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PREFACE

T h i s  t h e s i s  i s  d i v i d e d  i n t o  t w o  d i s t i n c t  p a r t s .

P a r t  1 c o n c e r n s  t h e  s y n t h e s i s  o f  [ R u ( b p y ) 2 ( CD) H ] PFg 

5 C3  HgO.  A b r i e f  e x a m i n a t i o n  o f  some o f  t h e  r e a c t i o n  

c h e m i s t r y  o f  t h i s  c o m p l e x  i s  f o l l o w e d  by  a d e t a i l e d  

k i n e t i c  i n v e s t i g a t i o n  i n t o  t h e  r e a c t i o n  o f  [ R u ( b p y ] 2 ( CD) H ] 

PFg .  3 C3  HgO w i t h  b e n z a l d e h y d e  i n  a c e t o n i t r i l e  w i t h  a c e t i c  

a c i d  p r e s e n t  as  c a t a l y s t .

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

( H P L C ) ,  i n v e s t i g a t i o n  o f  a n u m b e r  o f  c a t i o n i c  r u t h e n i u m

( I I )  b i s ( Z , 2 ’ - b i p y r i d i n e ) c o m p l e x e s  i n  p a r t i c u l a r

[ R u ( b p y ) 2 ( H i m )  C l ]  + , [ R u [ b p y ) 2 ( H i m ) 2 ] 2 + , [ R u ( b p y ) 2 ( V I m ) C 1 ] , +

[ R u ( b p y ) 2 ( V l m ) 2 ] Z + , [ R u ( b p y ) 2 ( CD) C1 ] + a nd  [ R u ( b p y  ) 2 ( CD) H ] + ,

( w h e r e  H i m  = i m i d a z o l e  l i g a n d ;  V I m  = v i n y l i m i d a z o l e ) .

The  p h o t o c h e m i c a 1 r e a c t i o n s  o f  some o f  t h e s e  c o m p l e x e s  a r e  

i n v e s t i g a t e d  u s i n g  HPLC,  as  a d e m o n s t r a t i o n  o f  t h e  a p p l i 

c a t i o n s  o f  t h e  HPLC s y s t e m  d e v e l o p e d .

T h e  t w o  p a r t s  a r e  t r e a t e d  as  c o m p l e t e l y  s e p a r a t e  

f o r  t h e  p u r p o s e s  o f  s i m p l i c i t y  b u t  w h e r e  p o s s i b l e  r e p e t i t i o n  

has  b e e n  a v o i d e d .  A n u m b e r  o f  t h e  r e f e r e n c e s  a r e  r e l e v a n t  

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

e a c h  r e f e r e n c e  s e c t i o n .
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AN INVESTIGATION OF THE REACTIVITY AND CHROMATOGRAPHIC
SEPARATION OF SOME BIS (2,21-BIPYRIDYL) COMPOUNDS

Evin McGovern
ABSTRACT

The complex [Ru(bpy)2(CO)H]PF6 .l/2Acetone was 
synthesised in 50% yield. The reaction of this complex with a 
number of aldehydes, ketones and esters in buffered aqueous 
media and in an acidic acetonitrile environment revealed the 
reactivity to decrease in this order:

Aldehydes > Ketones > Esters
A kinetic study into the general acid catalysed 

reaction of this hydride complex with bgnzal^e^ydj was carried 
out and a rate coefficient of 1.3 10~ mol 1_| was
calculated. An activation energy of 11.5 kJmol was 
calculated. High Performance Liquid Chromatography (H£LC) was 
used to demonstrate the conversion of [Ru(bpy)2(CO)H] to 
[Ru(bpy)2 (CO)Cl] in acetonitrile by addition of HC1.

Reverse phase ion pair chromatography (RP.IPC) and 
cation exchange chromatography were used for the analysis of 
ruthenium bis (2,21-bipyridyl), (bpy), complexes using a range 
of mobile phases with lithium perchlorate, (LiClO^), as an 
additive. A C18 and a CN column were not suitable for the 
analysis due to peak distortion problems. A cation exchange, 
(CX), column provided a useful method for the separation of 
these compounds. Plots of %acetonitrile, (MeCN), vs. retention 
time at given LiCl04 concentration suggested a change in the 
dominant retention mechanism, possibly from cation exchange to 
RP.IPC with increaing water content in the mobile phase. The 
presence of split peaks for the dicationic complexes at 80%MeCN 
: 20%H20 ; 0.1M LiC104 as mobile phase was attributed to 
competing retention mechanisms. The optimum system for the 
separation of the compounds examined was 80%MeCN : 20%H„0 ;
0.08M LiC104 at a flow rate of 2.5ml/min.

The Photolyses of [Ru(bpy)2L2]2+
[Ru(bpy)2 (L)C1]+ , (L = imidazole / vinylimidazole), in MeCN 
was studied on an ODS and a CX column using the system 
developed. The ligand was replaced in these reactions to give 
[Ru(bpy)2(MeCN)2 ] + for the dicationic compounds and 
[Ru(bpy)2(MeCN)Cl] for the monocationic compounds as the 
major final products. Other unidentified products were present 
in significant levels. The potential applications of HPLC in the 
study of ruthenium bis (2,21-bipyridine) complexes were 
demonstrated by these experiments.
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INTRODUCTION

A. RUTHENIUM : PROPERTIES,  A PP L I C A T I ON S  AND CHEMISTRY

I n  1 8 0 4  F o u r c r a y  a nd  V a u q u e l i n ,  [ 1 ] ,  o b s e r v e d  

t h a t  an a z u r e  b l u e  s o l u t i o n  was  f o r m e d  u po n  t r e a t m e n t  

o f  c e r t a i n  s o l u t i o n s  o f  known  p l a t i n u m  m e t a l s  w i t h  

z i n c .  T h i s  was  d ue  t o  r u t h e n i u m ,  Ru ,  b u t  i n c o r r e c t l y  

a s c r i b e d  as  due  t o  t h e  p r e s e n c e  o f  i r i d i u m ,  [ 2 ] .  I n  

t h e  e a r l y  1 8 4 0 ’ s C a r l  E r n s t  C l a u s  i s o l a t e d  a new 

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

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

U r a l s ,  [ 3 ] .  He named t h i s  new m e t a l  r u t h e n i u m .

R u t h e n i u m  i s  a r a r e  e a r t h  m e t a l  w i t h  an

_ 3
a b u n d a n c e  i n  t h e  e a r t h s  c r u s t  o f  c a . 1 0  ppm.  The  

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

p l a t i n u m  m e t a l s  a r e  i n  n a t i v e  a l l o y s .  The  p r i n c i p a l  

use  o f  r u t h e n i u m  i s  f o r  h a r d e n i n g  a l l o y s  w i t h  

p a l l a d i u m  a nd  p l a t i n u m  a nd  a l l o y s  w i t h  p l a t i n u m  h a v e  

u s e  as  e l e c t r i c a l  c o n t a c t s .  R u t h e n i u m  m e t a l  a l s o  

has a p p l i c a t i o n s  as  a c a t a l y s t  e . g .  f o r  t h e  

h y d r o g e n a t i o n  o f  a l k e n e s  a nd  k e t o n e s ,  [ 4 ] .



N u m e r o u s  s p e c i f i c  r u t h e n i u m  c o m p l e x e s  a l s o  h a v e

a p p l i c a t i o n s  as  c a t a l y s t s .  T h e r e  has  b ee n  r e s e a r c h

i n t o  t h e  r o l e  o f  r u t h e n i u m  c o m p l e x e s  s u c h  as c i s  -

[ R u ( d m s o ) 1 2 ] i n t o  t h e i r  p o s s i b l e  r o l e  as a n t i -

t u m o u r  a g e n t s  [ 5 ] .  R u t h e n i u m  i s  a 2nd  r o w  t r a n s i t i o n

m e t a l  i n  g r o u p  V I I I A  o f  t h e  p e r i o d i c  t a b l e  u n d e r

i r o n  a nd  a b o v e  o s m i u m .  I t  has  an a t o m i c  n u m b e r  o f

4 4 ,  an a t o m i c  w e i g h t  o f  1 0 1 . 0 7  a n d  an e l e c t r o n i c

7  1c o n f i g u r a t i o n  o f  [ K r ] ( 4 d ) ( 5 S ) . I t  p o s s e s e s  s e v e n

s t a b l e  i s o t o p e s  a nd  m e l t s  a t  2 3 1 0 ° C .  The  c h e m i s t r y  

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

i t s  a b i l i t y  t o  e x i s t  i n  a w i d e  r a n g e  o f  o x i d a t i o n  

s t a t e s  i n  c o m p l e x ,  [ R u ( 0 )  t o  Ru ( V I I I ) ] .  A r e v i e w  

by G r i f f i t h s  c o v e r s  t h e  l i t e r a t u r e  up t o  1966 [ 6] .

A c o m p r h e n s i v e  m o n o g r a p h  on t h e  c h e m i s t r y  o f  r u t h e n i u m  

by S e d d o n  a nd  S e d d o n w a s  p u b l i s h e d  i n  1 96 4  [ 7 ] .

The  I  o x i d a t i o n  s t a t e  i s  o f  r e l a t i v e l y  l i t t l e  

i m p o r t a n c e  f o r  r u t h e n i u m  b u t  t h e  c h e m i s t r y  o f  t h e  0  

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

F o r  t h e  I I  s t a t e  an e n o r m o u s  n u m b e r  o f  c o m p l e x e s  a r e  

k n o w n ,  i n  p a r t i c u l a r  t h o s e  o f  TT a c i d ,  c h l o r o  and  

a m i n e  l i g a n d s .  E x t e n s i v e  c h e m i s t r y  w i t h  b o t h  TT a c i d



and  CT- dono r  l i g a n d s  e x i s t  f o r  t h e  I I I  s t a t e .  The 

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

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

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

C o t t o n  a nd  W i l k i n s o n  [ 8 ] .

B.  RUTHENIUM ( I I )  ( 2 , 2 ’ -  B I P Y R I D I N E )  COMPLEXES

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

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

R e c e n t l y  i n t e r e s t  has  f o c u s s e d  on t h e i r  i n v o l v e m e n t  

i n  r e a c t i o n s  w h i c h  i n v o l v e  e l e c t r o n  t r a n s f e r .

S i n c e  1 9 7 6 ,  r u t h e n i u m  c o m p l e x e s  o f

2 , 2 b i p y r i d i n e , ( b p y )  a nd  r e l a t e d  l i g a n d s  s u c h  as

1 , 1 0 - p h e n a n t h r o l i n e , ( p h e n ) ,  h a v e  a t t r a c t e d  m o r e

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

[ 9 , 1 0 ] .  T h i s  a p p l i e s  e s p e c i a l l y  t o  t r i s  ( 2 , 2 ' -
2

b i p y r i d i n e )  -  r u t h e n i u m  ( I I ) ,  ( [ R u  ( b p y ) 3 ] ) [ F i g .  1 . 1

T h i s  w a s  b e c a u s e  o f  t h e  u n u s u a l  c o m b i n a t i o n  o f  p h o t o 

c h e m i s t r y ,  e l e c t r o c h e m i s t r y  a nd  c h e m i c a l  s t a b i l i t y  o f  

r u t h e n i u m  2 , 2 ' -  b i p y r i d y l  c o m p l e x e s  w h i c h  l e d  t o  

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

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

i t s  e l e m e n t s  by  s u n l i g h t .  The  i n t e r e s t  i n  t h e s e



g r o u n d  state

Fig. 1.1 The Excited State Manifold of [Ru(bpy)3]2+

4.



s t u d i e s  was p r e c i p i t a t e d  by  t h e  o i l  c r i s i s  i n  t h e  

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

p r o v e  an e x t r e m e l y  u s e f u l  s y s t e m  f o r  t h e  s t o r a g e  o f  

s o l a r  e n e r g y .

I n  1 976  i t  was  r e p o r t e d  t h a t  [Ru ( b p y ) 3 ] Z + 

d i d  a c t  as a p h o t o s e n s i t i s e r  f o r  p h o t o d i s s o c i a t i o n  o f  

w a t e r  by  s u n l i g h t  [ 1 1 ] .

2H 2 0 S 1 1 n 1 i g h 2H2 + O2 R e a c t i o n  1 . 1
[ R u [ b p y ] 3 ] +

H o w e v e r  o t h e r  l a b o r a t o r i e s  a nd  i n d e e d  t h e  

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

[ 1 2 , 1 3 ] .  I t  was  s u g g e s t e d  t h a t  a b i s - [ 2 , 2 ' - b i p y r i d i n e )

2 -f.
e s t e r  d e r i v a t i v e  o f  [ R u ( b p y ) 3 ] p r e s e n t  i n  t h e  

s u r f a c t a n t  m o n o l a y e r  as  an i m p u r i t y  m i g h t  h a v e  b e e n  

r e s p o n s i b l e  [ 1 4 ]  a nd  t h e s e  c o m p o u n d s  r e c e i v e d  much 

i n t e r e s t  [ 1 5 , 1 6 ] .  The  f o c u s  o f  a t t e n t i o n  s h i f t e d  

f r o m  [ R u ( b p y ) a ] 2+ t o  c o m p o u n d s  o f  t h e  g e n e r a l  f o r m u l a  

[ R u ( b p y ) 2 X Y ] n+ w h e r e  X and  Y may be a n u m b e r  o f  

d i f f e r e n t  l i g a n d s .  A g r e a t  d e a l  o f  i n f o r m a t i o n  on 

t h e  r e a c t i o n  c h e m i s t r y ,  e l e c t r o c h e m i s t r y  and  t h e  

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

[ 1 7 ] ,  a n d  t h e  n a t u r e  o f  t h e  m e t a l  t o  l i g a n d  c h a r g e  

t r a n s f e r  ( M L C T ) ,  e x c i t e d  s t a t e  i s  b e t t e r  u n d e r s t o o d  M B ] .



Many o f  t h e  new c o mp l e x e s  o f  t h e  s t r u c t u r e  

[ R u ( b p y ] 2 XY]n+ p r e p a r e d  i n  t h e  s e a r c h  f o r  an e f f i c i e n t  

p h o t o c a t a l y s t  t o  d i s s o c i a t e  w a t e r  have  r e v e a l e d  

i n t e r e s t i n g  p r o p e r t i e s  and a p p l i c a t i o n s  i n  o t h e r  a r e a s  

a p a r t  f r om s o l a r  e n e r g y .

In r e c e n t  y e a r s  many r u t h e n i u m  c o n t a i n i n g  

p o l y m e r i c  m a t e r i a l s  have  been  s y n t h e s i s e d ,  [ 1 9 ] ,  and 

t h e i r  e l e c t r o c h e m i c a l ,  p h o t o c h e m i c a l  and p h o t o p h y s i c a l  

p r o p e r t i e s  e x a m i n e d .  Very t h i n  f i l m s  o f  p o l y me r s  

s uch  as  t h e s e  have  been  a p p l i e d  t o  t h e  s u r f a c e  o f  s o l i d  

e l e c t r o d e s  t o  c r e a t e  a m o d i f i e d  e l e c t r o d e ,  [ 2 0 , 2 1 ] .

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

a t  e l e c t r o d e  s u r f a c e s .  P o l y me r  m o d i f i e d  e l e c t r o d e s  

a l s o  have  a p p l i c a t i o n  i n  t h e  s t o r a g e  o f  s o l a r  e n e r g y .  

Upon i r r a d i a t i o n  o f  t h e  m o d i f i e d  e l e c t r o d e  w i t h  sunlight 

e l e c t r o n  t r a n s f e r  p r o d u c e s  an e l e c t r i c  c u r r e n t . [20 ]

C. CARBONYL COMPOUNDS OF Bi s  ( 2 , 2 *  BIPYRIDINE] 

RUTHENIUM ( I I ]

In t h e  s e a r c h  f o r  an e f f i c i e n t  c a t a l y s t  t o  

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

many c o m p l e x e s  o f  t h e  g e n e r a l  f o r m u l a  [ R u ( b p y ) 2 XY]n+ 

we r e  p r e p a r e d .  Some o f  t h e s e  c o m p l e x e s  wer e  f o u n d  t o  

have  i n t e r e s t i n g  p r o p e r t i e s  and a p p l i c a t i o n s  i n  a r e a s



o t h e r  t h a n  s o l a r  e n e r g y .  T h i s  i s  t r u e  i n  p a r t i c u l a r ,

f o r  b i s ( 2 , 2 '  - b i p y r i d i n e )  r u t h e n i u m  ( I I )  c o mp l e x e s

c o n t a i n i n g  a c a r b o n y l  g r o u p .  C a r b o n y l  h a l i d e

d e r i v a t i v e s  o f  r u t h e n i u m  ( I I )  have r e c e i v e d  t h e  b u l k

of  t h i s  r e s e a r c h  [22 - 2 4 ] .  One compound whi ch  has

been  u s e d  as  a p r e c u r s o r  f o r  t h e  s y n t h e s i s  o f  many r u t h e n i u m

b i s - 2 , 2 ’- b i p y r i d y 1 c o mp l e x e s  i s  [ Ru ( b p y ) z ( CO) C l ] +

T h i s  compl ex  was f i r s t  r e p o r t e d  i n  1973 by R u i z -  

Ra mi r e z  e t  a 1 .[25].[ Ru ( bpy ) 2 ( CD ) C1 ] + i n i t i a l l y  a t t r a c t e d  

i n t e r e s t  as  i t  was r e p o r t e d  t o  be a s i d e  p r o d u c t  i n  

t h e  s y n t h e s i s  o f  Ru ( b p y ) 2 C l 2 . 2H2 □ [ 2 6 ] .  The met hod 

o f  p r e p a r a t i o n  us e d  t o  make t h e  d i c h l o r i d e  was t h a t  

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

[ R u ( b p y ) 3 ] 2+ s u r f a c t a n t  p r e p a r a t i o n  by whi ch  t h e  p h o t o -  

d i s s o c i a t i o n  o f  w a t e r  by s u n l i g h t  was a c h i e v e d  [ 1 1 ] .

T h i s  l e d  t o  s p e c u l a t i o n  t h a t  i t  may have  been p r e s e n t  

i n  t h e  o r i g i n a l  s u r f a c t a n t  l a y e r  o f  [ R u ( b p y ) 3 ] + u s e d .

C l e a r  e t  a l . , p r e p a r e d  [ Ru( b p y ) 2 ( CO)C1] CIO4 

by s y n t h e s i s i n g  Ru( b p y ) 2 C12 2H2 0 f r o m r u t h e n i u m  

t r i c h l o r i d e  and a d d i n g  s od i um p e r c h l o r a t e  t o  t h e  m o t h e r  

l i q u o r  a f t e r  Ru ( b p y ) 2 C l 2 . 2H2 0 had been  r e moved ,  [ 2 6 ] .

The f i n a l  p r o d u c t  was i s o l a t e d  i n  a 30-40% y i e l d  b a s e d  

on t h e  r u t h e n i u m  t r i c h l o r i d e .  The s u b s t i t u t i o n  of  

t h e  c a r b o n y l  g r o u p  by a s o l v e n t  m o l e c u l e ,  ( e . g .



M e t h a n o l ,  (MeOH),  o r  a c e t o n i t r i l e  (MeCN]] when 

i r r a d i a t e d  w i t h  UV l i g h t  and t h e  s u b s t i t u t i o n  of  t h e  

c h l o r i d e  by a number  o f  d i f f e r e n t  m o l e c u l e s ,  ( e . g .

MeCN, 4 - Me t h y l  p y r i d i n e ) ,  when h e a t e d  was a l s o  r e p o r t e d  

i n  t h i s  p a p e r .

I n  1980 [ R u ( b p y ) 2 (CO) C l ] + was f o u n d  t o  

p h o t o c a t a l y s e  t h e  w a t e r - g a s  s h i f t  r e a c t i o n ,  (WGSR), [ 2 7 ] .

CO + H2 0 H2 + C02 R e a c t i o n  1.

I r r a d i a t i o n  o f  a q u e o u s  s o l u t i o n s  o f  

[ R u ( b p y ) 2 (CO) Cl ]  Cl  w i t h  v i s i b l e  l i g h t  a t  100°C i n  

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

no o x y g e n .  CO and CO2 we r e  a l s o  p r o d u c t s  and t h e r e f o r e  

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

r e a c t i o n  r a t h e r  t h a n  a s t r a i g h t  f o r w a r d  p h o t o d i s s o c i a t i o n  

o f  w a t e r .  Under  1 a t m o s .  o f  c a r b o n  monox i de  t h e  r e a c t i o n  

was c a t a l y t i c  a l t h o u g h  s l o w .  D e t a i l e d  i n v e s t i g a t i o n  

i n t o  t h e  me c h a n i s m has  been  c a r r i e d  o u t .  Choudhury  

and Co 1e - H a m i I t o n  showed t h e  r e a c t i o n  t o  be pH d e p e n d e n t  

[ 2 8 ] .  They c o n c l u d e d  t h a t  C02 was p r o d u c e d  t h e r m a l l y  

w h i l e  H2 was p h o t o c h e m i c a l l y  p r o d u c e d  i n  t h e  r a t e  

d e t e r m i n i n g  s t e p .  Ta na ka  e t  a l . ,  [ 2 9 ] ,  p r o p o s e d  a 

me c h a n i s m f o r  t h i s  r e a c t i o n  a t  a b o u t  150°C whi c h  

i n c l u d e d  [ Ru ( b p y ) 2 ( CO) H] + a s  an i m p o r t a n t  i n t e r m e d i a t e



(RXN Scheme 1 . 3 )  L a t e r  w o r k  s u p p o r t e d  t h i s  as a l i k e l y

i m p l i c a t e d  as  t h e  c a t a l y s t  i n  an i n v e s t i g a t i o n  of  

homogeneous  c a t a l y s t s  o f  WGSR by ( p o l y p y r i d i n e )  

r h o d i u m c o m p l e x e s  [ 3 0 ] .  K i n e t i c  i n v e s t i g a t i o n s  o f  

[ R u ( b p y ) 2 ( CO) H] + a l s o  s u p p o r t e d  t h i s  me c h a n i s m,  [ 3 1 ] .

c a t i o n i c  r u t h e n i u m  c a r b o n y l  and d i c a r b o n y l  c o mp l e x e s  

i n c l u d i n g  [ Ru( b p y ) 2 ( CO) C1 ] + and i n v e s t i g a t e d  t h e  

s p e c t r o s c o p i c  p r o p e r t i e s  o f  t h e s e  compounds  [ 3 2 ] .  

K e l l y  e t  a l . , u s e d  [ Ru( b p y ) 2 ( CO) C1 ] + a s  a s t a r t i n g  

m a t e r i a l  f o r  t h e  p r e p a r a t i o n  o f  a wi de  r a n g e  o f  

c a r b o n y 1

R e a c t i o n  Scheme 1 . 3

Mechan i sm f o r  t h e  Wa t e r - G a s  S h i f t  R e a c t i o n  

c a t a l y s e d  [ Ru ( b p y ) 2 ( CO ) C1 ] + as  p r o p o s e d  by 

Tana ka e t  a 1 [37]

me c h a n i s m when t h e  compound [ Rh( b p y ) 2 ( CO) H] + was

Choudhur y  e t  a l . ,  s y n t h e s i s e d  a number  o f

[ R u ( b p y )  ü {CO)C1] ' "  HzO _ [ R u ( b p y )  2 (CO)H20] 2+  H i  H2 O [ R u ( b p y ) 2 ( C 0 ) H ] +
a

[Ru (bpy) 2 ( 0 0 )2 ]  +  — »■« 1̂—----------

OH-

,C02

[R u ( b p y )  2 \C0)C00H]"1

H

[R u ( b p y ) 2 (CO)(COO ) ]



c o n t a i n i n g  c o mp l e x e s  o f  r u t h e n i u m  ( I I ]  [ 3 3 ] .  Th i s  

i n c l u d e d  [ Ru( b p y ) 2 ( CO) H2 0] whi c h  i s  b e l i e v e d  t o  

be a key i n t e r m e d i a t e  i n  t h e  w a t e r - g a s  s h i f t  r e a c t i o n  

c a t a l y s e d  by [ Ru ( b p y ) 2 ( CO) C1 ] + [ 2 9 ] .  The s p e c t r o 

s c o p i c ,  e l e c t r o c h e m i c a l  and p h o t o c h e m i c a l  p r o p e r t i e s  

of  t h e  c o mp l e x e s  a r e  e x a mi n e d .  I s h i d a  e t  a l . ,  s t u d i e d  

e l e c t r o c h e m i c a l  C02 r e d u c t i o n  whi c h  i s  c a t a l y s e d  by 

[ R u ( b p y ) 2 (CO),  ] 2+ and [ Ru ( b p y ) 2 ( CO) C1 ] + t o  a s s e s s  

t h e  pH d e p e n d e n c e  on t h e  f o r m a t i o n  o f  CD and HCOO [ 3 4 ] .  

O t h e r  c a r b o n y l  c o n t a i n i n g  compounds  whi ch  have  a t t r a c t e d  

r e s e a r c h  c o n t a i n  one b i d e n t a t e  l i g a n d  and two 

c a r b o n y l  m o i e t i e s  bound t o  t h e  r u t h e n i u m  [ 3 5 - 3 7 ] .

0.  HYDRIDO COMPLEXES OF RUTHENIUM ( I I ]

Bi s  ( 2 , 2 ’ - BIPYRIDINE)

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

m e t a l  c ompl ex  h y d r i d e s  wer e  t h e  c a r b o n y l  h y d r i d e s  

FeH2 C0 4  and C0 HCO4 [ 3 8 , 3 9 ] .  Th e r e  has  been  much 

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

b e c a u s e  o f  t h e  c a t a l y t i c  a p p l i c a t i o n s  o f  many o f  t h e s e  

c o m p l e x e s  [ 4 0 ] .  The r e d u c t i o n  o f  some k e t o n e s  t o  t h e  

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

e x a m p l e ,  [ 4 3 ] .  Th e r e  a r e  many e x a mp l e s  o f  h y d r i d o -



r u t h e n i u m  c o mp l e x e s  i n  p a r t i c u l a r  r u t h e n i u m  I I  

p h o s p h i n e  h y d r i d e s  s u c h  a s  [ Ru( PPH3 ) ]  PFg,  [ 4 2 ] .

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

c o mp l e x e s  o f  r u t h e n i u m  and number  o f  compounds  of  

t h e  g e n e r a l  f o r m u l a  [ Ru ( L - L ) ( CO) H] + have been 

r e p o r t e d  ( e . g .  L-L = 1 , 2 ,  - b i s  ( d i p h e n y l p h o s p h i  n o ) 

e t h a n e  [43]  o r  1 , 3  - b i s  ( d i p h e n y  l p h o s p h i  n o ) p r o p a n e  

[ 4 4 ] .  The d e h y d r o g e n a t i o n  o f  a l d e h y d e s  u s i n g  

c o mp l e x e s  o f  t h e  t y p e  RuH2 ( CO) ( PPh3 ) ( L - L ) was 

d e s c r i b e d  by Jung and Ga r r o u  [ 4 5 ] .  O t h e r  r u t h e n i u m  

( I I )  h y d r i d e  c o mp l e x e s  have  a l s o  been  shown t o  be 

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

k e t o n e s  t o  a l c o h o l s  [ 4 5 , 4 7 ] .

In 1982 [ Ru( b p y ) 2 ( C0 ) H] + C1Q4 was p r e p a r e d  

by t r e a t i n g  [ Ru( b p y ) 2 ( CO) C1 ] + i n  a q u e o u s  e t h a n o l  

and was p r o p o s e d  as  a p o s s i b l e  i n t e r m e d i a t e  i n  t h e  

w a t e r  ga s  s h i f t  r e a c t i o n  c a t a l y s e d  by [ Ru ( b p y ) 2 ( CO) C1 ] + 

[ 4 8 ] .  The p o s s i b i l i t y  o f  [ Ru ( b p y ) 2 ( CO) H] + a c t i n g  

as  h y d r o g e n  p r o d u c i n g  c e n t r e  a r o s e  f r om t h e  

o b s e r v a t i o n  t h a t  i t  r a p i d l y  decompos e d  i n  we a k l y  a c i d i c  

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

i n  s p e c u l a t i o n  t h a t  [ R u ( b p y ) 2 ( CO) H] + may have  been 

an a c t i v e  i m p u r i t y  i n  t h e  m o n o l a y e r  a s s e m b l i e s  o f  

s u r f a c t a n t  [ R u ( b p y ) 3 ] 2+ t y p e  d e r i v a t i v e s  whi c h  were  

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

[ 1 1 ] ,  e s p e c i a l l y  a s  i t s  p r e c u r s o r  [ Ru( b p y ) 2 ( CO) C1 ] +



i s  a m a j o r  by p r o d u c t  i n  t h e  p r e p a r a t i o n  o f  

Ru ( bpy ) 2 C12 2H2 0 .

The e l e c t r o c h e m c i a 1 p r o p e r t i e s  of  

[ Ru( b p y ) 2 ( CO) H] + and i t s  a n a l o g o u s  compound 

[ Os ( b p y ) 2 ( CO) H] + have been  i n v e s t i g a t e d .  [ 4 9 ] .  I t  

a l s o  was n o t e d  t h a t  [ Os ( b p y ) 2 ( CO) H] + r e a c t e d  w i t h  

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

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

[OsC bpy 3 2 ( C0 ) H ] + + H+ MeCN^ [ O s ( b p y ) 2 ( CO) ( MeCN) ] 2 + + H2

R e a c t i o n  1 . 4 .

S u l l i v a n  e t  a l . ,  e x p l o r e d  s e v e r a l  d i f f e r e n t  

r o u t e s  t o  p r o d u c e  h y d r i d o c a r b o n y 1 c o mp l e x e s  o f  Os ( I I )  

and Ru ( I I ) ,  c o n t a i n i n g  p o l y p y r i d i n e  l i g a n d s  [ 5 0 ] .

They o b s e r v e d  how t h e  h y d r i d e  l i g a n d  endowed t h e  

m e t a l  t o  l i g a n d  c h a r g e  t r a n s f e r  (MLCT) e x c i t e d  s t a t e s  

o f  some o f  t h e  c o mp l e x e s  w i t h  s t r o n g  r e d u c i n g  p r o p e r t i e s ,  

i n c l u d i n g  [ Ru ( b p y ) 2 ( CO) H] + .

[ Ru ( b p y ) 2 ( CO) H] + i s  a r e l a t i v e l y  p h o t o s t a b l e  

c ompl ex  and u n l i k e  mos t  o t h e r  c a r b o n y l  c o mp l e x e s  o f  

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

d e c a r b o b y l a t e d  by UV r a d i a t i o n ,  [ 33]  [ F i g  1 . 2 ] .  The

1 2 .



Fig. 1.2 The Structure of [Ru(bpy)0 (CO)H]

X-Ray Crystallograpghic Assignation
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s p e c t r o s c o p i c ,  e l e c t r o c h e m i c a l  and p h o t o c h e m i c a l  

p r o p e r t i e s  o f  [ Ru ( b p y ) 2 ( CO ) H] + and o t h e r  b i s  

( 2 , 2 ’ - b i p y r i d y l )  - h y d r i d o  r u t h e n i u m  c o mp l e x e s  were  

i n v e s t i g a t e d  by K e l l y  and Vos.  [ 5 1 ] .  In a q u e o u s  

a c i d i c  s o l u t i o n  [ Ru( b p y ) 2 ( CO) H2 □] + was p r o d u c e d .

[ R u ( b p y ) 2 ( C0 ) H] + + H+ H a O ^ J  Ru ( bpy ) 2 ( CO ) H2 0 ] 2 + + Hz

R e a c t i o n  1 . 5 .

[ Ru( b p y ) 2 ( CO) H] + was a l s o  shown t o  decompose  

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

a c e t o n e .  The X - r a y  s t r u c t u r e  o f  [ Ru( b p y ) 2 ( CO) H] PFg.  

5 C3 H0 O was e l u c i d a t e d  and t h e  k i n e t i c s  f o r  t h e  

r e a c t i o n  o f  [ Ru ( bpy ) 2 ( CO) H] + ( R e a c t i o n  1 . 5 )  i n  

a q u e o u s  a c i d  d e t e r m i n e d  by H a a s n o o t  e t  a l . ,  [ 3 1 ] .

R e c e n t l y  a d e t a i l e d  k i n e t i c  i n v e s t i g a t i o n  of  

t h e  h y d r o g e n a t i o n  o f  a c e t o n e  t o  p r o p a n - 2 - o l  by 

[ Ru ( b p y ) 2 ( CO) H] + i n  b u f f e r e d  a q u e o u s  s o l u t i o n s  was 

u n d e r t a k e n  [ 5 2 ] .  The d e p e n d e n c e  o f  t h e  p s e u d o -  

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

a c e t o n e ,  b u f f e r  c o n c e n t r a t i o n  and pH was r e p o r t e d .

A two s t e p  me c h a n i s m was p r o p o s e d : -



(CH3 ) 2 CD + HA Keq .̂ [ (CH3 ) 2 C0  HA) R e a c t i o n  1.

whe r e  HA = H3 Q+ a n d / o r  u n d i s s o c i a t e d  a c i d .

[ (CH3 ) 2 CO  HA] + [ Ru ( b p y ) 2 ( CO) H] + H2 0
K

(CH3 ) 2 CH0H + [ R u ( b p y ) 2 (C0)H2 0 ] 2+

R e a c t i o n  1 . 7 .

No t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  r e a c t i o n  was o b s e r v e d .

E. KINETIC STUDIES OF CHEMICAL REACTIONS

Knowl edge  o f  t h e  r a t e  o f  a c h e m i c a l  r e a c t i o n  

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

t h e  n a t u r e  o f  t h e  r e a c t i o n  [ 5 3 , 5 4 ] .  The r a t e  o f  a 

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

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

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

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

p r o g r e s s  o f  a r e a c t i o n  t o  i t s  e q u i l i b r i u m  s t a t e .  The 

r e a c t i o n  me c h a n i s ms  may be r e v e a l e d  by s t u d y i n g  r e a c t i o n  

r a t e s .  The r a t e s  may be m e a s u r e d  by m o n i t o r i n g  

p r e s s u r e  c h a n g e s  o r  u s i n g  t e c h n i q u e s  s u c h  as  

s p e c t r o s c o p y ,  e l e c t r o c h e m i c a l  m e t h o d s ,  p o l a r i m e t r y



and c h r o m a t o g r a p h y .

The r a t e  o f  a c h e m i c a l  r e a c t i o n  may be

e x p r e s s e d  as  t h e  r a t e  o f  c h a n g e  o f  any o f  t h e  s p e c i e s .  

I f  t h i s  d i f f e r s  f o r  d i f f e r e n t  s p e c i e s  i n  a r e a c t i o n  

t h e  s p e c i e s  by whi ch  we d e f i n e  t h e  r a t e  o f  r e a c t i o n  

mu s t  be s t a t e d .  Fo r  a r e a c t i o n  i n  whi ch

t h e  r a t e s  o f  e a c h  c o mp o n e n t s  a r e  as  f o l l o w s : -

- d [ A] /  d t  = —5 d [ B] / d t  = 1 / 3 d [ C ] / d t  = d [ □ J / d t  Eqn 1 . 1 .

The r a t e  may be c h o s e n  as  d [ A ] / d t  o r  d [ C] / d t  

e t c .  and may r e l a t e  t o  t h e  c o n c e n t r a t i o n  o r  a power  of  

t h e  c o n c e n t r a t i o n  o f  one o r  more s p e c i e s .  T h i s  i s  

r e l a t e d  t o  t h e  r a t e  by a f a c t o r  known as  t h e  r a t e  

c o n s t a n t .  F o r  i n s t a n c e  t h e  r a t e  o f  t h e  a b o v e  r e a c t i o n  

m i g h t  o b e y .

A + 2B 3C + □ R e a c t i o n  1 . 8 .

- d [ A] / d t K. [ A ] [ B ] E q n . 1 . 2 .

o r  i t  m i g h t  o b ey :

- d [ A ] /  d t K [ A ] [ B ]
2

E q n . 1 . 3 .



Th i s  i s  t h e  r a t e  l aw f o r  t h e  r e a c t i o n .  Given 

t h e  e x p e r i m e n t a l  v a l u e  o f  t h e  r a t e  c o n s t a n t  and t h e  

r e a c t i o n  c o n d i t i o n s ,  t h e  s t a t e m e n t  o f  t h e  r a t e  l aw 

p e r m i t s  t h e  p r e d i c t i o n  o f  t h e  r a t e .  I t  a l s o  a i d s  

i n  t h e  e s t a b l i s h m e n t  o f  t h e  mechan i s m whi ch  mus t  

c o n f o r m t o  t h e  r a t e  l aw.  The r a t e  law a l s o  a l l o w s  

t h e  c l a s s i f i c a t i o n  o f  a r e a c t i o n  i n t o  i t s  ’ o r d e r ’ .

The o r d e r  o f  a r e a c t i o n  i s  t h e  power  t o  whi ch  

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

l aw.  A r e a c t i o n  o b e y i n g  t h e  r a t e  l aw g i v e n  i n  Eqn 1 . 3 .  

i s  f i r s t  o r d e r  i n  A and s e c o n d  o r d e r  i n  B. The 

o v e r a l l  o r d e r  f o r  a r e a c t i o n  i s  t h e  sum of  t h e  o r d e r s  

f o r  t h e  i n d i v i d u a l  c o mp o n e n t s  and henc e  t h e  r e a c t i o n  

i n  t h i s  c a s e  i s  t h i r d  o r d e r  o v e r a l l .  The r a t e  law 

f o r  a r e a c t i o n  can o n l y  be d e r i v e d  by e x p e r i m e n t .

The r a t e  l aw f o r  t h e  f i r s t  o r d e r  r e a c t i o n  

- d [ A ] / d t  = K. [ A ] Eqn.  1 . 4 .

i s  t h e  s i m p l e s t  r a t e  l aw.

T h i s  can be r e a r r a n g e d  t o

— C1/[A]D d [ A] = K . d t  Eqn.  1 . 5 .

T h i s  can  be i n t e g r a t e d  d i r e c t l y  t o  r e s u l t  i n  t h e  

e q u a t i o n  :

[ A ] t  = [ A] o e x p ( - k t )  Eqn.  1 . 6 .
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o r ,

In [ [A ]t /  [ A ] o ] = - k t  Eqn.  1 . 7 .

h e r e ,  [A]o i s  t h e  i n i t i a l  c o n c e n t r a t i o n  o f  A and 

[ A l t  i s  t h e  c o n c e n t r a t i o n  o f  A a t  t i me  = t .

Me a s u r emen t  o f  t h e  i n i t i a l  s l o p e s  o f  t h e  

c o n c e n t r a t i o n  o f  g i v e n  c o mp o n e n t s  f o r  a r e a c t i o n  

p r o v i d e s  a d i r e c t  me t hod  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  

r a t e  l aw.  F o r  a r e a c t i o n  b e t we e n  two compounds ,  A and 

B, whe r e  t h e r e  i s  known t o  be no o t h e r  s p e c i e s  i n v o l v e d  

t h e  r a t e  l aw may be w r i t t e n  a s : -

- d [ A] / d t  = K [ A] a [ B ] b Eqn.  1 . 8 .

At t h e  b e g i n n i n g  o f  t h e  r e a c t i o n  t h e  r a t e  i s : -

- C d [ A] / d t ] = K [ A] a Q [ B] bQ Eqn.  1 . 9 .

whe r e  [A]o and [B]o a r e  t h e  i n i t i a l  c o n c e n t r a t i o n s  o f  

A and B r e s p e c t i v e l y .  T h i s  may be w r i t t e n  a s : -

l g [ - [ d [ A] / d t  ] i n i t ]  = lgK + a l g [ A ] o  + b l g [ B ] o  Eqn.  1 . 1 0 .

By p l o t t i n g  t h e  s l o p e  o f  t h e  t a n g e n t  o f  t h e  i n i t i a l  

c h a n g e  i n  c o n c e n t r a t i o n  o f  A, l g  [ - ( d [ A] / d t ) i n i t ] ,  

a g a i n s t  Aa and Bo t h e  o r d e r  o f  r e a c t i o n  can be c a l c u l a t e d  

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

r a t e  c o n s t a n t ,  k,  t o  be c a l c u l a t e d .

1 8 .



In 1926 Guggenhei m d e s c r i b e d  a met hod where  

t h e  c o n c e n t r a t i o n s  o f  t h e  c o mp o n e n t s  i s  n o t  n e c e s s a r y  

f o r  t h e  e l u c i d a t i o n  o f  t h e  r a t e  c o n s t a n t  [ 5 5 ] .  The

c o u r s e  o f  t h e  r e a c t i o n  may be f o l l o w e d  by me a s u r e me n t  

o f  some p h y s i c a l  p r o p e r t y  o f  t h e  s y s t e m ,  0 , whi ch  

v a r i e s  w i t h  t i m e  a c c o r d i n g  t o  t h e  e q u a t i o n .

( 0  (oo) " 0 ( t )  ) = ( 0  C o o )  “ 0 ( o )  exp C- k t )  Eqn.  1.

By p l o t t i n g  In ( C 0 ( o o )  -  0 ( t ) )  /  C 0 c oo ) ~ ^Co) )  

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

o r d e r  r e a c t i o n .  However  i f  t h e  c o n c e n t r a t i o n s  o f  a l l  

t h e  c o mp o n e n t s  a r e  much g r e a t e r  t h a n  t h e  s p e c i e s  by 

whi c h  t h e  r a t e  i s  d e f i n e d  t h e  r e a c t i o n  b e h a v e s  i n  

a p s e u d o  f i r s t  o r d e r  ma n n e r .  T h i s  i s  b e c a u s e  t h e  

o t h e r  c o mp o n e n t s  a r e  i n  l a r g e  e x c e s s  and so t h e i r  

c o n c e n t r a t i o n s  do n o t  c h a n g e  s i g n i f i c a n t l y  t h r o u g h  

t h e  c o u r s e  o f  t h e  r e a c t i o n .  Us i n g  t h e  same p l o t  as  

f o r  a f i r s t  o r d e r  r e a c t i o n  y i e l d s  a s l o p e  o f  - Kobs .

Kobs i n c l u d e s  t h e  c o n c e n t r a t i o n  o f  t h e  o t h e r  c omponen t s  

i n  i t s  v a l u e  e . g .  f o r  R e a c t i o n  1 . 6 .

Kobs [A] = K [B] [A] Eqn.  1 . 1 2 .



I f  t h e  r a t e  l aw s t a t e d  i n  Eqn.  1 . 3  i s  c o r r e c t  

by i n d i v i d u a l l y  v a r y i n g  t h e  c o n c e n t r a t i o n  o f  t h e  

c o mp o n e n t s  i n  e x c e s s ,  i n  t h i s  c a s e  [ B] ,  and p l o t t i n g  

a g a i n s t  Kobs ,  t h e  r a t e  c o n s t a n t  can be c a l c u l a t e d ,  

f r o m t h e  s l o p e .

A r r h e n i u s  p r o p o s e d  an e q u a t i o n  whi c h  d e s c r i b e s  

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

Kz = A exp ( - E a / RT )  Eqn.  1 . 13

whe r e  A = p r e e x p o n e n t i a l  f a c t o r  ( i n d e p e n d e n t  of

t e m p e r a t u r e ) .

Ea = a c t i v a t i o n  e n e r g y

R = u n i v e r s a l  ga s  c o n s t a n t

r e a r r a n g e d  t h i s  g i v e s : -

l n  K2 = InA - [Ea / RT]  Eqn.  1 . 1 4

A p l o t  o f  I n  Ka vs  1/T g i v e s  a s l o p e  of

- Ea / R and an i n t e r c e p t  o f  InA.  T h i s  i s  known as  an 

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

l i n e  g r a p h  i t  i s  s a i d  t o  e x h i b i t  A r r h e n i u s  t y p e  

b e h a v i o u r .  [5 4 ] .



EXPERIMENTAL

A. APPARATUS AND MATERIALS:

P r e v i o u s l y  d e s c r i b e d  me t h o d s  were  u s ed  t o  

s y n t h e s i s e  [ Ru( b p y ) 2 ( CD) C1 ] CIO^ [ 2 6 ] ,  and t h e  

p r e c u r s o r  f o r  t h e  s y n t h e s i s  o f  [ Ru ( b p y ) 2 ( CD) H] PFg.  

sCgHgD s Ru ( b p y ) 2 C l 2 . 2H2 0 [ 5 6 ] .  A l l  c h e m i c a l s

u s e d  wer e  o f  a n a l y t i c a l  g r a d e .  A l l  w a t e r  u s e d  was 

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

d i s t i l l a t i o n .  The pH f o r  k i n e t i c  s t u d i e s  i n  a q u e o u s  

s y s t e m s  was c o n t r o l l e d  u s i n g  B r i t t o n - R o b i n s o n  b u f f e r .

K i n e t i c  d a t a  were o b t a i n e d  u s i n g  c o m p u t e r  l i n k e d  

UV/VIS s p e c t r o p h o t o m e t r y .  Two s p e c t r o p h o t o m e t e r s  were  

u s ed  f o r  t h i s  p u r p o s e .  A Shi madzu  UV-240 U V - v i s i b l e  

r e c o r d i n g  s p e c t r o p h o t o m e t e r  w i t h  a g r a p h i c  p r i n t e r  PR-1 

was i n t e r f a c e d  t o  t h e  c o m p u t e r  by a Sh i madzu  o p t i o n  

p r o g r a m / i n t e r f a c e  OP I - 1 .  A Pye Uni can SPB-100 UV/VIS 

s p e c t r o p h o t o m e t e r  was i n t e r f a c e d  t o  t h e  c o m p u t e r  by an 

' I C I ’ Rexagan  I n t e r f a c e  s y s t e m .  A Commodore 8032-SK 

c o m p u t e r  and Commodore CBM Model  8050 Dual  D r i v e  F l oppy  

Di s k  was u s e d  and t h e  r e s u l t s  p r i n t e d  on a Commodore 

T r a c t o r  P r i n t e r  4022P.  The t e m p e r a t u r e  o f  t h e  s a mp l e  

c e l l s  was c o n t r o l l e d  by a Het o  w a t e r  b a t h  ( ±2 ° C) .



I n f r a r e d  s p e c t r a  we r e  o b t a i n e d  u s i n g  a P e r k i n  

E l me r  9B3G i n f r a r e d  s e p c t r o p h o m e t e r .  Gas c h r o m a t o g r a p h y  

was p e r f o r m e d  w i t h  a Pye Un i c a n  4550 gas  c h r o m a t o g r a p h  

and a C a r l o  Er ba  S t u m e n t a z i o n e  MEGA s e r i e s  i n t e g r a t o r .

The pH of  a q u e o u s  s o l u t i o n s  was m o n i t o r e d  u s i n g  a 

P T I - 6  U n i v e r s a l  D i g i t a l  pH m e t e r .

The e q u i p m e n t  and m a t e r i a l s  u s e d  t o  p e r f o r m  

HPLC a n a l y s i s  a r e  d e s c r i b e d  c o m p r e h e n s i v e l y  i n  t h e  

e x p e r i m e n t a l  s e c t i o n  o f  S e c t i o n  I I .

A s t o c k  s o l u t i o n  o f  [ Ru( b p y ] 2 ( CO) H] PFg i n

a c e t o n i t r i l e  f o r  k i n e t i c  s t u d i e s  was p r e p a r e d  by

d i s s o l v i n g  15 mg o f  t h e  compl ex  i n  10 mi s  o f  a c e t o n i t r i l e  
— a(2-*43 x 10 M ) . S t o c k  s o l u t i o n s  o f  a c e t i c  a c i d  i n

a c e t o n i t r i l e  o f  0 . 1 4M t o  0 . 8 4 M wer e  p r e p a r e d  by 

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

a c i d  w i t h  a c e t o n i t r i l e .

B. THE SYNTHESIS OF [ Ru( b p y ) 2 ( CD) H] PFp . \ ACETONE

[ Ru ( b p y ) 2 ( CO) H] P F g . i  C3 HgO was s y n t h e s i s e d  

u s i n g  Ru ( b p y ) 2 C l 2 2H2 0 a s  a p r e c u r s o r .  The met hod  

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

me t hod  [ 5 1 ] .  One gramme o f  Ru [ b p y ) 2 C l 2 2H2 0 was



r e f l u x e d  i n  1 00  ml o f  e t h y l e n e  g l y c o l  and c a r b o n  

monoxi de  b u b b l e s  t h r o u g h  t h e  s o l u t i o n  u n t i l  t h e  

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

A d d i t i o n  o f  e x c e s s  NH^PFg was u s e d  t o  c r y s t a l l i s e  o u t  

t h e  [ Ru ( b p y ) 2 ( CO) C l ] PFg p r o d u c t .  1 . 1 7  g o f  t h i s  

p r o d u c t  was o b t a i n e d  (93% y i e l d ) .  T h i s  was c h a r a c t e r i s e d  

by i n f r a r e d  s p e c t r o s c o p y . The d r i e d  c r y s t a l s  were  

r e d i s s o l v e d  i n  150 ml o f  r e f l u x i n g  e t h a n o l  : w a t e r  

( 2 : 1  m / m ) and 1 . 4  g o f  NaBh^ i n  6 . 5  ml o f  w a t e r  was 

a dded  s l o w l y  t o  t h e  s o l u t i o n  w h i l e  s t i l l  h o t .  A f t e r  

t w e n t y  m i n u t e s  t o  a l l o w  t h e  r e a c t i o n  t o  go t o  c o m p l e t i o n  

600 mg o f  NH^PFg i n  30 ml o f  w a t e r  and was added  t o  t h e  

s o l u t i o n ,  c o o l e d  t o  a l l o w  c r y s t a l l i z a t i o n .  The c r y s t a l s  were 

c o l l e c t e d  and was hed  w i t h  w a t e r  t o  r emove e x c e s s  

NH^PFg.  The p r o d u c t  was r e c r y s t a 1 l i z e d  f r om a c e t o n e -  

w a t e r  by a l l o w i n g  t h e  a c e t o n e  t o  e v a p o r a t e  f r o m t h e  mix 

a t  room t e m p e r a t u r e  o v e r  3 d a y s .  0 . 6  g o f  c r y s t a l l i n e  

p r o d u c t  we r e  c o l l e c t e d  and d r i e d ,  ( y i e l d  = 50%)

U V / V i s i b l e , i n f r a r e d  s p e c t r o s c o p y , and wer e  u s e d  t o  

c h a r a c t e r i s e  t h e  p r o d u c t .

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

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

p e r f o r m a n c e  l i q u i d  c h r o m a t o g r a p h y  HPLC. The c o mp l e x e s  

wer e  a n a l y s e d  u s i n g  C]_q , CX and CN c o l u mn s .  The m o b i l e



p h a s e  c o n s i s t e d  of  MeCN : H2 O; Li Cl O^ .  The me t hods  

u s e d  a r e  d e s c r i b e d  i n  P a r t  I I  o f  t h i s  t h e s i s .  HPLC 

was u s e d  t o  d e t e r m i n e  t h e  e f f e c t  o f  t h e  a d d i t i o n  of

1 d r op  o f  c o n c e n t r a t e d  HC1 t o  3 ml o f  2 . 4 x 1 0 -3 M

[ Ru( b p y ) 2 ( CO) H] PFg 5 C3 Hg0 i n  a c e t o n i t r i l e  u s i n g  a 

CN c a r t r i d g e  col umn o p e r a t i n g  i n  t h e  r e v e r s e  ph a s e  

mode and u s i n g  a c a t i o n  e x c h a n g e ,  CX, co l umn.  The 

o p e r a t i n g  c o n d i t i o n s  wer e  t h o s e  u s e d  t o  a c h i e v e  

s e p a r a t i o n  o f  [ Ru( b p y ) 2 ( CO) H] and [ Ru( b p y ) 2 ( CO] C1 ] + 

and o t h e r  c o m p l e x e s  as  d e s c r i b e d  i n  P a r t  I I  o f  t h i s  

t h e s i s .

C. KINETIC STUDY OF THE REACTION OF 

[ Ru ( b p y ) 2 (CO) H] PFK. j ACETONE WITH BENZALDEHYDE

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

[ Ru ( b p y ) 2 ( CD) H] PFg.  5 CgHgO w i t h  a s e l e c t i o n  of  

a l d e h y d e s ,  e s t e r s  and k e t o n e s  a t  g i v e n  pH v a l u e s  

wa s  a c h i e v e d  by m o n i t o r i n g  t h e  d e c a y  i n  t h e  a b s o r b e n c e  

o f  t h e  r u t h e n i u m  h y d r i d e  c ompl ex  a t  i t s  Amax o f  

450 nm. 0 . 5  ml: o f  s t o c k  [ Ru ( bpy ) 2 ( CO) H) PFg .

2 C3 Hg0 s o l u t i o n  was p l a c e d  i n  a q u a r t z  c u v e t t e  and 

2 . 5  ml '  B r i t t o n - R o b i n s o n  b u f f e r  o f  known pH a d d e d .

100 pi  o f  t h e  r e a c t a n t  compound was a d d e d .  The c u v e t t e  

was s e a l e d  and a g i t a t e d  t o  e n s u r e  h o m o g e n e i t y  o f  t h e  s a mp l e .  

T h i s  was t h e n  p l a c e d  i n  t h e  s p e c t r o p h o t o m e t e r  and



t h e  a b s o r b a n c e  d e c a y  r e c o r d e d .  The t i m e  span  be t ween  

i n i t i a t i n g  t h e  r e a c t i o n  by t h e  a d d i t i o n  o f  r e a c t a n t  

and commenci ng t h e  a b s o r b a n c e  m e a s u r e m e n t s  was k e p t  

t o  a p p r o x i m a t e l y  5 s e c o n d s .  The d e c a y  i n  t h e  

a b s o r b a n c e  was r e c o r d e d  u n t i l  i t  became i n s i g n i f i c a n t .  

The r e a c t a n t  compounds  s t u d i e d  u s i n g  t h i s  met hod 

wer e  p r o p a n o l ,  e t h y l  p r o p r i o n a t e ,  e t h y l  b e n z o a t e ,  

a c e t o n e  and b e n z a l d e h y d e .

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

r e a c t i o n s  was a l s o  d e v i s e d .  The B r i t t o n - R o b i n s o n  

B u f f e r  was r e p l a c e d  by 2 . 5  ml o f  known c o n c e n t r a t i o n s  

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

a l l  p e r f o r m e d  a t  20°C.

An i n  d e p t h  k i n e t i c  i n v e s t i g a t i o n  o f  t h e  a c e t i c  

a c i d  c a t a l y s e d  r e a c t i o n  o f  [ Ru ( b p y ) 2 ( CO) H] PFg w i t h  

b e n z a l d e h y d e  i n  a c e t o n i t r i l e  was u n d e r t a k e n  u s i n g

c o m p u t e r  l i n k e d  s p e c t r o p h o t o m e t r y .

The r e a c t i o n  was i n i t i a t e d  a s  d e s c r i b e d  f o r  

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

However  u s i n g  t h e  c o m p u t e r  t h e  a b s o r b a n c e  v a l u e  was 

r e c o r d e d  a t  50 s e c o n d  i n t e r v a l s  u n t i l  t h e  a b s o r b a n c e  

d e c a y  i s  u n d e t e c t a b l e  b e t we e n  t h e  s a m p l i n g  t i m e s .

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

a b s o r b a n c e  v e r s u s  t i m e  and a Kobs v a l u e  was comput ed  

f r om t h e  s l o p e  o f  t h e  p l o t  o f  In [ ( ODq-ODoo) /  ( OD^-0 D« )]



vs t i m e  was c o m p l e t e d  f o r  e ac h  s e t  o f  d a t a  (□□ > OD̂ . > □□ qo i s  t h e  

a b s o r b a n c e  o f  t h e  s o l u t i o n  a t  450 nm a t  t i me  =zero; t  and 

i n f i n i t y ) .  The f i n a l  p o i n t  i s  t h e n  r emoved and 

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

T h i s  p r o c e d u r e  i s  r e p e a t e d  u n t i l  t h e  c a l c u l a t i o n s  a r e  

p e r f o r m e d  f o r  t h e  f i r s t  f o u r  p o i n t s .  The p r o c e d u r e  

t h e n  t e r m i n a t e s .  The s e t  o f  p o i n t s  whi ch  y i e l d  t h e  

maximum c o r r e l a t i o n  c o e f f i c i e n t  i s  t a k e n  as  t h e  

maximum s e t  o f  p o i n t s  o v e r  whi c h  l i n e a r i t y  i s  

m a i n t a i n e d  and t h e  Kobs v a l u e  f o r  t h i s  s e t  o f  d a t a  

i s  t h e  v a l u e  t a k e n  f o r  t h e  Kobs f o r  t h e  g i v e n  r e a c t i o n  

c o n d i t i o n s  u s e d .  R e s u l t s  wh i c h  d i d  n o t  g i v e  a 

maximum c o r r e l a t i o n  c o e f f i c i e n t  o f  g r e a t e r  t h a n  

0 . 9 9 9 9  wer e  r e j e c t e d  and t h e  r e a c t i o n  r e p e a t e d .

The r e a c t i o n  was e x a mi n e d  w i t h  r e s p e c t  t o  

a c e t i c  a c i d  c o n c e n t r a t i o n ,  b e n z a l d e h y d e  c o n c e n t r a t i o n  

and t e m p e r a t u r e .  Th e s e  p a r a m e t e r s  were  v a r i e d  

i n d i v i d u a l l y  t o  a c h i e v e  t h i s .  The i n i t i a l  

c o n c e n t r a t i o n  o f  [ Ru( b p y ) 2 C0 0 ) H] + i n  t h e  c u v e t t e  was 

4 x 1 0 _4M f o r  a l l  c o n d i t i o n s  u s e d .  Each p a r a m e t e r  

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

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

i n  t h e  c u v e t t e  i s  0 . 4 0 3  M, ( 2 . 5  ml of  0 . 5  M a c e t i c  

a c i d  i n  a c e t o n i t r i l e ) .  The s t a n d a r d  c o n c e n t r a t i o n

2 6 .



o f  b e n z a l d e h y d e  i n  t h e  c u v e t t e  was 0 . 3 1 8  M ( 1 0 0  .Ml) 

and t h e  s t a n d a r d  t e m p e r a t u r e  25°C.  A c e t i c  a c i d  was 

v a r i e d  b e t we e n  0 . 1 1 3  M and 0 . 6 7 9  11 i n  t h e  c u v e t t e  

( 2 . 5  ml o f  0 . 1 4 0  M and 0 . 8 4 2  M a c e t i c  a c i d  i n  

a c e t o n i t r i l e ) .  B e n z a l d e h y d e  c o n c e n t r a t i o n  i n  t h e  

s y s t e m  was v a r i e d  be t we e n  0 . 1 6  M and 0 . 5 4 2  M, (50 pi  

t o  175 p i ) .  T e m p e r a t u r e s  o f  20°C t o  55°C wer e  us ed  

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

Each r e a c t i o n  was r e p e a t e d  t h r e e  t i m e s  and t h e  a v e r a g e  

Kobs v a l u e s  t a k e n  t o  c a l c u l a t e  t h e  r e a c t i o n  c o n s t a n t s .  

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

and t h e  more l i n e a r  s e t  o f  v a l u e s  f o r  t h e  r e a c t i o n  

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

The r e a c t i o n  p r o d u c t  was i d e n t i f i e d  u s i n g  

i s o t h e r m a l  g a s  c h r o m a t o g r a p h y  a t  95°C.  A p a c k e d  g l a s s  

column w i t h  15% SE30 was u s e d  w i t h  n i t r o g e n  as  t h e  

c a r r i e r  ga s  a t  a f l o w  o f  3 9 . 0  m l s / m i n .  FID d e t e c t i o n

was u s e d .



RESULTS AND DISCUSSIONS

UV/Vis  and IR s p e c t r o s c o p y  was u s e d  t o  v e r i f y  t h a t  

[Ru ( b p y ) 2 (C0) H] PFg.  2 CgHgO, (RuH) was t h e  p r o d u c t  

f o r med  by t h e  s y n t h e s i s  d e s c r i b e d  ( T a b l e  1 . 1 .  ) .  The 

i n t e r m e d i a t e  p r o d u c t  f o r med  i n  s t e p  1 o f  t h e  s y n t h e s i s  

was i d e n t i f i e d  as  [ Ru( b p y ) 2 ( CO) Cl ]  PFg u s i n g  

s p e c t r o s c o p y .  The p u r i t y  o f  t h e s e  compounds  were  

d e m o n s t r a t e d  by HPLC w i t h  a CX c o l umn.  The r e t e n t i o n  

t i m e s  f o r  t h e s e  c o mp l e x e s  ma t c h e d  t h o s e  of  a u t h e n t i c  

c o m p l e x e s .  The s p e c t r o s c o p i c  d a t a  a g r e e d  w i t h  t h a t  

o b t a i n e d  f r o m t h e  l i t e r a t u r e  [3]

TABLE 1 . 1  DATA FOR SYNTHESIS DF [ Ru ( b p y ) 2 ( CO) H]

PFk . I C3 Hk0

IR__________UV/VIS____________ HPLC________YIELD COMPLEX

P(CO) /cm“1 \Max(loge) Ret. time/ %
/nm minc

Step 1. 1961 415(3.3), 353(3.7) 2.8 93.1 [Ru (bpy) 2 (CO) Cl] PFg

Step 11. 1930 448(3.5), 353(3.7) 2.0 50.4 [Ru(bpy)2(C0)H]PF6
. k C3H60

a KBr disc 

b In acetonitrile

c Mobile phase - 80% MeCN; 20% H2O; 0.08 m LiC104 - Flow Rate 2.5mls/min.



By r e c o r d i n g  t h e  d e ca y  i n  t h e  a b s o r b a n c e  of  

an RuH s o l u t i o n  a t  450 nm t h e  r e a c t i o n  o f  t h i s  

compound w i t h  v a r i o u s  c a r b o n y l  c o n t a i n i n g  compounds  

was m o n i t o r e d .  The s e  r e a c t i o n s  wer e  p e r f o r m e d  i n  

b o t h  a q u e o u s  and o r g a n i c  s y s t e m s .  The pH was 

c o n t r o l l e d  i n  t h e  a q u e o u s  s y s t e m  and t h e  a c i d  

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

r e a c t i o n  r a t e  and as  s u c h  a l l o w  t h e  r e a c t i o n  t o  go t o  

c o m p l e t i o n  i n  a t i m e  s pa n  whi ch  a l l o w e d  t h e  h a l f  l i f e  

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

t h e  more r a p i d  t he r e a c t i o n .

TABLE 1 . 2 .  HALF LIFES FOR REACTION OF [ R u t b p y )2 (CO)H]

p f r . ¿C3 HrO WITH CARBONYL COMPLEXES

Aqueous Organic
System System

tig (pH) t u  [(CHaCOOH] M)
2

Acetone 90min (pH(6.0) lOmin (1.61M)
Pentane-3-one ----- 19min (1.61M)
Propanal 140sec, (pH(8.0) 80sec ,(0.403K), 

500sec , (0.081M)
Benzaldehyde Immiscible 270sec . (0.403M)
Ethyl Propion.ate Negligibe reaction, Negligible reaction

(pH 4.0) (4.03 M)
Ethyl Benzoate Immiscible Negligible reaction 

(4.03 K ) .

a - a l l  r e a c t i o n s  m e a s u r e d  a t  room t e m p e r a t u r e  . (2 0 ° C )

29.



The r e a c t i o n  r a t e s  f o r  t h e s e  compounds  w i t h  

RuH show t h a t  : -

a l d e h y d e s  > Ke t o n e s  > e s t e r s  ( R , R ’ = Or g a n i c
_  p M o i e t i e s )

0 - RR-c;g R-C;S

The l a r g e r  more o r g a n i c  m o l e c u l e s  show l e s s  

r e a c t i v i t y  w i t h  RuH t h a n  t h e  s m a l l e r  m o l e c u l e s  which  

a r e  l e s s  p o l a r .  T h i s  may be due t o  s t e r i c  f a c t o r s .

No r e a c t i o n  was s e e n  t o  o c c u r  i n  t h e  o r g a n i c  s y s t e m  

b e f o r e  a d d i t i o n  o f  t h e  r e a c t a n t  compound e x c e p t  a t  

v e r y  h i g h  a c e t i c  a c i d  c o n c e n t r a t i o n s  > 4 M. Even a t  

t h e s e  h i g h  c o n c e n t r a t i o n s  t h e  r e a c t i o n  t h a t  o c c u r s  i s  

sma 1 1 .

HPLC showed t h a t  t h e  r e a c t i o n  of  

[ Ru( b p y )2 CCO ) H ] PFg.  5 C3H0 O i n  a c e t o n i t r i l e  w i t h  

c o n c e n t r a t e d  HCI p r o d u c e d  a p r o d u c t  c o n s i s t e n t  w i t h  

[ R u ( b p y ) 2 ( CO) C1 ] + . Us i ng  b o t h  CN and CX co l umns  and 

a wi de  r a n g e  o f  m o b i l e  p h a s e  t h e  r e t e n t i o n  o f  t h e  

a c i d i f i e d  r u t h e n i u m  h y d r i d e  compl ex  ma t c h e d  t h a t  

o f  a s t a n d a r d  s o l u t i o n  o f  [ Ru ( b p y ) 2 ( CO) ] C1 + .

( T a b l e  1 . 3 . ) .

The r e a c t i o n  may be w r i t t e n : -  
[ R u ( b p y ) 2 ( C 0 ) H ] + + HCL —► [ R u ( bpy ) 2 ( CO) C l ] + + Hz

R e a c t i o n  1 . 9 .

30 .



TABLE 1 .3
R e a c t i o n  o f  [ Ru( b p y ) 2 ( CO) H] + w i t h  HC!

HPLC A n a l y s i s : CX COLUMN
D e t e c t i o n  = 254 nm

Flow Ra t e=  2 . 5  ml / mi n
RETENTION TIMES

CN COLUMN
D e t e c t i o n  = 254 nm 

Flow Ra t e= 1 . 5  ml / mi n
(MINS)

Mobi l e  P h a s e s  
CX COLUMN
100% MeCN; 0 . 0 5  M Li C10 4 

100% MeCN; 0 . 0 8  M Li C10 4 

80% MeCN; 20% Hz 0; 0 . 0 5  M Li C10 4

80% MeCN; 20% Hz 0;  0 . 0 8  MLiC104

80% MeCN; 20% Hz 0;  0 . 1  M Li C10 4

70% MeCN; 30% Hz 0;  0 . 0 5  M Li C10 4

[ R u [ b p y ) 2 C CO) H] [ Ru( b p y ) 2 (CD) Cl ] ' Ac i d  T r e a t e d  
[R u (bpy)z (CO)H ]

3 . 8
3 . 2
2 . 0

2 . 0

1 . 8 

2 . 0

2 . 8

2 . 8

2 . 9
2 . 8

2 . 2

3.1

2 . 8

2 . 8

2 . 9
2 . 7

2 . 2

3.1

CN COLUMN
100% Me OH; 0 . 1  M, Li C10 4

90% MeOH; 10% Hz 0;  0 . 0 7  M Li C10 4

70% MeOH; 10% Hz 0; 0 . 0 5  M Li C10 4

70% MeOH; 10% Hz 0; 0.1 M Li C10 4

2.1

2 . 4
4. 1
2 . 6

2 . 5
2 . 6  

3 . 4  
2 . 3

2 . 5
2 . 6  

3 . 5  
2 . 3



KINETIC STUDY DF THE ACID CATALYSED REACTION OF

[ R u ( b p y ) 2 (CO)H/ PFk . k ACETONE WITH BENZALDEHYDE 

IN ACETONITRILE

A l a r g e  amount  o f  k i n e t i c  d a t a  was g e n e r a t e d  

f o r  t h e  a c i d  c a t a l y s e d  r e a c t i o n  o f  [ Ru( b p y ) 2 ( CO) H]

PFg . sC^HgO, (RuH) ,  w i t h  b e n z a l d e h y d e , [phCHO] No 

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

s o l u t i o n  and i n s i g n f i c a n t  r e a c t i o n  o c c u r s  when a c i d  

i s  p r e s e n t  and b e n z a l d e h y d e  i s  n o t .  Each i n d i v i d u a l  

r e a c t i o n  m o n i t o r e d  c o n t a i n e d  phCHO and a c e t i c  a c i d ,  

HDAc, i n  l a r g e  e x c e s s . w i t h  r e s p e c t  t o  RuH. As t h e  

c o n c e n t r a t i o n  o f  HOAc and phCHO do n o t  change  

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

r e a c t i o n  may be deemed t o  b e h a v e  i n  a p s e u d o  f i r s t

o r d e r  ma n n e r ,  i . e .  t h e  r e a c t i o n  r a t e  d e p e n d s  e n t i r e l y

on t h e  c o n c e n t r a t i o n  o f  RuH. T h e r e f o r e  t h e  f a l l o w i n g  

r a t e  l aw ho I d s  : -

- d [ R u H ] / d t  = Kobs [RuH] Eqn.  1 . 4 .

l n([RuH] / [ R u H ] 0 )  = - K o b s . t  Eqn.  1 . 7 .

whe r e  [RuH]o i s  t h e  i n i t i a l  RuH c o n c e n t r a t i o n

( 4 x 1 0 - 4 M)

[ RuH] t  i s  t h e  RuH c o n c e n t r a t i o n  a t  t i m e  t .



Us i ng  t h e  Guggenheim met hod  Kobs was c a l c u l a t e d  by 

p l o t t i n g  : -

In [ (QDq - GO go ) /  (OD^ - OD o, ) ] vs  t  Eqn.  1 . 1 1 .

0Do = a b s o r b a n c e  a t  t  = 0 (§ 450 nm)

ODqo = a b s o r b a n c e  a t  t  = «  (§ 450 nm)

OD^ = a b s o r b a n c e  a t  t i m e  = t  (§ 450 mm)

The s l o p e  o f  t h i s  p l o t  g i v e s  t h e  v a l u e  f o r  Kobs.

The h y d r o g e n a t i o n  o f  a c e t o n e  t o  p r o p a n - 2 - o l  

by RuH i n  b u f f e r e d  a q u e o u s  s o l u t i o n s  has  been  i n v e s t i g a t e d  

by G e r a t y  e t  a l . ,  [ 5 2 ] ,  Us i ng  t h e  same t e c h n i q u e s  

( Guggenhe i m m e t h o d ) ,  t h e y  showed Kobs t o  depend  on 

b u f f e r  c o n c e n t r a t i o n  a s  w e l l  as  pH. T h i s  i n d i c a t e d  

t h a t  t h e  r e a c t i o n  r a t e  was a f u n c t i o n  o f  t h e  c o n c e n t 

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

The d a t a  t h e y  o b t a i n e d  a g r e e d  w i t h  a two s t e p  

me c h a n i s m.

(CHa )2 CO + HA Keq^ [ (CH3 )2 CO . . . . H A ]  R e a c t i o n  1 . 6 .

whe r e  HA s t a n d s  f o r  H3 0 + a n d / o r  u n d i s s o c i a t e d  a c i d s .

T h i s  l a s t  s t e p  i s  f o l l o w e d  by a s l o w ,  

r a t e  d e t e r m i n i n g ,  s t e p .



[(CH3)2C0...HA] + [Ru(bpy)2 (CO)H]+ H 20 (CHa)2CHOH + [Ru(bpy)2 (CO)H20]2+
~k"'

R e a c t i o n  1 . 7 .

The r e a c t i o n  r a t e  may be w r i t t e n  a s : -  

r a t e  : k'  Keq [(CHa)2 C0] [HA] [RuH] Eqn.  1 . 15

K[(CH3 ) 2 C0] [HA] [RuH] Eqn.  1 . 16

Kobs [RuH] Eqn.  1 . 17

The v a l u e  o f  Keq was c a l c u l a t e d  f r om t h e  pKa 

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

c a l c u l a t i o n  o f  k ’ •

F o r  t h e  p u r p o s e s  o f  t h i s  e x p e r i m e n t ,  t h e  

a c i d - c a t a l y s e d  r e a c t i o n  o f  RuH w i t h  b e n z a l d e h y d e  i n  

a c e t o n i t r i l e  was a s sumed  t o  f o l l o w  a s i m i l a r  mechan i s m.  

No d i s s o c i a t i o n  c o n s t a n t  f o r  a c e t i c  a c i d  i n  a c e t o n i t r i l e  

i s  known t o  have  bee n  r e p o r t e d  and so t h e  d i s s o c i a t i o n  

i s  a s s umed  t o  be n e g l i g i b l e .  I t  i s  a l s o  i m p o s s i b l e  

t o  c a l c u l a t e  a v a l u e  o f  Keq as  no v a l u e  f o r  pKa f o r  

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

r a t e  c o n s t a n t , K  , c a l c u l a b l e  i n  t h i s  e x p e r i m e n t  i s  

t h e  v a l u e  f o r  t h e  t o t a l  r e a c t i o n  ( i . e .  t h e  sum of  

t h e  two s t e p s  - Keq.  ,k’).

3 4 .



By p l o t t i n g  t h e  Kobs v a l u e s  o b t a i n e d  a t  

d i f f e r e n t  phCHO c o n c e n t r a t i o n s ,  T a b l e  1 . 6 . , a g a i n s t  

phCHO a t  g i v e n  HOAc a s l o p e  of  KtHOAc] i s  o b t a i n e d .

F i g .  1 . 5 .  T h i s  a l l o w s  t h e  c a l c u l a t i o n  o f  t h e  v a l u e  of
_ 2 _  2 2 — I

K as  1 . 3 3  x 10 mol  I s  . T h i s  me t hod  i s  s i m i l a r  

t o  t h o s e  u s e d  by A l l e n  e t  a l . ,  i n  t h e i r  k i n e t i c  

s t u d i e s  o f  s u b s t i t u t i o n  r e a c t i o n s  o f  r u t h e n i u m  ( I I )  

c o mp l e x e s  c o n t a i n i n g  2 , 2 ’ - b i p y r i d i n e  and 1 , 1 0  -

p h e n a n t h r o l i n e . [ 5 7 ] .

The r e a c t i o n  s t u d i e d  h e r e  i s  a n a l o g o u s  t o  t h e  

r e a c t i o n  o f  [ Ru ( b p y ) 2 ( CD) H] + w i t h  a c e t o n e  i n  an a c i d i c  

e n v i r o n m e n t  wh i c h  was m a i n t a i n e d  u s i n g  B r i t t o n -  

Ro b i n s o n  b u f f e r  [ 5 2 ] ,  GC c h r o m a t o g r a p h y  showed t h a t  as  

f o r  t h e  a c e t o n e  r e a c t i o n  wher e  t h e  a c e t o n e  was r e d u c e d  

t o  p r o p a n - 2 - o l ,  t h e  b e n z a l d e h y d e  ( Re t  t i m e  = 1 . 6  min)  

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

a l c o h o l ,  b e n z y l  a l c o h o l .  ( Re t  t i m e  = 1 . 4  m i n ) .

However  t h e r e  i s  no w a t e r  p r e s e n t  i n  t h i s  s y s t e m  t h e  

r u t h e n i u m  h y d r i d e  i s  c o n v e r t e d  t o  [ Ru ( b p y ) 2 ( CO) MeCN] + 

r a t h e r  t h a n  t h e  H2 0 c o n t a i n i n g  e q u i v a l e n t .  The o v e r a l l  

r e a c t i o n  may be w r i t t e n  as

[ R u ( b p y ) 2 (CD)H]+ + phCHD K K [ R u ( b p y ) 2 (C0)MeCN]Z+
HDAc
MeCN + PhCHDH

R e a c t i o n  1 . 1 0 .



The r a t e  i s  w r i t t e n  as  Kobs ( RuH) , b u t ,

Kobs [RuH] = K[RuH]  [phCHO] 3 [HDAc]b Eqn.  1 . 1 8 .

The i n i t i a l  s l o p e s  me t hod  was u s e d  t o  d e t e r m i n e  

t h e  o r d e r  o f  r e a c t i o n  w i t h  r e s p e c t  t o  phCHO and HOAc.

The f o l l o w i n g  e q u a t i o n  was u s e d  f o r  g i v e n  r e a c t i o n .

l g [ - ( d [ RuH] / d t ) i n i t ) = lgK + a l g [ p h CH0 ]  + b l g[H0Ac]

Eq n . 1 . 1 0 .

w h e r e ,  ( d ( R u H ) / d t )  u n i t  i s  t h e  s l o p e  o f  t h e  i n i t i a l  

d e c a y  o f  RuH.

and a and b a r e  t h e  o r d e r s  w i t h  phCHO and HOAc 

r e s p e c t i v e l y  .

By p l o t t i n g  1 g( - ( d [ RuH ] / d t ) i n i t )  a g a i n s t  l g  [phCHO] 

a t  a s e t  [HOAc] c o n c e n t r a t i o n  ( T a b l e  1 . 4 . )  [ F i g .  1 . 3 . ]  

and a g a i n s t  [HOAc] a t  a g i v e n  [phCHO] c o n c e n t r a t i o n  

( T a b l e  1 . 5 J [ F i g .  1 . 4 . ]  t h e  v a l u e s  o f  a and b,  ( and 

t h e n c e  t h e  o r d e r s  o f  t h e  r e a c t i o n  f o r  phCHO and HOAc),  

are o b t a i n e d  f r o m t h e  s l o p e .  The r e a c t i o n  i s  shown t o  

be f i r s t  o r d e r  w i t h  r e s p e c t  t o  b e n z a l d e h y d e . However ,  

t h e  r e s u l t s  f o r  HOAc y i e l d  an e r r a t i c  c u r v e d  p l o t  and 

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



r e a c t i o n  may be o f  a more compl ex  n a t u r e .  However ,  

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

r e s p e c t  t o  HOAc, t h e  f o l l o w i n g  e q u a t i o n  may be w r i t t e n :

d [ RuH] / d t  = K[RuH][PhCHO][HOAc]  Eqn.  1 . 1 9 .

= Kobs [RuH] Eqn.  1 . 2 0 .

D e t e r m i n a t i o n  o f  O r d e r  o f  R e a c t i o n  by I n i t i a l  S l o p e s  Method 

(T = 2 5 0 C ) . Table M /1 .5

TABLE 1 . 4 .  BENZALDEHYDE AT [HOAc] = 0 . 403M

1 g C - d ( R u H ) / d t ) i n i

- 2 . 2 5

- 2 . 1 5

-  2 . 0 2  

- 1 . 06

F o r  l g  [ PhCHO ] i n i t  vs l g - ( -d  [ RuH ] / d t  ) i n i t )  

s l o p e  = 1 . 0 3

R e a c t i o n  i s  f i r s t  o r d e r  w i t h  r e s p e c t  t o  

B e n z a l d e h y d e .

[PhCHO]init l g [ PhCHO] init - [ d ( R u H ) / d t )init
-1M Ms

_  3
0 . 1 6 2  - 0 . 7 9 0  5 . 7  x 10

0 . 241  - 0 . 6 1 8  7 , 1  x 1 0 ' 3

0 . 3 1 8  - 0 . 4 9 8  9 . 5  x 10'

0 . 3 9 4  - 0 . 4 0 5  1 . 3 9 x 1 0 '

. 3

_  2



TABLE 1 . 5 .  ACETIC ACID AT [PhCHO] = D. 316 m

[ H O A c ] i n i t  l g [ H O A c ] i n i t  - ( d [ RuH] / d t ) i n i t  l g ( - ( d [ R u H ] / d t ) i n i t  

M Ms " 1

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

G. 2263  - 0 . 6 4 5  2 . 7  x 10 " 7 - 6 . 5 7

Q. 2830  - 0 . 5 4 3  5 . 4  x 1 0 ~ 7 - 6 . 2 7

0 . 3 3 9 8  - 0 . 4 6 9  7 . 5  x 1 0 " 7 - 6 . 1 3

0 . 3961  - 0 . 4 0 2  9 . 5  x 1 0 "5 - 6 . 0 2

0 . 4 5 2 7  - 0 . 3 4 4  1 . 8 8  x 1 0 " 6 -  5 . 7 4

G . 5094 0 . 2 9 3  2 . 0 0  x 10 " 6 - 5 . 7 0

0 . 5 6 6 0  - 0 . 2 5 0  2 . 3 7  x 10 " 6 - 5 . 8 3

F o r  P l o t  o f  [H+ ] i n i t  vs  l g  ( - ( d [ RuH] / d t ) i n i t

The r e s u l t s  show a c u r v e d  g r a p h  whi c h  i s  q u i t e  

e r r a t i c .  However  a s l o p e  o f  ca. 1 i s  o b t a i n e d  f o r  t h e  

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

a c i d .



Ig( [RuH] /  d t ) init.

Fig. 1.3 The Determination of the Order of Reaction w.r.t. 
Benzaldehyde by Initial Slopes Method.
-lg([RuH]/dt)init. vs. -lg[phCHO]





TABLE 1 . 6 .

VARIATION OF Kobs WITH BENZALDEHYDE CONCENTRATION

[ phCHD]

cm

0 . 162 

0 . 241  

G . 31 0 

D. 394 

0. 47D 

0 . 5 4 2

Kobs (x 10 ] 

( S ' 1 )

1 . 3 5

1 . 8 1

2 . 2 3

2 . 7 3

2 . 9 5

3 . 3 8

[Kobs v a l u e s  - 
a v e r a g e  f o r  
t h r e e  r e a d i n g s ]

C o n d i t i o n s [RuH]  = 4x 1 0 ' 4M 

[ HOAc] = 0 . 4 0 3  ft 

T = 25°C ( 298K)

S l o p e  = 5 . 3 5  x 1 0 - 3  m o l -  ̂ 1 s - 1 k t HDAc]

K = 1 . 3 3  x 10 2 mol  l 2 s 1
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[phCHd]



0 .4 0 3  M

25“t

4 X 1 O- 4  M



The a c e t o n e  r e a c t i o n  w i t h  RuH was d e t e r m i n e d  

t o  i n v o l v e  a f a s t  p r e - e q u i 1 i b r i u r n  whi ch  a l s o  h o l d s  

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

phCHO + HOAc Ke q m [ phCHO. . . HOAc] R e a c t i o n  !

T h i s  s t e p  i s  f o l l o w e d  by a s l o w e r  r a t e  d e t e r m i n i n g  s t e p .

[ Ru ( bpy ) 2 ( CO) H] + + [ phCHO . . . HQAc ] __k_^ [ Ru ( bpy ) 2 ( CO ) HeCN ]'
MeCN

+ phCHOH 

R e a c t i o n  1 . 1 2 .

The h i g h  v a l u e  o b t a i n e d  f o r  K d e m o n s t r a t e s  

t h e  e a s e  w i t h  whi ch  t h e  r u t h e n i u m  compl ex  w i l l  l o s e  

i t s  h y d r o g e n  t o  an a l d e h y d e  o r  k e t o n e  i n  a c i d i c  me d i a .

By p l o t t i n g  Kobs a g a i n s t  [HOAc] a t  g i v e n  

[phCHO],  K, can  a l s o  be c a l c u l a t e d  T a b l e  1 . 7 ,  F i g .  1 . 6 .  

However  t h e  p l o t  doe s  n o t  y i e l d  a l i n e a r  g r a p h .  Th i s  

may be due t o  t h e  f a c t  t h a t  t h e  r e a c t i o n  s o l u t i o n  i s  

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

o f  HOAc. However  t h e  i n i t i a l  s l o p e  d oe s  g i v e  a v a l u e
_ 2 _ 2 _  A

f o r  K, 1 . 4 2  x 10 mol  s , t h a t  c o r r e s p o n d s  w e l l  

w i t h  t h e  v a l u e  o b t a i n e d  f o r  t h e  Kobs vs [phCHO] p l o t .

. 1 1 .
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TABLE 1 . 7 .

VARIATIONS OF KOBS WITH ACETIC ACID CONCENTRATION

[ HOAc ] 

M

0 . 1 1 3 2  

0 . 2 2 6 3  

0 . 2 8 3 0  

0 . 3 3 9 0  

0 . 3961  

0 . 4 5 2 7  

0 . 5 0 9 4  

0 . 5 6 6 0  

0 . 6 2 2 0  

0 . 6791

[Kobs]  [X10 ] 

s ' 1 

0 . 3 0 2

0 . 0 9  

1 . 32 

1 . 0 0  

2 . 4 4  

3 . 5 0  

4 . 6 0  

5 . 71  

7 . 0 3  

9 . 21

Kobs v a l u e s  

a v e r a g e d  o v e r  

t h r e e  r e a d i n g s

C o n d i t i o n s : -  [RuH] = 4 x 10

[ phCHO] = 0 . 3 1 0  M

T = 2 5 0 C (290 K)

I n i t i a l  s l o p e  = 4 . 5 3  x 10 -3 k[phCH0]

K = 1 . 4 2  x 1 0 -2 mol  1 s _1
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Fig. 1.6 Plot of Kobs vs.

Kobs (X103 )

/ s -1

5 «

7 ,

3 J



[ HOAc]

I

[HOAc] M

—J— 
0.5

T



Fig 1.6C. Plot of -log Kobs vs. -log [HOAc]

2The plot of Kobs vs. [HOAc] yields a graph 
close to a straight line fit,(fig. 1.6B). It is possible 
that two acetic acid molecules are necesary for the correct 
reaction stoichiometry. It may be that the acetic acid forms 
a dimer in the organic solution. If this is the case, then 

Kobs =K[phCHO][HOAc]2 eqn. 1.18
and a plot of -log Kobs vs. -log[HOAc] should yield a slope 
of 2, (fig. 1.6C). This hypothesis is supported by the slope 
of 2.1 obtained for this plot.
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TABLE 1 . 8 .

VARIATION OF KOBS WITH TEMPERATURE

( 1/T ] X 10‘ Kobs In

K -1 . -1

294

298

302

308

313

318

323

328

3 . 401  

3 . 3 5 5  

3 . 311  

3 . 2 4 6  

3 . 1 9 5  

3.  145 

3 . 0 9 6  

3 . 0 5 9

1 . 7 3

1 . 7 8

1 . 9 5

2 . 0 9

2 . 3 2

2 . 5 5

2 . 71

2 . 8 0

6 ,

6,

6 .

6.

6 ,

5,

5,

5,

P l o t  o f  i / T  vs  In Kobs

S l o p e  = - 1385 K-1 -Ea R

R = 8 . 3 1 4 4 1  J K" 1 mo 1" 1

Ea = 1 1 . 5  kJ mol - 1

Kobs

360

331

240

171

066

972

912

878

I n t e r c e p t  = 11 . 1



Fig 1.7 The Temperature Dependence of the Reaction of RuH with 
Benzaldehyde: Arrhenius Plot

4 X 1 0 —4 M 

0.318 M 

= 0 .4 0 3  M



CONCLUSIONS

[ Ru ( b p y ) 2 ( CO) H] PFg . 5 A c e t o n e  was s y n t h e s i s e d

f r om Ru ( b p y ) 2 C l 2 2 Hz 0 by a me t hod  m o d i f i e d  f r om one 

p r e v i o u s l y  r e p o r t e d  [ 6 3 ] .  [ Ru ( bpy ) 2 ( CO) C1] PFg i s

an i n t e r m e d i a t e  p r o d u c t  r emoved  f r om s o l u t i o n  and 

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

NaBH^. The y i e l d  o f  93% f o r  [ Ru( b p y ) 2 ( CO) C1] PFg and 

50% f o r  t h e  f i n a l  p r oduc t . »  [ Ru ( bpy ) z ( CO ) H ] PFg . 5 C^HgO,

i s  c o m p a r a b l e  t o  o t h e r  m e t h o d s .  The hy d r i d e  

p r o d u c t  was o b t a i n e d  as  h i g h l y  p u r e  c r y s t a l s .

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

compl ex  w i t h  a number  o f  a l d e h y d e s ,  k e t o n e s  and e s t e r s  

was m o n i t o r e d  i n  a c i d i c  a q u e o u s  and o r g a n i c  e n v i r o n m e n t s .  

The a q u e o u s  s y s t e m  c o n t a i n e d  B r i t t o n - R o b i n s o n  b u f f e r  

and t h e  o r g a n i c  s y s t e m  c o n t a i n e d  a c e t i c  a c i d  i n  

a c e t o n i t r i l e . F o r  b o t h  s y s t e m s  t h e  r e a c t i o n  w i t h  

a l d e h y d e s  was more  e f f i c i e n t  t h a n  w i t h  k e t o n e s  and t h e  

r e a c t i o n  w i t h  e s t e r s  was s m a l l .  W i t h i n  t h e s e  c l a s s e s  

t h e  s m a l l e r  compounds  r e a c t e d  a t  a f a s t e r  r a t e  w i t h  

t h e  h y d r i d e  f o r  b o t h  a q u e o u s  and o r g a n i c  s y s t e m s .



The a c i d  c a t a l y s e d  r e a c t i o n  of  

[ Ru( b p y ) 2 ( CD) H ] PFg . k CgHgO w i t h  b e n z a l d e h y d e  i n  

a c e t o n i t r i l e  was s t u d i e d  u n d e r  p s e u d o  f i r s t  o r d e r  

c o n d i t i o n s  w i t h  b e n z a l d e h y d e  and a c e t i c  a c i d  i n  l a r g e  

e x c e s s .  A p l o t  o f  Kobs v B e n z a l d e h y d e  c o n c e n t r a t i o n  a t  

a g i v e n  a c e t i c  a c i d  c o n c e n t r a t i o n  a l l o w e d  t h e
_ 2

d e t e r m i n a t i o n  o f  t h e  r a t e  c o n s t a n t ,  ( K = 1 . 3 3  x 10
_  2  2  _  A

mol  I s ) ,  f r o m t h e  s l o p e  o f  t h e  l i n e a r  g r a p h .  The 

g r a p h  o f  Kobs vs  a c e t i c  a c i d  c o n c e n t r a t i o n  i n c r e a s e d  

i n  an e x p o n e n t i a l  s h a p e .  T h i s  may be due t o  i n s u f f i c i e n t  

b u f f e r i n g  o f  t h e  r e a c t i o n  s o l u t i o n s .  However  t h e  i n i t i a l
— 2 _ n 2 — A

s l o p e  gave  a v a l u e  f o r  K ( 1 . 4 2  x 10 mol  1 s ) whi ch  

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

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

b e n z y l  a l c o h o l  and [ Ru ( b p y ) 2 ( CO] MeCN] +

The r e a c t i o n  may be w r i t t e n

[ Ru ( b p y ) 2 ( CO) H] + + phCHO K [ Ru ( b p y ) 2 ( CD) ( MeCN) ] 2 + + phCHDH
MeCN
HOAc

R e a c t i o n  1 . 1 0 .

T h i s  r e a c t i o n  i s  a n a l o g o u s  t o  t h e  a c i d  

c a t a l y s e d  r e a c t i o n  o f  [ Ru( b p y ) 2 ( CO) H] + w i t h  a c e t o n e  

p r e v i o u s l y  s t u d i e d  [ 5 2 ] ,  The v a l u e  o f  K i s  h i g h e r  

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

t h e  same o r d e r  o f  m a g n i t u d e .



Tha rsactian of the hydride with benzaldehyde 

exhibits Arrhenius type behaviour and the activation 

energy; Ea, was calculated as 11.5 kJ m o l ' 1 from an 

Arrhenius plat. This is a low activation energy 

demonstrating tha ease by which the complex acts to 

hydrogenate aldehydes in acidic media. The results 

support the proposal [Ru(b p y ) 2 (C O )H ]+ acts as a 

hydrogen donating intermediate in the water gas shift 

reaction catalysed by [Ru(b p y )2 (C O )C l ]+ . The hydrido 

ruthenium complex is af interest also in that it is 

photostable unlike other ruthenium bis (bipyridy 1) 

compounds containing carbonyl groups.

The intercept of ca. 0.55 s~^ for the 
graph of Kobs vs. benzaldehyde concentration may be the 
result of a side reaction,possibly involving the acid. 
However, the reason is not clear from these results.

2A plot of Kobs vs. [HOAc1 demonstrated the 
possibility that two acetic acid molecules may be necessary 
to achieve the correct reaction stoichiometry. This suggests 
the possibility that acetic acid exists as a dimer in the 
organic reaction solution.
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PART I I

HIGH PERFORMANCE LIQOID CHROMATOGRAPHY 

[ HPLC] ,  OF CATIONIC ROTHENIUM ( I I )

Bi s  ( 2 , 2 '  - B i p y r i d i n e )  COMPOUNDS



INTRODUCTION

A. THEORETICAL CONSIDERATIONS OF HIGH PERFORMANCE

LIQUID CHROMATOGRAPHY ( HPLC)

( I )  INTRODUCTION

Ch r o ma t o g r a p h y  i s  a t e c h n i q u e  whe r e  by 

s u b s t a n c e s  can  be s e p a r a t e d  by us e  o f  t h e i r  d i f f e r i n g  

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

may be g a s e o u s  o r  l i q u i d .  The t e c h n i q u e  o f  l i q u i d  

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

a l l  o f  wh i c h  have  been  a p p l i e d  u n d e r  h i g h  p r e s s u r e  

as  HPLC [ 1 , 2 ] .

L i q u i d - S o l i d  C h r o m a t o g r a p h y ,  [LSC] ,  d e p e n d s  

on t h e  a b s o r p t i o n  o f  t h e  s o l u t e  on p o l a r  a b s o r b e n t s .  

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

b e t we e n  two i m m i s c i b l e  s o l v e n t s ,  one b e i n g  s t a t i o n a r y  

and t h e  o t h e r  m o b i l e .  The s t a t i o n a r y  p h a s e  may be 

c o a t e d  o n t o  an i n e r t  s u p p o r t ,  ( L i q u i d  - l i q u i d  

c h r o m a t o g r a p h y ) ,  o r  c h e m i c a l l y  bonded  t o  t h e  i n e r t  

s u p p o r t  (Bonded p h a s e  c h r o m a t o g r a p h y ) .  Bonded p h a s e  

c h r o m a t o g r a p h y  i s  p r o b a b l y  t h e  mos t  w i d e l y  u s e d  f orm 

o f  HPLC. I t  i s  t e r m e d  "Normal  P h a s e " ,  i f  t h e  

s t a t i o n a r y  p h a s e  i s  more p o l a r  t h a n  t h e  m o b i l e  p h a s e



and " r e v e r s e  p h a s e ” , i f  t h e  o p p o s i t e  i s  t r u e .  I o n -  

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

b e t we e n  t h e  m o b i l e  p h a s e  and t h e  i o n i c  s i t e s  of  t h e  

p a c k i n g .  S u l f o n i c  a c i d  f u n c t i o n a l  g r o u p s  bonded 

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

r e s i n s  and q u a t e r n a r y  a mi n e s  f o r  a n i o n - e x c h a n g e .  

E x c l u s i o n  C h r o m a t o g r a p h y ,  a l s o  known as  Gel  

P e r m e a t i o n  and Gel  F i l t r a t i o n ,  a c h i e v e s  s e p a r a t i o n  

b a s e d  on m o l e c u l a r  s i z e .  A g e l  w i t h  an i n e r t  p o r o u s  

s u r f a c e  i s  u s e d  a s  p a c k i n g .  S ma l l  m o l e c u l e s  can e n t e r  

t h e  p o r o u s  n e t w o r k  and a r e  r e t a i n e d  i n  t h e  s t a g n a n t  

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

t h r o u g h  t h e  c o l umn .

Du r i n g  t h e  c o u r s e  o f  t h i s  p r o j e c t  r e v e r s e  

p h a s e  and c a t i o n - e x c h a n g e  HPLC wer e  used-.  The v a s t  

m a j o r i t y  o f  c o m p l e x e s  s t u d i e d  i n  t h i s  p r o j e c t  were  

c h a r g e d  so a t e c h n i q u e  known as  I on  P a i r  Ch r o ma t o g r a p h y  

( IPC) ,  was u s e d  t o  e f f e c t  s e p a r a t i o n .  T h i s  t e c h n i q u e  

i s  g e n e r a l l y  u s e d  i n  t h e  r e v e r s e  p h a s e  mode and i n v o l v e s  

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

c o i n t e r i o n  c o mb i n e s  w i t h  t h e  s a mp l e  i o n  t o  f o r m an 

i o n  p a i r ,  wh i c h  i s  r e t a r d e d  by t h e  s t a t i o n a r y  p h a s e  

due t o  i t s  i n c r e a s e d  l i p o p h i l i c  c h a r a c t e r .



T h i s  may be d e s c r i b e d  f r om a p r a c t i c a l  s t a n c e  

by t h e  e q u a t i o n : -

X" aq + Q+ *  „ [X“ Q+ ] o r g

However  I o n  P a i r  Ch r o ma t o g r a p h y  i n v o l v e s  much 

more c o m p l i c a t e d  me c h a n i s ms  t h a n  t h i s  s i m p l i f i e d  vi ew 

s u g g e s t s .  Th i s  w i l l  be s e e n  l a t e r .

( i i )  COLUMN THEORY

I t  i s  n e c e s s a r y  t o  compr omi s e  b e t we e n  

r e s o l u t i o n  and col umn c a p a c i t y  i n  o r d e r  t o  a c h i e v e  

an e f f e c t i v e  c h r o m a t o g r a p h i c  s y s t e m .  The r e s o l u t i o n ,

R, b e t we e n  two p e a k s  can  be q u a n t a t i v e l y  m e a s u r e d  u s i n g  

t h e  f o l l o w i n g  e q u a t i o n : -

R = 2A t
Wz + W-j E q n . 2 . 1 .

wh e r e  / \ t  i s  t h e  d i f f e r e n c e  i n  t i m e  b e t w e e n  t h e  pe a k  

maxima and W-| and  W2 a r e  t h e  p e a k  w i d t h s  a t  t h e  b a s e ,  

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

o f  t i m e  [ 3 ] .



R e s o l u t i o n  may be i mp r o v e d  by v a r y i n g  t h e  

Column S e l e c t i v i t y ,  («)  . T h i s  i s  a f u n c t i o n  o f  t h e  

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

by t h e  r e l a t i v e  s e p a r a t i o n  o f  t h e  p e a k s :

tR;

tR. t o R1

Kz

K1

wher e  t p^  and t p 2 a r e  t h e  r e t e n t i o n  t i m e s  o f  c o mpone n t s

1 and 2 r e s p e c t i v e l y ,  t Q i s  t h e  r e t e n t i o n  t i m e  of

1 1u n r e t a i n e d  c o m p o n e n t s ,  t p^  and t  a r e  t h e  a d j u s t e d  

r e t e n t i o n  t i m e s  o f  c o mp o n e n t s  1 and 2 and K>| and K2 a r e  

t h e i r  d i s t r i b u t i o n  c o e f f i c i e n t s .

R e s o l u t i o n  i s  a l s o  a f u n c t i o n  o f  t h e  C a p a c i t y
A

F a c t o r ,  (k ) .  T h i s  i s  an i n d i c a t i o n  o f  t h e  s o l u t e  

r e t e n t i o n  and i s  g i v e n : -

k^ = t r  - t Q E q n . 2 . 5 .

t o

R e s o l u t i o n  can be a c h i e v e d  by v a r y i n g  column 

s e l e c t i v i t y ,  c a p a c i t y  and e f f i c i e n c y .  A l l  t h r e e  of  

t h e s e  f u n c t i o n s  can be r e l a t e d  t o  r e s o l u t i o n  by t h e  

f o l l o w i n g  e q u a t i o n : -

R = 1 / 4  VN ^  tc - 1 ~  k 1
*  a  *  k 1 + i  Eq n< 2 . 6 .

62.



Column e f f i c i e n c y  may be d e s c r i b e d  as  f o l l o w s : -

N = t r 2 = 16
. 2

t r  = 5 . 5 . t r
[T w I Eq n . 2 . 2 .

wher e  t r  i s  t h e  r e t e n t i o n  t i m e ,  W i s  t h e  p e a k  w i d t h  a t
2

h a l f  t h e  b a s e l i n e  and CT i s  t h e  band v a r i a n c e  [ i n  

t e r m s  o f  t i m e ) .  The v a l u e  N i s  c a l l e d  t h e  number  of  

t h e o r e t i c a l  p l a t e s .  N i s  p r o p o r t i o n a l  t o  column 

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

i s  known as  t h e  h e i g h t  e q u i v a l e n t  t o  t h e o r e t i c a l  

p l a t e ,  H o r  HETP, as  i t  i s  i n d e p e n d e n t  o f  column l e n g t h  

H i s  r e l a t e d  t o  N, a s  f o l l o w s : ;

L/N E q n . 2 . 3

wher e  L i s  t h e  col umn l e n g t h .

The s m a l l e r  t h e  v a l u e  o f  H t h e  b e t t e r  t h e  e f f i c i e n c y  

o f  t h e  co l umn .

H i s  e f f e c t e d  by band b r o a d e n i n g  and t h i s  r e s u l t s  f r om 

t h r e e  mai n s o u r c e s

( 1 ) M u l t i p l e  p a t h s  o f  a s o l u t e  t h r o u g h  t h e  

col umn p a c k i n g ,

( 2 ) M o l e c u l a r  d i f f u s i o n

(3)  E f f e c t s  o f  mass  t r a n s f e r  b e t w e e n  t h e  p h a s e s .
[ 4 , 5 ]
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T h e o r e t i c a l l y  p e a k s  s h o u l d  emer ge  f r om a 

column d i s p l a y i n g  a G a u s s i a n  c o n c e n t r a t i o n  p r o f i l e .  

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

and t h e  o c c u r e n c e  o f  s h o u l d e r s  a r e  o f t e n  o b s e r v e d .  

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

a s s y m e t r y  o f  a p e a k  may be c a l c u l a t e d  a s  f o l l o w s : -

As -  (£)  E q n . 2 . 7 .3

wher e  b i s  t h e  d i s t a n c e  a f t e r  p e a k  c e n t r e  a nd ,  a ,  

t h e  d i s t a n c e  b e f o r e  p e a k  c e n t r e ,  b o t h  m e a s u r e d  a t  

1 0 % o f  t h e  t o t a l  p e a k  h e i g h t .

A good col umn w i l l  g e n e r a l l y  have  an 

a s s y m e t r y  v a l u e .  As,  o f  l e s s  t h a n  2 . 5 .

B. THE HPLC ANALYSIS OF ORGANONETALIC AND METAL 

CO-ORDINATION COMPLEXES

( I )  INTRODUCTION

Whi l e  t h e r e  has  been  much s t u d y  o f  t h e  

a p p l i c a t i o n s  o f  HPLC t o  o r g a n i c  and b i o c h e m i c a l l y  

a c t i v e  compounds  i t  i s  o n l y  i n  r e c e n t  y e a r s  t h a t  t h e  

HPLC o f  i n o r g a n i c  s p e c i e s  has  r e c e i v e d  much a t t e n t i o n



O t h e r  me t h o d s  o f  c h r o m a t o g r a p h y ,  s uch  as  gas  

c h r o m a t o g r a p h y ,  (GC),  t h i n  l a y e r  c h r o m a t o g r a p h y ,  (TLC),  

and column c h r o m a t o g r a p h y  have  been u s e d  f o r  s e p a r a t i o n  

and d e t e r m i n a t i o n  o f  i n o r g a n i c  compounds .  The 

a p p l i c a t i o n s  o f  GC f o r  t h e  a n a l y s i s  o f  o r g a n o m e t a 1 l i e  

and m e t a l  c o - o r d i n a t i o n  compounds  i s  s e v e r e l y  l i m i t e d  

a s  i n  g e n e r a l  t h e y  a r e  r e l a t i v e l y  n o n - v o l a t i l e .  In 

a d d i t i o n  t o  t h i s ,  many o f  t h e s e  compounds  a r e  t h e r m a l l y  

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

a c h i e v e  e f f e c t i v e  GC a n a l y s i s .  TLC and ’ C l a s s i c a l '  

co l um c h r o m a t o g r a p h y ,  on t h e  o t h e r  ha n d ,  a r e  c r u d e r  

a n a l y t i c a l  me t h o d s  t h a n  HPLC and r a r e l y  o f f e r  an 

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

q u a n t i t a t i v e  a n a l y s e s .  The s e p a r a t i o n  o f  i n o r g a n i c  

s p e c i e s  by c l a s s i c a l  c h r o m a t o g r a p h i c  me t h o d s  has  been 

r e v i e w e d  by M i c h a l ,  [ 6 ] .

M e t a l - O r g a n i c  s y s t e m s  may be d i v i d e d  i n t o  two 

c l a s s e s .  The s e  a r e :  ( i )  o r g a n o m e t a l l i c  compounds  :

compounds  whi ch  c o n t a i n  a c a r b o n - m e t a l  bond ,  and ,

( i i )  m e t a l  c o - o r d i n a t i o n  compounds  : compounds  whi ch  

do n o t  c o n t a i n  a c a r b o n - m e t a l  bond .  N i t r o g e n - m e t a l  

bonds  a r e  common i n  t h e s e  compounds .  Th e r e  have  been 

a number  o f  r e v i e w s  on HPLC of  m e t a l - o r g a n i c  compounds ,  

[ 7 , 1 0 ] .  The f i r s t  r e p o r t e d  us e  o f  HPLC o f  m e t a l  c h e l a t e s



i s  g e n e r a l l y  c r e d i t e d  t o  Hube r  e t  a l . , [ I I ] .  Rapi d

i mp r o v e me n t  i n  HPLC m e t h o d o l o g y  has  been  a c h i e v e d  

s i n c e  t h e n ,  s i g n i f i c a n t l y  e n h a n c i n g  t h e  p o t e n t i a l  of  

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

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

p o s e s  a more d i f f i c u l t  p r o b l e m  f o r  HPLC. I o n - e x c h a n g e  

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

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

r e c e n t l y  t h e  t e c h n i q u e  o f  i o n  c h r o m a t o g r a p h y , [ 1 2 ] ,  has  

showed g r e a t  p r o m i s e  i n  t h i s  a r e a .

( i i )  THE HPLC ANALYSIS OF RUTHENIUM CONTAINING COMPOUNDS

Th e r e  has  been  l i t t l e  r e s e a r c h  i n t o  t h e  HPLC 

o f  r u t h e n i u m  compounds .  I n  g e n e r a l ,  t h e  HPLC of  

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

j o u r n a l s  w i t h  t h e  e m p h a s i s  r a r e l y  on t h e  HPLC. For  

t h i s  r e a s o n  t h e  s e p a r a t i o n  me c h a n i s ms  have  n o t  been 

w e l l  i n v e s t i g a t e d .

In  1979,  L a r s e n  r e p o r t e d  t h e  u s e  o f  an i o n -  

e x c h a n g e  HPLC i n  t h e  s e p a r a t i o n  o f  neodymium f r om 

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

as  a f i s s i o n  p r o d u c t ,  [ 1 3 ] .  The r e v e r s e d - p h a s e d  

c h r o m a t o g r a p h i c  b e h a v i o u r  o f  some t r i n u c l e a r  c a r b o n y l



c l u s t e r s  o f  i r o n ,  r u t h e n i u m  o r  osmium was s t u d i e d  by Mangia 

e t  a l . ,  [ 1 4 ] ,  u s i n g  a L i c h r o s o r b  RP-1B column w i t h  

a c e t o n i t r i l e  o r  a c e t o n i t r i  l e / m e t h a n o 1 a s  t h e  m o b i l e  

p h a s e .  The HPLCof  homo and h e t e r o - t e t r a m e t a l i c  i r o n ,  

r u t h e n i u m ,  osmium and n i c k e l  c l u s t e r s  was s t u d i e d  u s i n g  

r e v e r s e  p h a s e  c h r o m a t o g r a p h y  a l s o  on an RP-1B column 

by C a s o l i  e t  a l . ,  [ 1 5 ] .

In t h e  r e v e r s e  p h a s e  mode many o f  t h e s e  compounds  

wer e  f o u n d  t o  be s u s c e p t i b l e  t o  d e c o m p o s i t i o n  and a 

n o r ma l  p h a s e  mode u s i n g  a s i l i c a  col umn w i t h  a n - h e x a n e  

/THF m i x t u r e s  p r o v e d  t o  be more e f f e c t i v e .

G u r i r a  and C a r r  u s e d  r e v e r s e d  p h a s e d  HPLC t o  

s e p a r a t e  a r a n g e  o f  a c e t y l a c e t o n e  (ACAC) m e t a l  c h e l a t e s  

i n c l u d i n g  Ru( I I I ) ( ACAC) 3 , [ 1 6 ] .  An u l t r a s p h e r e  CIS

column was u s e d  w i t h  a m o b i l e  p h a s e  o f  4D% a c e t o n i t r i l e  

i n  w a t e r  and a f l o w  r a t e  o f  2 mL / m i n .

We n c l a wi a k  and Bickman u s e d  a C10 col umn d i l u t e d  

w i t h  m e t h a n o 1 - b u f f e r  ( p H4 . 6 )  - c h l o r o f o r m  ( 5 7 . 5 : 3 0 : 1  2 . 5 )  

c o n t a i n i n g  2 . 5  x 10- ^ m o x i n e  t o  s e p a r a t e  R u ( I I I )  and 

□ s ( I V ) ,  [ 17]  .

6 7 .



Ammine c o mp l e x e s  o f  t r a n s i t i o n  m e t a l s  i n  t h e  

p l a t i n u m  g r o u p  i n c l u d i n g  many ammine r u t h e n i u m  ( I I I )  

c o mp l e x e s  e x h i b i t  a n t i t u m o u r  and m u t a g e n i c  a c t i v i t i e s .

In o r d e r  t o  g a i n  some u n d e r s t a n d i n g  o f  t h e  mechani sm 

by whi ch  t h i s  o p e r a t e s ,  t h e  h y d r o l y s i s  r e a c t i o n  of  

[ ( dGuO) ( NH3 ) 5 RU] 3 + (OGuD = d e o x y g u a n o s i n e ) was 

s t u d i e d  [ 1 0 ] .  As t h i s  i s  a compl ex  r e a c t i o n  i t  was 

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

r e a c t i o n .  Th r e e  me t h o d s  wer e  t r i e d  i n  o r d e r  t o  a c h i e v e  

an opt i mum s y s t e m  f o r  t h e  s e p a r a t i o n  o f  t h e s e  c o m p l e x e s .

( i )  R e v e r s e  p h a s e  I on  p a i r  c h r o m a t o g r a p h y ,  (RP- IPC)  

u t i l i s i n g  a 1 k y l s u l p h o n a t e s  i n  a q u e o u s  s o l u t i o n  was 

e mpl oye d  on V a r i a n  CH-10 and MCH-10 c o l umns  ( p o l y m e r i c  

and monomer i c  o c t a d e c y l s i l a n e  c o l u m n s ) .  However  t h i s  

me t hod  y i e l d e d  p o o r l y  r e s o l v e d ,  b r o a d l y  t a i l i n g  p e a k s .

( i i )  I o n - e x c h a n g e  c h r o m a t o g r a p h y  u s i n g  an a l k y l s u l -  

p h o n a t e  d e r i v a t i z e d  s i l i c a  col umn (Vydax TP- 401)  d i l u t e d  

w i t h  ammonium f o r m a t e  o r  ammonium a c e t a t e  c a u s e d  most

o f  t h e  r u t h e n i u m - a m m i n e  c o m p l e x e s  t o  be s e v e r e l y  

r e t a i n e d  even  w i t h  h i g h  b u f f e r  c o n c e n t r a t i o n s .



( i i i )  I s o c r a t i c  e l u t i o n  w i t h  0 . 2  M s o l u t i o n s  o f  

ammonium f o r m a t e ,  a c e t a t e ,  o r  p r o p r i o n a t e ,  pH 5 . 5 . ,  

on ODS c o l umns  a t  a f l o w  r a t e  o f  1 m l / m i n .  Whi l e  t h e  

ODS column y i e l d e d  s a t i s f a c t o r y  r e s u l t s ,  o p t i m a l  

r e s u l t s  wer e  a c h i e v e d  f o r  t h i s  me t hod  w i t h  a C10 

c o l u m n .

( i i i )  THE HPLC OF RUTHENIUM - ( 2 , 2 ’ - B i p y r i d i n e )

AND RUTHENIUM - 1 , 1 0  - P h e n a n t h r o l i n e  COMPLEXES

The f i r s t  d e t a i l e d  r e p o r t e d  use  o f  RP- IPC t o  

s e p a r a t e  i o n i c  m e t a l  c h e l a t e s  was by V a l e n t y  and Behnken 

[ 1 9 ] .  They u s e d  a ij Bondapak  C1B col umn t o  d e t e r m i n e  

d i e s t e r ,  m o n o e s t e r  - m o n o c a r b o x y l a t e , and d i c a r b o x y l a t e  

d e r i v a t i v e s  o f  [ R u ( b p y ) 3 ] 2+ [ F i g .  2 . 1 A . ) ,  wh i c h  can 

be d i s t i n g u i s h e d  on t h e  b a s i s  o f  w a t e r  s o l u b i l i t y  and 

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

o f  compounds  1 , 1 1 1 ,  and IV shown i n  F i g .  2 . A, empl oyed  

a 20 min l i n e a r  g r a d i e n t ,  50% THF i n  w a t e r  t o  100% THF 

( b o t h  0 . 0 1 5  M MeS03 H, 0.5% ( v / v )  CH3 C00H] w i t h  a 2 . 0  ml /min 

f l o w  r a t e .  The a n a l y s i s  o f  I I ,  I I I  and V [ F i g .  2 . 1 A ] ,  

e mpl oye d  a 10 min l i n e a r  s o l v e n t  g r a d i e n t ,  10% THF i n  

w a t e r  t o  40% THF i n  H2 0 ( b o t h  0 . 0 0 5  M n - h e p t a n e s u l p h o n i c  

a c i d ,  CHa C00H, pH 3 . 5 ]  w i t h  a f l o w  r a t e  o f  2 . 0  ml / m i n .



T h i s  HPLC me t hod  p r o v i d e d  s a t i s f a c t o r y  s e p a r a t i o n  f o r  

t h e  d e t e r m i n a t i o n  o f  t h e s e  c o m p l e x e s ,  [ F i g .  2 . 1B]  .

O t h e r  w o r k e r s  have u s e d  t h i s  HPLC s y s t e m  i n  t h e  

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

o f  [ Ru ( b p y ) 3 ] 2 + . Ga i n e s  and  V a l e n t y , [ 2 0 ] ,  and 

H a r r i m a n ,  [ 2 1 ] ,  u s e d  t h e  s y s t e m  f o r  t h i s  p u r p o s e  and 

c o n c l u d e d  t h a t  s u r f a c t a n t  d e r i v a t i v e s  o f  [ R u ( b p y ) 3 ] 2+ 

do n o t  s e n s i t i s e  t h e  p h o t o d i s s o c i a t i o n  of  w a t e r  i n t o  

i t s  e l e m e n t s  a s  p r e v i o u s l y  r e p o r t e d ,  [ 2 2 ] .  However  

i n t e r e s t  i n  s u r f a c t a n t  r u t h e n i u m  c o mp l e x e s  r e m a i n e d  and 

G a i n e s  e t  a l . ,  c o n t i n u e d  t o  u s e  HPLC t o  f u r t h e r  t h e i r  

kn o wl e dge  o f  t h e  c h e m i s t r y  o f  [ R u ( b p y ) 3 ] + and i t s  

m o n o l a y e r  f i l m s  o f  s u r f a c t a n t  d e r i v a t i v e s ,  [ 2 3 ] .

Emp h a s i s  t h e n  s w i t c h e d  t o  an i n v e s t i g a t i o n  o f  t h e  

v a r i a t i o n  o f  t h e  m o n o l a y e r  c o m p o s i t i o n  and t h e  

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

S p e c t r o s c o p i c  me t h o d s  a r e  n o t  v e r y  s u i t e d  t o  s uch  

a n a l y s e s  b u t  HPLC i s  i d e a l  f o r  t h e s e  s t u d i e s .  V a l e n t y  

u s e d  t h e  HPLC s y s t e m  t o  a c h i e v e  t h i s ,  [ 2 4 ] .  Ghosh e t  

a l . ,  a l s o  u s e d  t h e  s y s t e m  t o  f o l l o w  t h e  s p o n t a n e o u s  

t h e r m a l  and l i g h t - i n d u c e d  r e d u c t i o n  o f  [ R u ( b p y ] 3 ] + 

t o  [ Ru ( b p y ) 3 ] 2 + , [ 2 5 ] .  They f o u n d  t h e  r e a c t i o n  t o

be a c c o m p a n i e d  by a b o u t  1 0 % d e c o m p o s i t i o n  o f  t h è  compl ex

t o  m i n o r  p r o d u c t s , whi c h  we r e  s e p a r a t e d  by HPLC. [ F i g .  2 . 2 ] .
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P o e c k e r  e t  a l . ,  u s e d  a s i m i l a r  HPLC s y s t e m  i n  

t h e  s t u d y  o f  t h e  r e d u c t i o n  o f  Ru( IV)  c o m p l e x e s .  

[ ( b p y ) a ( P Y )  Ru ( 0 ) ] 2+ and [ ( t r p y ) ( p h e n ] Ru ( G ) ] 2+

( py = p y r i d i n e ,  t r p y  = 2 , 2 ’ , 2 ” - t e r p y r i d i n e )  i n  b a s i c  

s o l u t i o n ,  [ 2 6 ] .  They f o u n d  t h a t  ca  00% o f  t h e  r e d u c e d  

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

c o mp l e x e s  o f  R u ( I I ) ,  [ ( b p y ) 2 (py)  Ru (OH)] + o r  

[ ( t r p y )  ( phen)  Ru ( 0 H ) ] + . The HPLC s y s t e m  i n v o l v e d  

u s e  o f  a p a r t i s i l  ODS-3 co l umn .  The m o b i l e  p h a s e s  

u s e d  c o n s i s t e d  o f  v a r i o u s  m i x t u r e s  o f  s o l v e n t  A (40%

THF; 60% 0.  2M a c e t a t e  b u f f e r ,  pH 3 . 6 )  and s o l v e n t  

B (5% THF; 60% 0 . 2  M a c e t a t e  b u f f e r ,  pH 3 . 6 )  o r  s o l v e n t  

C (40% THF; 60% 0 . 1  M t r i f l u o r o m e t h a n e  s u l p h o n i u  

a c i d ,  pH 2 . 6 )  and s o l v e n t  D (5% THF; 95% 0 . 1 M  t r i f l u o r o  

met  h a n e s u l p h o n i c  a c i d ,  pH 2 . 6 ) .  A l l  s o l v e n t s  were  

5 mM i n  s o d i u m o c t a n e s u l p h o n a t e .

O ' L a u g h l i n  and Hansen u s e d  HPLC t o  e f f e c t  t h e  

s e p a r a t i o n  o f  [ F e ( P h e n ) 3 ] 2 + , [ N i ( P h e n ) 2 ] 2 + and

[ Ru ( P h e n ) 3 ] 2 + by RP-IPC on pBondapa k  CN c o l umns  [ 2 7 ] .  

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

w a t e r  o r  a c e t o n i t r i l e  w a t e r  m o b i l e  p h a s e s  whi ch  were  

0 . 0 1 5  n i n  m e t h a n e s u l p h o n i c  a c i d  and 0.5% i n  a c e t i c  

a c i d .  pH was s e e n  t o  have  l i t t l e  e f f e c t  o v e r  t h e  r a n g e  

pH 2 . 9  t o  6 . 0 .  n - H e p t a n e s u l p h o n a t e  g a v e  s l i g h t l y  b e t t e r



b e t t e r  r e s u l t s  when u s e d  a s  an i o n - p a i r  r e a g e n t  r a t h e r  

t h a n  m e t h a n e s u l p h o n a t e . However  t a i l i n g  o f  p e a k s  was 

a p r o b l e m  u s i n g  t h i s  s y s t e m .

O’ L a u g h l i n  s u b s e q u e n t l y  u s e d  a (J P a r t i s i l  SCX 

column ( c a t i o n  e x c h a n g e )  and a H a m i l t o n  PRP-1 column 

( p o l y s t y r e n e  - d i v i n y l b e n z e n e  (RP- IPC)  t o  s e p a r a t e  

[ N i ( p h e n ) 3 ] 2 + and [ Ru ( p h e n ) 3 ] 2 + f r om t F e ( p h e n ) 3 ] 2 + [ 2 8 ] .  

P e r c h l o r a t e  i o n  was u s e d  as  t h e  p a i r i n g  i o n  by u s i n g  

a m o b i l e  p h a s e  o f  4:1 a c e t o n i t r i l e  - w a t e r  m i x t u r e  

0 . 0 6  M p e r c h l o r i c  a c i d  a s  t h e  m o b i l e  p h a s e .  The 

r e t e n t i o n  o f  t h e  c o m p l e x e s  on t h e  c a t i o n  e x c h a n g e  column 

was c o n c l u d e d  n o t  t o  be due t o  i o n  e x c h a n g e .  The 

d i s t r i b u t i o n  o f  t h e  c a t i o n i c  c h e l a t e s  was shown t o  be 

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

w i t h  p e r c h l o r a t e  i o n s  b e t we e n  t h e  m o b i l e  and s t a t i o n a r y  

p h a s e s .  T h i s  p r o c e s s  i s  f u n d a m e n t a l l y  d i f f e r e n t  from  

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

HPLC. I t  was a l s o  n o t e d  t h a t  t h e  e l u t i o n  o r d e r  

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

and r e v e r s e  p h a s e  co l u mn s  w i t h  t h e  same m o b i l e  p h a s e .

A c o m p l e t e l y  d i f f e r e n t  p e r s p e c t i v e  o f  [ R u ( p h e n ) 3 ]

i n  HPLC i s  g i v e n  by T a m a g i s h i ,  [ 2 9 ] .  S i l i c a  g e l
2

c o a t e d  w i t h  r a c e m i c  [ R u ( p h e n ) 3 ] - m o n t m o r i 1 I o n i t e  

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



( i v )  THE HPLC OF OTHER METAL - 2 , 2 '  -  B i p y r i d i n e  a n d

1 , 1 0  - P h e n a n t h r o l i n e  COMPLEXES

Toneda e t  a l . ,  u s e d  an S P - S e p h a d e x  column t o  

s e p a r a t e  [ C o ( p h e n ) 3 ] 3 + and [ N i ( p h e n ) 3 ] 2 + u s i n g  a q u e o u s  

KBr as  e l u e n t ,  [ 3 0 ] .  An i n v e r s i o n  o f  t h e  e l u t i o n  

o r d e r  was o b s e r v e d  w i t h  i n c r e a s i n g  KBr c o n c e n t r a t i o n ,
3 _j_

w i t h  [ C o ( p h e n ) 3 ] e l u t i n g  f i r s t  a t  h i g h e r  c o n c e n t r a t i o n s

of  KBr.

Lu ndgr e n  and S c h i l t ,  [ 3 1 ] ,  s t u d i e d  t h e  

a b s o r p t i o n  o f  m e t a l  i o n s  on A m b e r l i t e  XAD-2 

s t y r e n e - d i v / i n y l b e n z e n e  r e s i n s  c o a t e d  w i t h  t h e  f e r r o i n  

t y p e  l i g a n d ,  3 - 2 - p y r i d y l  - 5 , 6  - d i p h e n y l  - 1 , 2 ,  4 - 

t r a m i n e  (PDT) a s  a f u n c t i o n  o f  pH and a n i o n .  They 

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

c o mp l e x e s  t o  I T - e 1e c t r on  o v e r l a p  b e t we e n  t h e  s t y r e n e  

m o i e t i e s  on t h e  r e s i n  and a d s ó r b a t e  m o l e c u l e s .

O ' L a u g h l i n  r e p o r t e d  t h e  s e p a r a t i o n  of  

[ F e ( CN) 2 ( p h e n ) 2 ] f r o m [ F e ( p h e n ) 3 ] 2 + on b o t h  

M Bondapa k  C18 and a PRP-1 column w i t h  an a c e t o n i t r i l e  

w a t e r  m o b i l e  p h a s e  c o n t a i n i n g  2 . 0 g / l  L i Cl O^ .  [ 3 2 ] .



H a n g i a  and  L u g a r i  r e s o l v e d  2 , 2 '  -  b i p y r i d i n e  

a nd  t h e  c o m p l e x e s  [ l \ l i ( b p y ) 3 ] + a nd  [ F e ( b p y ) 3 ] + on a 

M B o n d a p a k  CN c o l u m n  u s i n g  NCS-  as  c o u n t e r  i o n  i n  

t h e  m e t h a n o l  w a t e r  m o b i l e  p h a s e s ,  [ 3 3 ] .  The  r e t e n t i o n  

v o l u m e s  f o r  [ l \ l i ( b p y ) a ] w e r e  - f ound  t o  v a r y  e x p o n e n t i a l l y  

w i t h  c o n c e n t r a t i o n  o f  KNCS i n  t h e  m o b i l e  p h a s e .

A n u m b e r  o f  p a p e r s  by  R i g u s  a nd  P i e t z y t e  b e a r  

r e l e v a n c e  t o  t h i s  s u b j e c t ,  [ 3 4 , 3 6 ] .  I n  t h e s e  p a p e r s  

t h e  s e p a r a t i o n  o f  i n o r g a n i c  a nd  o r g a n i c  a n i o n s  i s

2 - f .

s t u d i e d  u s i n g  [ F e ( p h e n ) a ] as  a m o b i l e  p h a s e  a d d i t i v e  

r a t h e r  t h a n  v i c e  v e r s a .

The HPLC o f  m e t a l  c h e l a t e s  i s  an e x t r e m e l y  

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

m e c h a n i s m s  l i t t l e  u n d e r s t o o d .  H o w e v e r  t h e  a p p l i c a t i o n s  

o f  HPLC i n  r e s e a r c h  i n  t h e  c h e m i s t r y  o f  m e t a l  c h e l a t e s  

i s  w i d e s p r e a d  a n d  i t s  u n i q u e  a d v a n t a g e s  i n  t h e  s t u d y  

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

d e m o n s t r a t e d .



C. THE PHOTOCHEMISTRY OF RUTHENIUM ( I I )  2 , 2 ’ BIPYRIDINE

and  1 , 1 0  - PHENANTHROLINE COMPLEXES

The p h o t o c h e m i s t r y  o f  t r a n s i t i o n  m e t a l

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

r e s e a r c h ,  [ 3 7 , 3 8 ] ,  I n  p a r t i c u l a r  t h e  p h o t o c h e m i s t r y

o f  [ R u ( b p y ) 3 ] 2 + and  i t s  d e r i v a t i v e s  h a v e  a t t r a c t e d  much

a t t e n t i o n .  A l a r g e  p r o p o r t i o n  o f  t h i s  w o r k  has  c o n c e n t -
2 _|_

r a t e d  on [ R u ( b p y ] 3 ] p a r t i c u l a r l y  b e c a u s e  o f  i t s  

u n u s u a l  p h o t o r e d o x  p r o p e r t i e s  a nd  i t s  p o t e n t i a l  f o r  

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

d i s s o c i a t i o n  o f  w a t e r ,  [ 2 2 ] ,  H o w e v e r ,  p u r e  [ R u ( b p y ) 3 ] + 

was s how n  n o t  t o  c a t a l y s e  t h i s  r e a c t i o n ,  [ 2 0 , 2 1 ,  3 9 ] ,  

and  much o f  t h e  a t t e n t i o n  was  f o c u s e d  on p o s s i b l e  

b i s - b i p y r i d y 1  c o m p l e x e s  o f  r u t h e n i u m  w h i c h  may h a v e  

b e e n  p r e s e n t  as  i m p u r i t i e s  i n  t h e  i n i t i a l  s u r f a c t a n t  

l a y e r  u s e d  by  S p r i n t s c h n i k  e t  a l .  As s u c h  t h e  

p h o t o c h e m i s t r y  o f  c o m p l e x e s  o f  [ R u ( b p y ) 2 X Y ] n+ r e c e i v e d  

much a t t e n t i o n ,  [ 4 0 ] .  I n  p a r t i c u l a r ,  t h e  c h e m i s t r y  

o f  [ R u ( b p y ) 2 ( CO) C l ] + was  i n v e s t i g a t e d ,  [ 4 1 ] ,  as  i t  was 

c o n s i d e r e d  a l i k e l y  i m p u r i t y  i n  t h e  [ R u ( b p y ) 3 ] + s u r f a c t a n t  

l a y e r  [ 4 2 ] .  I n  a d d i t i o n  C o l e - H a m i I t o n  o b s e r v e d  t h a t
-J- A

[ R u ( b p y ) 2 ( CO] C 1 ] a c t e d  as  a c a t a l y s t  f o r  t h e  

h o m o g e n e o u s  w a t e r - g a s  s h i f t  r e a c t i o n ,  [ 4 3 , 4 4 ] .



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

i s  a q u a n t i z e d  p h e n o m e n o n  a n d  f o r  r a d i a t i o n  i n  t h e  

v i s i b l e  and  U . V . r e g i o n s  s u f f i c i e n t  e n e r g y  i s  

a v a i l a b l e  t o  b r i n g  a b o u t  c h a n g e  i n  t h e  e l e c t r o n i c  

s t a t e  o f  a s y s t e m .  The  r e l a t i o n s h i p - b e t w e e n  t h e  e n e r g y  

o f  t r a n s i t i o n ,  E,  and  t h e  f r e q u e n c y  o f  t h e  e x c i t i n g  

r a d i a t i o n ,  * i s  g i v e n  by  t h e  f o l l o w i n g  e q u a t i o n : -

E = NhV = N h c / A  = ( 2 . 8 5 9  x 1 0 4 ) /  \  k c a l  m o l "

w h e r e  N = A v a g a d r o 1s n u m b e r ,  

h = P l a n c k ' s  c o n s t a n t ,

X = w a v e l e n g t h  o f  a b s o r b e d  r a d i a t i o n  i n  

n a n o m e t r e s  

c = v e l o c i t y  o f  l i g h t

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

p h o t o c h e m i c a l  p r o c e s s e s .  F o r  200  nm t o  BOO nm t h e
_  'I

v a l u e s  f o r  E a r e  b e t w e e n  c a .  143 a nd  36 k c a l  m o l  

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

e n e r g y  i s  a v a i l a b l e  t o  e n a b l e  h o m o l y t i c  a nd  h e t e r o l y t i c  

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

i o n i s a t i o n .  H o w e v e r ,  e n e r g e t i c a l l y  e n r i c h e d  s y s t e m s  

may h a v e  s e v e r a l  modes  o f  e n e r g y  d i s s i p a t i o n  a v a i l a b l e  

t o  t h e  s y s t e m  o f  w h i c h  c h e m c i a l  r e a c t i o n  i s  o n l y  one  

p o t e n t i a l  m o d e .



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

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

p h o t o s u b s t i t u t i o n ,  p h o t o r e a r r a n g e m e n t s  a nd  p h o t o r e d o x  

r e a c t i o n s .  I n  t h i s  p r o j e c t  t h e  i d e n t i f i c a t i o n  o f  new 

c o m p o u n d s  f o r m e d  by p h o t o s u b s t i t u t i o n  was o f  i n t e r e s t .

The  a b s o r p t i o n  s p e c t r a  o f  r u t h e n i u m  ( I I )  

p o l y p y r i d y l  c o m p l e x e s  a r e  d o m i n a t e d  by  m e t a 1 - t o - l i g a n d -  

c h a r g e  t r a n s e r ,  ( M L C T ) .  The  n a t u r e  o f  t h e s e  t r a n s i t i o n s  

g o v e r n s  t h e  p h o t o r e a c t i v i t y  o f  t h e s e  c o m p l e x e s .  The 

e x c i t e d  s t a t e  m a n i f o l d  o f  [ R u ( b p y ) 2 X Y ] n+ c o m p o u n d s ,

( X , Y ,  a r e  m o n o d e n t a t e  l i g a n d s ) ,  has  b e e n  c a r r i e d  o u t  

[ 4 7 , 5 1 ]  a nd  t h i s  has  l e d  t o  a g r e a t e r  u n d e r s t a n d i n g  

o f  t h e  p h o t o c h e m i s t r y  o f  t h e s e  c o m p l e x e s .

[ R u ( b p y ) 3 ] was  c o n s i d e r e d  p h o t o c h e m i c a l l y  

i n e r t  u n t i l  P o r t e r  a nd  H o g g a r d  r e p o r t e d  t h e  p h o t a n a t i o n  

o f  [ R u ( b p y ) 3 ] C l z i n  DMF [ 5 2 ] .  D u r h a m  e t  a l . ,  e x a m i n e d  

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

d i f f e r e n t  s o l v e n t s  a n d  c o n c l u d e d  t h a t  [ R u ( b p y ) 3 ] Z+ 

i s  e s s e n t i a l l y  i n e r t  i n  s u c h  s o l v e n t s  as  w a t e r ,  

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

c h l o r i d e  i o n s  [ 5 3 ] .  F o r m a t i o n  o f  R u ( b p y ) 2 C l 2 was  

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



H o w e v e r ,  J o n e s  a nd  C o l e - H a m i l t o n  o b s e r v e d  t h a t  i n  t h e  

a b s e n c e  o f  o x y g e n  [ R u ( b p y ) a ] C l 2 i s  p h o t o l a b i l e  i n  

CH2 C I 2 a nd  a c e t o n e  f o r m i n g  R u ( b p y ) 2 C l 2 and  i n  

a c e t o n i t r i l e  f o r m s  [ R u ( b p y ) 2 ( MeCN ) C l ] + o n l y  [ 5 4 ] .

Many a u t h o r s  h a v e  a d d r e s s e d  t h e  s u b j e c t  o f  

p h o t o s u b s t i t u t i o n a 1  c h e m i s t r y  o f  c o m p o u n d s  o f  t h e  

g e n e r a l  f o r m u l a  [ R u ( b p y ) 2 X Y ] n+ i n  a c e t o n i t r i l e .

B r o wn  e t  a l . ,  o b s e r v e d  t h e  s u b s t i t u t i o n  o f  t h e  s o l v e n t  

l i g a n d  a z i d o  b i s  [ 2 , 2 ' -  b i p y r i d i n e ]  c o m p l e x e s  o f  

r u t h e n i u m  ( I I I )  i n  a c e t o n i t r i l e  [ 5 5 ] .  B o n n e s o n  e t  a l .  

d e m o n s t r a t e d  t h e  f o r m a t i o n  o f  [ R u ( b p y ) 2 ( MeCN) 2 ] 2 + i n  

t w o  d i s t i n c t  s t e p s  u p o n  i r r a d i a t i o n  o f  [ R u ( b p y ) 2 ( DH2 ) 2  

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

p h o t o i s o m e r i s a t i o n  r e a c t i o n s  [ 5 6 ] .  A l l e n  e t  a l . ,  [ 5 7 ]  

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

o f  t h e  g e n e r a l  f o r m u l a  [ R u ( b p y ) 2 ( QH) X ] n+ . T h e y  

c a l c u l a t e d  t h e  s e c o n d  o r d e r  r a t e  c o n s t a n t s  f o r  t h e  

t h e r m a l  d i s p l a c e m e n t  o f  Hz 0 by  a s o l v e n t  m o l e c u l e  o f  

a c e t o n i t r i l e  a n d  n o t e d  i t s  d e p e n d e n c e  on t h e  

m o n o d e n t a t e  l i g a n d .



D. THE CHEMISTRY AND PHOTOCHEMISTRY OF RUTHENIUM COMPLEXES

CONTAINING I MI DAZ OLE  AND RELATED LIGANDS

The c h e m i s t r y  o f  i m i d a z o l e  a nd  i t s  d e r i v a t i v e s  

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

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

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

d e r i v a t i v e s  s u c h  as h i s t i d i n e  i n  b i o l o g i c a l  r e a c t i o n s  

w h e r e  t h e  i m i d a z o l e  m o i e t y  a c t s  as  a l i g a n d  t o w a r d s  

m e t a l s .  [ 5 0 ] .  S u n d b e r g  e t  a l . , made a n u m b e r  o f  

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

h i s t i d i n e  [ 5 9 ]  a nd  i m i d a z o l e  [ 6 0 , 6 1 ] .  I t  was  n o t e d ,  

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

[ R u i N H a ) ^  ( H I m ) ] Z+ i n  a q u e o u s  s o l u t i o n  o f  pH <2 t h e  

N - b o n d e d  i m i d a z o l e  l i g a n d  i s  s u b s t i t u t e d  f o r  a w a t e r  

m o l e c u l e .  A s e c o n d  r e a c t i o n  t h e n  o c c u r s ^  w h e r e  an 

NH3 i s  r e p l a c e d  by  an i m i d a z o l e  w h i c h  i s  C - b o n d e d .

B o g g e s s  a n d  M a r t i n  s t u d i e d  t r a n s i t i o n  m e t a l  c o m p l e x e s  

o f  2—(2 ’ -  p y r i d y l )  i m i d a z o l e  i n c l u d i n g  F e ( I I ) ,  [ 6 2 ] .

Haga s t u d i e d  t h e  s y n t h e s i s ,  r e c a t i o n  c h e m i s t r y  and  

e l e c t r o c h e m i s t r y  o f  r u t h e n i u m  ( I I )  b i s  ( 2 , 2 ’ -  b i p y r i d i n e )  

c o m p l e x e s  c o n t a i n i n g  2 , 2 b i b e n z i m i d a z o l e  and  r e l a t e d  

l i g a n d s ,  [ 6 3 . 6 4 ] .  Dose  a nd  W i l s o n  s t u d i e d  t h e  

c h e m i s t r y  o f  r u t h e n i u m ( I I ) c o m p l e x e s  c o n t a i n i n g  

2 , 2 '  b i i m i d a z o l e  [ 6 5 ] .  L o n g  a nd  Vos  d e s c r i b e d  t h e

00 .



[ R u ( b p y ) 2 ( V I m ) 2 ] ( P F g ) 2 [ 6 6 ] .  T h e y  a l s o  i n v e s t i g a t e d

t h e  a c i d / b a s e  c h e m i s t r y  and  t h e  e m i s s i o n  s p e c t r o s c o p y

o f  t h e  f o r m e r  c o m p l e x .  B u c h a n a n  e t  a l . ,  e x a m i n e d

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

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

b i s - b i p y r i d y 1 c o mp l e x e s  i n c l u d i n g  [ Ru ( b p y ) 2 ( VIm) 2 ] ( PFg ) 2

s y n t h e s i s  o f  [ R u ( b p y ) 2 ( H i m ) 2 ] C12 .4H20 and



EXPERIMENTAL

A. APPARATUS AND MATERIALS

High P e r f o r m a n c e  L i q u i d  C h r o ma t o g r a p h y  was 

p e r f o r m e d  u s i n g  a Wa t e r s  6000 A S o l v e n t  D e l i v e r y  

Sys t em and a Wa t e r s  Model  U6 K i n j e c t o r .  D e t e c t i o n  

was a c h i e v e d  u s i n g  a Wa t e r s  Model  440 Ab s o r b a n c e  

D e t e c t o r  a t  254 nm and t h e  r e s u l t i n g  c h r o ma t o g r a ms  

wer e  r e c o r d e d  on a P h i l l i p s  PM 8251 s i n g l e  Pen 

R e c o r d e r .  A s e l e c t i o n  o f  R a d i a l  Pak C a r t r i d g e  

Columns wer e  u s e d  w i t h  t h i s  s y s t e m ,  w i t h i n  a r a d i a l  

c o m p r e s s i o n  s y s t e m .  (Z - m o d u l e ) .  The c a r t r i d g e  

co l umns  u s e d  wer e  pBondapa k  C18 (BMBCIBlOp),  

( jBondapak CN (5CN10p) ,  p Bo n d a p a k - p h e n y  1 (8MPH10m) 

nad pBondapak  CX ( 8PSCX10p) .

I s o c r a t i c  l i q u i d  c h r o m a t o g r a p h y  w i t h  

p h o t o d i o d e  a r r a y  d e t e c t i o n  was a l s o  p e r f o r m e d .  A 

Wa t e r s  501 HPLC pump was u s e d  i n  c o n j u n c t i o n  w i t h  

a Wa t e r s  990 P h o t o d i o d e  Ar r a y  D e t e c t o r  l i n k e d  t o  an 

NEC APC I I I  c o m p u t e r .  C h r o m a t o g r a p h i c  t r a c e s  and 

c o r r e s p o n d i n g  s p e c t r a  wer e  r e c o r d e d  w i t h  a Wa t e r s  

990 P r i n t e r / P l o t t e r .  A P a r t i s i l  10-0DS s t e e l  

col umn was u s e d .



A l l  o r g a n i c  s o l v e n t s  u s e d  wer e  o f  HPLC g r a d e .  

Wa t e r  was p a s s e d  t h r o u g h  a m i l l i p o r e  s y s t e m  t o  r emove 

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

Ru t h e n i u m c o mp l e x e s  p r e v i o u s l y  s y n t h e s i s e d  were  

d i s s o l v e d  i n  HPLC g r a d e  a c e t o n i t r i l e .

P h o t o l y s i s  o f  Ru t h e n i u m c o mp l e x e s  i n  a c e t o n i t r i l e  

was p e r f o r m e d  by i r r a d i a t i n g  a s o l u t i o n  o f  compl ex  i n  

HPLC g r a d e  a c e t o n i t r i l e  w i t h  a Thor n  U l t r a  V i o l e t /

V i s i b l e  P h o t o l y s i s  Lamp.  The s o l u t i o n  was c o n t a i n e d  

i n  a q u a r t z  c e l l  o f  1 cm l e n g t h .  The l i g h t  was f i r s t  

p a s s e d  t h r o u g h  a c e l l  o f  6 cm, i n t e r n a l  l e n g t h ,  

c o n t a i n i n g  w a t e r ,  t o  r emove  t h e r m a l  e n e r g y .



B. TECHNIQUES

Ci) DEVELOPMENT OF GENERAL HPLC SYSTEM 

a ) Sampl e  P r e p a r a t i o n

t R u ( b p y ] 2 ( Hi m) 2 1 C l 2 . 4H2 0 was p r e v i o u s l y  

p r e p a r e d  by Long and Vos [ 6 6 ] .  [ Ru ( bpy ) 2 ( Him)C1] PFg

and [ Ru( b p y ) 2 ( Hi m) 2 ] ( P F g ) 2 we r e  s y n t h e s i s e d  by t h e  

same met hod us e d  t o  s y n t h e s i s e  t h e  c o r r e s p o n d i n i n g  

M e t h y l i m i d a z o l e  (Melm) c o mp l e x e s  [ 6 0 ] .  [ Ru( b p y ) 2 ( Vi m) 2 ] ( PFg ) 2

was s y n t h e s i s e d  by t h e  me t hod  u s e d  f o r  t h e  p r e p a r a t i o n  

o f  [ R u ( b p y ) 2 ( H t r z ) z ] ( P F g ) 2 , [ H t r z  = 1 , 2 , 4  - t r i a z o l e ]

[ 6 9 ] .  E l e m e n t a l  a n a l y s e s  f o r  t h e s e  compounds  were  

o b t a i n e d .

TABLE 2 . 1 .  ELEMENTAL ANALYSIS OF RUTHENIUM COMPLEXES

C M N Cl

[ Ru ( b p y ) 2 ( H I z ) 2 ] [ PFg ) 2 37 . 2% 2.9% 13.3% - c a l c u l a t e d

36 . 0% 2.9% 13.5% - Found

[ Ru ( b p y ) 2 ( HI m) Cl ] PFg H2 0 41 .7% 3 . 0% 12.7% 5 . 4% C a l c u l a t e d
40 . 6 % 3.2% 12.4% 5.2% Found

[ R u ( b p y ) 2 ( VI m) 2 ] C P F g ) 2 40 . 4% 3.1% 1 2 . 6 % - C a l c u l a t e d
40 . 1 % 3.0% 1 2 . 6 % Found

[ Ru ( b p y ) 2 ( VI m) Cl ] PFg 43 . 6 % 3 . 2% 1 2 . 2 % - C a l c u l a t e d
43.3% 3.1% 12.3% “ Found

[ R u ( b p y ) 2 ( Hi m) 2 ] C l 2 . 4HZ 0 45 .  1% 4.6% 16.2% 10.3% C a l c u l a t e d
44 .  3% 4.3% 16.2% 10.7% Found



These  s a m p l e s  wer e  a l l  shown t o  be p u r e  by 

TLC t e s t s .

[ Ru( b p y ) 2 ( CO) C1 ] CIO4 was p r e p a r e d  a s  d e s c r i b e d  

by C l e a r  e t  a l .  [ 4 2 ] .  [ Ru( b p y ) 2 ( CO) H] PFg . \ C^HgO was

s y n t h e s i s e d  by a me t hod  d e s c r i b e d  p r e v i o u s l y  i n  t h i s  

t h e s i s ,  ( c f .  S e c t i o n  I ) ,  whi ch  i s  b a s e d  on a met hod 

d e s c r i b e d  by K e l l y  e t  a l .  [ 7 0 ] .

A l l  s a m p l e s  wer e  made up t o  a c o n c e n t r a t i o n  o f  
__ 2

a p p r o x i m a t e l y  10 N, i n  HPLC g r a d e  a c e t o n i t r i l e .

Sampl e  s o l u t i o n s  a r e  d e g a s s e d  w i t h  a s o n i c  b a t h  and 

f i l t e r e d  t h r o u g h  an s a r t o r i u s  d i s p o s a b l e  0 . 2  p f i l t e r .

I n  mos t  c a s e s  a p p r o x i m a t e l y  5 p i  o f  s a mp l e  was i n j e c t e d  

o n t o  t h e  c o l u mn .  In  a d d i t i o n  t o  t h e  s a m p l e s  m e n t i o n e d  

5 mis  o f  t h e  [ Ru ( bpy ) 2 ( CO) H] PFg . 5 CgHgO s a mp l e  was

t a k e n  and 4 d r o p s  o f  c o n c e n t r a t e d  h y d r o c h l o r i c  a c i d  

were a dde d  t o  i t .  T h i s  s o l u t i o n  was a l l o w e d  t o  s t a n d  

f o r  o v e r  one  h o u r  b e f o r e  b e i n g  i n j e c t e d  o n t o  t h e  

c o l u m n .



b ] P r e p a r a t i o n  o f  M o b i l e  Phase and C h r o m a t o g r a p h i c  System

A v a r i e t y  o f  s o l v e n t  m i x t u r e s  wer e  us ed  as  

m o b i l e  p h a s e  i n  t h i s  s t u d y .  A l l  m o b i l e  p h a s e s  c o n t a i n e d  

e i t h e r  a c e t o n i t r i l e  o r  m e t h a n o l  as  t h e  mai n s o l v e n t  

c o mp o n e n t .  A n a l a r  g r a d e  L i t h i u m  P e r c h l o r a t e  was used  

as  t h e  i o n  p a i r  r e a g e n t  and t h e  e f f e c t  o f  LiClO^ 

c o n c e n t r a t i o n  was s t u d i e d .  B r i e f  s t u d i e s  wer e  a l s o  

p e r f o r m e d  u s i n g  SDS a s  t h e  i o n  p a i r  r e a g e n t  w i t h  

a CN c o l u m n .

To p r e p a r e  t h e  m o b i l e  p h a s e  t h e  n e c e s s a r y  

vo l u me s  o f  HPLC g r a d e  s o l v e n t  wer e  mi xed  t o  g i v e  t h e  

r e q u i r e d  vol ume : vo l ume  r a t i o ,  and f i l t e r e d  u s i n g  

a S a r t o r i u s  0 . 4 5  p d i s p o s a b l e  f i l t e r .  The r e q u i r e d  

q u a n t i t y  o f  A n a l a r  Gr ade  Li Cl O^ was a d d e d  and t h e  

s o l u t i o n  d e g a s s e d  f o r  30 m i n u t e s  u s i n g  a s o n i c  b a t h .

T h i s  a l s o  e n s u r e d  c o m p l e t e  d i s s o l u t i o n  o f  t h e  Li Cl O^.  

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

was r e c y c l e d  t o  a v o i d  u n n e c e s s a r y  w a s t e  o f  e x p e n s i v e  

s o l v e n t s .

S t u d i e s  we r e  made u s i n g  C1B, CN and CX r a d i a l  

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

was a l l o w e d  t o  e q u i l i b r a t e  f o r  a p p r o x i m a t e l y  one 

h o u r  p r i o r  t o  any s a mp l e  i n j e c t i o n .  D e t e c t i o n  was a t  

254 nm u s i n g  a UV a b s o r b a n c e  d e t e c t o r .



( i i )  PHOTOLYSIS STUDY OF IMIDAZOLE AND VINYLIMIDAZOLE

CONTAINING COMPLEXES BY HPLC

1 . 0  x 1 0 -3 m s o l u t i o n s  o f  [ R u ( b p y ) 2 ( VIm)2 ] ( PFg ) 2 

and [ R u ( b p y ) z ( VIm)C1 ] PFg i n  HPLC g r a d e  a c e t o n i t r i l e  

wer e  p r e p a r e d .  7 . 8  x 10 4 M [ Ru( b p y ) 2 ( Him) 2 ] ( PFg ) 2 

and 9 . 7  x 10~ 4 M [ R u ( b p y ) 2 ( Hl m) Cl ]  PFg H2 0 i n  HPLC 

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

s t o r e d  i n  t h e  d a r k .  P h o t o l y s i s  was p e r f o r m e d  on t h e s e  

s o l u t i o n s  by p l a c i n g  ca 3 ml i n  a Q u a r t z  c u v e t t e  and 

p l a c i n g  t h i s  i n  t h e  l i g h t  beam,  o f  w a v e l e n g t h  r a n g e  UV 

t o  v i s i b l e  r e g i o n  f o r  a m e a s u r e d  t i m e .  A w a t e r  b a t h  

o f  6 cm i n t e r n a l  l e n g t h  was p l a c e d  b e f o r e  t h e  s a mp l e  i n  

t h e  l i g h t  beam t o  r e d u c e  t h e r m a l  e n e r g y .  10 m1 o f  

s a mp l e  was r emoved  a t  r e c o r d e d  i n t e r v a l s  and i n j e c t e d  

o n t o  t h e  co l umn .

The r e a c t i o n  was f o l l o w e d  by i s o c r a t i c  HPLC 

w i t h  a CX c a r t r i d g e  c o l u mn .  The m o b i l e  p h a s e  u s e d  

was 80% a c e t o n i t r i l e  : 20% w a t e r  ( v / v )  w i t h  0 . 0 5  M o r  

0 . 0 7 M L i C 1 0 4  a s  t h e  i o n  p a i r i n g  a g e n t .  2 . 5  ml / mi n  

was t h e  f l o w  r a t e  and d e t e c t i o n  was by UV a b s o r b a n c e  

a t  254 nm. The p h o t o l y s i s  was a l s o  m o n i t o r e d  u s i n g  

a p a r t i s i l  0DS col umn and 80% a c e t o n i t r i l e  : 20% w a t e r  

( v / v )  w i t h  0 . 0 5  M o r  0 . 0 8  M Li Cl O^ a s  m o b i l e  p h a s e .



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

o f  t h e  i n d i v i d u a l  p e a k s  e l u t e d  t o  be o b t a i n e d .

P h o t o l y s e s  o f  t h e  i m i d a z o l e  and v i n y l i m i d a z o l e  c o mpl exe s  

o f  r u t h e n i u m  wer e  e x a mi n e d  u s i n g  t h e  OQS col umn and 

p h o t o d i o d e  a r r a y  d e t e c t i o n .  Al s o  c h r o ma t o g r a ms  of  

p r e v i o u s l y  s y n t h e s i s e d  c o mp l e x e s  o f  R u ( b p y ) 2 C l 2 . 2H2 0,  

[ 7 1 , 7 2 ] ,  [ Ru( b p y ) 2 ( MeCN) C1 ] PFg [ 14]  wer e  o b t a i n e d  f o r  

r e f e r e n c e .  [ Ru ( b p y ) 2 ( 4Mlm) 2 ] ( PFg ) 2 and [ RuCb p y ) 2 ( 4MIm)H2 0 ] PFg 

c o mp l e x e s  wer e  s y n t h e s i s e d  by t h e  same me t hod  as  used  

f o r  t h e  c o r r e s p o n d i n g  1 - m e t h y l i m i d a z o l e  c o mp l e x e s  [ 6 8 ] .

UV/Vis  s p e c t r a  wer e  o b t a i n e d  f o r  t h e  s o l u t i o n s  

o f  [ Ru t b p y ) 2 ( VIm) 2 ] [ P F g ) 2 , [ Ru ( b p y ) 2 CVIm)C1 ] PFg ,

[Ru(b p y )2 [Hi m)C l ]PFg , [R u [b p y )2 (Hi m)2 ] ( P F g ) 2 and 

[R u (b p y )2 (Hi m]C 1]P F g . H2 0 in acetonitrile.



RESULTS AND DISCUSSION

A. DEVELOPMENT DF METHOD FDR THE SEPARATION OF

RUTHENIUM b i s  ( 2 , 2 ’ - b i p y r i d y l )  COMPLEXES 

REVERSE PHASE ION PAIR CHROMATOGRAPHY

ALthough r e v e r s e  p h a s e  i o n  p a i r  c h r o m a t o g r a p h y  

( R P - I P C K  i s  a w i d e l y  p r a c t i s e d  t e c h n i q u e ,  t h e  e x a c t  

r e t e n t i o n  me cha n i s m i s  s t i l l  a controversial s u b j e c t .

[ 7 4 ] ,  S e v e r a l  me c h a n i s ms  have  been  p r o p o s e d  and r e t e n t i o n  

t i m e s  have  been  u s e d  as  e v i d e n c e  t o  s u p p o r t  t hem i n  t h e  

m a j o r i t y  o f  c a s e s .  However ,  no one i n t e r p r e t a t i o n  of  

t h e  me c h a n i s ms  p r o p o s e d  s u f f i c e s  t o  e x p l a i n  a l l  t h e  

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

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

whi ch  w i l l  d o m i n a t e .

The s i m p l e s t  p o s t u l a t e  f o r  t h e  i o n  p a i r  mechan i s m 

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

p h a s e ^ p r i o r  t o  a b s o r p t i o n  o n t o  t h e  s t a t i o n a r y  p h a s e .

T h i s  t h e n  b e h a v e s  as  a n e u t r a l  m o l e c u l e  w i t h  t h e  

p o l a r i t y  o f  t h e  ” i o n  p a i r "  d e t e r m i n i n g  i t s  r e t e n t i o n  [ 7 5 , 7 6 ] ,  

An i o n  p a i r  r e a g e n t  wh i c h  c o n t a i n s  a l o n g e r  a l k y l  c h a i n  

w i l l  f o r m a l e s s  p o l a r  ” i o n  p a i r "  and as  s u c h  have  a 

g r e a t e r  a f f i n i t y  f o r  t h e  s t a t i o n a r y  p h a s e .  Thus ,  t h i s



compound s h o u l d  e x h i b i t  t h e  g r e a t e r  r e t e n t i o n .

An a l t e r n a t i v e  h y p o t h e s i s  d e s c r i b e s  a dynami c  

i o n - e x c h a n g e  p r o c e s s  [ 7 7 , 7 8 ] .  The s o l v o p h o b i c  c e n t r e  

o f  t h e  i m p a i r e d  i o n  p a i r i n g  a g e n t  i s  a b s o r b e d  t o  t h e  

s t a t i o n a r y  p h a s e  r e s u l t i n g  i n  t h e  column b e h a v i n g  

as  an i o n  e x c h a n g e r .  Wi t h i n c r e a s e d  l e n g t h  o f  t h e  

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

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

a n a l y t e .

Th e s e  two me c h a n i s ms  may be c o n s i d e r e d  t o  be 

e x t r e m e  v i e w p o i n t s .  Hany o t h e r  me c h a n i s ms  whi ch  a r e  

c o mp r o mi s e s  o f  t h e s e , o r  wh i c h  enc ompas s  a s p e c t s  o f  

e i t h e r  o r  b o t h ,  have  been  p r o p o s e d .  The s e  i n c l u d e  a 

dynami c  compl ex  e x c h a n g e  model  [ 79]  a combi ned  

d e s o l v a t i o n  and i o n  e x c h a n g e  mecha n i s m [ 80]  and a more 

p l a u s i b l e  i o n - i n t e r a c t i o n  model  CI I C) [ 8 1 , 8 2 ] .  A l l

o f  t h e s e  me c h a n i s ms  have  been  s u p p o r t e d  by r e t e n t i o n  

d a t a .  However ,  Knox and H a r t w i c k  [ 8 3 ] ,  q u e s t i o n e d  t h e  

v a l i d i t y  o f  t h i s  as  t h e s e  me c h a n i s ms  i n v o l v e  k i n e t i c  

p r o c e s s e s  and r e t e n t i o n  d a t a  r e s u l t  f r o m t h e r mo d y n a mi c  

e q u i l i b r i a .  They s u g g e s t  t h a t  s t u d y  o f  p e a k  s h a p e  

may p r o v i d e  i n s i g h t  i n t o  t h e  me c h a n i s ms  i n v o l v e d  as  

t h i s  i s  g o v e r n e d  by k i n e t i c  p r o c e s s e s .



The I I C model  i s  b r o a d e r  i n  s c o p e  t h a n  t h e  

" i o n  p a i r "  and ' d y n a mi c  i o n  e x c h a n g e '  m o d e l s .  The 

model  does  no t  r e q u i r e  i o n  p a i r  f o r m a t i o n  i n  e i t h e r  

p h a s e  and i s  no t  b a s e d  on c l a s s i c a l  i o n  e x c h a n g e .  The 

model  a s s u me s  dynami c  e q u i l i b r i u m  of  t h e  l i p o p h i l i c  

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

l a y e r  on t h e  s u r f a c e .  Sampl e  r e t e n t i o n  r e s u l t s  f rom 

an e l e c t r o s t a t i c  f o r c e  due t o  t h e  s u r f a c e  c h a r g e  d e n s i t y  

p r o v i d e d  by t h e  r e a g e n t  i o n  and f r om an a d d i t i o n a l  

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

r e s u l t  i s  t h a t  a p a i r  o f  i o n s ,  [ n o t  n e c e s s a r i l y  an i on  

p a i r )  has  been a b s o r b e d  o n t o  t h e  s t a t i o n a r y  p h a s e .  [ F i g . 2 . 3 . ]

RP- IPC was o r i g i n a l l y  u s e d  f o r  t h e  s e p a r a t i o n  

o f  o r g a n i c  a n i o n s  [ 7 6 , 8 4 ]  b u t  r a p i d l y  a d a p t e d  f o r  t h e  

s e p a r a t i o n  o f  i n o r g a n i c  a n i o n s  [ 8 5 , 8 6 , 8 7 ] . '  T h i s  was 

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

t e t r a l k y l a m m o n i u m  s a l t s  a s  i o n  p a i r  r e a g e n t s  [ 8 8 ] .

Wi t h t h e  us e  o f  s o l v e n t  o n l y  m o b i l e  p h a s e s  ( i . e .  

c o n t a i n i n g  no i o n  p a i r  r e a g e n t s ) ,  t h e  a n i o n s  e l u t e  

w i t h  l i t t l e  o r  no r e t e n t i o n .

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

mode l  c o m p l e x e s ,  u s i n g  t h e  pBondapa k  C18 c a r t r i d g e  

col umn show t h e  r e v e r s e  o f  t h i s  e f f e c t .  T a b l e  2 . 2 .

91 .



TABLE 2 . 2 .

RETENTION DATA FOR RUTHENIUM COMPLEXES SEPARATED ON A C18 COLUMNS 
FOR A SELECTION OF MOBILE PHASES

R e t .  Time (Min)
0 . 05M Li C10 4 0.075M Li C10 4 0

0 . 0 5 M Li C10 4 50% MeCN 0. 05M Li C104 70% MeCN 70%Me0H
100% MeCN 50% CH3 C13 100% MeOH 30% H2 0 30% H2 0

[ Ru ( b p y  ) 2 ( Him) 2 ] 3 . 1 3 . 0

i—1r
\ 4 . 2 3 . 9

[ Ru ( b p y  ) 2 ( Him)C1 ] + 3.1 3 . 0 4.1 3 . 7 3 . 9

[ Ru ( b p y ) 2 ( Vi m) 2 ] 2 + 3 . 2 2 . 9 6 . 3 5 . 3 4 . 8

[ Ru ( b p y ) 2 ( VIm)C1 ] + 3 . 2

CT)■
CM 4 . 4 4 . 4 4 . 4

[ Ru ( b p y  ) 2 ( CO) H] + 3 . 2 2 . 8 4 . 4 6 . 7 6 . 8

O.IM L i C 1 0 4

ASSYMETRY VALUES FOR SOME OF THE MOBILE PHASES

0. D75M.  Li C10 4 
70% MeOH : 30% H2 0

[ R u ( b p y ) 2 ( Hi m) 2 ]
2 +

[ Ru( b p y ) 2 ( H i m ) C l ] + 

[ Ru( b p y ) 2 ( Vim) 2 3 + 

[ R u ( b p y ) 2 ( V I m ) 2 C l ]  

[ Ru[ b p y ) 2 ( CO) H ] +

3 . 0

2 . 0

3 . 4  

2 . 0

3 . 5

O . I M  Li C104 
70% MeOH : 30% Hz 0

1. 9

1 . 5

1 . 9

2 . 0

2 . 5



Fig. 2.3 Model of Proposed Mechanism for Ion Interaction 
Chromatography. [Ref 81]

BULK
ELUANT

The lon-lnteractlon modal. Th« reagent Iona (solid clrclaa 
with alkyl tails) ( a a a J )  are adaorbed and create a charged primary Ion 
layer and an oppositely charged secondary Ion layer. See text for 
additional details. • :  Ion of positive charge; O: Ion of negative

93 .



Very l a r g e  r e t e n t i o n  i s  o b s e r v e d  when a m o b i l e  ph a s e  

c o n t a i n i n g  no i o n  p a i r  r e a g e n t  i s  u s e d .  A more r a p i d  

e l u t i o n  i s  i n d u c e d  by adde d  Li Cl Q^ as  an i o n  p a i r  

r e a g e n t  t o  t h e  m o b i l e  p h a s e .  At a f l o w  r a t e  of

1 . 5  ml / mi n  o f  100% MeCN m o b i l e  p h a s e ,  a t  a m b i e n t  

t e m p e r a t u r e s ,  a l l  t h e  r u t h e n i u m  model  c o mp l e x e s  showed 

e x c e s s i v e l y  l a r g e  r e t e n t i o n  t i m e s  ( i . e .  > 20  mi ns ]

w i t h  s e v e r e  d i s t o r t i o n  o f  p e a k  s h a p e .  However  when a 

m o b i l e  p h a s e  o f  0 . 0 5  M LiClO^ i n  MeCN was u s e d  g r e a t l y  

r e d u c e d  r e t e n t i o n  t i m e s  wer e  o b s e r v e d  b u t  l i t t l e  

s e p a r a t i o n  o c c u r r e d ,  w i t h  a l l  t h e  compounds  e l u t i n g  

a t  a p p r o x i m a t e l y  3 m i n u t e s  r e t e n t i o n  t i m e .  However ,  

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

t a i l i n g  b e i n g  r e d u c e d  t o  an a c c e p t a b l e  l e v e l .  Mob i l e  

p h a s e s  o f  0 . 0 5  M Li Cl O^ i n  MeCN p l u s  a l e s s  p o l a r  

s o l v e n t  s uch  a s  c h l o r o f o r m ,  d i c h l o r o m e t h a n e  and e t h y l a c e t a t e , 

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

r e t e n t i o n  and a l s o  a s l i g h t  d e c r e a s e  i n  s e p a r a t i o n .

However  us e  o f  a more p o l a r  s o l v e n t  i n  t h e  m o b i l e  

p h a s e  s e r v e s  t o  i n c r e a s e  t h e  r e t e n t i o n  o f  t h e  c o mp l e x e s  

and some s e p a r a t i o n  may t h e n  be s e e n  t o  o c c u r .  However  

as  t h e  r e t e . n t i o n  t i m e  i n c r e a s e s  d i s t o r t i o n  o f  p e a k  

s h a p e  a l s o  i n c r e a s e s  w i t h  t a i l i n g  bec omi ng  more 

a p p a r e  n t .

The o p t i mu m c o n d i t i o n s  f o r  s e p a r a t i o n  o f  t h e s e

c o m p l e x e s  on t h i s  col umn wer e  f o u n d  t o  be w i t h  a m o b i l e



p h a s e  o f  0.075 M LiClO^ i n  a s o l u t i o n  o f  70% MeOH and 

30% H20 a t  a f l o w  r a t e  o f  "1.5 ml / m i n .  T h i s  s y s t e m  

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

mono-  and d i c a t i o n  c o mp l e x e s  and a l s o  t h e  two d i c a t i o n  

c o mp l e x e s  c o n t a i n i n g  d i f f e r e n t  l i g a n d s ,  i . e .

[ Ru( bpy ] 2 ( Hi m]C1 ] + and [ Ru( b p y ] 2 ( Him] 2 ] 2 +

[ Ru( bpy ) 2 ( Vi m]C1 ] + and [ Ru( b p y ] 2 ( Vim] 2 ] 2 +

and [ Ru( b p y ] 2 ( Hi m] 2 ] and [ Ru( b p y ] 2 ( Vi m] 2 ] 2 +

[ T a b l e  2 . 2 . ]  However  p o o r  p e a k  s h a p e s  w i t h  s e v e r e  

t a i l i n g  wer e  o b s e r v e d  f o r  t h e s e  s e p a r a t i o n s ,  [ F i g . 2 . 4 . ] .  

C a l c u l a t e d  a s s y m e t r y  v a l u e s  showed t h i s  s y s t e m  t o  have 

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

The f a c t  t h a t  t h e  a n a l y t e  c a t i o n s  s t u d i e d  

e x h i b i t  v e r y  l a r g e  r e t e n t i o n  t i m e s  when t h e r e  i s  no 

c o u t e r i o n  i n  t h e  m o b i l e  p h a s e  , and t h a t  t h e  r e t e n t i o n  

i s  d e c r e a s e d  upon a d d i t i o n  o f  t h e  c o u n t e r i o n  i s  e a s i l y  

e x p l a i n e d ,  d e s p i t e  t h i s  b e i n g  t h e  r e v e r s e  o f  wha t  i s  

o b s e r v e d  f o r  c l a s s i c a l  RP- I PC.  A l l  o f  t h e  model  

compounds  c o n t a i n  a r u t h e n i u m  a t om a t  t h e  c o r e  o f  each  

m o l e c u l e  s u r r o u n d e d  by a number  o f  l i g a n d s .  Two 

2 , 2 ’ - b i p y r i d i n e / ( b p y ] ,  l i g a n d s  a r e  p r e s e n t  i n  a l l  

t h e  c o mp l e x e s  t a k i n g  up f o u r  o f  t h e  s i x  c o - o r d i n a t i o n  

s i t e s  a r o u n d  t h e  r u t h e n i u m .  I t  i s  i n  t h e  r e m a i n i n g



F i g .  2 . 4  S e p a r a t i o n  o f  R u t h e n i u m  C ompounds  on  C18 Column  

HPLC
M o b i l e  P h a s e :  70% MeOH ; 0 . 0 7 5 M  LiC lO ^
F l o w  R a t e :  1 . 5  m l  / m i n

Retention Time(min)

9 6 .



two s i t e s  t h a t  t h e  l i g a n d s  d i f f e r  i n  e ac h  c ompl ex .

The two d i c a t i o n  c o mp l e x e s  c o n t a i n  two i m i d a z o l e ,  [Hi m] ,  

l i g a n d s  i n  one c a s e  and two v i n y l i m i d a z o l e , [Vi m] ,  

l i g a n d s  i n  t h e  o t h e r .  The m o n o c a t i o n s  c o n t a i n  a 

c h l o r i n e  a t om a t  one c o - o r d i n a t i o n  s i t e  and a Him,

Vim, o r  CO l i g a n d  a t  t h e  f i n a l  s i t e .  One m o n o c a t i o n  

compl ex  c o n t a i n e d  h y d r o g e n  i n s t e a d  o f  a c h l o r i n e  atom 

a t  one s i t e  and a CD a t  t h e  o t h e r .  The bpy,  Him and 

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

of  t h e s e  c o mp l e x e s  and t h e  c o mp l e x e s  be h a v e  a s  s u c h .

They e x h i b i t  h i g h  a f f i n i t y  f o r  t h e  s t a t i o n a r y  

p h a s e  and l i t t l e  f o r  t h e  p o l a r  m o b i l e  p h a s e .  However  

t h e  c h l o r a t e  c o u n t e r i o n  i s  s o l v o p h i l i c  and t h e  

i n t e r a c t i o n  b e t we e n  t h i s  and t h e  c a t i o n  r e s u l t s  i n  

r e d u c e d  r e t e n t i o n .  I n  many r e s p e c t s  t h e  r u t h e n i u m  

c a t i o n  c o m p l e x e s  can be c o n s i d e r e d  s i m i l a r  t o  t h e  

i o n  p a i r  r e a g e n t s  i n  c l a s s i c a l  RP- IPC i n  t h a t  t h e y  

b e h a v e  a s  h y d r o p h o b i c  i o n s .

Very l i t t l e  s t u d y  ha s  been  done  on t h e  

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

c o n t a i n i n g  2 , 2 ’ - b i p y r i d y l  o r  1 , 1 0 - p h e n a n t h r o l i n e  

l i g a n d s .



However ,  R i g a s  and P i e t r z y k  [ 3 4 ] ,  have  us ed

RP-IPC on PRP-1 and Zor bax  C18 co l umns  t o  e f f e c t

t h e  s e p a r a t i o n  o f  i n o r g a n i c  a n i o n s ,  i n c l u d i n g  t h e
2

CIO4 a n i o n ,  u s i n g  [ F e ( p h e n ) 3 ] a s  t h e  i o n  p a i r  

r e a g e n t .  The r e t e n t i o n  was f o u n d  t o  be c o n s i s t e n t  

w i t h  t h e  i o n - i n t e r a c t i o n  me c h a n i s m.  D e t e c t i o n  was 

by UV a b s o r b a n c e  a t  51D nm whe r e  [ F e ( p h e n ) 3 ] + 

a b s o r b s .  The a b s o r b a n c e  was o f f s e t  a f t e r  

e q u i l i b r a t i o n  o f  t h e  c o l umn .  An i n c r e a s e  i n  t h e  

a b s o r b a n c e  o c c u r e d  when t h e  a n a l y t e  p e a k  e l u t e d  due 

t o  t h e  i n c r e a s e  i n  [ F e ( p h e n ) 3 ] + i n  t h i s  b a n d .  Hence 

t h e  p r e s e n c e  o f  an a n i o n  e . g .  CIO4 i s  s e e n  t o  i n c r e a s e  

t h e  c o n c e n t r a t i o n  o f  [ F e ( p h e n ) a ] + i n  t h e  m o b i l e  

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

model  c o m p l e x e s  i s  s i m p l y  a c o n v e r s e  o f  t h i s  s y s t e m  

s t u d i e d  by R i g a s  and P i e t z y k .  The m e t a l  c h e l a t e  

i s  t h e  a n a l y t e  and t h e  c h l o r a t e  i s  t h e  i o n  p a i r  

r e a g e n t  r a t h e r  t h a n  v i c e  v e r s a .  The me c h a n i s m g o v e r n i n g  

t h e  s y s t e m s  s h o u l d  be s i m i l a r ,  and t h u s  an i o n  i n t e r 

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

mode l  c o m p l e x e s .  R i g a s  and P i e t z y k  have  a l s o  us ed
2 1

[ F e ( p h e n ) 3 ] as  i o n  p a i r  r e a g e n t  i n  t h e  s e p a r a t i o n  

o f  o r g a n i c  a n i o n s  on PRP-1 [ 3 5 ] .



c o mp l e x e s  on a C18 column i s  a t e c h n i q u e  w i t h  s e v e r e

l i m i t a t i o n s .  T h i s  i s  due t o  t h e  c o n s i d e r a b l e  t a i l i n g

e f f e c t s .  A l l  o f  t h e  c o mp l e x e s  s t u d i e d  showed pea k

d i s t o r t i o n  t o  a g r e a t  d e g r e e  i f  t h e  r e t e n t i o n  t i me

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

due t o  t h e  i n t e r a c t i o n  o f  t h e  a n a l y t e  w i t h  u n r e a c t e d

s i l a n o l  g r o u p s  on t h e  co l umn.  [ 9 0 ] .  P o o r  peak

s h a p e s  and e x c e s s i v e  r e t e n t i o n s  a r e  t h e  r e s u l t .  Th i s

i s  p a r t i c u l a r l y  e v i d e n t  w i t h  t h e  C18 col umn as  o p p o s e d

t o  o t h e r  c o l umns  i n v e s t i g a t e d .  However  s e v e r e  t h e

c o n d i t i o n s ,  none  o f  t h e  c o mp l e x e s  c o u l d  be i n d u c e d

t o  e l u t e  w i t h  a r e t e n t i o n  t i m e  o f  l e s s  t h a n  2 . 8  mi ns

and w i t h  t h e s e  c o n d i t i o n s  s e p a r a t i o n  was m i n i m a l .

The i n t e r a c t i o n  o f  t h e  c a t i o n i c  c o mp l e x e s  w i t h  t h e

s i l a n o l  s i t e s  may be due t o  a d s o r p t i o n  by hy d r o g e n

b o n d i n g  o r  c a t i o n  e x c h a n g e  [ 8 9 ] .  C a t i o n  e x c h a n g e

i s  l e s s  l i k e l y  t o  be r e v e r s i b l e  a s  t h e  m o l e c u l e  i s

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

w i t h  t h e  CIO4 - i o n .  R i g a s  and P i e t r z y k  n o t e d  t h a t
2 _|_

r e t e n t i o n  o f  [ F e ( p h e n ) a ] was l e s s  r e v e r s i b l e  on 

Zor ba x  C18 c o l u mn s  t h a n  PRP-1 c o l umns  ( r e v e r s e  p h a s e )  

[ 3 4 ] .  E a r l i e r  s t u d i e s  [ 90]  had i n d i c a t e d  t h a t  t h i s  

was due t o  c a t i o n  e x c h a n g e  a c t i v i t y  by t h e  f r e e

The use o f  RP- IPC t o  s e p a r a t e  t h e s e  model



s i l a n o l  s i t e s  on t h e  C16 c o l umn.  Thus  i t  woul d  seem 

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

e x c e s s i v e  r e t e n t i o n  and t a i l i n g  o f  p e a k s  i n  t h e s e  

s t u d i e s .  T h i s  woul d  a l s o  c u r t a i l  any q u a n t a t i v e  

a p p l i c a t i o n s  o f  t h e  t e c h n i q u e .  The use  o f  end capped  

c o l umns  woul d s e r v e  t o  g r e a t l y  r e d u c e  t h e s e  e f f e c t s  

and r e s u l t  i n  i n c r e a s e d  r e s o l u t i o n  and e f f i c i e n c y ,  

d e c r e a s e d  r e t e n t i o n  t i m e s  and more s y m m e t r i c a l  peak  

s h a p e s .  An a l t e r n a t i v e  met hod t o  r e d u c e  p e a k  t a i l i n g  

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

n - n o n y l  a mi n e .  T h i s  m i g h t  be p r e f e r e n t i a l l y  a d s o r b e d  

o n t o  t h e  f r e e  s i l a n o l  s i t e s  maki ng  t hem u n a v a i l a b l e  

t o  t h e  compl ex  i o n s .  However ,  t h i s  woul d  be a change  

i n  t h e  e q u i l i b r i u m  o f  t h e  s y s t e m  and i t  woul d  be v e r y  

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

O t h e r  p a r a m e t e r s  whi c h  have  an e f f e c t  on t h e  

s y s t e m  e q u i l i b r i u m  a r e  t h e  c o u n t e r a n i o n  o f  t h e  

c o mp l e x e s  and t h e  L i + i o n  i n  t h e  m o b i l e  p h a s e .  

F u r t h e r m o r e ,  t h e  a n a l y t e  b a nds  woul d  be e x p e c t e d  t o  

be b r o a d e r  t h a n  f o r  n e u t r a l  compounds  a s  t h e  c a t i o n s  

a d s o r b e d  o n t o  t h e  s t a t i o n a r y  p h a s e  w i l l  r e p e l  e ach  

o t h e r  and t h e r e f o r e  s p a c e  t h e m s e l v e s  f u r t h e r  a p a r t .



A CN col umn was us e d  i n  t h e  r e v e r s e d  ph a s e  

mode.  Wi th a 100% MeOH m o b i l e  p h a s e  c o n t a i n i n g  LiCIO^ 

t o  a c o n c e n t r a t i o n  o f  0 . 0 5  M t h e  r u t h e n i u m  model  

c o mp l e x e s  a l l  e l u t e d  a t  s i g n i f i c a n t l y  l o w e r  r e t e n t i o n  

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

t h o s e  c o n d i t i o n s  on t h e  C1S co l umn.  [ T a b l e  2 . 3 . ]

( F i g .  2 . 5 . ) .  The opt i mum c o n d i t i o n s  f o r  s e p a r a t i o n  

u s e d  a m o b i l e  p h a s e  o f  0 . 0 8  M Li Cl O^;  70% MeOH : 30%

H2 0 a t  a f l o w r a t e  o f  1 . 5  ml / m i n .  O t h e r  m o b i l e

p h a s e s  u s ed  c o n t a i n e d  a c e t o n i t r i l e  and w a t e r  w i t h  Li Cl O^ .

A l t h o u g h  p e a k  t a i l i n g  was s t i l l  e v i d e n t ,  

e s p e c i a l l y  a t  t h e  l o n g e r  r e t e n t i o n  t i m e s ,  i t  was 

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

t h e  C18 Column.  However  an added  c o m p l i c a t i o n  o c c u r e d  

when u s i n g  op t i mum s e p a r a t i o n  c o n d i t i o n s  and c o n d i t i o n s  

c l o s e  t o  t h e  op t i mum,  i n  t h a t  some o f  t h e  c o mp l e x e s  

e x h i b i t e d  s p l i t t i n g  e f f e c t s .

Peak  s p l i t t i n g  i s  a phenomenon a s s o c i a t e d  

w i t h  i o n - p a i r  c h r o m a t o g r a p h y  whi c h  i s  n o t  w e l l  

u n d e r s t o o d .  A p u r e  s a mp l e  may a p p e a r  a s  a s e v e r e l y  

d i s t o r t e d  p e a k  o r  a s  two d i s c r e t e  p e a k s .  Low and 

Haddad [ 91]  p r o p o s e d  t h a t  t h i s  was t h e  r e s u l t  o f  a 

c o m p o s i t e  i n t e r p l a y  o f  two r e t e n t i o n  m e c h a n i s ms ,  s uch  

a s  i o n  p a i r i n g  and dyna mi c  i o n  e x c h a n g e  whi ch  a r e

1 0 1  .



RETENTION DATA FDR RUTHENIUM COMPLEXES SEPARATED DN A CN COLUMN FDR A SELECTION 

OF MDBILE PHASES

TABLE 2 . 3 .

R e t .  Time (min)
0 . 05M Li C10 4 
100% MeOH

0 . 1M Li C104 
100% MeOH

0 . 0 8  M Li C104

70% MeOH 
30% H2 0

0 . 1  M Li C104

70% MeOH
30 H2 0

[ Ru( b p y ) 2 ( Him) 2 ] 2 + 3 . 7

CD•
CM 2 . 5 1. 9

[ Ru( b p y ) 2 ( H i m) C l ] + 1 .7 1 .  6 1 . 6 1 .5

[ Ru( b p y ) 2 C Vim) 2 1 + 3 . 7 3 . 6 3 . 2 2 . 4

[ Ru ( b p y ) 2 ( V i m ) C l ] + 1 .9 1 . 0 1 .9 1 . 6

[ Ru( b p y ) 2 ( CO) H] + 2 . 2 2 . 4 2 . 6 1. 9

ASSYMETRY VALUES

0 . 0 0  M Li C10 4 

70% MeOH : 30% H2 0
0 . 1  M Li C10 4 

70% MeOH : 30% H2 0

[ Ru( b p y ) 2 (Hi m) 2 12 + 1 . 0 2 . 0

[ Ru( bpy ) 2 ( H i m ) C l ] + 1. 7 1 .3

[ Ru( b p y ) 2 ( Vim) 2 ] 2 + 6 . 3 1 . 8

[ Ru( b p y ) 2 ( V i m ) C l ] + 1 . 3 1 . 0

[ R u t b p y ) 2 ( CO) H] + 2 . 0 1 . 5



Fig. 2.5 Separation of Ruthenium Compounds on CN Column 
HPLC

Mobile Phase: 70% MeOH ; 0.075M LiClO,
Flow Rate: 1.5 ml /min

[ R u ( b p y ) ( H im ) C I ] +

Retention Time (min)



c o m p e t i t i v e  u n d e r  c e r t a i n  c o n d i t i o n s .  At 70% MeOH :

30% H2 0i  0 . 0 8  h LiClD^ w i t h  a 1 : 5  ml / mi n  f l o w  r a t e ,

[ Ru ( bpy ) 2 ( H i m ) C l ] PFg and [ Ru ( b p y ) 2 ( Vim) C1 ] PFg gave  two 

d i s t i n c t  p e a k s .  Fo r  [ Ru( bpy ) 2 ( H i m) C l ] PFg a m a j o r  peak  

e l u t e d  a f t e r  1 . 6  mi ns  w i t h  a m i n o r  p e a k ,  a p p r o x i m a t e l y  

one t e n t h  o f  t h e  h e i g h t  e l u t i n g  a t  1 . 2  mi n s .  For  

[ Ru [ b p y ) 2 ( V i m ) C l ] PFg t h e  m a j o r  pe a k  a t  1 . 9  mins  

was a p p r o x i m a t e l y  t h r e e  t i m e s  t h e  h e i g h t  o f  t h e  mi n o r  

p e a k  a t  1 . 2  mi n s .  None o f  t h e  o t h e r  c o mp l e x e s  s t u d i e d  

d e m o n s t r a t e d  e v i d e n c e  o f  t h e  o c c u r e n c e  o f  t h i s  phenomenon.  

The c o mp l e x e s  whi ch  wer e  s p l i t  were  shown t o  be 

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

two d i f f e r e n t  d e t e c t i o n  w a v e l e n g t h s ,  254 nm and 280 nm 

f o r  t h e  s p l i t  p e a k s  we r e  s i m i l a r ,  s u g g e s t i n g  t h a t  t h e y  

c o n s i s t e d  o f  t h e  same compound.

Hanson and O’ L a u g h l i n  [27]  u s e d  a pBondapak  

CN col umn t o  a c h i e v e  t h e  s e p a r a t i o n  o f  [ R u ( p h e n ) 3 ] 

and [ F e [ p h e n ) 3 ] 2 + . Wi t h a m o b i l e  p h a s e  o f  50%

MeCN 50% H2 0 i 0.5% a c e t i c  a c i d  and 0 . 0 1 5  M m e t h a n e -  

s u l p h o n i c  a c i d  a t  1 . 0  m l / mi n  f l o w  r a t e ,  t h e y  o b s e r v e d  

t h a t  t h e  [ Ru ( P h e n ) 3 ] 2 + p e a k  was s p l i t .  However  t h e y  

made no a t t e m p t  t o  e x p l a i n  t h i s  o b s e r v a t i o n .  At t h e  

p r e s e n t  t i m e ,  Low and H a d d a d ’ s model  r e m a i n s  t h e  mos t  

p l a u s i b l e  e x p l a n a t i o n  o f  t h e  phenomenon o f  p e a k  

s p l i t t i n g  [91 ] .

1 0 4 .



S t u d i e s  u s i n g  s o d i u m d o d e e y l  s u l p h a t e ,  (SIDS), 

a s  t h e  i o n  p a i r  r e a g e n t  i n s t e a d  o f  LiClO^ wer e  

p e r f o r m e d  on t h e  CN co l umn [ T a b l e  2 . 4 . ] .  R e t e n t i o n  

was s e e n  t o  be v e r y  l a r g e  w i t h  much t a i l i n g  p a r t i c u l a r l y  

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

p a i r  r e a g e n t  c o n t a i n s  a l a r g e  C12,  a l k y l  g r o u p .

T h e r e f o r e  t h e  ” i o n - p a i r ” shows a g r e a t e r  a f f i n i t y  

f o r  t h e  s t a t i o n a r y  p h a s e  c ompa r ed  w i t h  t h e  Ru compl ex  

CIO^ " i o n  p a i r "  as  t h e r e  a r e  s o l v o p h o b i c  c o n t r i b u t i o n s  

f r om t h e  c o u n t e r i o n  a s  w e l l  as  f r o m t h e  Ru c o mp l e x .  

C l a s s i c a l  a l k y l  g r o u p  c o n t a i n i n g  i o n  p a i r  r e a g e n t s ,  

s uc h  as  SDS, woul d  t h e r e f o r e  a p p e a r  t o  have  l i t t l e  o r  

no v a l u e  as  c o u n t e r i o n s  f o r  t h e  s e p a r a t i o n  o f  t h e s e  

model  c o m p l e x e s .  In g e n e r a l  howeve r  CN c o l umns  mi g h t  

p r o v e  more u s e f u l  f o r  t h e s e  s e p a r a t i o n s  t h a n  C10 

c o l umns  i f  p e a k  s p l i t t i n g  c o u l d  be e l i m i n a t e d .  The 

us e  o f  end c a p p e d  c o l umns  woul d  be a d v i s a b l e  so a s  t o  

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

( i i ) C a t i o n  Exchange  Ch r o ma t o g r a p h y

As w i t h  t h e  CN and C1B c o l u mn s ,  t h e  r e t e n t i o n  

me c h a n i s m t h a t  o p e r a t e s  f o r  t h e  Ru model  c o m p l e x e s  on 

a c a t i o n  e x c h a n g e  (CX) col umn a r e  e x t r e m e l y  c o m p l i c a t e d .  

[ T a b l e  2 . 5 . ]  Many o f  t h e  p r o b l e m s  e n c o u n t e r e d  w i t h  

t h e  RP- IPC t e c h n i q u e  we r e  a l s o  p r e v a l e n t  w i t h  t h i s  

s y s t e m .  MeCN was f o u n d  t o  be a more s u i t a b l e  s o l v e n t

1 05  .



RETENTION DATA FOR RUTHENIUM COMPLEXES QN A CN COLUMN 

USING SDS AS MOBILE PHASE ADDITIVE

TABLE 2 . 4 .

RET. TIME (Min ) 0 . 0 3  M SDS 0. Q5 M SDS
100% MsOH 100% MeOH

[ R u ( b p y ) a ( H l m ) , ] * + 6 . 4  [ST] 3 . 2  [ST]

[ R u ( b p y ) 2 ( Hi rn) CI ] + 1 . 4  1 . 2

[ R u ( b p y ) 2 ( V l m ) 2 ] 2 + 1 0 . 6  [ST] 5 . 0  [ST]

[ R u ( b p y ) 2 ( V l m ) C I ] + 1 .7  1 .5

[R u (b p y )2 ( CO) H] + 2 . 0  1 .4

[ R u ( b p y ) 2 ( CO) C1]  2 . 9  [T] 2 . 0

T = T a i l i n g

ST = S e v e r e  T a i l i n g



TABLE 2 . 5 .
RETENTION DATA FOR CX COLUMN FOR A SELECTION OF
MOBILE PHASES (FLOW RATE = 2 . 5  ml / mi n )

R e t .  Time (Min ) 100% MeCN 

0.05M Li C10 4 0.08M Li C1 0 4 0 . 1M Li C104

[ Ru ( b p y ) 2 ( H l m ) z ] 2 + 6 . 7 4 . 4 4 . 3
[ Ru ( b p y )2 ( Hlm)Cl  ] + 4 . 0 3 . 0 3 . 0
[ Ru( b p y ) 2 ( VIm) 2 ] 2 + 4. 1 3 . 0 2 . 8

[ Ru ( bpy ) 2 ( VIm) C1 ] + 3 . 5 2 . 8 2 . 7
[ R u ( b p y )2 ( CO) H] + 3 . 8 3 . 2 2 . 3
[ Ru( bpy ) 2 ( C O ) C l ] + 2 . 8 2 . 9 2 . 7

80% MeCN : 20% H2 0
0.05M Li C1 0 4 0.08M Li C10 4 0 . 1M Li C104

[ Ru ( b p y )2 ( Hlm) 2 ] 2 + 8 . 5 6 . 0 3.1

[ Ru( b p y ) 2 ( Hl m)C1 ] + 2 . 5 2 . 3 2 . 1

[ R u ( b p y ) 2 ( VIm)2 ] 2+ 5 . 0 3 . 8 2 . 3

[ Ru ( b p y ) 2 ( VIm) C1 ] + 2 . 2 2 . 2 2 . 0

[ R u ( b p y ) 2 (CO)H]+ 2 . 0 2 . 0 1 . 8

[ Ru( b p y ) 2 ( C 0 ) C 1 ] + 2 . 9 2 . 8 2 . 2

70% MeCIM 30% H2 0

0.05M Li C1 0 4 0.08M Li C1 0 4 0 . 1M Li C10 4

[ Ru ( b p y )2 ( Hlm) 2 ] 2 + 1 4 . 8 6 . 3 4 . 6
[ Ru ( b p y ) 2 ( Hl m)C1 ] + 2 . 4 2 . 2 2 . 0

[ Ru ( b p y ) 2 ( VIm) 2 ] 2 + 8 . 5 4. 1 3.1

[ R u ( b p y ) 2 ( V I m ) C l ] + 2 . 2 2 . 0 1 .9
[ Ru ( b p y ) 2 ( CO) H] + 2 . 0 2 . 5 1 . 8

[ R u ( bpy ) 2 (C0)C1]  + 3. 1 2 . 4 2 . 3

1 0 7 .



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

i n  l o n g  r e t e n t i o n s .  Li Cl C^ was u s e d  i n  t h e  m o b i l e  

p h a s e  t o  p r o v i d e  t h e  c o u n t e r a n i o n .  A f l o w  r a t e  of

2 . 5  ml / mi n  was u s e d .  A l t h o u g h  t h i s  i s  q u i t e  a h i gh  

f l o w r a t e  whi ch  s h o r t e n s  t h e  col umn l i f e t i m e  i t  has  

two a d v a n t a g e s .  F i r s t l y ,  e l u t i o n  o f  t h e  compounds  

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

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

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

o f  LiClO^ i n  t h e  pump,  whi ch  c a u s e s  b l o c k a g e .

Peak  t a i l i n g ,  t h o u g h  s t i l l  a m a j o r  p r o b l e m  

w i t h  t h i s  s y s t e m ,  i s  n o t  as  s e v e r e  as  w i t h  t h e  RP-IPC 

s y s t e m s .  As w i t h  t h e  r e v e r s e  p h a s e  s y s t e m s ,  t h e  use  

o f  end c a p p e d  c o l umns  s h o u l d  r e c t i f y  t h i s .  However ,  

t h e  a im o f  t h i s  s t u d y  was t o  a c h i e v e  t h e  b e s t  

s e p a r a t i o n  f o r  t h e  model  c o mp l e x e s  w i t h  t h e  minimum o f  

p e a k  d i s t o r t i o n .  The c o mp l e x e s  wer e  i n j e c t e d  o n t o  t h e  

column w i t h  MeCN/H2 0 m o b i l e  p h a s e s  c o n t a i n i n g  Li Cl O^.  

R e t e n t i o n  t i m e s  wer e  p l o t t e d  a g a i n s t  % MeCN a t  g i v e n  

Li Cl O^ c o n c e n t r a t i o n s  [ F i g .  2 . 6  A/B/C]  and a g a i n s t  

c o n c e n t r a t i o n  o f  Li Cl O^ a t  g i v e n  MeCN : H2 0 r a t i o s .  

[ F i g .  2 . 7 .  A / B / C ] .  Th e s e  g r a p h s  d e m o n s t r a t e  t h e  

c o m p l e x i t y  o f  t h e  me c h a n i s ms  i n v o l v e d .

1 0 0 .



Fig. 2.6A The Effect Acetonitrile Variation in the Mobile
Phase at 0.05M LiClO^
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Fig. 2.6B The Effect of Acetonitrile Variation in the Mobile
Phase at 0.08M LiClO^
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Fig 2.6C The Effect of Acetonitrile Variation in the Mobile
Phase at 0.1M LiClO^
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Fig. 2.7A The Effect of LiClO Variation in the Mobile Phase at
/U% MeCN
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Fig. 2.7B The Effect of LiClO. Variation in the Mobile Phase
at 8 0% MeCN
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Fig. 2.7C The Effect of LiClO^ Variation in the Mobile Phase at
at 100% MeCN
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The r e t e n t i o n  t i m e s  f o r  t h e  d i c a t i o n i c  compounds  

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

a t  0 . 0 5  M Li Cl O^ .  The r e t e n t i o n  t i m e s  f o r  t h e  

m o n o c a t i o n i c  compounds ,  e x c l u d i n g  [ Ru ( bpy ) 2(CO)C 1 ] ,

d e c r e a s e s  a t  t h e  same c o n d i t i o n s .  T h i s  s u g g e s t s  t h a t  

t h e  r e t e n t i o n  me c ha n i s m whi ch  o p e r a t e s  a t  t h e s e  

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

compounds  b e t we e n  t h e  m o b i l e  and s t a t i o n a r y  p h a s e s  

r a t h e r  t h a n  c l a s s i c a l  i o n  e x c h a n g e .  S u p p o r t  f o r  t h i s  

e x p l a n a t i o n  i s  p r o v i d e d  by O’ L a u g h l i n ,  [ 2 8 ] .  In
2 _|_

p e r f o r m i n g  a s e p a r a t i o n  o f  a s e l e c t i o n  o f  [lvK p h e n ) 3 ] 

compounds ,  (M = Ni ,  R u , F e ] ,  on an SCX column u s i n g  

an MeCN = H2 0 : HCIO4 m o b i l e  p h a s e .  He c o n c l u d e d  t h a t  

t h e  r e t e n t i o n  was n o t  due t o  i o n  e x c h a n g e  b u t  a 

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

CIO4 i o n s ,  b e t we e n  t h e  m o b i l e  and s t a t i o n a r y  p h a s e s .

F o r  t h e  c o r r e s p o n d i n g  p l o t  a t  0 . 09M LiClO^

[ F i g .  2 . 6 . ]  t h e  same t r e n d  i s  o b s e r v e d .  However ,  

t h e  c u r v e s  f o r  t h e  d i c a t i o n i c  c o m p l e x e s  no l o n g e r  

e x h i b i t  an e x p o n e n t i a l  s h a p e .  At 0 . 1  M Li Cl O^ a 

d i f f e r e n t  phenomenon i s  o b s e r v e d .  The m o n o c a t i o n i c  

c o m p l e x e s ,  e x c l u d i n g  [ R u ( b p y ) 2 C0 C l ] + , e x h i b i t  s m a l l  

d e c r e a s e s  i n  r e t e n t i o n  w h e r e a s  t h e  d i c a t i o n i c

1 1 5 .
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c o mp l e x e s  d e c r e a s e  i n  r e t e n t i o n  and t h e n  i n c r e a s e  a g a i n .  

T h i s  woul d s u g g e s t  t h e  p o s s i b i l i t y  o f  a change  i n  t h e  

d o mi n a n t  r e t e n t i o n  mechan i s m f o r  t h e  d i c a t i o n i c  

c o m p l e x e s .  At h i g h  a c e t o n i t r i l e  w a t e r  r a t i o s  t h e  

d o mi n a n t  r e t e n t i o n  mechan i s m i s  p o s s i b l y  due t o  c a t i o n  

e x c h a n g e .  As t h e  w a t e r  c o n t e n t  i s  i n c r e a s e d  i n  t h e  

m o b i l e  p h a s e  t h e  d i s t r i b u t i o n  me c h a n i s m becomes  t h e  

d o mi n a n t  f o r m.  The f a c t  t h a t  w i t h  an 80% MeCN : 20%

H 2 0 j 0.1 M Li Cl O^ , m o b i l e  p h a s e  t h e  p e a k s  f o r  t h e  

d i c a t i o n i c  c o mp l e x e s  d e m o n s t r a t e  s p l i t t i n g  e f f e c t s  

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

p r o v i d e s  e v i d e n c e  f o r  t h i s  s u g g e s t i o n .

P l o t s  o f  r e t e n t i o n  t i me  v e r s u s  c o n c e n t r a t i o n  

o f  LiClO^ a t  g i v e n  MeCN : H2 0 r a t i o s  showed t h e  

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

w i t h  i n c r e a s i n g  Li Cl O^ c o n c e n t r a t i o n  [ F i g .  2 . 7 . ] .  

However  t h e  g r a p h  s h a p e s  a r e  n o t  u n i f o r m  f o r  t h e  

d i f f e r e n t  MeCN : H2 0 r a t i o s .  A p o s s i b i l i t y  i s  t h a t  

t h e  c o m p e t i n g  r e t e n t i o n  me c h a n i s ms  c o n t r i b u t e  t o  t h i s  

e f f e c t .

E x t e n s i v e  f u r t h e r  r a t e  wor k  i s  n e e d e d  t o  

p r o v i d e  a c o n c l u s i v e  e x p l a n a t i o n ,  f o r  t h e  o n - c o l u mn  

phenomena  p r e s e n t  i n  t h i s  s y s t e m .



I t  s h o u l d  be n o t e d  t h a t  t h e r e  i s  a r e v e r s a l  

o f  t h e  e l u t i o n  o r d e r  f o r  t h e  CX column a s  o p p os e d  t o  

t h e  C18/CN c o l u m n s .  The m o n o c a t i o n i c  c o mp l e x e s  s t i l l  

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

t h e  e l u t i o n  o r d e r  was d i f f e r e n t ,  t h e  v i n y l i m i d a z o l e  

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

c o m p l e x e s .  The r u t h e n i u m  h y d r i d e  compl ex  s t u d i e d  has  

t h e  s h o r t e s t  r e t e n t i o n  on t h e  CX column b u t  i s  q u i t e  

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

l a s t  o f  t h e  m o n o c a t i o n s .  S i m i l a r  o b s e r v a t i o n s  were  made 

by D’ L a u g h l i n  [ 28]  when s t u d y i n g  t h e  s e p a r a t i o n  of  

[lvl [ P h e n ) 3 ] Z+ (M = N i , R u , F e ) ,  c o mp l e x e s  i n  an MeCN : H2 0 

HCIQ4 m o b i l e  p h a s e .  He o b s e r v e d  t h e  o r d e r  o f  e l u t i o n  

f o r  t h e s e  c o m p l e x e s  t o  be r e v e r s e d  when u s i n g  an SCX 

col umn as  o p p o s e d  t o  a r e v e r s e d  p h a s e  PRP-1 co l umn.

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

as  t h e y  a r e  i s o c r a t i c  t h e  m o b i l e  p h a s e  can be r e c y c l e d  

and t h e n c e  t h e  r u n n i n g  c o s t s  o f  t h e  s y s t e m  a r e  v e r y  

s ma 1 1 .

The u s e  o f  HPLC i n  t h i s  f o r m o f  c h e m i s t r y  i s  

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

some o f  t h e  r u t h e n i u m  c o m p l e x e s .  T h i s  i s  d e s c r i b e d  

i n  t h e  n e x t  s e c t i o n .  The mos t  s u i t a b l e  s y s t e m  c h o s e n  

t o  m o n i t o r  t h e s e  r e a c t i o n s  was u s i n g  t h e  CX column w i t h



m o b i l e  p h a s e  o f  80% MeCN : 20% Hz 0 ; 0 . 0 8  M LiClO^ o r  

0 . 0 5  M Li C1 0 4 . [ F i g .  2 . 8 . ] .  The s e  s y s t e m s  can be 

e a s i l y  m o d i f i e d  t o  s u i t  t h e  i m m e d i a t e  r e q u i r e m e n t s  

o f  an e x p e r i m e n t .

B. THE PHOTOLYSIS IN ACETONITRILE OF IMIDAZOLE AND 

VINYLIMIDAZOLE CONTAINING COMPLEXES OF RUTHENIUM 

b i s  ( 2 , 2 - b i p y r i d i n e )

( i ) An A p p l i c a t i o n  o f  t h e  HPLC Sy s t e m

The c h e m i c a l  and p h o t o c h e m i c a l  p r o p e r t i e s  of  

r u t h e n i u m  b i s  ( b i p y r i d y l )  c o mp l e x e s  have  been  s t u d i e d  i n  

g r e a t  d e t a i l  i n  r e c e n t  y e a r s  [ 3 7 , 3 8 , 4 0 , 4 3 , 4 4 ] .  

P h o t o c h e m i c a l  s t u d i e s  have  been  c a r r i e d  o u t ,  g e n e r a l l y  

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

However  m i n o r  p r o d u c t s  and i m p u r i t i e s  a r e  masked by 

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

o n l y  i n d i c a t i o n  o f  compl e x  r e a c t i o n s  i s  shown by p o o r  

i s o s b e s t i c  p o i n t s .  F o r  t h i s  r e a s o n  HPLC has  a 

d i s t i n c t  a d v a n t a g e  o v e r  o t h e r  me t h o d s  i n  t h a t  i t  a l l o w s  

f o r  t h e  s e p a r a t i o n  o f  t h e  d i f f e r e n t  p r o d u c t s ,  and 

i n d e e d  i n t e r m e d i a t e s ,  i n v o l v e d  i n  a r e a c t i o n .  Used 

i n  c o n j u n c t i o n  w i t h  s p e c t r o s c o p i c  a n d / o r  e l e c t r o c h e m i c a l  

t e c h n i q u e s ,  HPLC o f f e r s  an a p p r o a c h  t o  s t u d i e s  of  

r e a c t i o n s  s u c h  a s  t h e s e  whi ch  can g r e a t l y  e n h a n c e  o u r  

u n d e r s t a n d i n g  o f  t h e s e  r e a c t i o n s .  F o r  e x a mp l e  i n

1 1 8 .



Fig. 2.8 The Separation of Ruthenium Compounds on a CX Column

HPLC
Mobile Phase: 80% MeCN ; 0.08M LiClO 
Flow Rate: 2.5 ml /min

= [Ru(bpy)2(CO)H]
= [ R u ( b p y )2 (VIm)Cl]+ 
= [ R u ( b p y ) 2 ( H im ) C l 1+ 

= [ R u ( b p y )2 (VIm)2 ] 2+  

= [ R u ( b p y ) 2 (H I m ) 2 ] 2+

T
42 8

Retent ion Time (M in )
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t h i s  c a s e  a p h o t o d i o d e  a r r a y  d e t e c t o r  e n a b l e d  t h e  UV/Vis 

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

be o b t a i n e d .  Al ong w i t h  r e t e n t i o n  t i m e ,  t h i s  p r o v i d e d  

a p o w e r f u l  me t hod  o f  p e a k  i n d e n t i f i c a t i o n .

The compounds  s t u d i e d  were  [ Ru ( bpy ) 2 ( Him)C1 ] PFg, 

[ RuCbpy) 2 [ Hi m) 2 3 ( P F g ) 2 , [ Ru( b p y ) 2 ( V i m ) C l ] PFg and 

[ Ru ( bpy ) 2 ( \/lm) 2 ] ( PFg ) 2 . P h o t o l y s i s  o f  t h e s e  c o mp l e x e s  

i n  a c e t o n i t r i l e  was i n d u c e d  by i r r a d i a t i o n  w i t h  l i g h t  

i n  t h e  u l t r a  v i o l e t / v i s i b l e  r a n g e .  The p h o t o l y s i s  

r e a c t i o n  u n d e r  t h e s e  c o n d i t i o n s  wer e  s e e n  t o  be o f  a 

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

Whi l e  a CX col umn p r o d u c e d  more e f f i c i e n t  

c h r o m a t o g r a p h y ,  p e a k  i d e n t i f i c a t i o n  c o u l d  o n l y  be 

a c h i e v e d  by us e  o f  r e t e n t i o n  t i m e s .  A more  t h o r o u g h  

s t u d y  o f  t h e  r e a c t i o n s  was a c h i e v e d  w i t h  a p h o t o d i o d e  

a r r a y  d e t e c t o r  u s i n g  an DOS column a l t h o u g h  t h e  

c h r o m a t o g r a p h y  was p o o r e r .  The i d e a l  s y s t e m  woul d  be 

t h e  u s e  o f  t h e  CX col umn s y s t e m  i n  c o n j u n c t i o n  w i t h  

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

made t h i s  i m p o s s i b l e .

1 2 0 .



( i i )  The P h o t o l y s i s  o f  [ Ru( b p y ) 2 ( Hl m) C1 ] PFg

and [ Ru( b p y ) z ( Hi m) 2 1 ( PF R) 2

Not e :  A l l  R e t e n t i o n  Ti mes  q u o t e d  a r e  f o r  Mo b i l e  Ph a s e s

c o n t a i n i n g  G.OBM Li Cl G^ (ODS Column)  and

c o n t a i n i n g  0 . 0 7 M Li Cl O^ (CX Column)  u n l e s s  s t a t e d .

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

compl ex  [ Ru ( b p y ) 2 ( Him) 2 ] ( PFg ) [ F i g .  2 . 9  - 1 1 ] ,  t h e  

f i n a l  p r o d u c t  i s  t h e  s o l v e n t  s u b s t i t u t e d  c o mp l e x .

[ Ru( bpy ) 2 ( MeCN) 2 ] 2 + . T h i s  was v e r i f i e d  by c o m p a r i s o n  

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

compl ex  and c o m p a r i s o n  o f  s p e c t r a  (Amax.  c a .  420 nm,

Rt  = 6 . 0  min [ C X ] / 6 . 2  min CODS). Th i s  c ompl ex  i s  

s t r o n g l y  r e t a i n e d  by b o t h  t h e  CX and 00S c o l u mn s .

No f o r m a t i o n  o f  [ Ru ( b p y ) 2 ( MeCN) 2 ] 2 + i s  o b s e r v e d  f o r  

t h e  p h o t o l y s i s  o f  [ Ru ( bpy ) 2 ( H i m ) C l ] PFg i n  a c e t o n i t r i l e  

[ F i g .  2 . 1 2 - 1 4 ] .

The p h o t o l y s i s  o f  [ Ru ( b p y ) 2 ( Hi m) 2 ] 2 + when 

m o n i t o r e d  by HPLC shows t h e  o c c u r e n c e  o f  t h e  

i n t e r m e d i a t e  [ Ru ( b p y ) 2 ( H i m ) ( MeCN)]  + , (Amax c a .  444nm,

Rt  = 3 . 9  min [ C X ] / 4 . 0  min [ODS].  The f o r m a t i o n  o f  

t h i s  compound t a k e s  p l a c e  r e l a t i v e l y  q u i c k l y  b u t  t h e  

l e v e l  p r e s e n t  s u b s i d e s  a s  [ Ru ( b p y ) 2 ( MeCN) 2 ] + b e g i n s

1 2 1  .



TABLE 2 . 6 .

PHOTOLYSIS OF [ Ru( b p y ) 2 ( Hi m) 2 ] 2 + AND [ Ru( b p y ) 2 ( H i m) C l ] + 

IN ACETONITRILE

Mo b i l e  Phas e  : 0.08M Li Cl O^ ; 80% MeCN : 20% H2 0

Column : ODS Flow Ra t e  : 2 . 5  ml /min

D e t e c t i o n :  P h o t o d i o d e  Ar r a y  [ M o n i t o r  : 254 nm]

P h o t o l y s i s  Time = 15 min [ Ru ( b p y ) 2 ( Hi m)2 ] +

R e t e n t i o n  Time (Mins)_______ IdentificaMnn  ÂMax (nm)

1 . 2 .  (V.S) ----

2 . 0  ( V. S .  ) -----

3 . 2 [ R u ( b p y ) 2 ( Hi m)2 ] 2+ 489

3 . 0 439

4 . 0 [ Ru ( b p y ) 2 ( MeCN) ( H i m ) ] + 444

6 . 2 [ R u ( b p y ) 2 (MeCN) 2 ] 2 + 422

P h o t o l y s i s  Time = 165 min [ Ru ( b p y ) 2 ( Hi m)C1 ] +

R e t e n t i o n  Time (Mins) I d e n t i f i c a t i  o n ÀMax (nm)
1 . 2  ( V . S . ) ------

1 . 9 ( R u ( b p y ) 2 ( Him)C1 ] 510 nm

2 . 2 48 5 nm
2 .51 [ Ru ( b p y )2 ( MeCN) C1 ] + 470 nm
3 . 7 _ — _ — _ 438 nm

( V . S . )  = Very s ma 11 pea  ks
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PHOTOLYSIS of [Ru(bpy)2(HIm)2](PF6)2

COLUMN: CX

MOBILE PHASE

« 0 % C H 3CN:20% H20 ;005m LiClO^

UV DETECTION:

254 nm

T=100MIN T=23 HOURS



Fig. 2.10 HPLC Analysis of the Photolysis of [Ru(bpy)^ (Him)^1
in MeCN: Photolysis Time = 15 mins

HPLC
Mobile phase: 80% MeCN ; 0.08M LiClO^ 
Column: ODS
Flow Rate: 2.5 ml /min 
Détection: Photodiode Array/254nm

¡ .■ c i  n j 1. "  »•«s • r  •■ u
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Fig. 2.11 HPLC Analysis of the Photolysis of [Ru(bpy) (Him) 12+in MeCN 2 '2

P e a k  H e i g h t  v s .  P h o t o l y s i s  Time



to form. However a second peak occurs in parallel 

with [R u (b p y )2 (H i m ) (M e C N )] + and this has not been 

identified as yet. For the CX column analyses with 

0.07 M LiClO^ in the mobile phase, this peak was seen 

to appear at the retention time where the pure starting 

material had diminished. With the ODS column this 

peak can be partially resolved enabling the spectrum 

to be obtained. This revealed a Amax of ca. 430 nm.

This peak also appears for photolysis of [R u (b p y )2 (H i m )C 1]+ 

in acetonitrile as a minor product but has hot been 

identified as yet. A possibility is that this peak is 

due to a trans isomer, such as trans [R u (b p y )2 (M e C N )2 12+ . 

Indeed this compound does have a A m a x  of ca. 440 nm.[73]

The main product for the photochemical reaction 

of the imidazole chloro containing complex is 

[R u (b p y )2 (M e C N )C l ]+ , (AMax ca. 330, 471 nm, [54],

Rt = 2.2 min [CX]/2.5 min [ODS]).

Numerous other minor products are visible for 

both compounds particularly after prolonged exposure 

to the beam. This may be due to thermal degradation 

of the complexes. A notable occurence is the formation 

of very small levels of Ru [bpy)2 Cl2 , [ Amax = 362,

523 nm, Rt = 1.7 min [QOS] for the monoimidazole 

complexes. This indicates that the Cl is liberated

1 2 6 .



PHOTOLYSIS of [Ru(bpy)2(HIm)Cl]PF6

COLUMN: CX 

MOBILE PHASE:

80% CH3 CN:20% H20 ;005mLiCl04 

UV DETECTION!

254nm

F
ig. 

2
.1

2



HPLC

M o b i l e  P h a s e :  80% MeCN; 0 .0 8 M  LiClO  
C olumn:  ODS R e v e r s e  P h a s e  4
F l o w  R a t e :  2 . 5  ml / m i n  
D e t e c t i o n :  254nm

Fig. 2.13 HPLC Analysis of the Photolysis of [Ru(bpy)_(HIm)Cl]+
in MeCN; Photolysis Time = 30 mins

1 2 8 .
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from the complex to allow the production of RuCbpy)2 Cl2 

This probably occurs in the formation of the unknown 

species .

(iii) The Photolysis of [R u (bpy ) 2 CVim)Cl]PFr and 

[Ru C b p y )2 (Vim)2 ](P F g )2

The photochemical reactions of the vinylimidazole 

containing complexes in acetonitrile follow the same 

pattern as that of the imidazole complexes. The final 

product of the photolysis of [R u (b p y )2 [Vim)2 ] + is 

[R u (b p y )2 (M e C N )2 ] + , ( A max ca. 420 nm, Rt = 6.0 min [C X ]/

6.2 min [0□S ]] (Fig. 2 15-17). The intermediate 

product, [R u (b p y )2 (V i m ) (M e C N )] + is also observed 

( Am ax ca. 441 nm, Rt = 3.3 min [CX]/3.9 min CODS)].

The expected equivalent of the relatively large 

unidentified peak observed for the bis-vinylimidazole 

complex is not observed. However this may mean that 

its presence is masked by another peak, although it 

is possible that this peak does not occur for this 

compound. This compound is present in small levels 

for the mono-vinylimidazole complex. C Am ax ca.

435 nm, Rt = 3.2 [CX]/3.7 nm CODS)].

1 30 .



TABLE 2 . 7 .
PHOTOLYSIS OF [Ru Cb py)2 (Vim)a ] 2+ AND [R u (b p y )2 (Vi m)Cl] +

IN ACETONITRILE

Nobile Phase : O.OB M LiC104 j B0% MeCN : 20% H20 

Column : ODS Flow Rate : 2.5 ml /min

Detection : Photodiode Array [Monitor 254 nm]

2
Photolysis Time - 45 min [R u (b p y )2 (Vim)2 3

Retention Time (Mins)________ I d e n t i f i c a t i o n __________  A Max (nm)

1.2 (V.S.) -----

2.9 [R u (bpy ) 2 (Vim) 2 3 2 + 478

3.8 [Ru(bpy)2 (Vim)(MeCN)32+ 441

6.2 [Ru(bpy)2 (MeCN)2 ]2+ 420

Photolysis Time = 90 min [R u (b p y )2 (VIm)Cl 3 +

Rétention Time (Mins)________ [dentification____________________ AMax (nm)

1.2. (V.S.) -----

1.5 (V.S.) Ru(bpy)2 Cl2 523

2 . G [R u (bpy ) 2 ( V I m) C13+ 505

2.5 [Ru(bpy)2 (MeCN)Cl3+ 468

(V.S.) = Very S m a 11

131 .



Fig. 2.15 HPLC Analysis of2£he Photolysis of
[Ru(bpy)^(Vim)2] in MeCN and MeOH

HPLC: C o lu m n :  CX
F l o w  R a t e :  2 - 4  ml / m i n
M o b i l e  P h a s e :  80% MeCN; 0 .0 8 M  LiClO^
D e t e c t i o n :  254nm

MeOH

u 0

90 s e c

J

Y t

ir 0 0
m i n

MeCN

irr. time

nA
8 4

h30min

h
J

j  L

0 4
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Fig. 2.16 HPLC Analysis of the Photolysis of [Ru(bpy)_(V i m ) ]2+
in MeCN: Photolysis Time = 230 mins
HPLC

M o b i l e  P h a s e :  80% MeCN; 0 . 0 8 M  L i C l O .  
Column:  ODS R e v e r s e  P h a s e  
F l o w  R a t e :  2 . 5  ml /m i n  
D e t e c t i o n :  254nm

H o s o r b a n c s  ' h SU  ■ U a 1’ *  l e r i s + h  ■ nm
3 .01  . 0 2  . 0 ' . 04 .0 3  1 . 0  500 400 500 t ’ 00

1 3 3 .



1
3

4
.



The major product for the photolysis of 

[ R u (b p y )2 (V i m) Cl]+ in acetonitrile [Fig. 2 18-20], is 

[ R u (bpy ) 2 (M e C N )C 1]+ ( Amax ca. 469 nm, Rt = 2.2 min

(CX)/2.5 min [ODS]]. Also seen for this reaction, as 

with that for the mono-imidazole complex, is the 

occurence of Ru(bpy)2 Cl2 .

For both the bis- and mono- complexes studies 

were carried out with the CX column demonstrating the 

presence of free vinylimidazole after prolonged 

photolysis time. As with the imidazole complexes the 

reactions were seen to be extremely complicated with 

the formation of many minor unidentified products, 

particularly after lengthy exposures.

(i v ) General considerations for these Photochemical 

Reactions

The reactions studied can be summarised simply.

For the complexes of the structure [R u (bpy ) 2 (X )2 ] + ,

where X = Vim or Him, the compound [R u (b p y )2 [M e C N )X ] +

is formed as an intermediate. The amount of this
2 -}-

product decreases as [R u (b p y )2 (M e C N )2 ] is formed 

as the major final product. [Reaction Scheme 2.1].

1 3 5 .



HPLC: M o b i l e  P h a s e :  80% MeCN; 0 .0 8 M  L i C l 0 4 
Column:  CX
F l o w  R a t e :  2 - 4  ml / m i n  
D e t e c t i o n :  254nm

MeOH

Fig. 2.18 HPLC Analysis of £he Photolysis of
[Ru(bpy)2 (Vim)Cl] in MeCN and MeOH

irr.
90 sec

u

30 sec

4 0 4 0
min

T— I
_L  I 1 L

0 4 0 4



HPLC

M o b i l e  P h a s e :  80% MeCN; 0 .0 8 M  L i C l O .
C olu m n :  ODS R e v e r s e  P h a s e  
F l o w  R a t e :  2 . 5  ml / m i n  
D e t e c t i o n :  254nm

Fig. 2.19 HPLC Analysis of the Photolysis of [Ru(bpy) (VIm)Cl]+
in MeCN: Photolysis time = 15 mins



Fig 2.19B HPLC Analysis of the Photolysis of [Ru(bpy)„(Vim)Cl]+
in MeCN

HPLC

M o b i l e  P h a s e :  80% MeCN ; 0 . 1M LiC lO ^  
Column:  ODS R e v e r s e  P h a s e  
F l o w  R a t e :  2 . 5  ml / m i n
D e t e c t i o n :  P h o t o d i o d e  A r r a y  f a s t  U V / V i s  
P h o t o l y s i s  T im e :  5 M in s

s c a n
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Ht

/cm

[ R u ( b p y ) 2 ( Vi m) C l ]

M o b i l e  P h a s e :  80% MeCN; 0 .0 7 M  LiClO^ 
Column:  CX C a t i o n  E x c h a n g e  
F l o w  R a t e :  2 . 5  ml / m i n  
D e t e c t i o n :  254nm

[Ru (bpy )  (M eC N )C l]  +

Fig. 2.20 HPLC Analysis of the Photolysis of [Ru(bpy)2(Vim)Cl]+
8i in MeCN

P e a k  H e i g h t  v s .  P h o t o y s i s  Time

HPLC

T IM E /M in



Many minor peaks were observed after 

prolonged exposure and most of these were not 

identified. All the photolysis were carried out 

with a glass water bath between the source and 

the sample to remove infrared and ultra violet 

radiation and so reduce thermal effects. However 

subsequent photolyses performed without the water 

bath resulted in very clean reactions with only 

major products observed. These reactions went to 

completion rapidly. The probable reason for this 

is that the glass water bath reduces the wavelength 

range impingent on the sample cell. This results 

in much slower reaction rates. Due to much 

longer exposure times necessary to induce complete 

or near complete reactions, heat builds up in the 

cell resulting in significant thermal degradation.

In effect, the water bath serves to increase thermal 

degradation rather than decrease it. The reactions 

were followed using the CX column system with a 

gradient flow rate. Excellent chromatograpjy 

was achieved for this system with little peak 

di stortion.

Subsequent studies were also done by others 

analysing the photolysis of [R u (bpy ) 2 (Vim)2 ] CPF0 )2 

in acetonitrile/LiCl using this HPLC System. [67].

14Q.



Scheme 2.1: Photochemical reactions of dicationic complexes of ruthenium (II)

bis (2 ,2 ’ - bipyridine) in acetonitrile

cis [ Ru ( bpy ) 2 1_2 ]2 + MeCn_ cis [Ru ( bpy ) 2 (MeCN )L]2 + MeCn ^ cis [Ru ( bpy ) 2 MeCN ) z ] '

R E A C T I O N  S C H E M E :

□ thir minor M e
Products ? trans.[Ru(bpy)2 (MeCN)2 ]2 +

Scheme 2.2: Photochemical reactions of monocationic complexes of ruthenium (II)

bis (2 ,2 ’ bipyridine) in acetonitrile.

bU 2
cis [ Ru ( bpy ) 2 ( L) Cl ]+ MeCn_ cis [ Ru ( bpy ) 2 ( MeCN ) C 1 ] *" c i s [R u (bp y)2M e C N ]2 J +

hUj hP
M inor
Products cis-Ru(bp>)2C! 7

C l M eCN/ h p \ ?
trans[Ru(bpy)2 (Me CN )2 ]

2 4-

L = Him or Vim



This indicated that [R u (b p y )2 (Vim)Cl]+ and 
2 _|_

[R u (b p y )2 (M e C N )2 ] are formed simultaneously before 

[R u (b p y )2 (H e C N )C 1]+ is formed as the major final 

product. These results agree with those given here 

in that [R u (b p y )2 (H e C N )C l ]+ did not form 

[R u (b p y )2 (H e C N )2 ] + with further photolysis.

(v ) An Appraisal of the HPLC System for the Study 

of these Photochemical Re ac ti on s.

The HPLC system proved to be very useful 

for following the reactions. It demonstrated the 

range of minor products formed which were hitherto 

unknown. It also demonstrated the effect the presence 

of the water bath had on the photolyses. Combining 

the HPLC system with photodiode array detection in 

particular proved a very powerful technique. The 

best system for studying these reactions would 

encompass a gradient elution system for flow rate 

or LiClD^ concentration, a CX column and photodiode 

array detection. The mobile phase for the system 

would be 0.05 M - 0.08 M LiClQ4 i 80% MeCN : 20% H2 0.

1 4 2 .



C O N C L U S I O N S :

As a technique for the study of Ruthenium (II) 

bis (bipyridyl) complexes and their rections. HPLC has 

great potential. A general system was developed to 

achieve effective separation of many of these complexes 

using a selection of model compleses. The model 

compounds used were [R u (bpy ) 2 (Hi m)C1]P F g ,

[R u (b p y )2 (Him)2 ] (PFg)2 , [R u (b p y )2 (V i m) Cl]P F g,

[R u (b p y )2 (Vim)a ] ( P F g ) 2 , [R u (b p y )2 (C O )H ] PFg,

[R u (b p y )2 (C O )C 1] CIO4 . The optimum system discovered 

involved the use of a CX cartridge column which 

was found to be more satisfactory than reverse phase 

columns such as ODS, CN and CIS columns. The mobile 

phase used consisted of O.OBH L i C 104 in 4:1 (v/v)

acetonitrile-water and a flow rate of 2.5 ml /min.

The mobile phase, and in particular the LiClO^ 

concentration, may be modified to suit a given analysis. 

The CX column provided a more efficient separation 

with tailing than the reverse phase columns. Although 

its retention mechanism is not clear, the results 

suggests that it operates on a mixed retention system 

where both reverse phase and cation exchange mechanisms 

play a part. The dominant mechanism is dependent 

on the chromatographical conditions.
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This system is suitable for the separation 

of monocationic from dicationic ruthenium (II) 

b i s (bipyridy1 ) complexes and for the separation of 

more than one dicationic complex. However, it does 

not provide good separation for more than one 

monocationic complex. Low LiClO^ concentrations 

are necessary to achieve the longer retention times 

necessary to enable separation.

Based on these results the best system for 

the HPLC analysis of ruthenium (II) bis (bipyridyl) 

complexes would use a CX stationary phase cation 

exchange, and a mobile phase of 4:1 (v/v) acetonitrile, 

water, and a LiClO^ concentration gradient.

Alternatively the LiClO^ concentration may be set 

and a flow rate gradient used. Peak shape may be 

improved by the use of end capped columns.

This sytem proves very useful for tasks such 

as determining compound purity and reaction studies 

of ruthenium (II) bis (bipyridyl). This was 

demonstrated by the study of the photolyses reactions 

of [R u (b p y )2 (X )z ]2+ and [R u (bpy ) 2 (X )C 1] , (X = Vim or 

Him), complexes in acetonitrile. This showed the 

final product for the photolyses of the [R u (b p y )2 (X )2 J + 

complexes in acetonitrile to be [R u (b p y )2 (M e C N )2 ]2+ , 

with [R u (b p y )2 (X )(M e C N )]2+ as an intermediate.

1 4 4 .



The final product for the photolyses of 

the [R u (b p y )2 (X )C 1 ] + complexes is [R u (b p y )2 (M e C N )C 1]+ . 

It must be noted that many other minor products 

were formed also. Some of these could be attributed 

to thermal degradation associated with the long 

exposure times. The long exposure times necessary 

appeared to be a result of a glass water bath in 

the light path which removes much of the radiation 

below 230 nm resulting in slower reaction rates.

HPLC was seen to be an excellent method for 

studying complex reactions of ruthenium (II) 

bis (bipyridyl) complexes as, unlike conventional 

methods, it allowed separation of minor products 

to be obtained. When used in conjunction with 

conventional methods for the study of such reactions, 

such UV/Vis spectrophotometry by using a photodiode 

array detector, it proved to be a very powerful 

technique. However, much care must be taken to 

avoid mistaking artifactual peaks for actual peaks. 

Artifactual peaks may be caused by a variety of 

phenomena. The compounds present on the column are 

dependent on column and mobile phase conditions 

and problems may occur with ligand substitution on 

column for labile complexes e.g. ligand exchange for 

mobile phase solvent molecule. Retention mechanism 

phenomena such as peak splitting can also create



problems. In general, however, this system has many 

applications for the study of ruthenium (II) bis 

(bipyridyl) complexes and their reactions and it may 

be that in these studies, our understanding of 

reversed phase ion pair and cation exchange 

chromatography will be enhanced.

1 46 .
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GLOSSARY

bpy 2 , 2 ’ - Bipyridine

phen 1,10-Phenanthroline

CO Carbonyl

Him Imidazole

Vim Vinylimidazole

C3 H g 0 Acetone

RuH [Ru(bpy)2 (C0)H]PFB .¿C3H 60

MeCN Acetonitrile

MeOH Methanol

PhCHO Benzaldehyde

HOAc Acetic acid

L Ligand

LiClD^ Lithiumperchlorate

HPLC High Performance Liquid Chromatography

GC Gas Chromatography

UV Ultra Violet (Radiation)

IR Infra Red (Radiation)

MLCT Metal to Ligand Change Transfer

RP-IPC Reverse Phase Ion Pair Chromatography

IIC Ion Interaction Chromatography

As Assymetry Value for HPLC Peak

Ru R u t h e n i u m


