  e x h a u s t iv e  a l k y l s i l y l a t i o n  o f  th e  g e l  p re v io u s  

to  m e ta l  a t ta c h m e n t .  In  t h i s  p r o c e d u re ,  a h y d ro p h o b ic  env ironm en t i s
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c r e a t e d  a t  th e  g e l  s u r f a c e .  T h is  t r e a tm e n t  a l s o  e n a b le s  th e  s y n t h e s i s  

t o  be c a r r i e d  o u t  i n  w a te r  s in c e  th e  s i l y l a t e d  g e l  does n o t  s w e l l  as 

much a s  th e  n o n - s i l y l a t e d  g e l .  Scheme 1 i l l u s t r a t e s  t h e  g e l  p r e p a r ­

a t i o n s  .

One o t h e r  p r e c a u t io n  i s  n e c e s s a r y  i n  t h i s  s y n t h e s i s  scheme. The 

d ia m in o c h o la n a te  e s t e r  d e r i v a t i v e  must be reduced  to  th e  c o r re s p o n d in g  

a l c o h o l ,  o th e rw is e  th e  Ru3"*" r e a g e n t  undergoes  r e d u c t i o n ,  (p resum ably  to  

th e  Immlno complex th ro u g h  a S h i f f s  b a se  ty p e  r e a c t i o n ) . 5 ^

B. S t r u c t u r a l  A n a ly s is  o f  3 a ,7 a - d ia m in o - 5 6 - c h o le s t a n - 2 4 - o l

The s t e r e o c h e m i s t r y  o f  th e  l i g a n d  i s  im p o r ta n t  s i n c e  d i f f e r e n t  

ep im ers  would g iv e  d i f f e r e n t  m e t a l - t o - m e t a l  d i s t a n c e s  i n  th e  b i n u c l e a r  

complex. High p r e s s u r e  l i q u i d  ch rom atography  i n d i c a t e s  o n ly  one 

p ro d u c t  f o r  th e  d ia m in o c h o l e s t a n o l . 5 2  The a s s ig n m e n ts  o f  th e  C3  and 

C y  n i t r o g e n  p o s i t i o n s  i n  t h i s  p ro d u c t  may be made from th e  a n a l y s i s  

o f  th e  p ro to n  NMR s p e c t r a  r e p o r te d  f o r  chen o d eo x y ch o lic  a c i d  (CDCA) and 

u r s o d e o x y c h o l ic  a c id  (UDCA), i l l u s t r a t e d  i n  F ig u re  17. S 3

Both CDCA and UDCA have  a b ro ad  peak betw een 1 .0  and 2 .5  ppm.

T h is  a r i s e s  from m e th y len e  and m eth lne  p ro to n s  due to  e x t e n s i v e  s p i n -  

s p in  c o u p l in g  betw een p ro to n s  o f  s i m i l a r  chem ica l s h i f t .  The e p im e r ic  

c o n f i g u r a t i o n a l  d i f f e r e n c e  betw een CDCA and UDCA a t  C7  c a u s e s  an 

a l t e r e d  a p p e a ra n c e  i n  th e  r e g io n  be tw een  3 to  4 ppm. The C7 (&) 

s k e l e t a l  p r o to n  i n  CDCA g iv e s  r i s e  to  a s h a rp  s i g n a l  a t  3 .7 8  ppm, 

c o n s i s t e n t  w i th  th e  K arp lu s  r e l a t i o n  f o r  th e  d i h e d r a l  a n g le  dependence 

o f  th e  v i c i n a l  c o u p l in g  c o n s t a n t .  T h is  d o w n f le ld  s h i f t  i s  f u r t h e r  

I n f lu e n c e d  by th e  s t e r i c  c o n g e s t io n  be tw een  th e  h y d ro x y l  group a t  C7  

and p r o to n  a t  C^. The C3 (B) p ro to n  i s  a s s ig n e d  a t  3 .3 8  ppm.

In  UDCA, th e  m e th in e  p r o to n  a t  C7 (a )  i s  coup led  s t r o n g l y  to  th e
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Figu re  17. P ro to n  NMR S p e c t r a l  Comparisons Between CDCA and UDCA a t  25°C. 

These i n s e r t s  were tak en  from th e  B aga t tacha ryya  and 

Bankawala a r t i c l e  i n  A n a ly t i c a l  C hem istry , Volume 50,

Number 11, September 1978.



CHj
Ottt.
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COOH
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C O C A - « > H ,  j  * O H  

U D C A . c O H . y H‘OH,

Stereochem ical configurations of chenodeoxychofie end 
ursodeoxycholic acids. The a-bonds a re  indicated by the dotted lines 
going behind the plane of the paper, and the (3-bonds by the so fid Tines 
coming out of the plane of paper. The small letters “a" and "e" refer 
to "a x ia l"  and “equatorial" bonds, respectively

coc»

Proton NMR spectra of chenodeoxycholie acid (COCA) and 
ursodeoxycholic acid (UDCA) in the mixture of solvents CDCI} and 
DMSO-d, (8 :1 v/v). The solvent peaks a re  m arked with asterisks
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a x i a l  p ro to n s  on Cg and Cg by v i r t u e  o f  a t r a n s - d i a x i a l  r e l a t i o n s h i p .

With b o th  C7 (a) and Cg (e)  b e in g  i n  th e  a x i a l  p o s i t i o n s ,  they  a r e  

s h ie ld e d  a lm o s t  e q u a l ly ,  so t h i e r  re so n a n c e  p o s i t i o n s  c o in c id e  a t  

3.45 ppm.

In  th e  p r o to n  NMR spec trum  o f  th e  d ia m in e c h o la n o l  ( 3 ,7 d a c ) ,

(F ig u re  18), a  sh a rp  s i g n a l  i s  s een  a t  3 .58  ppm, and a n o th e r  s i g n a l  i s  

seen u p f i e l d  from t h i s  a t  3 .11  ppm. T h is  spec trum  i s  v e ry  s i m i l a r  to  

the' CDCA sp ec tru m . The two peaks a t  3 .11  and 3 .58  ppm a r e  s l i g h t l y  

u p f i e l d  from th o s e  r e p o r t e d  f o r  CDCA, b u t  t h i e r  s e p a r a t io n s  a r e  v i r t u a l l y  

the  same (0 .4 7  ppm f o r  3 ,7dac  and 0 .4 0  ppm f o r  CDCA). From t h i s  

in fo rm a t io n ,  th e  co n fo rm a tio n  o f  3 ,7 d ac  i s  a s s ig n e d  as 3 a ,7 a -d ia m in o -  

5 g - c h o le s t a n - 2 4 - o l .

S ince  no c r y s t a l l o g r a p h i c  d a t a  a r e  a v a i l a b l e  f o r  th e  d ia m in o s te ro id s  

nor t h e i r  b i m e t a l l i c  com plexes, s t r u c t u r a l  m o lecu le s  were c o n s t r u c t e d  

from known s t r u c t u r a l  p a ra m e te rs  o f  f rag m en ts  o f  th e  m o le c u le .  An 

i n t e r a c t i v e  com puter system  (P ro p h e t)  was used  to  c o n s t r u c t  th e  model.

The s t r u c t u r e  o f  3 a ,7 a - d ia m in o -5 B -c h o le s ta n -2 4 -o l  was d e r iv e d  from 

c y s t a l l o g r a p h i c  d a ta  f o r  a 3 a ,7 a -d ih y d ro x y  d e r i v a t i v e ,  (See C hap te r  2. 

S e c t io n  C 2 ) . S tan d a rd  N-C bond l e n g th s  were used when r e p l a c i n g  th e  

hydroxy l oxygens w i th  th e  amine n i t r o g e n s ,  and th e  d ih e d r a l  a n g le s  w ere 

k ep t  c o n s t a n t .  To r e p la c e  h y d ro x y l oxygen atoms by amine n i t r o g e n  a tom s, 

the c o o r d in a te s  o f  th e  t r a n s  n i t r o g e n  i n  Ru(NH3 ) g ( p z ) 2+ and th e  c i s  

n i t r o g e n  o f  Co(NH3 ) ( H 2 0 ) 3+ w ere u sed .

Once th e  b i m e t a l l i c  m o lecu le  was assem bled  on a g ra p h ic  d i s p l a y  

te rm in a l ,  r o t a t i o n s  w ere made abou t th e  N7 ~C7 , N3 ~C3, N7 -Co, and Ng-Ru 

bonds u n t i l  t h e  " o p t im iz e d "  geom etry was found . T h is  o p t im iz e d  geom etry
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F igu re  18. P ro to n  NMR Spectrum of  3 a ,7 a -d iam in o -5 £ 3 -ch o le s tan -2 4 -o l .
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was chosen  by moving th e  m e ta l  c e n t e r s  a s  c l o s e  as  p o s s i b l e ,  w h ile  

a l lo w in g  no approach  c l o s e r  th a n  th e  van d e r  Waals c o n ta c t  r a d i i  o f  

t h e i r  c o o r d in a t io n  s p h e r e s .  The v a lu e  f o r  th e  van  d e r  Waal r a d iu s  

o f  hydrogen  was chosen  a s  1 .1  A. The d i s t a n c e  s e p a r a t i n g  the  c o b a l t  

and ru then ium  c e n t e r s  was d e te rm in ed  to  be 7 .47  X .  At t h i s  d i s t a n c e
O

the  m e ta l  c o o r d in a t io n  s p h e re s  a r e  n e a r l y  to u c h in g ,  w i th  ab o u t 0 .5  A 

s e p a r a t in g  t h e i r  c o o r d in a t io n  s p h e r e s ,  ( s e e  F ig u re  19 f o r  th e  ORTEP 

drawing and F ig u re  20 f o r  a  s p a c e - f i l l i n g  r e p r e s e n t a t i o n ) .

One o th e r  f i n e  p o in t  conc luded  from th e  s t r u c t u r a l  a n a l y s i s  i s  

t h a t  a t  th e  C7  p o s i t i o n  o f  th e  c o b a l t  a t ta c h m e n t ,  a  v e ry  c o n s t r a in e d  

environm ent i s  o b se rv e d .  Only abou t 5 d e g re e s  o f  r o t a t i o n  o f  th e  C7-  N? 

d i h e d r a l  o f  th e  c o b a l t  c o o r d in a t io n  sp h e re  r e s u l t  i n  c o n t a c t  w i th  th e  

c h o le s ta n e  f rag m e n t .  The C3  s id e  i s  more open i t  t h i s  manner. This  

r e s u l t  i s  m a n ife s te d  e x p e r im e n ta l ly .  In  th e  s y n t h e s i s  o f  th e  Ru- 

d ia m in o c h o le s ta n o l  i n t e r m e d i a t e  by th e  Ba(CF3 S0 3 ) 2  m ethod, th e  y e l lo w  

c o lo r  o f  th e  p ro d u c t  (344 nm w i th  e  =  1900) d ev e lo p s  w i th i n  a m inute  

a f t e r  th e  ru then ium -com plex  a d d i t i o n  to  th e  m ethano l medium. When c o b a l t  

i s  f i r s t  a t t a c h e d  to  th e  c h o l e s t a n e ,  fo l lo w ed  by ru th en iu m  a d d i t i o n ,  the  

y e l lo w  c o lo r  ta k e s  ab o u t a h a l f  hour to  f u l l y  d e v e lo p .  I t  a p p ea rs  

t h a t  th e  r e a c t i o n  a t  one s i t e  i s  s lo w e r  th a n  a t  th e  o t h e r  s i t e .

C. S t r u c t u r a l  A n a ly s is  o f  3 B ,1 7 g -d ia m in o -5 a -a n d ro s ta n e

The s t e r e o c h e m ic a l  a ss ig n m e n t f o r  th e  3 , 1 7 -d ia m in o a n d ro s ta n e  was 

made u s in g  s e v e r a l  o b s e r v a t i o n s .  V ar io u s  methods o f  oxime r e d u c t io n  to  

form a m in o -a n d ro s ta n e s  w ere s tu d i e d  by D.W. M ath ieso n ,  e t  a l . 5  ̂ Using 

sodium r e d u c t io n  i n  a l c o h o l ,  39% o f  th e  C3-am ine  p ro d u c t  was S and 95% 

of th e  C17-am ine  p ro d u c t  was a l s o  S. From t h i s  i n f o r m a t io n ,  th e  m ajor 

p ro d u c t  f o r  3 ,1 7 d aa  sh o u ld  be N3 (B ),N 1 7 (B) abou t 85%, w i th  abou t 10%
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F igu re  19. 0RTEP2 R e p re s e n ta t io n  o f  [ ( p ic )  (NHgJ^RuO^dacJCo (NH3 ) 4  (H2 0) ]
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Fig u re  20. S p a c e - f i l l i n g  R e p re s e n ta t io n  o f  [ (p ic )  (NH3 )^ R u O , 7dac)Co ( N H ^  (H2 0) ]





N3 ( a ) ,N 1 7 ( e ) ,  4% N3 (S ) ,N 1 7 ( a ) ,  and 1% N3 ( a ) ,N 1 7 ( a ) .

P ro to n  NMR sp e c t ro s c o p y  g iv e  f u r t h e r  ev id en ce  t h a t  th e  m ajor p ro d u c t  

i s  N3 (B ),N 1 7 ( 8 ) . The chem ica l  s h i f t  o f  th e  sh a rp  CH3(18) s i g n a l  i s  a t  

0.62 ppm, m a tch ing  c l o s e l y  a s i g n a l  o b se rv ed  f o r  1 7 6 -am in o -5 a -an d ro s tan e  

a t  0 .61  ppm. The 17a-am ino isom er shows t h i s  CH3(18) s i g n a l  a t  0 .66  ppm, 

Osee F ig u re  21 f o r  th e  NMR sp ec tru m  o f  3 8 ,1 7 B -d ia m in o -5 a -a n d ro s ta n e ) .

The peak  a t  0 .81  ppm i s  a s s ig n e d  to  CH3 (1 9 ) ,  m atch ing  th e  same s h i f t  

r e p o r te d  f o r  th e  1 7 -a m in o -5 a -a n d ro s ta n e s . The r e g io n  o f  m eth ine  

peaks more c l o s e l y  re sem b les  th e  N3 (B) a ss ig n m en t th an  th e  N3 (a) 

a s s ig n m e n t .  For 3 £ -a m in o -5 a -a n d ro s ta n e ,  th e  m e th ine  r e g io n  i s  from

2.3  to  2 .8  ppm, w hereas  f o r  th e  3o t-am ino-5a-andros tane  th e  re so n a n c e s  

a r e  o b se rv ed  to  be s h a r p e r  and f a l l  betw een 3 .1  to  3 .4  ppm. The m eth ine  

r e g io n  f o r  th e  3 , 1 7 -d ia m in o -a n d ro s ta n e  i s  r a t h e r  b road  and l i e s  between

2 .3  and 3 .3  ppm. The c e n t e r  o f  th e  m e th in e  r e s o n a n c e s  i s  found a t  2 .9  ppm 

in  c l o s e r  agreem ent w i th  th e  sp ec tru m  o f  th e  N3 ( 8 ) isom er.

Based on above c o n s i d e r a t i o n s ,  th e  3 8 ,1 7 8 -d ia m in e -5 a -a n d ro s ta n e  was 

chosen f o r  d i s t a n c e  a n a l y s i s  u s in g  th e  P ro p h e t  sy stem . The c r y s t a l -  

lo g r a p h ic  c o o r d in a te s  f o r  3 8 ,1 7 8 -d ih y d ro x y -5 a -a n d ro s ta n e  w ere o b ta in e d  

from th e  P u b l ic  M olecu les  T ab le  o f  C r y s t a l l o g r a p h ic  C o o rd in a te s .  These 

c o o r d in a te s  were used  to  o b t a in  s t r u c t u r a l  p a ra m e te rs  f o r  th e  d iam ino- 

d e r i v a t i v e ,  S ta n d a rd  N-C bond l e n g th s  a s  w e l l  a s  th e  d i h e d r a l  a n g le s  

c a l c u l a t e d  f o r  th e  h y d ro x y l  a n a lo g  were u sed .  The m e ta l  complex 

frag m en ts  were a t t a c h e d  i n  th e  same manner a s  f o r  th e  3 ,7dac  s t r u c t u r a l  

model. O ptim ized  d i h e d r a l  a n g le s  w ere found f o r  b o th  m e ta l  c e n t e r s  by 

th e  same c r y t e r i a  used  f o r  th e  3 ,7 d a c  c a s e .  The d i s t a n c e  c a l c u l a t e d  

between m e ta l  c e n t e r s  i s  13 .36  A .  F ig u re  22 shows th e  ORTEP d raw ing , and 

F ig u re  23 th e  s p a c e - f i l l i n g  r e p r e s e n t a t i o n  f o r  t h i s  m o lecu le .
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F ig u re  21. P ro to n  NMR Spectrum o f  36 ,17£5-d iam ino-5a-androstane.
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F ig u re  22. 0RTEP2 R e p re s e n ta t io n  o f  [ (p ic )  (NH3) ltRu(3,17daa)Co (NH3) k  (H2 0) ]



'I
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F igu re  23. S p a c e - f i l l i n g  R e p re s e n ta t io n  o f  [ ( p ic )  (Nll3)1+Ru(3,17daa)Co(NH3) l( (H2 0 ) ]





D. C o n s id e r a t io n  o f  B im e ta l l i c  Complex R e a c t io n s

R e s u l t s  o f  t h i s  i n v e s t i g a t i o n  a r e  summarized i n  Tab le  XVII. Second 

o r d e r  r a t e  c o n s ta n t s  do n o t  v a ry  o v e r  a s i g n i f i c a n t  ra n g e .  A c t i v a t io n  

p a ra m e te r s  o f  th e  i n t e r m o l e c u l a r  (second o r d e r )  e l e c t r o n  t r a n s f e r s  a r e  

s i m i l a r  f o r  th e  two r i g i d  s t e r o i d  sy s te m s .  The n o n - r ig i d  [ (pic)(N H ^J^Ru- 

(pacm)Co(NH3) Lf (H2 0) ] 5+ sys tem  has  b o th  l a r g e r  e n t h a l p i e s  and e n t r o p i e s  

o f  a c t i v a t i o n .  In  a l l  th e  i n t e r m o l e c u la r  c a s e s  s t u d i e d ,  a l a r g e  

p o s i t i v e  AŜ = i s  o b s e rv e d .

The l a r g e  p o s i t i v e  a c t i v a t i o n  e n t r o p i e s  cou ld  r e s u l t  from s o lv e n t  

re a r ra n g e m e n t  i n  th e  fo rm a t io n  o f  th e  a c t i v a t e d  complex. The approach  

o f  one m e ta l  s i t e  on one m o lecu le  to  a m e ta l  s i t e  o f  a n o th e r  m o lecu le  

c o u ld  c r e a t e  a h y d rophob ic  r e g io n  around  th e  cha rged  c e n t e r s .  In  

aqueous s o l u t i o n ,  t h i s  c o u ld  d i s o r g a n i z e  th e  w a te r  w hich o r i g i n a l l y  

s o lv a t e d  th e  complex b e f o r e  fo rm a t io n  o f  th e  a c t i v a t e d  complex.

The most im p o r ta n t  c o n s i d e r a t i o n  w i th  th e  e l e c t r o n  t r a n s f e r  d a te  

i s  th e  mechanism l e a d in g  to  i d e n t i c a l  f i r s t  o rd e r  r a t e  c o n s t a n t s .

V a r io u s  r e a c t i o n s  l e a d in g  to  changes  i n  th e  r u th e n iu m - p ic o l in e  ch a rg e  

t r a n s f e r  must be c o n s id e r e d ,  s in c e  t h i s  a b s o r p t i o n  band was used  to  

fo l lo w  th e  k i n e t i c  i n v e s t i g a t i o n .

E. Mechanisms and E x p e r im e n ta l  C r i t i q u e

The fo l lo w in g  i s  a d i s c u s s i o n  o f  mechanisms l e a d in g  to  th e  

o b se rv ed  changes i n  th e  r u th e n iu m - p ic o l in e  ch a rg e  t r a n s f e r  band . Each 

mechanism i s  compared to  t h e  e x p e r im e n ta l  r e s u l t s  r e p o r t e d  in  t h i s  

t h e s i s .  Mechanisms p r e d i c t e d  sh o u ld  be c o n s i s t e n t  w i th  th e s e  e x p e r ­

im e n ta l  r e s u l t s :  1 ) an  o b s e rv a b le  change i n  t h e  r u th e n iu m - p ic o l in e

ch a rg e  t r a n s f e r ;  2) a t  c o n d i t io n s  w here [Ru]t o t a i  = [Co]t o t a l ; 3) w i th  

a n a ly z e d  k i n e t i c  e x p e r im e n ts  w here [Eu2+]^n i t £a ^ = [Co2 + ] f ^ n a^ ;
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Table XVI. Summary of Electron Transfer Reactions for [(pic) (NH3) ltRu(L)Co(NH3)4(H20) ]

L

Second

ke t  M - V 1

Order

ah+ AS+ Ejj V
O

d A

F i r s t

ke t  S _ 1

Order

ah+ AS+

pacm 0 .37  a 31.4 45.0 0.224 - - - -

3 , 7dac 4 .2 22.7 20.5 0.246 7.47 1 .41  x 10_tt 2 1 . 0 -5 .6

3 ,17daa 1 .9 21.9 16.2 0.238 13.36 1.42  x lO - 4 2 1 . 2 - 5 .0

AH  ̂ i s  I n  k c a l /m o le  

AS^ i s  i n  cal/m ole*°K

aE x t ra p o la te d  from te m p era tu re  dependence d a ta  to  25°C. 

^ A l l  r a t e  c o n s ta n t s  l i s t e d  a r e  a t  25°C.



4) r e a c t i o n s  w i th  o n ly  th e  R u ( I I ) -L  complex, s e p a r a t e  o r  i n  th e  p r e ­

sen ce  o f  Co2+ from p r i v i o u s l y  reduced  b i m e t a l l i c  complex, g iv in g  

d i f f e r e n t  ( s lo w e r )  r a t e  c o n s ta n t s  th a n  in  th e  p re s e n c e  o f  C o (m ) ;

5) r e g e n e r a t i o n  o f  th e  r u th e n iu m - p ic o l in e  ch a rg e  t r a n s f e r  band a t  388 nm 

a f t e r  th e  i n i t i a l  r e a c t i o n  h as  reac h ed  co m p le tio n .

Ruthenium H y d ro ly s is  from th e  S t e r o i d  Complex

There a r e  two ty p e s  o f  h y d ro ly s e s  p o s s i b l e  fo r  th e  ru then ium  

complexed to  th e  s t e r o i d ,  one i s  th e  h y d r o ly s i s  o f  th e  p i c o l i n e ,  th e  

o t h e r  i s  th e  h y d r o ly s i s  o f  th e  s t e r o i d .  Both r e a c t i o n s  would r e s u l t  

in  a change o f  th e  ch a rg e  t r a n s f e r  band .  P i c o l i n e  h y d r o l y s i s  would 

have th e  most d ra m a t ic  e f f e c t  as th e  i n t e n s e  MLCT (e = 4 x 10 3  l i t e r  p e r  

mole*cm) would be l o s t .  The p ro d u c t  a b s o r p t i o n  bands sh o u ld  th e n  r e s u l t  

from d-d  t r a n s i t i o n s  o f  aquopentaammine r u th e n iu m ( I I )  w i th  t  ~  1 x 102  

l i t e r / m o le * c m .  Changes i n  th e  ch a rg e  t r a n s f e r  would a l s o  be p r e d i c t e d  

i f  th e  s t e r o i d  was h y d r o l i z e d  from th e  ru th en iu m  complex. The observed  

s h i f t  would be to  th e  r e d  f o r  r u th e n iu m ( I I )  a q u o te t ra a m m in e s . lfS

Any h y d r o ly s i s  o f  th e  ru th en iu m  sh o u ld  l e a d  to  a ch a rg e  t r a n s f e r  

change . D i r e c t  e v id e n c e  e l i m i n a t i n g  t h i s  p o s s i b i l i t y  i s  d em o n s tra ted  

in  th e  r e g e n e r a t i o n  o f  th e  ch a rg e  t r a n s f e r  band a t  388 nm. F u r th e r

c o n t r a d i c t i o n  to  ru th e n iu m  h y d r o ly s i s  i s  t h a t  a  s e p a r a t e  r e a c t i o n  i s

o b se rv ed  when Co(IE) i s  p r e s e n t .  I t  i s  u n l i k e l y  t h a t  [Co(NH3 ) 5 (H2 0 ) ] 3+ 

would a c t  a s  a  m e d ia to r  i n  a  s u b s t i t u t i o n  r e a c t i o n  s i n c e  c o b a l t ( I E )

complexes a r e  s u b s t i t u t i o n  i n e r t .

C o b a lt  H y d ro ly s is  from th e  S t e r o i d  Complex L ead ing  to  E l e c t r o n  T r a n s f e r  

A f i r s t  o r d e r  r a t e  would be o b se rv ed  i n  c o b a l t  h y d r o ly s i s  i f  th e  

d i s s o c i a t i o n  from th e  s t e r o i d  complex i s  th e  r a t e  d e te rm in in g  s t e p .

A d e c re a s e  i n  th e  ru th en iu m  MLCT would th e n  o c c u r  i n  a f a s t e r  i n t e r -
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m o le c u la r  e l e c t r o n  t r a n s f e r  r e a c t i o n  w i th  th e  h y d r o l i z e d  c o b a l t  complex. 

O bserved r a t e  c o n s ta n t s  f o r  pentaammine c o b a l t  h y d r o ly s i s  {which a r e  f o r  

th e  exchange o f  th e  aquo l i g a n d )  a r e  v e ry  sm a l l  (abou t f i f t y  t im es  l e s s  

th an  th e  r a t e s  s een  f o r  th e  e l e c t r o n  t r a n s f e r s  i n  th e se  b in u c l e a r  

com plexes , 5 5  and even  s m a l l e r  f o r  th e  l o s s  o f  amine i n  Co(NH3 ) g 3+ by a t  

l e a s t  f i v e  o r d e r s  o f  m a g n itu d e . 5 7  S tock  s o l u t i o n s  f o r  each  k i n e t i c  

s e r i e s  were used f o r  two to  t h r e e  weeks d u r in g  th e  c o u rse  o f  i n v e s t ­

i g a t i o n ,  o v e r  which tim e th e  c o b a l t  would have been  t o t a l l y  h y d ro l i z e d  

U — 1i f  10 s was th e  r a t e  c o n s t a n t  o f  c o b a l t  h y d r o l y s i s .  Under th e s e  

c i r c u m s ta n c e s ,  second o r d e r  b e h a v io r  would be  ex p ec ted  f o r  a l l  con­

c e n t r a t i o n s  s tu d i e d  s in c e  [Ru]t o t a ^ = [Col t o t a l *  T h is  was n o t  o b se rv ed .

D i r e c t  ev id e n c e  f o r  c o b a l t  h y d r o ly s i s  may be  o b ta in e d  e x p e r im en t­

a l l y  s in c e  th e  c o b a l t  (M )  aquote traam m ine  complex would show a d i f f e r e n t  

a b s o r p t i o n  sp ec tru m  (512 nm) from th e  c o b a l t ( I E )  d iaq u o te traam m in e  

s t e r o i d  complex (506 nm). The c o b a l t ( B I )  d ia q u o te t r a a m in e  complex 

would a l s o  have a r e d u c t io n  p o t e n t i a l  l e s s  th a n  a c o b a l t ( IH )  a q u o p e n ta -  

ammine com plex, w hich would a f f e c t  e l e c t r o n  t r a n s f e r  r a t e s .  I n t e r ­

m o le c u la r  r e a c t i o n s  o f  Ru-L-Co cou ld  be f u r t h e r  probed  by s tu d y in g  th e  

r e a c t i o n s  o f  R u ( I I ) - L  w i th  [Co (NH3) 5  (H,,0) ] 3+ and w i th  [Co (NH3 ) t+(H2 0) 2  ] 3+. 

Comparison o f  r a t e s  w i th  th e s e  c o b a l t  complexes cou ld  d e m o n s tra te  th e  

s i m i l a r i t i e s  be tw een  th e  c o b a l t ( m )  pentaammine ty p e  com plexes, a s  w e l l  

as  s u p p o r t  o r  e l im i n a t e  th e  c o n t e n t io n  o f  h y d r o ly s i s  o f  c o b a l t  as  a  

c o n t r i b u t i n g  f a c t o r  to  e l e c t r o n  t r a n s f e r .

E l e c t r o n  T r a n s f e r s  o f  Ru2~*~ and Co3+ on S e p a ra te  M olecu les

U n t i l  a good e le m e n ta l  a n a l y s i s  o f  th e  b i m e t a l l i c  complexes a r e  

o b t a in e d ,  c o n s i d e r a t i o n  must be g iv e n  to  th e  p o s s i b l e  r e a c t i o n  o f  

ru th en iu m  and c o b a l t  on s e p a r a t e  m o lecu le s  ( o th e r  th e n  th e  i n t e r -
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m o le c u la r  r e a c t i o n  o f  Ru-L-Co). The p o s s i b l e  complexes p r e s e n t  c o u ld  be 

Ru-L, Ru-L-Ru, Co-L, and Co-L-Co. These m o lecu le s  would be e x p e c te d  to  

r e a c t  a s  s e p a r a t e  io n s  i n  s o l u t i o n  and s in c e  [ R u l t o t a l  = [Co I to ta J .  * a 

b im o le c u la r  r a t e  law shou ld  be  o b se rv ed  a t  a l l  c o n c e n t r a t i o n s  s t u d i e d .  

T h is  c o n c lu s io n  i s  n o t  s u p p o r te d  by th e  sy s tem  s tu d i e d  i n  t h i s  t h e s i s .

In  a d d i t i o n ,  th e  s y n t h e t i c  d e s ig n  o f  th e  m e t a l - s t e r o i d  complexes 

u t i l i z e d  an e x c e ss  o f  s t e r o i d  f o r  th e  r e a c t i o n  w i th  ru th en iu m . The 

u n re a c te d  s t e r o i d  sh o u ld  th en  be e a s i l y  e x t r a c t e d  i n t o  ch lo ro fo rm .  This  

e x t r a c t i o n  p re c e d e s  th e  c o b a l t  a d d i t i o n ,  w hich would a l s o  h e lp  e l im i n a t e  

th e  p o s s i b i l i t y  o f  c o b a l t - s t e r o i d  complexes f r e e  o f  ru then ium . T h is  

r e s u l t  s t i l l  rem ains  to  be p roven  c o n c l u s i v e ly .

R e a c t io n s  w i th  T o s y la te  a n d /o r  4 -m o rp h o l in e e th a n e s u l fo n ic  Acid

The i o n i c  s t r e n g t h  was c o n t r o l l e d  i n  t h i s  s e r i e s  o f  k i n e t i c  

s t u d i e s  w i th  0 .0 8  M NapTs and 0 .02  M MES, Both o f  th e s e  r e a g e n t s  a r e  

a t  c o n c e n t r a t i o n s  w here pseudo f i r s t  o r d e r  k i n e t i c s  would be o bserved  

even  w i th  th e  b i m e t a l l i c  complex c o n c e n t r a t i o n s  a t  2 .4  x 10 - 1 4  M, which 

i s  th e  l a r g e s t  c o n c e n t r a t i o n  o f  b i m e t a l l i c  complex s tu d ie d  i n  t h i s  

t h e s i s .  The second o r d e r  b e h a v io r  o bserved  a t  2 .4  x lO - *4 M would 

c o n t r a d i c t  such  a mechanism. S u p p o r t in g  e v id e n c e  a g a i n s t  r e a c t i o n s  w ith  

th e  c o u n te r  io n  o r  th e  b u f f e r  i s  found i n  th e  r e a c t i o n  r a t e s  b e in g  

dependen t on th e  p re s e n c e  o f  C o (M ) .  One method to  t e s t  such a 

mechanism i s  to  change th e  c o n c e n t r a t i o n  o f  NapTs a n d /o r  th e  c o n c e n t r a ­

t i o n  o f  MES, and to  th e n  show th e  r a t e  change o b se rv ed  i s  c o n s i s t e n t  

w i th  t h e  p o s t u l a t e d  pseudo f i r s t  o r d e r  mechanism.

R e a c t io n s  R e s u l t i n g  from S te r o i d  D ecom posit ion

The s t a b i l i t y  o f  th e  s t e r o i d  d u r in g  th e  k i n e t i c  i n v e s t i g a t i o n  

may be  presumed by ch em ica l  i n t u i t i o n .  In  th e  s y n t h e s i s  o f  th e
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s t e r o i d  d e r i v a t i v e s ,  s t r o n g  r e d u c t a n t s  (NaBHgCN and sodium m e ta l)  

were used  i n  fo rm ing  th e  amine p r e c u r s o r s  to  th e  b i n u c l e a r  com plexes .

In  th o s e  s y n t h e t i c  r e a c t i o n s ,  th e  h y d ro ca rb o n  backbone rem ains  i n t a c t  

which i s  e v id e n t  from th e  i n f r a r e d  s p e c t r a .  The m ild  r e d u c t a n t s  used  

in  th e  k i n e t i c  i n v e s t i g a t i o n s  (Eu2+ and Ru(NH3) 62+) sh o u ld  t h e r e f o r e  

n o t  i n t e r f e r e  w i th  th e  i n t e g r i t y  o f  th e  s t e r o i d  backbone . E lem en ta l  

a n a l y s i s  o r  C1 3  NMR o f  th e  p ro d u c ts  s h o u ld  v e r i f y  s t e r o i d  i n t e g r i t y .  

P h o to ch em ica l  R e a c t io n s

The p o s s i b i l i t y  o f  p h o to c h em ic a l  r e a c t i o n s  sh o u ld  be  c o n s id e re d  

s in c e  r u t h e n i u m ( I I ) - p y r i d i n e  ty p e  complexes a re  known to  have  p h o to ­

ch em ica l  e x c i t e d  s t a t e s  w hich undergo f u r t h e r  chem ica l  r e a c t i o n s . 5 7  

I f  such  a  r e a c t i o n  would o c c u r ,  a s h i f t  i n  th e  m e ta l  to  l ig a n d  ch a rg e  

t r a n s f e r  band would be e x p e c te d  a s  th e  a b s o r p t i o n  o f  th e  MLCT i s  

s e n s i t i v e  to  s u b s t i t u t i o n  on th e  p y r id i n e  r i n g . 1* 7  By add ing  Eu2+ to  th e  

p r e v io u s l y  r e a c t e d  Ru-L-Co com plex, th e  MLCT band i s  r e g e n e r a t e d  a t  

388 nm. T h is  o b s e r v a t i o n  would be u n l i k e l y  had th e  p i c o l i n e  r e a c t e d  by a 

p h o to c h em ic a l  pathw ay. F u r th e rm o re ,  th e  p r e s e n c e  o f  Co(HE) would n o t  be 

e x p e c te d  to  i n f l u e n c e  such  a p h o to c h em ic a l  p r o c e s s ,  w hich a g a in  i s  i n  

c o n t r a d i c t i o n  to  th e  sy s tem  i n v e s t i g a t e d  i n  t h i s  t h e s i s .

D im e r iz a t io n  o f  B in u c le a r  Complexes

S ta c k in g ,  o r  d i m e r i z a t i o n ,  o f  th e  b i n u c l e a r  complex i n  a f a s t  s t e p  

fo llo w ed  by an  e l e c t r o n  t r a n s f e r  would e l i c i t  a  c o n v e r s io n  from second 

o r d e r  to  f i r s t  o r d e r ,  w hich s u p p o r t s  t h e  k i n e t i c  b e h a v io r  o f  th e  

e x p e r im e n ta l  sy s tem . The d im er a t  h ig h  c o n c e n t r a t i o n s  would th e n  

t r a n s f e r  e l e c t r o n s  betw een o t h e r  d im ers  a s  an  i n t e r d i m e r ,  second  o r d e r  

mechanism. As th e  d i l u t i o n  c o n t in u e s ,  e l e c t r o n  t r a n s f e r  c o u ld  o c c u r  

w i th i n  th e  dim er g iv in g  a f i r s t  o r d e r ,  i n t r a d i m e r  e l e c t r o n  t r a n s f e r
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mechanism. E l e c t r o s t a t i c  r e p u ls o n  o f  a d j a c e n t  m e ta l  atoms o f  l i k e  

ch a rg e  cou ld  compete w i th  th e  h y d rophob ic  i n t e r a c t i o n  ga ined  from l ig a n d  

s t a c k i n g ,  how ever, e x p e r im e n ta l  r e s u l t s  a g re e  w i th  t h i s  mechanism. An 

im p o r ta n t  e x p e r im en t  to  t e s t  t h i s  mechanism would be th e  a d d i t i o n  o f  

e x c e s s  s t e r o i d  a t  low complex c o n c e n t r a t i o n .  T h is  sh o u ld  b re a k  any 

d im er-com plex  fo rm a t io n  f a v o r in g  in t e r d i m e r  e l e c t r o n  t r a n s f e r .

C a t a l y t i c  R e a c t io n

There  i s  th e  p o s s i b i l i t y  o f  a c a t a l y t i c  r e a c t i o n  r e q u i r i n g  th e

p re s e n c e  o f  Co(HI) shown below a s :
slow ,

(p ic )R u ( I I ) -L -C o  (HE) + X -> ( p i c ) R u ( I I ) - L  + Co ( I I )  + X+ (41)
i f a s  t

r *  + ( p i c ) R u ( I I ) - L  (p ic )R u ( I t t ) -L  + X (42)

T h is  mechanism i s  c o n s i s t e n t  w i th  t h e  e x p e r im e n ta l ly  o b se rv ed  c a se  where

[Eu2+]^n £t ^a ^ = [C°2 + ] f i n a i  upon c o m p le t io n  o f  a k i n e t i c  ru n .  T h is

would a l s o  e x p l a i n  t h e  c o n v e r s io n  o f  a second o r d e r  r e a c t i o n  (which

would be th e  i n t e r m o l e c u l a r  r e a c t i o n  be tw een  Ru-L-Co) to  a  f i r s t  o r d e r

r e a c t i o n  (where th e  r a t e  o f  c a t a l y s i s  becomes c o m p e t i t iv e  to  the

b im o le c u la r  e l e c t r o n  t r a n s f e r ) .

The i d e n t i t y  o f  th e  im p u r i ty ,  X, may r e s u l t  from mercurous

i o n ,  t r a n s f e r r e d  w i th  Eu2+ a d d i t i o n  to  th e  k i n e t i c  sy s tem , o r  from th e

s t a i n l e s s  s t e e l  n e e d le  used  f o r  th e  i n j e c t i o n  o f  the  r e d u c t a n t  i n t o  th e

c e l l .  P o s s i b l e  i m p u r i t i e s  such  a s  F e2+, Cr2+, o r  N i2+ cou ld  r e s u l t .

R e p r o d u c i b i l i t y  se e n  i n  th e  k i n e t i c  s t u d i e s  r e p o r t e d  i n  t h i s  t h e s i s

would n o t  be e x p e c te d  w i th  th e s e  k in d  o f  i m p u r i t i e s .  The d i l u t i o n

s e r i e s  i n v e s t i g a t e d  from 7 .1  x 10 - 5  M t o  1 .1  x 10” 5 M fo r  3 ,7 d a c - b i -

m e t a l l i c  complex and from  6 . 8  x  10 " 5  M to  2 .4  x 10 - 5  M f o r  th e  3 ,1 7 d a a -

b i m e t a l l i c  complex r e q u i r e d  th e  volumes o f  t h e  c e l l s  to  be v a r i e d  o v er  a

12 ml ran g e  w h i le  th e  volume o f  Eu2+ rem ained  e s s e n t i a l l y  c o n s ta n t  a t
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.12 ml. I t  i s  r a t h e r  u n l i k e l y  t h a t  th e s e  r a t e s  would be so r e p r o d u c ib le  

s in c e  th e  r a t e s  o f  th e s e  r e a c t i o n s  would be dependent on th e  amount 

o f  X p r e s e n t .  Two ex p e r im e n ts  may be ru n  to  th o ro u g h ly  d i s p ro v e  th e se  

ty p es  o f  c o n ta m in a n ts .  One way would be to  g e n e ra te  Eu2+ by c o u lo m e tr ic  

m e thods , th e re b y  e l i m i n a t i n g  m ercurous io n  c o n ta m in a t io n .  The o th e r  

way would be to  u se  p la t in u m  n e e d le s  which do n o t  c o r ro d e  as  e a s i l y  

a s  s t a i n l e s s  s t e e l ,

I n t r a m o le c u l a r  E l e c t r o n  T r a n s f e r

S u pport  f o r  i n t r a m o l e c u l a r  e l e c t r o n  t r a n s f e r  a s  th e  f i r s t  o rd e r  

p a th  i s  i n  th e  k i n e t i c  b e h a v io r  o f  th e  sy s tem . The dependence o f  r a t e  

on c o n c e n t r a t i o n  changes from second  o r d e r  to  f i r s t  o rd e r  a s  would 

be p r e d i c t e d  upon going  from an in t e r m o l e c u l a r  to  an in t r a m o l e c u l a r  

mechanism. The e n t h a l p i e s  o f  a c t i v a t i o n  rem ain  c o n s i s t e n t  i n  th e  

c o n v e r s io n  from second  o r d e r  to  f i r s t  o r d e r  ( 2 2  k c a l /m o le )  s u g g e s t in g  

th e  same e l e c t r o n  exchange r e a c t i o n  w i th  i n t e r n a l  bond a d ju s tm e n ts  o f  

th e  i n n e r  c o o r d in a t io n  s p h e re  p r o v id in g  most o f  th e  a c t i v a t i o n  b a r r i e r  

i n  th e  two pa thw ays . These e n t h a l p i e s  o f  a c t i v a t i o n  a r e  a l s o  v e ry  

s i m i l a r  t o  th e  s e r i e s  s t u d i e d  by Zawacky f o r  e l e c t r o n  t r a n s f e r  i n  

S u - n ic o t in a t e - C o  d e r i v a t i v e s . 5 8

A l l  o t h e r  e x p e r im e n ta l  o b s e rv a b le s  a r e  c o n s i s t e n t  w i th  t h i s  

mechanism. The o n ly  c o n t r a d i c t i o n  to  th e  c o n s i d e r a t i o n s  p r e s e n te d  

i n  t h i s  t h e s i s  in v o lv e s  any d i s t a n c e  dependence f o r  e l e c t r o n  t r a n s f e r .  

There  i s  no d i f f e r e n c e  i n  r a t e  o f  r e a c t i o n  betw een th e  b i m e t a l l i c -  

3 ,7dac  complex w here th e  s e p a r a t i o n  d e s ta n c e  betw een red o x  c e n t e r s  i s  

7 .47  A, and th e  b i m e t a l l i c - 3 ,1 7 d a a  w here t h i s  d i s t a n c e  i s  13 .36  A.

To s e e  i f  such  a  c o n t r a d i c t i o n  i s  w a r r a n te d ,  a Marcus th e o ry  c a l c u l a t i o n  

o f  th e  p r e d i c t e d  f r e e  en e rg y  o f  a c t i v a t i o n  i s  exam ined.
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F. Marcus Theory C a l c u l a t i o n s  o f  F re e  E n e rg ie s  o f  A c t i v a t i o n

The e x p e r im e n ta l ly  o bserved  f r e e  e n e r g i e s  o f  a c t i v a t i o n  f o r  

r e a c t i o n s  o f  th e  s t e r o i d  complexes w ere compared to  f r e e  e n e r g i e s  

o f  a c t i v a t i o n  c a l c u l a t e d  by Marcus t h e o r y . 5 9  For c a l c u l a t i n g  th e  

c o n t r i b u t i o n  to  th e  f r e e  ene rgy  o f  a c t i v a t i o n  due to  in n e r - s p h e r e  

r e o r g a n i z a t i o n ,  AĜ .j_n , th e  v a lu e  used  by S u t in  f o r  R u ( I I )  i n  h i s

?+/ 7 +t r e a tm e n t  o f  th e  Ru(NH3) 5pz 3  s e l f  exchange r e a c t i o n  o f  1 .0  k c a l /m o le  

was chosen .

The c l a s s i c a l  c a l c u l a t i o n  f o r  AG=j=̂ n u s in g  o n ly  ground s t a t e  

v i b r a t i o n s  (S tynes  and I b e r s ) , 4 1  g iv e s  6 . 8  k c a l /m o le  f o r  Co111^1 1 , 

b u t  t h i s  does n o t  a c c o u n t  f o r  s p i n  m u l t i p l i c i t y  e f f e c t s .  The s p in  

changes w hich occu r  when Co(IH) (h igh  s p in )  i s  reduced  to  C o ( I I )  (low 

s p in )  a f f e c t s  th e  Franck-Condon f a c t o r  betw een v i b r a t i o n a l  s t a t e s  a t  

th e  i n t e r s e c t i o n  o f  th e  p o t e n t i a l  ene rgy  c u rv e s  ( t h i s  f a c t o r  i s  presumed 

to  be  a b o u t  one f o r  th e  c a l c u l a t i o n  by S tynes  and I b e r s )  a s  w e l l  a s  

r e d u c in g  th e  p r o b a b i l i t y  o f  r e a c t i o n  due to  th e  s p in  r e s t r i c t i o n  i t s e l f .  

C a lc u l a t i o n s  in v o lv in g  th e rm a l ly  e x c i t e d  e l e c t r o n i c  s t a t e s  l e a d ,  how ever, 

to  e s t i m a t e s  o f  f o r  th e  C o ^ * ^ * ^  r e a c t i o n  which a r e  much h ig h e r

th a n  o b se rv ed  v a lu e s  f o r  th e  t o t a l  f r e e  en e rg y  o f  a c t i v a t i o n .

Buhks, e t  a l . 5 £ have c a l c u l a t e d  th e  d i f f e r e n c e  i n  AĜ -|_n f o r  C o ^ * /* *  

vs R u * ^ ^ *  u s in g  a quantum m echan ica l  ap p ro ac h .  The s p in  m u l t i p l i c i t y  

e f f e c t s  a r e  c a l c u l a t e d  to  be  5 .5  k c a l /m o le  w h i le  th e  th e rm a l  av e ra g e  o f  

Franck-Condon f a c t o r s  be tw een  e x c i t e d  v i b r a t i o n a l  s t a t e s  i s  1 1 .1  k c a l  

p e r  mole. The t o t a l  f o r  th e  Co’*’ 1 1 / 1 1  c o n t r i b u t i o n  to  sh o u ld  th e n

be 16 .6  k c a l /m o le .  S in ce  A G ^ fl c a l c u l a t e d  f o r  Ru**^*** I s  1 .0  k c a l /m o le  

th e  e s t i m a t e  f o r  th e  c o n t r i b u t i o n  to  th e  t o t a l  f r e e  e n e rg y  o f  a c t i v a t i o n  

sh o u ld  be 1 7 .6  k c a l /m o le .  The ra n g e  o f  r e l i a b i l i t y  f o r  th e s e  c a l c u l a -
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l a t i o n s  i s  e s t im a te d  to  be from ab o u t 19 to  14 k c a l /m o le  (kc 0 /k ^ u = 

1 0 - 12±2) .  E q u a t io n s  4 ,  6 , and 7 w ere used f o r  th e  f r e e  en e rg y  of 

a c t i v a t i o n  c a l c u l a t i o n s  (AGft r a n s  and wr  a r e  assumed to  be  n e g l i g i b l e ) . 

The r e s u l t s  o f  th e s e  c a l c u l a t i o n s  a r e  shown i n  T ab le  XVII.

The c o n t r i b u t i o n  o f  AG^o u t  to  th e  t o t a l  AG  ̂ i s  l e s s  th a n  th e  AG^n 

f o r  th e s e  com plexes. The d i f f e r e n c e  betw een AG^o u t  f o r  th e  3 ,7 d a c -  

b i n u c l e a r  complex and th e  3 ,1 7 d a a - b in u c l e a r  complex i s  2 .6  k c a l /m o le .  

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

r a t e s  betw een th e  two s t e ro id -c o m p le x e s  sh o u ld  be around 75. I t  would 

be t r u l y  s t a r t l i n g  i f  Marcus th e o ry  can be a p p l i e d  to  sy stem s  in  which
O

th e  c o o r d in a t io n  s p h e re s  a r e  s e p a r a t e d  by 6  A. Marcus th e o ry  i s  o n ly  

a p p l i c a b l e  when th e  c o u p l in g  betw een th e  r e a c t a n t  wave f u n c t i o n s  i s  

r e l a t i v e l y  l a r g e  (=0 .5  k c a l /m o le )  w hich  have alw ays been  assumed to  

r e q u i r e  c o n t a c t  o f  th e  f i r s t  c o o r d in a t io n  s p h e re .

A more n o t i c e a b l e  e f f e c t  i n  th e  r a t i o  o f  r a t e s  f o r  th e  two 

s t e r o i d  com plexes would have  been  ex p e c te d  i f  e l e c t r o n  t r a n s f e r  goes 

th ro u g h  th e  n o n a d i a b a t i c  r o u t e  p r e d i c t e d  by H o p f le ld  th e o r y .  The 

r e s u l t s  r e p o r te d  h e r e  comply more f a v o r a b ly  w i th  o u te r - s p h e r e  e l e c t r o n  

t r a n s f e r ,  even  w i th  a d i s t a n c e  o f  6 . 0  A s e p a r a t i n g  th e  i n n e r  coo rd ­

i n a t i o n  s p h e re s  o f  th e  red o x  c e n t e r s ,  i f  in d e ed  th e  f i r s t  o r d e r  k i n e t i c s  

o b se rv ed  a r e  th e  i n t r a m o l e c u l a r  e l e c t r o n  t r a n s f e r  r e a c t i o n s .

G. Summary o f  R e s u l t s

In  c o n s id e r i n g  s e v e r a l  p o s s i b l e  m echanism s, c o n v e r s io n  from second 

o r d e r  to  f i r s t  o r d e r  k i n e t i c s  cou ld  r e s u l t  from th e  c o n v e r s io n  o f  an 

in t e r m o l e c u l a r  e l e c t r o n  t r a n s f e r  mechanism to  some o t h e r ,  r a t e  l i m i t i n g  

f i r s t  o r d e r  mechanism. Such mechanisms have been  c o n s id e re d  i n  th e  

p re v io u s  s e c t i o n ,  how ever, c o n t r a d i c t i o n s  do e x i s t  w i th  most o f  th e s e
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Table XVII. Comparison of Observed and
C a lc u la t e d  F ree  E n e rg ie s  o f  

A c t i v a t i o n  f o r  F i r s t  O rder 

E l e c t r o n  T r a n s f e r  a t  25 °C .a

3 , 7 d a c 3 , 1 7 d a a

k  s - 1 1 . 4  x  l O " 4 1 . 4  x  1 0 _1*

O
d A 7 . 5 b 1 3 . 4 b

AG’f o u t 6 . 3 8 . 9

AG ^i n 1 7 . 6 C 1 7 . 6 C

AG0 / 2 - l . l d - l . l d

A G ^ c a l c 2 2 . 8 2 4 . 4

AG^=obs 2 2 . 7 2 2 . 7

d i m e n s i o n s  f o r  AĜ= a r e  i n  k c a l /m o le .

b Based on d i s t a n c e s  c a l c u l a t e d  from th e  
P ro p h e t  c o n s t r u c t e d  m o le c u le s .

cSee t e x t  f o r  d i s c u s s i o n  o f  A G ^n .

^ C a lc u la te d  from  e l e c t r o c h e m ic a l  d a ta  
and from th e  v a lu e  p r e d i c t e d  f o r  th e  
r e d u c t i o n  p o t e n t i a l  o f  t h e  aq u o p e n ta -  
ammine c o b a l t  com plex . 6 0
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c o n s i d e r a t i o n s .  Two mechanisms c o n s i s t e n t  w i th  th e  e x p e r im e n ta l  

r e s u l t s  i n c lu d in g  th e  c o n v e rs io n  from second o r d e r  to f i r s t  o r d e r  

k i n e t i c s  a re  d im e r i z a t io n  and i n t r a m o l e c u l a r  e l e c t r o n  t r a n s f e r .  C onsid­

e r a t i o n  o f  Marcus th e o ry  on th e  p r e d i c t i o n  o f  f r e e  e n e r g i e s  o f  a c t i ­

v a t i o n  f o r  b o th  s t e r o i d  complexes a c t u a l l y  s u p p o r ts  th e  o b se rv ed  r a t e  

c o n s t a n t s ,  r a t h e r  th a n  c o n t r a d i c t  them. U n t i l  th e  c o m p o s i t io n  o f  the  

complexes b e in g  s tu d ie d  may be c l e a r l y  I d e n t i f i e d ,  how ever, a f i rm  

c o n c lu s io n  may n o t  be re a c h e d .

E lem en ta l  a n a l y s i s  o f  b i m e t a l l i c  complexes show an  e x c e ss  o f  Cl-  

a t  n e a r l y  207* o f  the  v a lu e  c a l c u l a t e d  f o r  the  complex a n a ly z e d .  This 

c h l o r i d e  im p u r i ty  most l i k e l y  r e s u l t s  from th e  c h l o r i d e  a n io n  

exchange column w hcih i s  used j u s t  b e f o r e  the  b i m e t a l l i c  complex 

i s  c o l l e c t e d .  A ttem pts  to  r e c r y s t a l l i z e  th e se  complexes f a i l e d .  

R e c r y s t a l l i z a t i o n  i n  c o n c e n t r a te d  a c id  r e s u l t e d  i n  h y d r o ly s i s  o f  th e  

ru th en iu m  complex. R e c r y s t a l l i z a t i o n  u s in g  s a t u r a t e d  s a l t  s o l u t i o n s  

r e s u l t e d  i n  a l a r g e  e x c e ss  o f  s a l t  i n  th e  p ro d u c t .  Most l i k e l y  a 

s o lv e n t  sy s tem  w i l l  be chosen  to  r e c r y s t a l l i z e  th e s e  p r o d u c t s .  The 

c h l o r i d e  s a l t  i s  s l i g h t l y  s o lu b le  i n  e t h a n o l .  P e rhaps  v a r io u s  

p r o p o r t i o n s  o f  w a t e r / e t h a n o l  s o l u t i o n s  may be used to  c o l l e c t  th e s e  

p r o d u c t s .

A nother method f o r  s t r u c t u r a l  a n a l y s i s  co u ld  be Cld NMR s p e c t ro s c o p y ,  

com paring  ch em ica l  s h i f t s  f o r  f r e e  l i g a n d s  w i th  th o s e  f o r  m e ta l  

com plexes . A su g g e s te d  e x p e r im en t  i s  t o  r e c o rd  s p e c t r a  o f  the  Ru(3E)-L- 

C o (m ) complex s in c e  c o b a l t  (HI) i s  d ia m a g n e t ic  and Ru(HI) g e n e r a l l y  l e a d s  

to  r e a d i l y  ob se rv ed  s h i f t s  and n o t  too  much l i n e  b ro a d e n in g .
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H, C onclud ing  Remarks

The ran g e  o f  d i s t a n c e s  in v o lv e d  i n  cytochrom e e l e c t r o n  t r a n s f e r  

may be l i m i t e d  i n  s c o p e .  Such a  c o n c lu s io n  i s  s u p p o r te d  by d a t a  

g a th e re d  from c r y s t a l  s t r u c t u r e s  and com puter s i m u l a t i o n s .  More 

r e c e n t l y ,  i n f o r m a t io n  h as  been  s u p p l ie d  th ro u g h  th e  use o f  in o r g a n ic  

k i n e t i c  p ro b e s  w hich g iv e  r e a s o n a b le  v a lu e s  o f  s i t e - t o - s u r f a c e  p r o t e i n  

d i s t a n c e s . 63- T h is  ran g e  o f  p r o s t h e t i c  group s e p a r a t i o n s  seems l i k e l y  

to  be l i m i t e d  to  ab o u t 8  A.. V alues  c a l c u l a t e d  f o r  s i t e - t o - s u r f a c e  

d i s t a n c e s  by Gray f o r  cytochrom e c i s  3 . A A and cytochrom e c 5 5 1  a s  

4 .0  A. Combining t h i s  in f o r m a t io n  w i th  th e  com puter s im u la t i o n  d a t a  o f  

Salemme , 1 g iv e s  th e  s i t e - t o - s u r f a c e  v a lu e  f o r  cytochrom e b 5  o f  4 .0  A.
O

Gray c a l c u l a t e s  a s i t e - t o - s u r f a c e  v a lu e  f o r  HIPIP a s  5 .8  A, and p e rh ap s  

th e  cy tochrom e i n t e r a c t i n g  w i th  HIPIP cou ld  g iv e  a  s i t e - t o - s u r f a c e  v a lu e  

o f  2 .5  A (2 .6  A i s  th e  s i t e - t o - s u r f a c e  v a lu e  c a l c u l a t e d  by Gray f o r  

p l a s t o c y a n i n ,  a  b lu e  copper  p r o t e i n ) .  The t r u e  e x c e p t io n  to  t h i s  sm a l l  

range  i n  s e p a r a t i o n  c o u ld  be th e  o x id a s e s  o r  p e r o x id a s e s ,  w hich may 

undergo e l e c t r o n  t r a n s f e r  by a c o m p le te ly  d i f f e r e n t  mechanism.

A r a t h e r  th o ro u g h  s t r u c t u r a l  s tu d y  was r e c e n t l y  r e p o r te d  by K rau t  

f o r  cy tochrom e c -cy toch rom e  p e ro x id a s e  w here th e  p r o s t h e t i c  g roups a r e  

s e p a r a t e d  by 16 .5  A . 6  For e l e c t r o n  t r a n s f e r s  o v e r  th e s e  d i s t a n c e s ,  a 

low l y i n g  " s u p ra m o le c u la r "  c o n d u c t io n  o r b i t a l  (o rg a n ic  s e m ico n d u c tio n )  

i s  p ro p o se d .  S t r u c t u r a l  f e a t u r e s  s u p p o r t  t h i s  p o s t u l a t i o n .  The two 

heme g roups  a r e  n e a r l y  p e r f e c t l y  p a r a l l e l ,  and th e  m o le c u la r  i n t e r f a c e  

c o n s i s t s  o f  a r o m a t ic ,  c o n ju g a te d  g roups  whose p la n e s  a r e  p a r a l l e l  to  

th e  common heme-heme p la n e .

S ince  th e  p e r o x id a s e  and th e  a 3  s i t e  i n  cy tochrom e o x id a s e  in v o lv e  

oxygen c h e m is t r y ,  th e y  may n o t  be a s  e f f i c i e n t  a s  t h e  c o o r d i n a t i v e l y
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f ix e d  cy tochrom es a t  t r a n s f e r r i n g  e l e c t r o n s ,  and tt a ro m a t ic  o r b i t a l s  

may be u t i l i z e d  to  su p p ly  t h e i r  e l e c t r o n  r e q u i re m e n t .  F o r  th e s e  r e a s o n s ,  

th e  o x id a se s  and p e ro x id a s e s  may be e x c e p t io n s  to  th e  range  l i m i t  o f  th e  

o t h e r  cy tochrom es.

The range  l i m i t  between p r o s t h e t i c  g roups may a l s o  be th e  

answer to  th e  s e l e c t i v e ,  s te p w is e  t r a n s f e r  o f  e l e c t r o n s  down a 

p a r t i c u l a r  m e ta b o l ic  pathw ay. K rau t a l s o  p o s t u l a t e s  a "p lu g  in  s o c k e t"  

r a t i o n a l e  which he a g a in  d e m o n s tra ted  i n  h i s  cytochrom e c -cy tochrom e 

p e ro x id a s e  sy s tem  (which t r a n s f e r s  e l e c t r o n s  r a t h e r  e f f i c i e n t l y  a t  

10 8  M^s"*1) .  S im i la r  p lu g  in  s o c k e t  mechanisms cou ld  a p p ly  to  o th e r  

cytochrom e s u r f a c e s .  I n  such  c a s e s  th e  c o n t a c t  i s  made a t  s p e c i f i c  

i n t e r a c t i n g  s u r f a c e  s i t e s  and th e  d i s t a n c e  r e q u i re m e n ts  a r e  th u s  met 

f o r  o u t e r - s p h e r e  e l e c t r o n  t r a n s f e r .

F u r th e r  s u p p o r t  f o r  o u t e r - s p h e r e  e l e c t r o n  t r a n s f e r  l i e s  w i t h i n  th e  

s t r u c t u r e  o f  th e  p r o s t h e t i c  g ro u p s .  In  th e  i r o n - s u l f u r  c l u s t e r s ,  bond 

ad ju s tm e n ts  a r e  minimized betw een th e  F e ( I I )  and Fe(HL) s t a t e s . 6 2  Heme 

c o n ta in in g  cy tochrom es have a x i a l  l i g a n d s  f i x i n g  th e  i r o n  c e n t e r s  i n t o  

th e  low s p in  s t a t e ,  a l s o  m in im iz in g  th e  bond a d ju s tm e n t  betw een F e ( I I )  

and F e ( m ) .  For th e  copper  c o n ta in in g  cy to ch ro m es ,  e x p e r im e n ta l  

e v id e n c e  s u p p o r t s  a geom etry  betw een s q u a re  p l a n e r  and t e t r a h e d r a l ,  

which would m inim ize th e  bond a d ju s tm e n t  be tw een  C u(I)  and C u ( I I ) . 6 3  

By m in im iz ing  bond a d ju s tm e n t s ,  i n n e r - s p h e r e  r e o r g a n i z a t i o n  e n e r g i e s  

a r e  m in im ized , g r e a t l y  r e d u c in g  th e  t o t a l  a c t i v a t i o n  en e rg y  f o r  o u t e r -  

s p h e re  e l e c t r o n  t r a n s f e r .

I f  t h e  o u te r - s p h e r e  mechanism does a c c o u n t  f o r  e l e c t r o n  t r a n s f e r  a 

6  A s e p a r a t i o n  betw een re d o x  c o o r d in a t io n  s p h e r e s ,  a s  w i th  th e  3 ,1 7 d a a -
O  O

b i n u c l e a r  complex, why n o t  7 A, o r  8  A? What i s  t h e  l i m i t  to  th e
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" re a c h "  o f  o u t e r - s p h e r e  r e a c t i o n s ?  C on tinued  s t u d i e s  w i th  s i m i l a r  

system s to  th o se  p r e s e n te d  i n  t h i s  t h e s i s  a r e  b e in g  p re p a re d  to  h e lp  

answ er th e s e  q u e s t i o n s .
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