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Abstract 

The coordination chemistry of Ru in conjunction with the water-soluble porphyrins, 

H.2(TSPP) 4 - and H 2 ( T M P y P ) 4 + , and the non water-soluble porphyrins H2(TPyP) and 

H2(TPP) was examined with the view of producing a range of complexes with 

radiosensitizing abilities for the treatment of cancerous tumours. The new complex 

N a 4 [ R u ( T S P P ) ( C O ) ( D M F ) ] (1) ( D M F = dimethylformamide) was synthesized by 

thermolysis of Ru3(CO)i2 with the porphyrin salt in D M F , and by a more convenient route 

involving the Ru(III) precursor, [Ru(DMF)6](OTf)3 (OTf = triflate), which undergoes in situ 

reduction in D M F in the presence of H2(TSPP) 4 ~ to give 1. This hexakis(DMF) precursor 

also allows metallation of H 2 ( T M P y P ) 4 + , H2(TPyP), and H2(TPP), establishing a protocol 

for the metallation by Ru of cationic, anionic, and neutral porphyrins. Various other 

strategies for porphyrin metallation by ruthenium were examined without success. 

Porphyrin Structure Full name (abbreviation) 

\ N N N==/ 

15 

5, 10, 15, 20-tetraphenylporphyrin (H2CTPP)) 

5,10,15, 20-tetra(4-pyridyl)porphyrin (H 2 (TPyP)) 

5,10,15, 20-tetrakis(4-sulfonatophenyl)porphyrin 

(H 2(TSPP) 4") 

5,10,15, 20-tetrakis(4-methylpyridinium)porphyrin 

( H 2 ( T M P y P ) 4 + ) 

Complex 1 was well characterized by variable temperature lH and ^Cf. 1 ! !} N M R , 

IR, and UV/visible spectroscopy, and by elemental analysis. 1 undergoes photolysis or 

thermolysis in D M S O to give the second new metalloporphyrin Na4[Ru(TSPP)(DMSO) 2 ] (2) 

( D M S O = dimethylsulphoxide) by removal of the axial C O and D M F groups. The !'H N M R 
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s p e c t r u m i n c f e - D M S O o f 2 i s c o n s i s t e n t w i t h a s y m m e t r i c , £ > 4 h s t r u c t u r e , a n d t h e s o l i d - s t a t e 

I R s p e c t r u m i n d i c a t e s c o o r d i n a t i o n b y t h e o x y g e n a t o m s o f t h e D M S O l i g a n d s . T h e a x i a l 

l i g a n d e x c h a n g e t h a t 2 u n d e r g o e s i n a q u e o u s s o l u t i o n , e x a m i n e d b y U V / v i s i b l e s p e c t r o s c o p y , 

i s b e l i e v e d t o i n v o l v e t h e r e p l a c e m e n t o f D M S O b y w a t e r . 

F o r b o t h 1 a n d 2 t h e d e g r e e o f a g g r e g a t i o n i n a q u e o u s s o l u t i o n o v e r a c o n c e n t r a t i o n 

r a n g e o f l O ^ - l O " 4 m o l L " 1 w a s a s s e s s e d b y U V / v i s i b l e s p e c t r o s c o p y ; B e e r ' s L a w b e h a v i o u r 

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

C o m p l e x e s 1 a n d 2 w e r e a s s e s s e d f o r t h e i r b i o l o g i c a l a c t i v i t y b y a c c u m u l a t i o n , 

t o x i c i t y , D N A b i n d i n g , a n d r a d i o s e n s i t i z a t i o n s t u d i e s . 1 a c c u m u l a t e s i n C h i n e s e H a m s t e r 

O v a r y c e l l s ( C H O ) , a n d s h o w s n o s i g n s o f t o x i c i t y t o w a r d C H O c e l l s u p t o 2 0 0 u m o l a r 

c o n c e n t r a t i o n s . R e l a t i v e t o C i s - p l a t i n , 1 a n d 2 d i s p l a y m a r g i n a l b i n d i n g t o p l a s m i d D N A , 

a n d o n b i n d i n g d o n o t f o r m a s s o c i a t i o n s w i t h H i g h M o b i l i t y G r o u p p r o t e i n s ( H M G ) . 2 w a s 

w e a k l y r a d i o - p r o t e c t i n g i n h y p o x i c c o n d i t i o n s a t 4 0 0 a n d 8 0 0 u m o l a r c o n c e n t r a t i o n s . 
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" R u ( T M P y P ) " R = 4 - m e t h y l p y r i d i n i u m ; t h e n a t u r e o f t h e a x i a l l i g a n d s i s u n k n o w n ; 

" R u ( T P y P ) " R = p h e n y l ; t h e n a t u r e o f t h e a x i a l l i g a n d s i s u n k n o w n . 
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Chapter 1: Introduction 

1.1 Preamble 

C a n c e r i s a d i s e a s e i n w h i c h c e l l s g r o w i n a n u n c o n t r o l l e d w a y 1 a n d a r i s e s a s a r e s u l t 

o f c h a n g e s i n c e l l u l a r D N A . T h e s e c h a n g e s c a n b e c a u s e d b y m a n y f a c t o r s : e n v i r o n m e n t a l 

f a c t o r s i n c l u d i n g i o n i z i n g / U V r a d i a t i o n a n d e x p o s u r e t o c a r c i n o g e n s ; a n i n h e r i t e d d e f i c i e n c y 

i n a b i l i t y t o r e p a i r l e s i o n s i n D N A ; c h r o m o s o m a l c h a n g e s ; t h e e x i s t e n c e o f a n u m b e r o f g e n e s 

( " o n c o g e n e s " ) t h a t c a n t r a n s f o r m n o r m a l c e l l s i n t o c a n c e r c e l l s ; a n d t h e l o s s o r i n a c t i v a t i o n 

o f " t u m o u r s u p p r e s s o r g e n e s " . 2 T o d a t e , 10 t u m o u r s u p p r e s s o r g e n e s h a v e b e e n d i s c o v e r e d , 3 

a n d o f t h e s e p53 ( ' p ' f o r p r o t e i n a n d '53' r e f e r s t o i t s m o l e c u l a r w e i g h t i n k i l o d a l t o n s ) h a s 

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

i n h e r i t e d a n d s p o n t a n e o u s l y o c c u r r i n g c a n c e r . T h e n o r m a l f u n c t i o n o f p53 i s t o a c t a s a 

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

w i t h c e l l g r o w t h a n d d i v i s i o n . 4 I f D N A i s d a m a g e d o r i s i n c o r r e c t l y s y n t h e s i z e d , p53 i s 

t h o u g h t t o a c c u m u l a t e a n d s w i t c h o f f r e p l i c a t i o n t o a l l o w t i m e f o r t h e D N A t o b e r e p a i r e d . I f 

t h e r e p a i r i s u n s u c c e s s f u l p53 m a y a l s o t r i g g e r c e l l s u i c i d e b y a m e c h a n i s m k n o w n a s 

a p o p t o s i s . C e l l s w h i c h c o n t a i n a n i n a c t i v e p53 g e n e o r n o n - f u n c t i o n a l p53 p r o t e i n c a n n o t 

c a r r y o u t t h i s a r r e s t . C o n s e q u e n t l y , i n t h e s e c e l l s , a n u m b e r o f d i f f e r e n t g e n e t i c a l t e r a t i o n s 

c a n a c c u m u l a t e , a n d t h i s m a y l e a d t o t h e d e v e l o p m e n t o f a t u m o u r . 5 

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

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

r e s e a r c h . 6 O f e q u a l i m p o r t a n c e i s t h e d e v e l o p m e n t o f c h e m i c a l c o m p o u n d s t h a t c a n a i d i n 

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

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

c a n c e r c o m p o u n d s . 
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1.2 Cancer Treatment 

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

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

t h e r a p y . T h e r e a r e t h r e e p r i m a r y w a y s t o t r e a t c a n c e r : ( 1 ) s u r g e r y ; ( 2 ) r a d i o t h e r a p y ; a n d ( 3 ) 

c h e m o t h e r a p y . T h e s e c o n d a n d t h i r d c a t e g o r i e s a r e a r e a s i n w h i c h c h e m i s t s c a n m a k e a 

s i g n i f i c a n t c o n t r i b u t i o n . 7 

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

t r e a t m e n t , w i t h s u r g e r y a n d / o r r a d i o t h e r a p y . I f m e t a s t a s i s h a s o c c u r r e d t h e n c h e m o t h e r a p y 

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

1.2.1 Surgery 

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

t o a l l o w f o r l o c a l i n v a s i v e s p r e a d . 6 

1.2.2 Radiotherapy 

R a d i o t h e r a p y i n v o l v e s t h e u s e o f m a n y d i f f e r e n t t y p e s o f r a d i a t i o n , o f w h i c h X - r a y s 

a r e t h e m o s t c o m m o n l y u s e d . C o n v e n t i o n a l l y , t r e a t m e n t w i t h X - r a y s i n v o l v e s t h e 

a d m i n i s t r a t i o n o f 2 5 - 3 5 X - r a y d o s e f r a c t i o n s ( ~ 2 G y ) , s p r e a d o v e r a p e r i o d o f 5 - 7 w e e k s . 8 

I o n i z i n g r a d i a t i o n i s g e n e r a l l y b e l i e v e d t o c a u s e d a m a g e t o c e l l s a n d t i s s u e s b y d e p o s i t i n g 

e n e r g y a s a s e r i e s o f d i s c r e t e e v e n t s . 9 T h i s i s a r a n d o m p r o c e s s a n d t h u s c a n c a u s e d a m a g e t o 

a n y m o l e c u l e i n t h e c e l l , b u t t h e d a m a g e t o D N A i s r e g a r d e d a s t h e m o s t c r u c i a l i n r e l a t i o n t o 

c e l l k i l l i n g . 1 0 1 2 R a d i a t i o n t r e a t m e n t o f t u m o u r s i n s i d e t h e b o d y r e q u i r e s t h a t t h e r a d i a t i o n 

p a s s t h r o u g h n o r m a l t i s s u e . T h e m a i n o b j e c t i v e o f t h i s t r e a t m e n t i s t h e r e f o r e t o m a x i m i z e t h e 

k i l l i n g o f t h e t u m o u r c e l l s w h i l s t m i n i m i z i n g t h e d a m a g e t o t h e s u r r o u n d i n g n o r m a l t i s s u e . 6 

T h e d e t a i l s o f t h i s f o r m o f t h e r a p y w i l l b e d e a l t w i t h i n a l a t e r s e c t i o n . 
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1.2.3 Chemotherapy 

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

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

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

d i v i s i o n / p r o l i f e r a t i o n , u s u a l l y D N A r e p l i c a t i o n . T h e t r e a t m e n t a l s o k i l l s t h e p o p u l a t i o n s o f 

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

i . e . n a u s e a , v o m i t i n g a n d h a i r - l o s s . 1 3 , 1 4 I n 1 9 4 2 , t h e f i r s t c h e m o t h e r a p y d r u g ( n i t r o g e n 

m u s t a r d ) w a s u s e d t o t r e a t c a n c e r . T o d a y t h e r e a r e 3 5 c y t o t o x i c d r u g s u s e d i n t h e t r e a t m e n t 

o f p a t i e n t s i n N o r t h A m e r i c a . T h e s e d r u g s c a n b e l o o s e l y c l a s s e d i n t o f o u r g r o u p s : a l k y l a t i n g 

a g e n t s ( e . g . I, c y c l o p h o s p h a m i d e ) ; a n t i m e t a b o l i t e s ( e . g . II, 5 - F l u o r a c i l ) ; n a t u r a l l y o c c u r r i n g 

s p e c i e s ( e . g . Ill, D o x o r u b i c i n ) a n d m i s c e l l a n e o u s c o m p o u n d s ( e . g . IV , Cis-

d i a m m i n e d i c h l o r o p l a t i n u m ( I I ) ( C w - p l a t i n ) ) . 1 5 A n t i c a n c e r d r u g s a r e u s e d f r e q u e n t l y i n 

c o m b i n a t i o n w i t h e a c h o t h e r a n d a l s o w i t h r a d i a t i o n . 1 6 

NH 2 
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T h e m a j o r l i m i t a t i o n t o t h i s f o r m o f t r e a t m e n t i s t h e p r e s e n c e i n t u m o u r s o f d r u g - r e s i s t a n t 

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

t u m o u r h a s r e s p o n d e d . 1 7 

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

T h e r a p y , 1 8 ' 1 9 a n d I m m u n o t h e r a p y . 2 0 

1.3 Effects of Radiation 

1.3.1 Radiation-induced DNA damage 

R a d i a t i o n c a n c a u s e d a m a g e t o D N A b y b o t h d i r e c t a n d i n d i r e c t a c t i o n s ( s e e F i g . 1.1). 

F i g u r e 1.1: D i a g r a m ( f r o m H a l l 2 1 ) i l l u s t r a t i n g d i r e c t a n d i n d i r e c t a c t i o n o f r a d i a t i o n . T h e 

s t r u c t u r e o f D N A i s s h o w n s c h e m a t i c a l l y ; t h e l e t t e r s S , P , A , T , G , a n d C r e p r e s e n t s u g a r , 

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

I N D I R E C T 
A C T I O N 

D I R E C T 
A C T I O N 
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D i r e c t d a m a g e i s a r e s u l t o f e n e r g y b e i n g d e p o s i t e d d i r e c t l y i n t o t h e t a r g e t m o l e c u l e 

D N A . T h e e x c i t e d a n d i o n i z e d D N A m o l e c u l e s a r e u n s t a b l e a n d t h e e x c e s s e n e r g y i s 

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

w i t h i n t h e m o l e c u l e . 2 2 T w o - t h i r d s o f t h e d a m a g e t o D N A i n a e r o b i c c e l l s i s a r e s u l t o f t h e 

i n d i r e c t e f f e c t . 2 3 T h i s e f f e c t a s s u m e s t h a t t h e d a m a g e t o D N A d o e s n o t a r i s e f r o m e n e r g y 

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

r a d i o l y s i s o f n e a r b y w a t e r m o l e c u l e s . 2 2 

1 . 3 . 2 R a d i o l y s i s o f w a t e r 

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

s h o w n i n e q s 1 . 1 - 1 . 4 . 2 4 - 2 5 

H 2 0 h v » H 2 Ctf + e ' Ionization n-u 

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

t h a t b e c o m e s h y d r a t e d ( e ( a q ) " ) w i t h i n a b o u t 10"11 s ( e q 1 . 1 ) . T h e w a t e r i o n r a d i c a l t h e n 

d e c o m p o s e s l o s i n g a p r o t o n ( e q 1 . 2 ) . 

H 2 ot • H + + *OH 
[1.2] 

H 2 O t + H 2 0 • H 3 0 + + -OH 

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

H 2 0 h v > H 2 0 * Excitation n-si 
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T h e e x c i t e d w a t e r m o l e c u l e s ( e q 1 . 3 ) c a n g i v e f r e e r a d i c a l s d i r e c t i y , b u t t h i s m e c h a n i s m i s 

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

b a r r i e r ( e q 1 . 4 ) . 

H 2 0 * • •H + •OH 1 1 4 1 

T h e h y d r o x y l r a d i c a l ( O H ) , a p o t e n t o x i d i z i n g a g e n t , i s b e l i e v e d t o b e t h e s p e c i e s 

m o s t d a m a g i n g t o D N A a s i t i n t e r a c t s d i r e c t i y w i t h t h e D N A b a c k b o n e b y e l e c t r o n t r a n s f e r , 

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

a t o m a n d t h e h y d r a t e d e l e c t r o n a r e s t r o n g r e d u c i n g a g e n t s ; i n g e n e r a l , r e a c t i o n s w i t h e ( a q ) ~ 

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

a d d i t i o n s a n d a b s t r a c t i o n s . 2 4 H o w e v e r , i n b i o l o g i c a l s y s t e m s i t i s m o r e p r o b a b l e t h a t t h e y 

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

t h e p e r o x i d e r a d i c a l a n d t h e s u p e r o x i d e a n i o n , r e s p e c t i v e l y ( e q 1.5).25 

H .4 - 0 2 • /° P. 
H [1.5] 

e"(aq) + ° 2 0 2 ' 

T h e f o r m e r i s r e d u c e d b y t h e e n z y m e c a t a l a s e t o w a t e r a n d o x y g e n 2 6 a n d t h e l a t t e r i s r a p i d l y 

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

c h a l l e n g e d a n d t h e r e i s s o m e d i s p u t e a s t o t h e e v e n t u a l f a t e o f t h e s u p e r o x i d e a n i o n . 2 7 
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1 . 3 . 3 Damage fixationt by oxygen 

O x y g e n a l s o ' f i x e s ' t h e d a m a g e d D N A b y a m e c h a n i s m t h a t i s i n d i r e c t c o m p e t i t i o n 

w i t h t h e r e p a i r p r o c e s s e s i n w h i c h t h i o l s p l a y a n i m p o r t a n t r o l e . 2 8 , 2 9 T h e r e a r e t w o p o s s i b l e 

w a y s i n w h i c h o x y g e n c a n ' f i x ' t h e d a m a g e . F i r s t l y , o x y g e n c a n r e a c t w i t h a r a d i c a l 

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

a n o r g a n i c p e r o x i d e ( e q 1 . 6 ) . T h i s c a n t h e n c a u s e a l e t h a l l e s i o n o n D N A t h e r e b y m a k i n g t h e 

d a m a g e p e r m a n e n t . 3 0 

S e c o n d l y , a n e l e c t r o n e x c i t e d i n D N A b y d i r e c t i n t e r a c t i o n w i t h r a d i a t i o n c a n m i g r a t e t o 

e l e c t r o n a f f i n i c a r e a s ( s u c h a s 0 2 o r a n o t h e r r a d i o s e n s i t i z e r ( d i s c u s s e d i n S e c t i o n 1 . 4 ) ) , t h u s 

s e p a r a t i n g t h e t w o c h a r g e s . I f t h e d a m a g e d D N A i s n o t q u i c k l y r e d u c e d , t h e n i t m a y b e 

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

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

d a m a g e c a u s e d b y t h e r e a c t i v e s p e c i e s f o r m e d f r o m t h e r a d i o l y s i s o f w a t e r e i t h e r b y H -

d o n a t i o n , o r b y i n d u c i n g r e c o m b i n a t i o n o f r a d i c a l s . 3 1 

1 . 3 . 4 The oxygen effect 

T h e o x y g e n e f f e c t w a s f i r s t d i s c o v e r e d a s e a r l y a s 1912 ( r e f e r t o S e c t i o n 1 . 3 . 3 ) . I n 

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

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

k i l l i n g . T h e r a t i o o f d o s e s n e e d e d t o p r o d u c e t h e s a m e l e v e l o f c e l l k i l l i n g u n d e r o x i c 

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

t to make permanent or irreparable 

R- + [ 1 . 6 ] 
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e n h a n c e m e n t r a t i o ( O E R ) . T h e d o s e r e s p o n s e c u r v e ( F i g . 1 . 2 ) s h o w s t h a t h y p o x i c c e l l s 

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

f r a c t i o n . 3 2 

0 . 0 0 l H — i — i — i — r — r — | — i — | — i — P — i — | — i — | — r 1—i 1—i—|— 
0 200 400 600 800 1000 1200 1400 1600 1800 2000 

Dose in rod 

F i g u r e 1 . 2 : A t y p i c a l s u r v i v a l c u r v e f o r C h i n e s e H a m s t e r O v a r y ( C H O ) c e l l s a s a f u n c t i o n o f 

r a d i a t i o n d o s e . 3 2 
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1.3.5 Hypoxia 

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

h y p o x i c c e l l s i n t u m o u r s . H y p o x i c tissue o c c u r s 1 5 0 - 2 0 0 u , m a w a y f r o m t h e b l o o d c a p i l l a r i e s 

i n a t u m o u r , t h e e f f e c t i v e d i f f u s i o n d i s t a n c e o f o x y g e n 3 3 , a n d d e v e l o p s a s a r e s u l t o f t h e 

i m b a l a n c e b e t w e e n t u m o u r c e l l p r o d u c t i o n a n d t h e e x p a n s i o n o f t h e v a s c u l a r n e t w o r k . 3 4 T h e 

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

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

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

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

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

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

i s i n h i b i t e d . 3 4 

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

t u m o u r . H i g h e n e r g y r a d i a t i o n s ( p i o n s ) h a v e b e e n e m p l o y e d w h i c h c a u s e p r o p o r t i o n a l l y 

m o r e d a m a g e i n t h e t u m o u r s i t e t h a n t h e n o r m a l tissue c o m p a r e d t o X - r a y s , w h i c h h a s p r o v e d 

t o b e m o r e s u c c e s s f u l w i t h d e e p - s e a t e d t u m o u r s . 3 5 A n a l t e r n a t i v e a p p r o a c h i s t o 

b i o c h e m i c a l l y / c h e m i c a l l y m o d i f y t h e e f f e c t i v e n e s s o f X - r a y s , w h i c h h a s b e e n a c h i e v e d b y 

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

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

1.4 Radiosensitizers 

R a d i o s e n s i t i z e r s i n c r e a s e t h e s e n s i t i v i t y o f h y p o x i c c e l l s t o r a d i a t i o n b y m i m i c k i n g 

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

e l e c t r o n a f f i n i t y . 3 6 O x y g e n a n d e l e c t r o n - a f f i n i c a g e n t s i n c r e a s e t h e r a d i a t i o n s e n s i t i v i t y o f 

h y p o x i c c e l l s b y f a s t f r e e - r a d i c a l m e c h a n i s m s . 3 7 
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S i n c e 1 9 7 3 , a s e r i e s o f p o t e n t i a l l y t h e r a p e u t i c c o m p o u n d s k n o w n a s t h e 

n i t r o i m i d a z o l e s ( e x a m p l e s s h o w n b e l o w ) h a v e b e e n s t u d i e d . 

H H 
R = CH 2CH(OH)CH 2OCH 3, Misonidazole 

N. N ^ p R = C H 2 C O N H C H 2 C H 2 O H , Etanidazole 

N 0 2 

R = CH2CH(OH)CH2(N+C5H5), Pimonidazole 

I n t h e l a b o r a t o r y , m i s o n i d a z o l e h a s b e e n t h e m o s t e x t e n s i v e l y s t u d i e d n i t r o i m i d a z o l e . 3 6 ' 3 8 I t 

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

c o m p o u n d a r e s e v e r e l y l i m i t e d b y i t s n e u r o t o x i c i t y . M a n y s e c o n d g e n e r a t i o n c o m p o u n d s 

h a v e b e e n s y n t h e s i z e d , e . g . E t a n i d a z o l e ( S R 2 5 0 8 ) a n d P i m o n i d a z o l e ( R o 0 3 - 8 7 9 9 ) . 3 9 

E t a n i d a z o l e h a s r e d u c e d l i p o p h i l i c i t y a n d h e n c e i s l e s s n e u r o t o x i c . 4 0 I t c a n t h e r e f o r e b e 

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

m o r e e f f e c t i v e l y . 4 1 E t a n i d a z o l e i s s t i l l u n d e r g o i n g c l i n i c a l t r i a l s . 

1.5 Radiosensitizer Drug Design 

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

w a y s i n w h i c h t h e y i n t e r a c t w i t h D N A . 4 2 I t i s a l s o b e l i e v e d t h a t D N A i s t h e c r u c i a l t a r g e t f o r 

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

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

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

1.5.1 Tumour accumulation and localization 

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

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

c e l l s a s c o m p a r e d t o t h e s u r r o u n d i n g t i s s u e 4 3 - 4 6 a l t h o u g h in. vivo r e s u l t s h a v e b e e n 
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e q u i v o c a l . 4 7 " 4 9 P o r p h y r i n s h a v e b e e n s h o w n t o l o c a l i z e i n v a r i o u s s i t e s o f a t u m o u r c e l l ; e . g . 

t h e a n i o n i c , f r e e - b a s e p o r p h y r i n , H 2 ( T S P P ) 4 " , h a s b e e n s h o w n t o l o c a t e i n t h e t u m o u r 

s t r o m a , 5 0 w h e r e a s t h e c a t i o n i c , f r e e - b a s e p o r p h y r i n , H . 2 ( T M P y P ) 4 + , i s t r a n s p o r t e d t o t h e 

m i t o c h o n d r i a . 5 1 T h e r o u t e b y w h i c h t h e p o r p h y r i n i s t r a n s p o r t e d t o t h e t u m o u r in vivo m a y 

v a r y d e p e n d i n g o n t h e p o r p h y r i n . 5 2 " 5 5 

P o r p h y r i n s h a v e t h e p o t e n t i a l t o b e u s e d a s r a d i o s e n s i t i z e r s in vivo b e c a u s e t h e y h a v e 

b e e n s h o w n t o b i n d t o D N A , 5 6 6 1 t o b e n o n - t o x i c t o n o r m a l c e l l s , 6 2 ' 6 3 a n d t o l o c a l i z e a n d 

a c c u m u l a t e i n t u m o u r c e l l s . 4 3 " 4 6 , 5 0 ' 5 1 C e r t a i n f r e e - b a s e , a n d c o b a l t a n d c o p p e r p o r p h y r i n s 

h a v e a l s o e x h i b i t e d s o m e r a d i o s e n s i t i z i n g p r o p e r t i e s . 6 2 ' 6 4 

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

p o r p h y r i a , a s a n t i - c a n c e r d r u g s f o r b o r o n n e u t r o n c a p t u r e t h e r a p y , 4 6 ' 6 5 p h o t o d y n a m i c 

t h e r a p y , 1 9 a s c o n t r a s t a g e n t s i n n u c l e a r m a g n e t i c r e s o n a n c e i m a g i n g ( M R I ) , 6 6 ' 6 7 a n d i n A I D S 

r e s e a r c h . 6 8 

1 . 5 . 2 D N A b i n d e r s 

S o m e t r a n s i t i o n m e t a l s c a n t a r g e t t h e D N A o f a t u m o u r c e l l . T h i s h a s b e e n s h o w n 

w i t h t h e c h e m o t h e r a p y d r u g C i s - p l a t i n . T h e 1 , 2 - i n t r a - s t r a n d c r o s s - l i n k l e s i o n f o r m e d w h e n 

G ' s - p l a t i n b i n d s t o D N A i s b e l i e v e d t o b e t h e c r u c i a l f a c t o r r e s p o n s i b l e f o r t h e a n t i t u m o u r 

e f f e c t . 6 9 F o l l o w i n g t h e s u c c e s s f u l c l i n i c a l a p p l i c a t i o n o f C w - p l a t i n , a n u m b e r o f c o m p l e x e s 

c o n t a i n i n g r u t h e n i u m h a v e b e e n e v a l u a t e d w i t h r e g a r d t o t h e i r a n t i c a n c e r p o t e n t i a l 7 0 " 8 0 w i t h 

t h e a i m o f d e v e l o p i n g a m e t a l b a s e d c o m p l e x t h a t w o u l d b e l e s s t o x i c t h a n C w - p l a t i n . 

I n i t i a l s t u d i e s o f r u t h e n i u m c o m p l e x e s w i t h NH3 a n d C l " a s l i g a n d s s h o w e d g o o d 

a c t i v i t i e s i n t h e t r e a t m e n t o f t u m o u r s in vivo ; 7 3 f r a n . s - R u C U ( i m i d a z o l e ) 2 " i s a p a r t i c u l a r l y 

a t t r a c t i v e c a n d i d a t e . 7 7 A l s o , r u t h e n i u m ( U ) d i m e t h y l s u l f o x i d e c o m p l e x e s h a v e b e e n s h o w n t o 

p o s s e s s s i g n i f i c a n t a n t i t u m o u r a c t i v i t y , c o m p a r a b l e t o t h a t o f C 7 s - p l a t i n a n d w i t h m u c h l e s s 

t o x i c s i d e - e f f e c t s . 7 1 
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R u t h e n i u m i n t h e e s s e n t i a l l y o c t a h e d r a l c o m p l e x , f r a n s - R u C l 2 ( D M S O ) 4 h a s b e e n 

s h o w n t o b i n d i n t h e s a m e w a y a s C / s - p l a t i n t o t h e N 7 a t o m s o f t w o g u a n i n e m o l e c u l e s o f 

D N A in vitro,19'S0 w h i c h i n d i c a t e s t h a t t h e i n t e r a c t i o n w i t h D N A i s n o t e x c l u s i v e t o p l a t i n u m 

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

1.5.3 Metalloporphyrin complexes 

P r e v i o u s w o r k i n t h i s l a b o r a t o r y h a s e s t a b l i s h e d t h a t w a t e r - s o l u b l e P t p o r p h y r i n s h a v e 

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

p r o p e r t i e s . 6 3 T h e c o m b i n a t i o n o f a l i g a n d s u c h a s a p o r p h y r i n t h a t c a n a c c u m u l a t e a t a 

t u m o u r , a n d a m e t a l s u c h a s r u t h e n i u m , t h a t c a n b i n d t o D N A , p r e s e n t s a r a t i o n a l a p p r o a c h t o 

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

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

(vide supra), p o s s e s s e s s o m e i n t e r e s t i n g a n t i c a n c e r p r o p e r t i e s . 

1.6 The Scope of the Thesis 

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

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

e x p l o r e d . C h a p t e r 2 d e s c r i b e s t h e e x p e r i m e n t a l p r o c e d u r e s u s e d . C h a p t e r 3 d i s c u s s e s t h e 

c h e m i s t r y i n v o l v e d i n t h e s y n t h e s i s o f t h e m e t a l l o p o r p h y r i n s . C h a p t e r 4 d e s c r i b e s t h e 

b i o l o g i c a l a c t i v i t y o f t h e R u p o r p h y r i n c o m p l e x e s s y n t h e s i z e d h e r e a n d e v a l u a t e s t h e i r in 

vitro p o t e n t i a l . O n l y o n e r e p o r t h a s t h u s f a r a p p e a r e d i n t h e l i t e r a t u r e o n t h e d i r e c t f o r m a t i o n 

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

f r e e - b a s e p o r p h y r i n , H 2 ( T S P P ) 4 " w i t h R u 3 ( C O ) i 2 - 8 1 T h e c r u x o f t h i s t h e s i s w a s t h e 

o b s e r v a t i o n t h a t t h e e a s i l y a c c e s s e d R u ( I I I ) p r e c u r s o r , [ R u ( D M F ) 6 ] ( C F 3 S 0 3 ) 3 , c a n u n d e r g o 

f a c i l e r e d u c t i o n i n t h e p r e s e n c e o f H 2 ( T S P P ) 4 - t o g e n e r a t e a R u ( I I ) s p e c i e s c o n t a i n i n g a 

w a t e r - s o l u b l e p o r p h y r i n l i g a n d . T h e b i o l o g i c a l a p p l i c a t i o n o f t h i s w o r k , w h i l e n e c e s s a r i l y 
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u n r e a l i z e d , s h o w s i n t e r e s t i n g in vitro r e s u l t s w i t h r e s p e c t t o t h e D N A b i n d i n g a n d 

r a d i o s e n s i t i z a t i o n e x p e r i m e n t s . 
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Chapter 2: Experimental Section for the Synthetic Inorganic and Organic Chemistry 

2.1 Reagents 

P y r r o l e a n d 4 - p y r i d i n e c a r b o x a l d e h y d e w e r e p u r c h a s e d f r o m A l d r i c h . T h e p y r r o l e 

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

s u p p l i e d b y J o h n s o n M a t t h e y L t d . a s R u C l 3 - x H 2 0 ^ ( 4 1 . 9 1 % R u ) . L i N ( S i M e 3 ) 2 w a s k i n d l y 

d o n a t e d b y P r o f . M i c h a e l F r y z u k ' s g r o u p i n t h i s d e p a r t m e n t . H e x a n e s w e r e d r i e d o v e r 

s o d i u m b e n z o p h e n o n e k e t y l u n d e r a r g o n , a n d D M F w a s d r i e d o v e r 4 A m o l e c u l a r s i e v e s . A l l 

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

d r y i n g , e x c e p t w h e r e m e n t i o n e d . W a t e r w a s d i s t i l l e d a n d d e i o n i s e d b e f o r e u s e . 1 3 C O w a s 

p u r c h a s e d f r o m C a m b r i d g e I s o t o p e L a b o r a t o r i e s . S i l i c a g e l ( g r a d e 6 0 , 2 3 0 - 4 0 0 m e s h ) w a s 

p u r c h a s e d f r o m B D H , a n d a l u m i n a ( n e u t r a l , B r o c k m a n a c t i v i t y I ) w a s p u r c h a s e d f r o m F i s h e r 

c h e m i c a l s . C e l i t e 5 4 5 w a s s u p p l i e d b y F i s h e r C h e m i c a l s a n d g r a n u l a r S n ( 3 0 m e s h ) w a s 

s u p p l i e d b y M a l l i n c k r o d t . M o l e c u l a r p o r o u s m e m b r a n e t u b i n g ( m o l e c u l a r w e i g h t c u t o f f = 

1 , 0 0 0 g m o l " 1 ) w a s p u r c h a s e d f r o m S p e c t r a / P o r . 

2.2 Physical Techniques and Methods 

* H N M R s p e c t r a w e r e r e c o r d e d a t r o o m t e m p e r a t u r e , e x c e p t w h e r e m e n t i o n e d , o n 

V a r i a n X L - 3 0 0 o r B r u k e r A M X - 5 0 0 i n s t r u m e n t s o p e r a t i n g a t 3 0 0 . 1 2 a n d 5 0 0 . 1 3 M H z 

r e s p e c t i v e l y ; t h e h i g h p r e s s u r e * H N M R e x p e r i m e n t w a s c a r r i e d o u t i n a s a p p h i r e N M R t u b e 

( s e e S e c t i o n 3 . 4 ) . ^ C ^ H } N M R s p e c t r a w e r e r e c o r d e d a t r o o m t e m p e r a t u r e o n t h e V a r i a n 

i n s t r u m e n t o p e r a t i n g a t 7 5 . 1 M H z . * H N M R s p e c t r a w e r e r e f e r e n c e d t o i n t e r n a l 

D 3 C S O C D 2 / / ( p r e s e n t i n < f 6 - D M S O ) a t 2 . 4 9 p p m , a n d l3C{lH} N M R s p e c t r a t o i n t e r n a l 

D 3 C S O C D 3 a t 3 9 . 5 p p m w i t h r e s p e c t t o T M S a t 0 . 0 p p m . d 6 - D M S O w a s d i s t i l l e d f r o m 

CaH2 a n d w a s d e g a s s e d b y t h r e e f r e e z e - p u m p - t h a w c y c l e s . I n f r a r e d s p e c t r a w e r e r e c o r d e d 

t The samples approximate to a trihydrate composition. 
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o n a n A T I M a t t s o n G e n e s i s S e r i e s F T I R s p e c t r o p h o t o m e t e r a s K B r d i s c s o r a s s o l u t i o n s 

b e t w e e n N a C l d i s c s , a n d U V / v i s i b l e s p e c t r a w e r e r e c o r d e d a t r o o m t e m p e r a t u r e , e x c e p t 

w h e r e m e n t i o n e d , o n a H e w l e t t P a c k a r d 8 4 5 2 A D i o d e A r r a y s p e c t r o p h o t o m e t e r w i t h 0 . 1 c m 

a n d 1 c m q u a r t z c e l l s . U V / v i s i b l e d a t a f o r t h e f r e e b a s e p o r p h y r i n s a n d t h e 

m e t a l l o p o r p h y r i n s a r e r e p o r t e d i n T a b l e 2.1. E l e m e n t a l a n a l y s e s ( C , H , N ) w e r e p e r f o r m e d 

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

m e m b r a n e . T y p i c a l l y a l e n g t h o f t u b i n g ( 1 0 c m l o n g ) w a s c h a r g e d w i t h a n a q u e o u s s o l u t i o n 

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

o f d i s t i l l e d w a t e r ( 2 L ) . A f t e r 2 h o u r s o f b e i n g s t i r r e d , t h e w a t e r w a s r e p l a c e d b y a f r e s h 

v o l u m e a n d s t i r r i n g w a s c o n t i n u e d f o r a f u r t h e r 2 h o u r s . A f t e r d i a l y s i s , t h e s o l u t i o n i n s i d e 

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

m e a n s o f a 4 5 0 W a t t H a n o v i a m e r c u r y v a p o u r l a m p ( F i s h e r C o . ) , a s d e s c r i b e d b y e a r l i e r 

w o r k f r o m t h i s l a b o r a t o r y . 1 

2.3 Syntheses of the Free-Base Porphyrins 

2.3.1 Syntheses of H 2 (TPP),H 2 (TPyP) and H 2 (TMPyP ) 4 + t 

T h e p o r p h y r i n s H 2 ( T P P ) 2 , H 2 ( T P y P ) 2 a n d H 2 ( T M P y P ) 4 + 2 - 3 w e r e p r e p a r e d e x a c t l y 

a c c o r d i n g t o t h e l i t e r a t u r e p r o c e d u r e s . H 2 ( T P P ) a n d H 2 ( T M P y P ) 4 + w e r e k i n d l y d o n a t e d b y 

G . M e n g a n d b y J . R a v e n s b e r g e n , r e s p e c t i v e l y . I n s o m e o f t h e p r e p a r a t i o n s , t h e c r u d e 

H 2 ( T P P ) w a s p u r i f i e d b y c o l u m n c h r o m a t o g r a p h y o n s i l i c a g e l u s i n g CHCI3 a s t h e e l u e n t . 4 b 

T h e U V / v i s i b l e d a t a f o r t h e f r e e b a s e p o r p h y r i n s a r e g i v e n i n T a b l e 2.1 ( p a g e 2 7 ) . T h e N M R 

d a t a f o r H 2 ( T P P ) , H 2 ( T P y P ) a n d H 2 ( T M P y P ) 4 + a g r e e w e l l w i t h t h o s e i n t h e l i t e r a t u r e 4 b ' 5 

T h e e l e m e n t a l a n a l y s i s f o r H 2 ( T P y P ) ( F o u n d ( c a l c d ) : C , 7 6 . 7 6 ( 7 7 . 6 5 ) ; H 4 . 6 3 , ( 4 . 2 4 ) ; 

N 1 6 . 6 0 ( 1 8 . 1 1 ) ) i n d i c a t e d t h a t t h e c o m p o u n d w a s n o t q u i t e p u r e ; f u r t h e r p u r i f i c a t i o n w a s n o t 

t For convenience, this tetratosylate salt is sometimes written as H 2 ( T M P y P ) 4 + . 
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a t t e m p t e d b e c a u s e t h e p o r p h y r i n w a s t o b e u s e d i n s e v e r a l N M R s c a l e r e a c t i o n s ( s e e S e c t i o n s 

2.5.2 a n d 3.5) i n w h i c h a n a l y t i c a l p u r i t y w a s c o n s i d e r e d n o t t o b e v i t a l . 

2.3.2 Synthesis of Na4[H2(TSPP)]t 

T h e s y n t h e s i s o f N a 4 [ H . 2 ( T S P P ) ] w a s b a s e d o n a l i t e r a t u r e p r o c e d u r e 6 w h i c h h a d b e e n 

m o d i f i e d a n d d e s c r i b e d e a r l i e r . 4 a ' 7 H 2 ( T P P ) ( 0 . 5 0 0 g , 0 . 8 1 9 m m o l ) w a s m i x e d w i t h 

c o n c e n t r a t e d s u l f u r i c a c i d ( 1 0 m L ) t o g i v e a g r e e n s l u r r y . T h e r e a c t i o n m i x t u r e w a s h e a t e d i n 

a n o i l - b a t h a t 1 0 0 - 1 1 0 ° C f o r 1 2 h o u r s . A f t e r t h e r e a c t i o n m i x t u r e h a d c o o l e d t o r o o m 

t e m p e r a t u r e , i c e - c o l d w a t e r ( 5 0 m L ) w a s a d d e d s l o w l y . T h e m i x t u r e w a s c o o l e d b y a n i c e -

b a t h a n d w a s c a r e f u l l y n e u t r a l i z e d w i t h c o n c e n t r a t e d N a O H a n d d i l u t e N a 2 C 0 3 t o p H = 8 - 9 . 

U p o n n e u t r a l i z a t i o n t h e g r e e n s o l u t i o n t u r n e d t o a d a r k p u r p l e s o l u t i o n . T h e s o l u t i o n w a s 

c o n c e n t r a t e d b y e v a c u a t i o n a t r o o m t e m p e r a t u r e ( 2 0 m L ) a n d c o o l e d i n a n i c e - b a t h ( t h e 

p r e c i p i t a t e t h a t f o r m e d w a s m a i n l y N a 2 S 0 4 ) . M e t h a n o l ( 2 5 0 m L ) w a s a d d e d t o t h e m i x t u r e 

a n d t h i s w a s t h e n f i l t e r e d t h r o u g h a l a y e r o f C e l i t e t o r e m o v e t h e s a l t s . T h e f i l t r a t i o n w a s 

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

r e d i s s o l v e d i n m e t h a n o l ( 1 0 0 m L ) . T h e r e m a i n i n g d a r k r e s i d u e ( m a i n l y i n o r g a n i c s a l t s w i t h 

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

r e p r e c i p i t a t e d w i t h m e t h a n o l ( 5 0 m L ) a n d t h e n f i l t e r e d . T h e m e t h a n o l s o l u t i o n s w e r e 

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

c o l l e c t e d , a n d d r i e d u n d e r v a c u u m a t 1 0 0 ° C o v e r n i g h t t o g i v e t h e c r u d e p r o d u c t . 

T h e c r u d e p r o d u c t w a s d i s s o l v e d i n m e t h a n o l ( 4 5 m L ) , a n d t h e s o l u t i o n w a s f i l t e r e d . 

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

w i t h m e t h a n o l ( 5 0 m L ) a n d t h e n f i l t e r e d . ) T o t h e f i l t r a t e , a c e t o n e ( 2 0 0 m L , d r i e d o v e r 4 A 

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

d r i e d . T h i s m e t h a n o l - a c e t o n e r e p r e c i p i t a t i o n p r o c e d u r e w a s r e p e a t e d t w o m o r e t i m e s . T h e 

f For convenience, this tetrasodium salt is sometimes written as H2(TSPP) 4 \ 
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p u r p l e p r o d u c t w a s t h e n d i s s o l v e d i n w a t e r , t h e s o l v e n t w a s t h e n r e m o v e d a n d t h e f i n a l ( l e s s 

h y g r o s c o p i c ) p r o d u c t w a s c o l l e c t e d a n d d r i e d a t 1 0 0 ° C in vacuo ( 0 . 6 2 4 g , 7 5 % y i e l d ) . A n a l . 

C a l c d f o r C44H32N4Na40i5S4 ( i . e . N a 4 [ H 2 ( T S P P ) ] - 3 H 2 0 ) : C , 4 9 . 0 7 ; H , 2 . 9 9 ; N, 5 . 2 0 . 

F o u n d : C , 4 9 . 2 0 ; H , 2 . 9 7 ; N, 5 . 1 8 . lH NMR ( 4 - D M S O , 3 0 0 M H z ) 8 8 . 8 8 ( s , 8 H , p y r r o l e -

H ) , 8 . 1 7 ( d , 8 H , m - C ^ S G r ) , 8 . 0 3 ( d , 8 H , O - Q ^ S G T ) , - 2 . 9 5 ( s , 2 H , NH). U V / v i s i b l e 

d a t a a r e g i v e n i n T a b l e 2.1. 

2.4 Preparation of the Ruthenium Precursor Complexes 

2.4.1 Ru3(CO)i2 

C r u d e R u 3 ( C O ) i 2 w a s p r e p a r e d a c c o r d i n g t o a l i t e r a t u r e p r o c e d u r e 8 , a n d w a s k i n d l y 

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

a l u m i n a w i t h C H 2 C 1 2 e l u e n t . T h e C H 2 C 1 2 w a s r e m o v e d t o l e a v e a n o r a n g e c r y s t a l l i n e 

m a t e r i a l w h i c h g a v e a n i n f r a r e d s p e c t r u m t h a t a g r e e d w i t h t h e l i t e r a t u r e d a t a . 8 

2.4.2 Cw-RuCl2(DMSO)4 

C w - R u C l 2 ( D M S O ) 4 w a s p r e p a r e d a c c o r d i n g t o a l i t e r a t u r e p r o c e d u r e 9 a n d w a s k i n d l y 

d o n a t e d b y D . Y a p p . 

2.4.3 [Ru(DMF)6](OTf)3 

T h e [ R u ( D M F ) 6 ] ( O T f ) 3 w a s p r e p a r e d f o l l o w i n g a m o d i f i e d l i t e r a t u r e p r o c e d u r e . 1 0 A 

s o l u t i o n o f R u C l 3 - 3 H 2 0 ( 2 . 0 0 g , 9 . 8 8 m m o l ) i n D M F ( 1 2 0 m L ) w i t h S n g r a n u l e s ( 7 . 0 g , 

5 . 9 0 x 1 0 " 2 m o l ) w a s v i g o r o u s l y s t i r r e d a t a m b i e n t t e m p e r a t u r e u n d e r n i t r o g e n . T h e s o l u t i o n 

t u r n e d f r o m d a r k - b r o w n , t h r o u g h r e d - b r o w n a n d g r e e n t o b l u e . P b ( O T f ) 2 ( 6 . 5 0 g , 

1 2 . 9 m m o l ) w a s a d d e d t o t h e b l u e s o l u t i o n . T h e m i x t u r e w a s s t i r r e d a t 5 0 ° C f o r 2 h o u r s , 

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

r e m o v e u n r e a c t e d S n a n d w a s c o n c e n t r a t e d o n a r o t a r y e v a p o r a t o r t o 2 0 m L ( t e m p e r a t u r e 

< 6 5 ° C ) . C H 2 C 1 2 ( 3 0 0 m L ) w a s a d d e d , a n d t h i s m i x t u r e w a s t h e n s t i r r e d i n a i r a t r o o m 
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t e m p e r a t u r e o v e r n i g h t . T h e s o l u t i o n w a s f i l t e r e d t h r o u g h a l a y e r o f C e l i t e a n d t h e PbCl2 

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

w e r e c o l l e c t e d . CH2CI2 w a s r e m o v e d o n t h e r o t a r y e v a p o r a t o r . T o t h e m i x t u r e a t r o o m 

t e m p e r a t u r e w a s a d d e d 1 , 2 - C 2 H 4 C 1 2 ( 4 0 m L ) , a f t e r w h i c h t h e s o l u t i o n w a s c o o l e d t o 4 ° C t o 

g i v e a y e l l o w p r e c i p i t a t e . T h e p r e c i p i t a t e w a s r e c o v e r e d o n a f r i t , r e d i s s o l v e d i n C H 2 O 2 , t h e 

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

p r e c i p i t a t e w a s s h a k e n w i t h n - p e n t a n o l ( 5 m L ) , r e c o v e r e d o n a f r i t , w a s h e d w i t h E t 2 0 

( 5 0 m L ) , a n d d r i e d in vacuo ( 1 . 7 8 g , 2 1 % y i e l d ) . A n a l . C a l c d . f o r C21H42F9N6O15RUS3: 

C , 2 5 . 5 6 ; H , 4 . 2 9 ; N , 8 . 5 2 . F o u n d : C , 2 5 . 4 6 ; H , 4 . 3 4 ; N , 8 . 4 6 . 

Synthesis of Pb(OTf)2 

C F 3 S O 3 H ( 1 1 m L , 0 . 1 2 4 m o l ) w a s a d d e d d r o p w i s e w i t h s t i r r i n g t o P b C C » 3 ( 5 . 5 0 g , 

2 0 . 6 m m o l ) . T h e m i x t u r e w a s t h e n l e f t f o r 2 0 m i n u t e s a n d E t 2 0 ( 8 0 m L ) w a s a d d e d . T h e 

w h i t e s l u r r y w a s f i l t e r e d a n d t h e w h i t e s o l i d w a s w a s h e d w i t h Et20 ( 1 0 0 m L ) a n d d r i e d in 

vacuo ( 8 . 2 0 g , 8 0 % y i e l d ) . 

2.5 Metallation Reactions 

2.5.1 Synthesis of Na4[Ru(TSPP)(CO)(DMF)]t (1) 

Method (a) 

T o a s l u r r y o f H 2 ( T S P P ) 4 " ( 0 . 2 0 0 g , 0 . 1 9 6 m m o l ) i n D M F ( 1 3 0 m L , d r i e d o v e r 4A 

s i e v e s ) w a s a d d e d R u 3 ( C O ) i 2 ( 0 . 1 2 5 g , 0 . 1 9 6 m m o l ) . T h e d a r k p u r p l e s o l u t i o n w a s r e f l u x e d 

u n d e r n i t r o g e n f o r 2 - 3 w e e k s . T h e r e s u l t i n g d a r k r e d s o l u t i o n w a s f i l t e r e d t h r o u g h C e l i t e t o 

r e m o v e a n y p r e c i p i t a t e d m e t a l l i c R u . T h e s o l v e n t w a s t h e n r e m o v e d o n t h e r o t a r y e v a p o r a t o r 

a n d t h e d a r k p u r p l e r e s i d u e w a s d i s s o l v e d i n a m i n i m u m a m o u n t o f w a t e r ( 5 m L ) a n d d i a l y s i s 

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

t For convenience, the tetrasodium salt is sometimes written as Ru(TSPP)(CO)(DMF) 4". 
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r e s i d u e w a s d r i e d a t 1 0 0 ° C in vacuo ( 0 . 2 1 4 g , 9 6 % y i e l d ) . A n a l . C a l c d . f o r 

C 4 5 H 3 6 N 4 N a 4 0 i 9 R u S 4 ( i . e . N a 4 [ R u ( T S P P ) ( C O ) ( D M F ) ] - 6 H 2 0 ) : C , 4 2 . 9 6 ; H , 2 . 8 8 ; N , 4 . 4 5 . 

F o u n d C , 4 2 . 8 1 ; H , 2 . 5 8 ; N . 4 . 9 8 . X H N M R ( 4 - D M S O , 3 0 0 M H z ) 8 8 . 5 5 ( s , 8 H , p y r r o l e - H ) , 

8 . 1 3 ( m , 8 H , m - C ^ S G r ) , 8 . 0 1 ( m , 8 H , 0-C6//4SO3-), - 2 . 3 0 ( s , 1 H , b o u n d - C ( O ) N H ) , - 3 . 1 7 

a n d - 3 . 1 9 ( s , 3 H , b o u n d - N ( C / Y 3 ) ( C / / ' 3 ) , ( s e e S e c t i o n 3.3.1). I R ( K B r d i s c ) v C o 2 0 2 7 , 1 9 7 1 , 

1 9 2 9 c n r 1 . U V / v i s i b l e d a t a a r e g i v e n i n T a b l e 2.1. 

Method (b) 

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

m a t e r i a l i s l i g h t - s e n s i t i v e . A s l u r r y o f H 2 ( T S P P ) 4 " ( 0 . 2 1 0 g , 0 . 2 0 5 m m o l ) i n D M F ( 8 0 m L ) 

w a s h e a t e d t o 5 0 ° C a n d a b r i g h t y e l l o w s o l u t i o n o f [ R u ( D M F ) 6 ] ( O T f ) 3 ( 0 . 6 1 4 g , 

0 . 6 2 2 m m o l ) i n D M F ( 2 0 m L ) w a s a d d e d . T h e r e s u l t i n g d a r k p u r p l e s o l u t i o n w a s t h e n 

h e a t e d t o r e f l u x u n d e r a n a t m o s p h e r e o f n i t r o g e n f o r 3 h o u r s . T h e r e s u l t i n g d a r k r e d s o l u t i o n 

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

c o n c e n t r a t e d t o 1 0 m L b y e v a p o r a t i o n . A c e t o n e ( 1 0 m L ) w a s a d d e d a n d a d a r k r e d 

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

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

c o n c e n t r a t e d t o d r y n e s s . T h e r e s u l t i n g d a r k r e d r e s i d u e w a s r e d i s s o l v e d i n D M F ( 5 m L ) a n d 

t h e p r o d u c t w a s p r e c i p i t a t e d u s i n g C H 2 C 1 2 ( 5 m L ) . T h e c r u d e p r o d u c t s w e r e t h e n c o m b i n e d 

a n d d r i e d in vacuo a t 1 0 0 ° C . T h e p u r p l e c o m p o u n d w a s r e d i s s o l v e d i n a m i n i m u m o f h o t 

D M F ( 5 - 1 0 m L ) a n d t h e n w a s f i l t e r e d t h r o u g h a l a y e r o f C e l i t e , t o r e m o v e a n y i n s o l u b l e 

i m p u r i t i e s . T h e p r o d u c t w a s p r e c i p i t a t e d w i t h t w o v o l u m e s o f C H 2 C 1 2 ( 5 - 1 0 m L ) a n d 

c o l l e c t e d o n a f r i t . T h e p u r p l e p r o d u c t s w e r e t h e n c o m b i n e d a n d d r i e d o v e r n i g h t a t 1 0 0 ° C in 

vacuo ( 0 . 0 5 9 g , 2 5 % y i e l d ) . I s o l a t e d c r y s t a l s w e r e s u b m i t t e d f o r X - r a y c r y s t a l l o g r a p h i c 

a n a l y s i s b u t w e r e f o u n d t o b e t w i n n e d . A n a l . C a l c d f o r C 5 4 H 4 9 N 7 N a 4 0 i s R u S 4 ( i . e . 

N a 4 [ R u ( T S P P ) ( C O ) ( D M F ) ] - 2 D M F - 2 H 2 0 ) : C , 4 6 . 1 5 ; H , 3 . 5 1 ; N , 6 . 9 8 . F o u n d : C , 4 6 . 1 1 ; H , 

3 . 7 5 ; N , 7 . 3 3 . * H N M R ( d 6 - D M S O , 3 0 0 M H z ) 8 8 . 5 5 ( s , 8 H , p y r r o l e - H ) , 8 . 1 3 ( m , 8 H , m -
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C6W4SO3-), 8 . 0 1 ( m , 8 H , o-C6H4SOy), - 2 . 3 0 ( s , 1 H , b o u n d - C ( O ) N t f ) , - 3 . 1 7 a n d - 3 . 1 9 ( s , 

3 H , b o u n d - N ( C / / 3 ) ( a / ' 3 ) , 7 . 9 9 ( s , 2 H , f r e e - C ( O ) N t f ) , 2 . 9 0 a n d 2 . 7 0 ( s , 3 H , f r e e -

N ( C / / 3 ) ( 0 / ' 3 ) ; ! H N M R ( d 6 - D M S O , 5 0 0 M H z ) 8 8 . 5 5 ( s , 8 H , p y r r o l e - H ) , 8 . 1 4 ( d , 4 H , 7 H H ' 

= 7 . 8 H z , m - C f s / ^ S C V ) , 8 . 0 3 ( d , 4 H , 7 H H ' = 7 . 8 H z , m-C^SOy), 7 . 9 9 ( o v e r l a p p i n g d d , 

8 H , JHU' = 7 . 1 H z , 0-C5//4SO3-); 1 3 C ( ! H ) ( J 6 - D M S O , 7 5 M H z ) 1 7 9 . 8 ( s , CO),* 1 4 7 . 4 ( s , 

C a ) , 1 4 3 . 1 ( s , C i ) , 1 4 2 . 0 ( s , C 4 ) , 1 3 3 . 1 ( s , C 2 / C 6 ) , 1 3 1 . 6 ( s , C p ) , 1 2 3 . 9 ( s , C3/C5), 1 2 1 . 2 ( s , 

Cmeso) ( s e e S e c t i o n 3 . 4 , F i g . 3 . 4 a n d A p p e n d i x II). I R ( K B r d i s c ) vco 2 0 3 5 , 1 9 5 9 , 1 9 2 4 

c m " 1 ( s e e a p p e n d i x I); ( D M S O ) 1 9 1 3 c m " 1 . U V / v i s i b l e d a t a a r e g i v e n i n T a b l e 2 . 1 . 

2.5.2 Reaction of [Ru(DMF) 6](OTf) 3 with H 2(TPyP) 

T o a s l u r r y o f H 2 ( T P y P ) ( 0 . 0 0 5 g , 8 . 0 8 x I O " 6 m o l ) i n D M F ( 7 m L ) w a s a d d e d a 

b r i g h t y e l l o w s o l u t i o n o f [ R u ( D M F ) 6 ] ( O T f ) 3 ( 0 . 0 2 7 g , 2 . 7 4 x 1 0 " 5 m o l ) i n D M F ( 2 m L ) . T h e 

s o l u t i o n w a s h e a t e d t o r e f l u x u n d e r a n a t m o s p h e r e o f n i t r o g e n f o r 2 4 h o u r s . T h e r e s u l t i n g 

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

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

U V / v i s i b l e s p e c t r u m w a s t a k e n o f t h e in-situ p r o d u c t ( s e e T a b l e 2 . 1 ) . 

2.5.3 Reaction of [Ru(DMF) 6](OTf) 3 with ^ ( T M P y P ) ^ 

T h e s a m e m e t h o d w a s u s e d a s f o r t h e p r e v i o u s e x p e r i m e n t b u t u s i n g i n s t e a d 

H 2 ( T M P y P ) 4 + ( 0 . 0 0 5 g , 3 . 6 7 x 1 0 " 6 m o l ) w i t h [ R u ( D M F ) 6 ] ( O T f ) 3 ( 0 . 0 1 1 g , 1 . 1 1 x 1 0 " 5 m o l ) 

i n D M F ( 1 0 m L ) . T h e c h e r r y r e d s o l u t i o n w a s h e a t e d t o r e f l u x o v e r n i g h t . T h e r e s u l t i n g d a r k 

r e d / b r o w n s o l u t i o n w a s f i l t e r e d t o r e m o v e a n y p r e c i p i t a t e d m e t a l l i c R u a n d a U V / v i s i b l e 

s p e c t r u m w a s t a k e n o f t h e in-situ p r o d u c t ( s e e T a b l e 2 . 1 ) . T h e ! H N M R s p e c t r u m s h o w e d 

t h e d i s a p p e a r a n c e o f t h e p y r r o l e N - H p e a k o f t h e f r e e - b a s e p o r p h y r i n ( s e e S e c t i o n 3.5) b u t 

f u r t h e r c h a r a c t e r i z a t i o n w a s n o t c a r r i e d o u t . 

* Value measured for a 1 3 C O enriched sample (see Section 3.4). 
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2.5.4 Reaction of [Ru(DMF)6](OTf)3 with H2(TPP) 

T h e s a m e m e t h o d w a s u s e d a s i n S e c t i o n 2.5.2 b u t u s i n g i n s t e a d H 2 ( T P P ) ( 0 . 0 0 6 g , 

1 . 0 1 x I O " 5 m o l ) w i t h [ R u ( D M F ) 6 ] ( O T f ) 3 ( 0 . 0 3 0 g , 3 . 0 3 x 1 0 " 5 m o l ) i n D M F ( 2 . 5 m L ) . T h e 

d a r k p u r p l e s o l u t i o n w a s h e a t e d t o r e f l u x o v e r n i g h t a n d a U V / v i s i b l e s p e c t r u m w a s t a k e n o f 

t h e in-situ p r o d u c t ( s e e T a b l e 2.1). 

2.6 Synthesis of Na4[Ru(TSPP)(DMSO)2]t (2) 

(a) Photolysis 

N a 4 [ R u ( T S P P ) ( C O ) ( D M F ) ] - 2 D M F - 2 H 2 0 ( 0 . 0 6 0 g , 5 . 2 2 m m o l ) w a s d i s s o l v e d i n 

D M S O ( 3 0 m L ) , b y w a r m i n g a n d s o n i c a t i n g t h e m i x t u r e . T h e s o l u t i o n w a s t h e n s y r i n g e d 

i n t o a c o o l e d p h o t o l y s i s c e l l a n d w a s p h o t o l y z e d f o r 4 1 - 4 8 h o u r s , u n d e r a s t r e a m o f a r g o n . 

T h e s o l u t i o n w a s c o n c e n t r a t e d u n d e r v a c u u m ( 2 m L ) , a n d t h e p r o d u c t w a s t h e n p r e c i p i t a t e d 

f r o m t h e i c e - c o o l e d s o l u t i o n b y t h e a d d i t i o n o f a c e t o n e ( 5 m L , d r i e d o v e r 4A s i e v e s ) . T h e 

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

o f D M S O ( 2 m L ) . T h e s o l v e n t w a s t h e n r e m o v e d in vacuo. T h e d a r k p u r p l e p r o d u c t w a s 

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

w a s p r o t e c t e d f r o m a t m o s p h e r i c m o i s t u r e ) . T h e d a r k p u r p l e c r y s t a l l i n e p r o d u c t w a s t h e n 

d r i e d o v e r n i g h t a t 1 0 0 ° C in vacuo ( 0 . 0 5 0 g , 7 4 % y i e l d ) . I s o l a t e d c r y s t a l s w e r e s u b m i t t e d 

f o r X - r a y c r y s t a l l o g r a p h i c a n a l y s i s b u t w e r e f o u n d t o b e t w i n n e d . A n a l . C a l c d f o r 

C 4 8 H 6 6 N 4 N a 4 0 2 9 R u S 6 ( i . e . N a 4 [ R u ( T S P P ) ( D M S O ) 2 ] 1 5 H 2 0 ) : C, 3 7 . 2 3 ; H , 4 . 3 0 ; N , 3 . 6 2 . 

F o u n d : C, 3 7 . 0 7 ; H , 4 . 3 5 ; N , 3 . 6 7 . *H N M R ( 4 - D M S O , 3 0 0 M H z ) 8 8 . 4 0 ( s , 8 H , p y r r o l e -

H ) , 8 . 0 2 ( d , 8 H , 7 H H ' = 7 . 5 H z , m -C^SOa ' ) , 7 . 9 8 ( d , 8 H , 7 H H ' = 7 . 5 H z , o-C^SOy), 3 . 3 4 

( b r s , 3 0 H , H 2 0 ) ; lH N M R ( D 2 0 , 5 0 0 M H z ) 8 8 . 6 0 ( s , 8 H , p y r r o l e - H ) , 8 . 2 3 ( d , 8 H , / H H ' = 

7 . 5 H z , m - C 6 # 4 S 0 3 - ) , 8 . 0 8 ( d , 8 H , 7 H H ' = 7 . 5 H z , 0-C6//4SO3-), - 1 . 6 5 ( s , 1 2 H , b o u n d -

t For convenience, the tetrasodium salt is sometimes written as Ru(TSPP)(DMSO)2 4". 
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O S ( C # 3 ) 2 ) ( s e e S e c t i o n 3.6.1). I R ( D M S O ) v S o 1 0 0 6 c m " 1 . U V / v i s i b l e d a t a a r e g i v e n i n 

T a b l e 2.1. 

( b ) T h e r m o l y s i s 

N a 4 [ R u C T S P P ) ( C O ) ( D M F ) ] - 2 D M F - 2 H 2 0 ( 0 . 0 0 5 g , 4 . 3 5 x 1 0 " 6 m o l ) i n d6-

D M S O ( 0 . 6 m L ) i n a n N M R t u b e w a s h e a t e d i n a n o i l - b a t h t o 1 2 0 - 1 3 0 ° C f o r 5 0 h o u r s . T h e 

N M R s p e c t r u m s h o w e d t h a t t h e r e a c t i o n h a d g o n e t o c o m p l e t i o n ( s e e S e c t i o n 3.6.2); t h e 

b i s - ^ - D M S O c o m p o u n d h a d m o s t p r o b a b l y b e e n f o r m e d b e c a u s e t h e in situ ! H N M R 

s p e c t r u m w a s i d e n t i c a l t o t h a t g i v e n a b o v e i n ( a ) . 
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Table 2.1: UV/visible data for the free-base porphyrins and the ruthenium(II) porphyrins 

Compound Soret [nm (log £)] Q Band(s) [nm (log e)] 

H 2 ( T S P P ) 4 " a 414 (5.59) 516 (4.06), 552 (3.63), 580 (3.61), 

634 (3.25) 

H 2 ( T M P y P ) 4 + b 419 (5.39) 515 (4.17), 553 (3.81), 586 (3.81) 

H 2 (TPyP)c 416 512, 544, 584, 644 

H 2 ( T P P ) d 417 (5.63) 514 (4.25), 549 (3.88), 591 (3.83), 

650 (3.79) 

Ru(TSPP)(CO)(DMF) 4 " e 412 (5.37) 530 (4.27) 

R u ( T S P P ) ( C O ) ( D M F ) 4 - « ' 414 534 

R u ( T S P P ) ( D M S O ) 2

4 " f 412 (5.37) 516(2.89) 

"Ru(TMPyP)" 8 420 534 

"Ru(TPyP)" 8 430 544,588 sh 

"Ru(TPP)" g 412 530, 564 sh 

a. In H 2 0 ; 1.30 x lO"^ mol L " 1 ; the data are in excellent agreement with those in the literature. 4 a ' 1 

b. In H 2 0 ; 10"5 mol L 1 ; the data are in excellent agreement with those in the literature.5 

c. In D M F ; the data are in excellent agreement with those in the literature4 b (the £ values are not given because 

the compound was impure). 

d. In CHCI3; 1 x 10"5 mol L " 1 ; the data are in excellent agreement with the literature.4 b 

e. In H 2 O ; 10-6-10"5 mol L " 1 ; the data correspond to those of Ru(TSPP)(CO)(DMF)*- prepared by method (a) 

and method (b) (see Section 2.5.1). 

e'. In situ in D M F ; the data correspond to those of Ru(TSPP)(CO)(DMF) 4" prepared by method (a) and method 

(b) (see Section 2.5.1). 

f. I n H 2 0 ; l O ^ - l O ^ m o l L " 1 . 

g. In situ (see Sections 2.5.2,2.5.3 and 2.5.4); the nature of the species (including axial ligands) is unknown 

(see Section 3.5). 
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3.1 General Background 

P o r p h y r i n s a r e a r o m a t i c m a c r o c y c l e s c o n t a i n i n g a c o n j u g a t e d s y s t e m o f 1 8 K 

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

q u a d r i d e n t a t e , a n i o n i c i m i n e l i g a n d s t h a t a r e v e r y c o m m o n i n c o o r d i n a t i o n c h e m i s t r y ; o t h e r 

e x a m p l e s i n c l u d e t h e p h t h a l o c y a n i n e a n d b i s - d i m e t h y l g l y o x i m e l i g a n d s . 1 T h e c a r b o n a t o m s 

i n t h e p o r p h y r i n c o r e a r e s y s t e m a t i c a l l y n u m b e r e d 1 - 2 0 ( F i g . 3.1). T h e f o u r c a r b o n a t o m s 

b e t w e e n t h e p y r r o l e s t r u c t u r e s , a r e n u m b e r e d 5 , 1 0 , 1 5 a n d 2 0 a n d a r e s a i d t o b e i n t h e meso-

p o s i t i o n . 2 

F i g u r e 3.1: G e n e r a l i z e d p o r p h y r i n s t r u c t u r e . 

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

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

m e t a l c o m p l e x o f t w o a m i d e , R2N-, a n d t w o i m i n e l i g a n d s , g i v i n g a t o t a l e l e c t r o n c o u n t o f 

e i g h t e l e c t r o n s d o n a t e d b y t h e l i g a n d . 1 P o r p h y r i n s h a v e b e e n f o u n d t o b i n d t o a l l c o m m o n 

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

r a t h e r h a p h a z a r d . A d i r e c t e d , r a t i o n a l s y n t h e s i s o f e a r l y t r a n s i t i o n - m e t a l p o r p h y r i n s h a s 
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recently appeared in the literature which uses the alkali-metal porphyrins, Li2(OEP)(THF)4 

and Na2(OEP)(THF)4 as metathesis reagents for SCCI3 and ZrCLt-3"5 

3.2 Ruthenium Metalloporphyrins 

The first ruthenium metalloporphyrin was synthesized in 1969 and reported as 

[Ru(TPP)Cl(CO)],6 although the correct oxidation state of the Ru and formulation of the 

complex as Ru(TPP)CO was not discovered until two years later.7 Currently, almost all 

synthetic methods for the insertion of Ru into porphyrins are based on modifications of the 

original procedures.6"8 These all produce stable Ru(II) carbonyl complexes, which are 

formed by the interaction of the free base porphyrin, H.2(porphyrin), with the ruthenium 

precursors Ru3(CO)i 2 , RUCI33H2O or [RuCl2(CO)3]2, either in the presence or the absence 

of a CO atmosphere. The thermolysis of Ru3(CO)i2 in the presence of a porphyrin is the 

most common method of synthesis. However the mechanism of the reaction which involves 

an oxidation of Ru(0) to Ru(JJ) is unclear. 

The synthetic aim of this work was to metallate water-soluble porphyrins with 

ruthenium. A variety of porphyrins incorporating hydrophilic moieties may be routinely 

prepared: e.g. H2(TSPP)4_ is prepared by electrophilic aromatic substitution of H2(TPP). The 

water-soluble porphyrins used here are H2(TSPP)4_ and H2(TMPyP)4+ as shown in Figure 

3.2, and are prepared as their sodium and tosylate salts, respectively. The free-base 

porphyrin, H2(TSPP) 4 " , synthesized in this work, corresponded to the formula 

Na4[H2(TSPP)]-3H20 which differed from a literature formulation of Na4[H2(TSPP)]10H2O 

for work from this group.9 Also the Soret and Q bands in the UV/visible spectrum for the 

trihydrate (Table 2.1) compared to those of the literature compound9 are each red-shifted by 

3 nm. There is only one preparation known in the literature1031 involving the formation of a 

f Ru(II) porphyrins that are soluble in organic solvents have been made soluble in aqueous media by subsequent 
chemical reaction.10b 
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water-soluble Ru porphyrin: the metallation of H2(TSPP) 4" with Ru3(CO)i2, which was 

repeated for comparison purposes. 

r - 0 r - - , 

Tetrasulfonatophenylporphyrin Tetramethylpyridiniumporphyrin 
H 2(TSPP) 4- H^TMPyP) 4* 

Figure 3.2: Water-soluble porphyrins. 

3.3 Syntheses of Water-Soluble Ru Porphyrins 

3.3.1 Ru3(CO)i2 precursor 

The reported preparation 1 0 involved the reaction of Ru3(CO)] 2 with 

Na4[H2(TSPP)]12H 20 in a 3:1 ratio of Ru to porphyrin, in D M F at reflux for 1-3 weeks, 

under an atmosphere of argon or nitrogen. Upon metallation, the four Q bands observed by 

UV/visible spectroscopy are reduced to one (Table 2.1) and the inner pyrrole proton peak (-

2.95 ppm) observed by ! H N M R spectroscopy disappears. Both UV/visible and ! H N M R 

spectroscopy are good diagnostic tools to judge the completion of the metallation reactions. 

The fact that the N - H peak appears so far upfield in the *H N M R spectrum is due to the 

shielding effects of the diamagnetic ring current induced in an aromatic ring in the presence 

of an applied magnetic field. As in the literature report, 1-3 weeks were needed to complete 

the metallation. However, all other findings were different. The method of purification had 
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t o b e m o d i f i e d b e c a u s e t h e c o m p o u n d c o u l d n o t b e e l u t e d d o w n a c o l u m n o f e i t h e r s i l i c a o r 

a l u m i n a u s i n g C H C l 3 / M e O H a s r e p o r t e d , b u t w a s p u r i f i e d i n s t e a d b y d i a l y s i s . T h e i s o l a t e d , 

c h a r a c t e r i z e d , c o m p o u n d e x h i b i t e d U V / v i s i b l e a b s o r p t i o n s i n D M F , a n d a n i n f r a r e d s p e c t r u m 

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

C H C I 3 , s o a U V / v i s i b l e s p e c t r u m c o u l d n o t b e t a k e n i n t h i s s o l v e n t , w h e r e a s s u c h a 

U V / v i s i b l e s p e c t r u m w a s r e p o r t e d f o r t h e l i t e r a t u r e c o m p o u n d . B y a p a i n s t a k i n g p r o c e s s o f 

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

N a 4 [ R u ( T S P P ) ( C O ) ( D M F ) ] - 6 H 2 0 ( s e e S e c t i o n 2 . 5 . 1 m e t h o d ( a ) ) . T h e l i t e r a t u r e f o r m u l a t i o n 

w a s g i v e n a s C a 2 [ R u ( T S P P ) C O ] T 2 H 2 0 ( a f t e r t h e 4 N a + o f a n i s o l a t e d , i m p u r e 

N a 4 [ R u ( T S P P ) ( C O ) ] h a d b e e n r e p l a c e d w i t h C a 2 + u s i n g C a C ^ ) , w h i c h w a s s t a t e d t o b e 

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

U n d e r t h e s a m e c o n d i t i o n s , t h e m e t a l l a t i o n s o f H 2 ( T P y P ) a n d H 2 ( T M P y P ) 4 + w e r e 

a t t e m p t e d u n d e r N2 o r C O , b u t b o t h t h e r e a c t i o n s w e r e u n s u c c e s s f u l ; a l s o a t t e m p t e d w a s t h e 

m e t a l l a t i o n o f H 2 ( T S P P ) 4 " w i t h a 1 : 1 r a t i o o f p o r p h y r i n t o m e t a l , b u t t h e r e a c t i o n d i d n o t 

r e a c h c o m p l e t i o n . 

T h e p r o c e d u r e i n v o l v i n g R u 3 ( C O ) i 2 w a s n o t a s a t i s f a c t o r y m e t h o d o f 

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

p r e p a r a t i o n ( u s u a l l y w i t h h i g h C O p r e s s u r e ) o f R u 3 ( C O ) i 2 , a n d t h e m e t a l l a t i o n a p p e a r e d 

l i m i t e d t o H 2 ( T S P P ) 4 \ A d i f f e r e n t R u p r e c u r s o r w a s s o u g h t t h a t w o u l d a l l e v i a t e One i f n o t 

a l l o f t h e p r o b l e m s a s s o c i a t e d w i t h t h e R u 3 ( C O ) i 2 p r o c e d u r e . 

3 . 3 . 2 C i s - R u C l 2 ( D M S O ) 4 a n d [ R u ( D M F ) 6 ] ( O T f ) 3 t p r e c u r s o r s 

W a t e r - s o l u b l e d s - R u C l 2 ( D M S O ) 4 w a s p r e p a r e d 1 1 a n d f a i l e d t o i n s e r t R u i n t o t h e 

w a t e r - s o l u b l e p o r p h y r i n s u n d e r v a r i o u s c o n d i t i o n s ( e . g . H 2 ( T M P y P ) 4 + w a s h e a t e d a t r e f l u x i n 

w a t e r w i t h c w - R u C l 2 ( D M S O ) 4 , i n a i r f o r 2 4 h o u r s ) . D u r i n g t h e c o u r s e o f t h i s t h e s i s w o r k t h e 

^ All the metallation reactions had to be carried out in the dark as the Ru(III) precursor is light-sensiuve. 
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s y n t h e t i c d e t a i l s f o r t h e R u ( I I I ) c o m p o u n d [ R u ( D M F ) 6 ] ( O T f ) 3 b e c a m e a v a i l a b l e a n d i t w a s 

m a d e b y t h e a c t i o n o f P b ( O T f ) 2 u p o n R u C l 3 i n D M F . 1 2 T h e s y n t h e s i s i n v o l v e d s o m e 

m o d i f i c a t i o n s t o t h e c o m m u n i c a t e d p r o c e d u r e ; 1 2 f i l t r a t i o n t o r e m o v e a l l t h e P b C l 2 s a l t s w a s 

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

a n d a l s o t h e m i x t u r e w a s c o o l e d t o 4 ° C t o p r e c i p i t a t e o u t t h e c r u d e p r o d u c t w i t h 1 , 2 -

C 2 H 4 C l 2 . T h e y i e l d o f t h e r e a c t i o n w a s l e s s t h a n h a l f o f t h a t r e p o r t e d ( 4 8 % ) , 1 2 b u t t h e f i n a l 

p r o d u c t g a v e t h e s i m p l e f o r m u l a o f [ R u ( D M F ) 6 ] ( O T f ) 3 ( s e e S e c t i o n 2.4.3) w h i c h w a s 

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

[ R u ( D M F ) 6 ] ( O T f ) 3 0 . 2 5 C H 2 C l 2 0 . 1 C 5 H n O H . 1 2 T h e R u f T i ) s p e c i e s , [ R u ( D M F ) 6 ] ( O T f ) 2 , c a n 

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

p l a t i n u m b l a c k . 1 2 T h e R u ( I I ) s p e c i e s c a n a l s o b e o b t a i n e d b y r e d u c i n g t h e R u ( I U ) c o m p o u n d 

i n D M F i n t h e p r e s e n c e o f h y d r o g e n a l o n e . T h e c o l o u r c h a n g e o f t h e s o l u t i o n f r o m p a l e 

y e l l o w t o p a l e r e d i n d i c a t e d t h a t t h e r e d u c t i o n h a d o c c u r r e d . 1 2 O n e x p o s u r e t o a i r , t h e 

s o l u t i o n t u r n e d b l a c k ( i . e . d e c o m p o s i t i o n h a d o c c u r r e d , a s t h e R u ( I I ) s p e c i e s i s a i r - s e n s i t i v e ) . 

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

d i s p l a c e m e n t a n d v a r i o u s m e t a l l a t i o n r e a c t i o n s w e r e a t t e m p t e d . W i t h a 3 : 1 m o l a r r a t i o o f 

[ R u ( D M F ) 6 ] ( O T f ) 3 a n d H 2 C T S P P ) 4 - i n D M F u n d e r 1 a t m h y d r o g e n , m e t a l l a t i o n f a i l s t o o c c u r 

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

n i t r o g e n ) w i t h a 3 : 1 r a t i o i n D M F a t r e f l u x a s b e f o r e u s i n g R u 3 ( C O ) i 2 . T h e r e a c t i o n w a s 

c o m p l e t e i n 3 h o u r s a n d t h e s p e c t r o s c o p i c d a t a s h o w e d t h a t t h e p r o d u c t ( e x c e p t f o r 

d i f f e r e n c e s i n s o l v a t i o n ) w a s i d e n t i c a l t o t h a t i s o l a t e d p r e v i o u s l y ( S e c t i o n s 3.3.1 a n d 2.5.1 

m e t h o d ( a ) ) . P u r i f i c a t i o n o f t h e d a r k r e d p r o d u c t i s s i m p l i f i e d b y d i s s o l v i n g t h e c r u d e 

m a t e r i a l i n a m i n i m u m a m o u n t o f D M F a n d t h e n a d d i n g a c e t o n e a n d C H 2 C l 2 ( s e e S e c t i o n 

2.5.1 ( b ) ) , w h i c h g i v e s a p u r e , d a r k p u r p l e p r e c i p i t a t e o f 

R u ( T S P P ) ( C O ) ( D M F ) - 2 ( D M F ) - 2 H 2 0 (1) i n 2 5 % y i e l d ( s e e S e c t i o n 3.4). 

U n d e r t h e s a m e c o n d i t i o n s , t h e r e a c t i o n w a s p e r f o r m e d w i t h 2 : 1 a n d 1 : 1 r a t i o s o f R u 

t o H 2 ( T S P P ) 4 _ ; h o w e v e r b o t h o f t h e s e r e a c t i o n s f a i l e d t o r e a c h c o m p l e t i o n . M e t a l l a t i o n 
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r e a c t i o n s w e r e a l s o a t t e m p t e d w i t h t h i s R u p r e c u r s o r a n d H 2 ( T S P P ) 4 _ , i n w a t e r ( a t r e f l u x 

u n d e r n i t r o g e n o r i n a i r ) a n d i n D M S O ( a t r e f l u x u n d e r n i t r o g e n ) . I n t h e f o r m e r r e a c t i o n , 

H 2 ( T S P P ) 4 _ w a s p r o t o n a t e d t o g i v e a s p e c i e s s u c h a s , F L t f T S P P ) 2 " ( a s j u d g e d b y c h a n g e s i n 

t h e U V / v i s i b l e s p e c t r a ; t h e s p e c t r u m c o n t a i n e d a S o r e t b a n d a t A , m a x = 4 3 4 n m a n d a Q b a n d 

a t ^max= 6 4 6 n m , w h i l e t h i s r e v e r t e d t o t h e o r i g i n a l s p e c t r u m o f F f . 2 ( T S P P ) 4 _ u p o n t h e 

a d d i t i o n o f t r i e t h y l a m i n e ) ; i n t h e l a t t e r n o r e a c t i o n o c c u r r e d . T h e p r o t o n a t i o n o f t h e 

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

p e r h a p s p r o d u c e d w h e n t h e R u ( I I I ) p r e c u r s o r c o m p o u n d i s f i r s t l y h y d r a t e d t o f o r m 

R u ( H 2 0 ) 6 3 + , w h i c h w o u l d l i k e l y h y d r o l y s e t o g e n e r a t e R u ( H 2 0 ) 6 - n ( O H ) n ( 3 - n ) + a n d H3O+ 

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

R u ( I I I ) t o R u ( I I ) . T h e r e d u c t a n t i s p r o p o s e d t o b e C O , 1 3 w h i c h d e r i v e s f r o m t h e 

d e c o m p o s i t i o n o f D M F , a n d w h i c h f u n c t i o n s v i a t h e f o l l o w i n g h a l f - e q u a t i o n w i t h w a t e r t h a t 

i s p r e s e n t ( e q 3.1): 

HO" + CO »~ H + + C 0 2 + 2e" [3.1] 

G i v e n t h e d i f f i c u l t y o f m e t a l l a t i n g p o r p h y r i n s w i t h o t h e r R u ( I I ) p r e c u r s o r s a n d t h e f a c i l i t y i n 

m e t a l l a t i n g H2CTSPP) 4 - w i t h [ R u ( D M F ) 6 ] ( O T f ) 3 i t i s t e n t a t i v e l y p r o p o s e d t h a t R u 3 + m i g h t 

f i r s t i n s e r t i n t o t h e p o r p h y r i n c a v i t y a n d t h e n b e r e d u c e d t o R u ( U ) b y t h e a b o v e r e d o x c o u p l e , 

p e r h a p s m e d i a t e d b y a d i m e r i c i n t e r m e d i a t e , b r i d g e d b y a C O g r o u p . O n e o b s e r v a t i o n t h a t 

s u p p o r t s t h i s h y p o t h e s i s i s t h e a t t e m p t e d m e t a l l a t i o n o f H 2 ( T S P P ) 4 " b y [ R u ( D M F ) 6 ] ( O T f ) 3 i n 

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

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

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

c h e m i s t r y w h e r e b y t h e s m a l l e r , m o r e e l e c t r o p o s i t i v e R u 3 + i o n w o u l d b e m o r e l i k e l y t o i n s e r t 

i n t o t h e r e s t r i c t e d p o r p h y r i n c a v i t y t h a n R u 2 + . T h e r e d u c t i o n o f R u ( I I I ) t o R u ( I I ) d u r i n g t h e 

m e t a l l a t i o n w a s a n u n e x p e c t e d b o n u s . W i t h r e g a r d t o t h e r e d u c t i o n , a d i m e r i c i n t e r m e d i a t e 

m u s t b e p r e d i c a t e d i n o r d e r t o s a t i s f y t h e s t o i c h i o m e t r y o f t h e a b o v e h a l f - e q u a t i o n ( e q 3.1), 
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w h i c h g i v e s a t w o - e l e c t r o n r e d u c t i o n t h a t i s n o t e x p e c t e d t o p r o c e e d i n t w o s e p a r a t e o n e -

e l e c t r o n s t e p s . C e r t a i n l y R u ( I I I ) p o r p h y r i n d i m e r s a r e k n o w n ( e . g . [ R u 2 ( O E P ) 2 ] 2 + ) 1 4 b u t 

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

3.4 S t r u c t u r e o f N a 4 [ R u ( T S P P ) ( C O ) ( D M F ) ] (1) 

T h e s o l u t i o n s t r u c t u r e o f R u ( T S P P ) ( C O ) ( D M F ) 4 * m a y b e i n f e r r e d f r o m t h e v a r i a b l e 

t e m p e r a t u r e 5 0 0 . 1 3 M H z * H N M R s p e c t r u m o f t h e c o m p l e x ( F i g . 3.3). I n s t e a d o f a n 

e x p e c t e d s i n g l e s h a r p [ A B ] 2 r e s o n a n c e f o r t h e p h e n y l p r o t o n s ( e . g . i f t h e r e i s f r e e r o t a t i o n 

a b o u t t h e C m e s o - C p n e n y l b o n d ) , b r o a d e r p e a k s a r e o b s e r v e d : 2 d o u b l e t s a n d a n a p p a r e n t t r i p l e t 

i n a 1 : 1 : 2 r a t i o . T h i s o b s e r v a t i o n m a y b e r a t i o n a l i z e d i f i t i s a s s u m e d t h a t t h e p l a n e o f t h e 

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

a n d meta p r o t o n r e s i d e s i n a d i f f e r e n t c h e m i c a l e n v i r o n m e n t a s s h o w n i n F i g u r e 3.4 ( i . e . t h e 

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

d i f f e r e n t a x i a l s u b s t i t u e n t s a t t h e R u ) . I f v a l u e s o f 4JHH' a r e n e g l i g i b l e t h e n a d o u b l e t f o r 

e a c h i n d i v i d u a l p h e n y l p r o t o n s h o u l d b e o b s e r v e d d u e t o 3JHH' c o u p l i n g b e t w e e n ortho a n d 

meta p r o t o n s ( i . e . a n A B C D s p i n s y s t e m ) . T h e o b s e r v e d t r i p l e t i s t h o u g h t t o b e d u e t o a n 

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

O III 
C 

Ru S 0 3 - N a + 

x 

z 

y 

F i g u r e 3.4: D i f f e r e n t c h e m i c a l e n v i r o n m e n t s f o r t h e p h e n y l p r o t o n s i n 1. 
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F i g u r e 3 . 3 : V a r i a b l e t e m p e r a t u r e J H N M R o f N a 4 [ R u ( T S P P ) ( C O ) ( D M F ) ] - 2 D M F - 2 H 2 0 ( 1 ) i n 
f i f e - D M S O ; t h e d o u b l e t s ( d ) a n d t r i p l e t ( t ) a s s i g n m e n t s a r e d e s c r i b e d i n t h e t e x t . T h i s i s a 
s t a c k e d p l o t a n d d o e s n o t r e p r e s e n t a c h a n g e i n c h e m i c a l s h i f t w i t h t e m p e r a t u r e . T h e s i g n a l s 
m a r k e d w i t h a n a s t e r i s k c o r r e s p o n d t o s m a l l a m o u n t s o f t h e t h e r m o l y s i s p r o d u c t 
R u ( T S P P ) ( D M S O ) 2

4 - ( s e e S e c t i o n s 2 . 6 ( b ) a n d 3 . 6 . 2 ) . 
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B y a n a l o g y w i t h d a t a f o r H 2 ( T S P P ) 4 ' a n d t h e s o d i u m s a l t o f b e n z e n e s u l f o n i c a c i d 9 , 1 5 , i t i s 

p o s s i b l e t o a s s i g n t h e d o w n f i e l d p e a k s a t 8 . 1 4 a n d 8 . 0 5 p p m t o t h e meta p r o t o n s H e a n d H D , 

a n d t h e u p f i e l d p e a k s a t 7 . 9 9 p p m t o t h e ortho p r o t o n s H A a n d HR ( t h e o v e r l a p p i n g p a i r o f 

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

A B C D s p e c t r u m c o a l e s c e s a t 1 2 0 ° C t o a s i n g l e t r e s o n a n c e . A t h i g h e r t e m p e r a t u r e s , r o t a t i o n 

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

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

meta p r o t o n s i s t o o s m a l l t o b e r e s o l v e d a t 1 2 0 ° C a n d a s i n g l e t r e s u l t s r a t h e r t h a n a n [ A B ] 2 

r e s o n a n c e w h i c h i s o b s e r v e d f o r s i m i l a r s y s t e m s a t 9 9 ° C ( e . g . R u ( 4 - ' P r T P P ) C O ) . 1 6 T h i s 

b e h a v i o u r i n s o l u t i o n i s f u r t h e r e v i d e n c e f o r a m o n o - C O R u p o r p h y r i n v e r s u s a b i s - C O 

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

R u ( T P P ) ( C O ) 2 , w o u l d g i v e a s i n g l e s y m m e t r i c [ A B ] 2 p a t t e r n i n t h e lH N M R s p e c t r u m a t a l l 

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

T h e 1 3 C { J H } N M R s p e c t r o s c o p i c d a t a ( s e e S e c t i o n 2.5.1 m e t h o d ( b ) a n d 

a p p e n d i x I I ) , a r e b a s e d o n t h o s e a s s i g n e d f o r Z n ( T P P ) . 1 7 T h e o n l y s i g n i f i c a n t d i f f e r e n c e 

b e t w e e n 1 a n d Z n ( T P P ) w a s f o u n d f o r C a ( w h i c h i s c l e a r l y a f f e c t e d b y t h e p r e s e n c e o f t h e 

C O g r o u p ) a n d t h e c a r b o n d i r e c t l y a t t a c h e d t o t h e s u l f o n a t e o n t h e p h e n y l r i n g (C4) ( s e e F i g . 

3.4). A s i n g l e t w a s o b s e r v e d f o r C a a t 1 4 7 . 4 p p m f o r 1 v e r s u s 1 5 1 p p m f o r Z n ( U ) T P P , a n d 

f o r C4 a t 1 4 2 p p m f o r 1 v e r s u s 1 2 8 p p m f o r Z n ( I I ) T P P . A n A P T p u l s e s e q u e n c e w a s 

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

d e t e c t i n t h e 1 3 C { * H } N M R s p e c t r u m , s o a n N M R s a m p l e w a s p r e p a r e d u n d e r 2 a t m o f 1 3 C O 

w h i c h r e s u l t e d i n s u b s t a n t i a l s i g n a l e n h a n c e m e n t . T h e C O r e s o n a n c e b e c a m e t h e l a r g e s t 

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

S e p a r a t e s i g n a l s w e r e o b s e r v e d f o r t h e c a r b o n y l s p e c i e s a n d f o r t h e u n c o o r d i n a t e d 1 3 C O i n 

c f o - D M S O a t 1 7 9 p p m a n d 1 8 4 p p m , r e s p e c t i v e l y . T h e 1 3 C { ! H } N M R s p e c t r u m a g a i n 

i n d i c a t e s t h a t t h e r e w a s o n l y o n e t y p e o f C O c o m p l e x p r e s e n t a n d a s t h e r e w e r e n o c h a n g e s 
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o b s e r v e d i n t h e ! H N M R s p e c t r u m , t h i s w o u l d f u r t h e r s u p p o r t t h e e v i d e n c e f o r t h e m o n o - C O 

c o m p l e x . M o r e f o r c i n g c o n d i t i o n s w e r e o b t a i n e d b y p u t t i n g t h e s a m p l e o f 1 u n d e r 2 0 a t m o f 

C O i n c f o - D M S O i n a s a p p h i r e N M R t u b e . T h e r e s u l t i n g * H N M R s p e c t r u m w a s t h e s a m e a s 

f o r 1 u n d e r n o r m a l c o n d i t i o n s . 

T h e s e r e s u l t s i n d i c a t e t h a t t h e C O b o u n d t o R u i n 1 i s l a b i l e t o s u b s t i t u t i o n b y l i g a n d s 

o f c o m p a r a b l e d o n a t i n g a b i l i t y ( i . e . e a s y d i s p l a c e m e n t o f 1 2 C O b y 1 3 C O ) , a n d t h a t 1 w i l l 

r e s i s t f u r t h e r s u b s t i t u t i o n b y C O t o g i v e a b i s - C O c o m p l e x . T h e e l e c t r o n i c e n v i r o n m e n t 

p r o v i d e d b y t h e T S P P l i g a n d t o t h e R u n u c l e u s i s t h e r e f o r e q u i t e d i f f e r e n t t o t h e e n v i r o n m e n t 

p r o v i d e d b y n e u t r a l p o r p h y r i n s s u c h a s H . 2 ( T P P ) o r H 2 ( O E P ) s y s t e m s . R u b i s - c a r b o n y l 

s p e c i e s h a v e b e e n p r e p a r e d w i t h H . 2 ( O E P ) a n d H . 2 ( T P P ) 1 8 a n d t h e e v i d e n c e s e e m s t o s u g g e s t 

t h a t t h e m o r e e l e c t r o n - r i c h t h e p o r p h y r i n t h e m o r e s t a b l e t h e b i s - C O p o r p h y r i n c o m p l e x . O n 

t h i s b a s i s , H 2 ( T S P P ) 4 " m a y b e c o n s i d e r e d e v e n m o r e e l e c t r o n - p o o r t h a n H . 2 ( p - C F 3 - T P P ) f o r 

w h i c h a R u b i s - C O s p e c i e s h a s b e e n i n f e r r e d . 1 8 ' 1 9 T h e s u l f o n a t e g r o u p s o n T S P P w h i l e e a c h 

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

ring. 

T h e e l e m e n t a l a n a l y s e s o f t h e p r o d u c t (1) c o r r e s p o n d t o t h e f o r m u l a 

N a 4 [ R u ( T S P P ) ( C O ) ( D M F ) ] s o l v a t e , w h e r e s o l v a t e = 2 ( D M F ) - 2 H 2 0 o r 6 H 2 0 . T h e 

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

D M F , a n d f r e e H 2 0 , w i t h t h e r e q u i r e d i n t e g r a l r a t i o i n t h e 3 0 0 M H z * H N M R s p e c t r u m ( s e e 

f o r e x a m p l e , S e c t i o n 2.5.1, m e t h o d ( b ) ) o f s a m p l e s p r e p a r e d u n d e r n i t r o g e n i n a n h y d r o u s d&-

D M S O . T h e N M R d a t a a l s o s h o w t h a t t h e a x i a l D M F l i g a n d i s r e t a i n e d i n t h i s m e d i u m . T h e 

s o l i d s t a t e I R s p e c t r u m o f 1 s h o w s t h r e e vco s t r e t c h e s ( s e e S e c t i o n 2.5.1, t h e I R s p e c t r u m 

( m e t h o d b ) i s g i v e n i n A p p e n d i x I), w h i c h c o u l d i n d i c a t e e i t h e r t h e p r e s e n c e o f m o r e t h a n 

o n e m o n o - C O c o m p l e x ( e . g . w i t h H2O a s t h e a x i a l l i g a n d ) , a t r a c e o f s o m e R u - C O i m p u r i t y 

o r s o l i d s t a t e e f f e c t s . S o l u t i o n I R m e a s u r e m e n t s i n D M S O g a v e a v a l u e o f 1 9 1 3 c m - 1 f o r t h e 

c a r b o n y l s t r e t c h i n g f r e q u e n c y , a v a l u e c o n s i s t e n t w i t h a m o n o - C O s p e c i e s . 1 8 B i s - C O s p e c i e s 
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typically have carbonyl stretching frequencies of 1990-2050 cm" 1, which reflects the smaller 

degree of back donation into the two competing trans carbonyl ligands. 1 8 

3.5 Other Ruthenium Porphyrins 

[Ru(DMF) 6 ] (OTf) 3 may also be used to metallate H2(TPyP), FfcCTPP) and 

H 2 ( T M P y P ) 4 + by a method equivalent to that used for 1, which establishes the versatility of 

[Ru(DMF)6](OTf)3 in metallating anionic, cationic, and neutral porphyrins. "Ru(TPyP)" is 

likely a polymeric material as the red product obtained from the reaction was insoluble in 

every solvent tested. The formation of a polymer containing bridging Ru centres, linked to 

H2(TPyP) via the nitrogen of the pyridyl group is conceivable. 2 0 "Ru(TPP)" and 

"Ru(TMPyP)" were synthesized on an N M R sample scale, successful metallations being 

indicated by the reduction of the Q bands (four and three respectively) observed by 

UV/visible spectroscopy to one (Table 2.1), and the disappearance of the inner pyrrole proton 

peak of H 2 ( T M P y P ) 4 + (-3.10 ppm) observed by lH N M R spectroscopy. 

More ambitiously, the preparation of a Li2(TPyP) species was attempted by an acid-

base reaction between H 2 ( T P y P ) and LiN(SiMe3)2 in T H F as shown in eq 3.2, and as 

demonstrated for O E P systems by Arnold's group. 3 Given the success of this approach in 

early transition-metal porphyrin chemistry (cf. eq 3.3), a similar protocol was attempted for 

the synthesis of alkali metal porphyrins of H2(TPyP) and of similarly substituted porphyrins. 

A suitable Ru(II) or Ru(IU) halide precursor might then be used to metallate the L i or Na salt 

of H2(TPyP) (eq 3.3). A neutral porphyrin such as H2(TPyP) was used rather than a cationic 

or anionic porphyrin because of the capacity of these charged species to bind water molecules 

which would react firstly with LiN(SiMe3)2. Unfortunately, the Li2(TPyP) species could not 

be accessed by these means and time constraints did not allow further evaluation of this 

metathesis reaction towards ruthenium. 
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2Li(NSiMe3)2 + H2(TPyP) ^ 2H(NSiMe3)2 + Li2(TPyP) [3.2] 
Li2(TPyP) + RuCI2L4 —~̂ =-+ Ru(TPyP)L2 +2LiCI [3.3] 

3 . 6 R e m o v a l o f t h e A x i a l C O G r o u p f r o m R u ( T S P P ) ( C O ) ( D M F ) ( 1 ) 

S e v e r a l p r o c e d u r e s e s t a b l i s h e d t h e e f f i c i e n t r e m o v a l o f t h e C O l i g a n d f r o m R u ( I I ) 

m o n o - c a r b o n y l p o r p h y r i n c o m p l e x e s . T h e s e i n c l u d e : d i r e c t s u b s t i t u t i o n o f t h e C O g r o u p 

w i t h a s t r o n g l y c o o r d i n a t i n g l i g a n d , 7 ' 2 1 p h o t o l y s i s i n a s u i t a b l y c o o r d i n a t i n g s o l v e n t , 2 2 2 3 a n d 

o x i d a t i o n t o f o r m trans-dioxo s p e c i e s o r R u ( I V ) u - o x o b i n u c l e a r s p e c i e s . 2 4 , 2 5 I n t h i s w o r k , 

p h o t o l y s i s w a s u s e d a s t h e m e t h o d o f c h o i c e . 

3 . 6 . 1 P h o t o l y s i s o f 1 

I n D M S O s o l v e n t , p h o t o l y s i s r e m o v e s t h e C O l i g a n d f r o m R u ( T S P P ) ( C O ) ( D M F ) 4 " 

( 1 ) t o g i v e a n e w s p e c i e s 2 f o r m u l a t e d a s R u ( T S P P ) ( D M S O ) 2 4 " . C o m p l e t i o n o f t h e 

p h o t o l y s i s r e a c t i o n w a s s t r o n g l y d e p e n d e n t o n t h e c o n c e n t r a t i o n o f 1 , a n d a l s o o n t h e 

i n t e n s i t y o f t h e m e r c u r y v a p o u r l a m p . U p o n r e m o v a l o f t h e D M S O , 2 w a s i s o l a t e d a s a d a r k 

p u r p l e c r y s t a l l i n e m a t e r i a l . P u r i f i c a t i o n w i t h a c e t o n e a n d r e m o v a l o f e x c e s s D M S O w i t h 

h e x a n e s g a v e m a t e r i a l t h a t a n a l y z e d a s N a 4 [ R u ( T S P P ) ( D M S O ) 2 ] T 5 H 2 0 . T h e f o r m u l a t i o n i s 

s u p p o r t e d b y lH N M R s i g n a l s d u e t o b o u n d D M S O ( i n a s a m p l e p r e p a r e d i n a i r i n D2O) a n d 

f r e e H2O w i t h t h e r e q u i r e d i n t e g r a l r a t i o ( f o r a s a m p l e p r e p a r e d u n d e r n i t r o g e n i n a n h y d r o u s 

^ 6 - D M S O ) . N o r m a l l y , t h e lH N M R c h e m i c a l s h i f t c a n b e u s e d a s a c r i t e r i o n t o d i s t i n g u i s h 

b e t w e e n O - b o n d e d a n d S - b o n d e d D M S O l i g a n d s , w h i c h r e s u l t s i n a d o w n f i e l d s h i f t f r o m f r e e 

D M S O o f a b o u t 0 . 2 a n d 0 . 7 p p m , r e s p e c t i v e l y . 1 1 I n t h i s c o m p l e x , a s t h e D M S O i s a x i a l l y 

b o u n d , t h e ring c u r r e n t e f f e c t o f t h e p o r p h y r i n s h i f t s t h e m e t h y l p e a k t o o f a r u p f i e l d ( t o - 1 . 6 5 

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

w i t h Z > 4 h s y m m e t r y , t h e lH N M R s p e c t r u m o f 2 f e a t u r e s a s h a r p [ A B ] 2 r e s o n a n c e i n t h e 

p h e n y l r e g i o n ( s e e S e c t i o n 2 . 6 ( a ) ) . 
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T h e vso o f 2 w a s i d e n t i f i e d a t 1006 c m - 1 , w h i c h r e p r e s e n t s a b a t h o c h r o m i c s h i f t w i t h 

r e s p e c t t o t h e vso o b s e r v e d f o r f r e e D M S O a t 1055 c m - 1 . 2 6 - 2 7 N u m e r o u s s t u d i e s h a v e s t a t e d 

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

w h e r e a s a h y p s o c h r o m i c s h i f t ( i . e . Vso > 1055 c m - 1 ) i n d i c a t e s c o o r d i n a t i o n t h r o u g h t h e 

s u l f u r a t o m . 2 6 ' 2 7 A s i m p l e r a t i o n a l i z a t i o n m a y b e d r a w n f r o m t h e v a l e n c e b o n d 

r e p r e s e n t a t i o n o f b o n d i n g i n f r e e D M S O a s s h o w n i n F i g u r e 3.5. C a n o n i c a l f o r m III w o u l d 

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

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

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

r e s u l t i n g i n a b a t h o c h r o m i c s h i f t . O n t h i s b a s i s , 2 c o n t a i n s o x y g e n - b o n d e d D M S O l i g a n d s . 

N o r m a l l y l i g a t i o n t h r o u g h t h e s u l f u r a t o m m i g h t b e e x p e c t e d f o r R u ( U ) , a s e c o n d - r o w m e t a l 

w h i c h o c c u r s f a i r l y l a t e i n t h e t r a n s i t i o n s e r i e s . T h i s e x p e c t a t i o n i s i n a c c o r d w i t h t h e H S A B 

p r i n c i p l e w h i c h h o l d s t h a t a s o f t e r b a s e ( t h e s u l f u r d o n o r ) w o u l d b e m o r e l i k e l y t o c o o r d i n a t e 

t o t h e s o f t a c i d R u 2 + t h a n t h e h a r d e r o x y g e n d o n o r . 2 7 " 2 9 S u c h s u l f u r c o o r d i n a t i o n i s i n d e e d 

o b s e r v e d i n R u ( O E P ) ( D M S O ) 2 (vso = H05 c m " 1 ) . 3 0 H o w e v e r o x y g e n c o o r d i n a t i o n h a s 

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

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

d o n a t i o n ( e . g . a s i n [ R h ( D M S O _ ) ] 2 ( u . - 0 2 C C F 3 ) 4 ) . 3 1 O x y g e n c o o r d i n a t i o n c a n a l s o o c c u r i f 

t h e D M S O l i g a n d i s s t e r i c a l l y h i n d e r e d : c f . f r a n s - R u C l 2 ( D M S O ) 4 v e r s u s cis-

R u C l 2 ( D M S O ) 3 ( D M S O ) . n ' 3 2 ' 3 3 I n 2, i f t h e T S P P l i g a n d i s c o n s i d e r e d t o b e r e l a t i v e l y 

e l e c t r o n - w i t h d r a w i n g ( e . g . v s . O E P ) , t h e n t h e p r e f e r e n c e f o r o x y g e n c o o r d i n a t i o n m a y b e 

r a t i o n a l i z e d . 
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C H 3 C H 3 C H 3 

I II III 

F i g u r e 3.5: C a n o n i c a l f o r m s o f D M S O . 

3.6.2 Thermolysis of 1 

C o m p l e x 2 w a s a l s o a c c e s s i b l e b y t h e r m o l y s i s o f 1 i n ^ 6 - D M S O a t 1 2 0 ° C a f t e r 5 0 

h o u r s . T h e r m o l y s i s t h e r e f o r e o f f e r s a n a l t e r n a t i v e r o u t e f o r C O r e m o v a l i n t h e p r e s e n c e o f 

t h e r e l a t i v e l y s t r o n g d o n o r D M S O l i g a n d . 

3.7 Aggregation Studies 

T h e a g g r e g a t i o n o f p o r p h y r i n s w a s f i r s t o b s e r v e d a s e a r l y a s t h e 1 9 3 0 s , 3 4 a n d i s o f t e n 

e n c o u n t e r e d i n t h e s t u d i e s o f p o r p h y r i n s i n a q u e o u s s o l u t i o n . 3 5 I t o c c u r s w i t h t h e f r e e - b a s e 

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

a q u e o u s s o l u t i o n , n-n i n t e r a c t i o n s n e e d o n l y b e c o n s i d e r e d . 3 6 T h e r e a r e m a n y m e t h o d s 

e m p l o y e d i n t h e s t u d y o f a g g r e g a t i o n a n d t h e s e i n c l u d e : U V / v i s i b l e a n d f l u o r e s c e n c e 

s p e c t r o s c o p y , 3 7 t e m p e r a t u r e j u m p k i n e t i c s t u d i e s , 3 8 a n d N M R s p e c t r o s c o p y . 3 9 A g g r e g a t i o n 

h a s b e e n c o n s i s t e n t l y r e l a t e d t o t h e . d e v i a t i o n f r o m t h e f a m i l i a r B e e r - L a m b e r t l a w , a n d h e n c e 

U V / v i s i b l e s p e c t r o s c o p y i s a n e x c e l l e n t m e t h o d f o r i t s d e t e c t i o n . 4 0 ' 4 1 A l s o o b s e r v a b l e b y t h i s 

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

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

m e t h a n o l o r e t h a n o l 4 2 

42 References on page 51 



Chapter 3: Results and Discussion 

P r e v i o u s w o r k 3 9 , 4 3 h a s s h o w n t h a t H . 2 ( T S P P ) 4 _ a g g r e g a t e s i n a q u e o u s s o l u t i o n s o v e r a 

c o n c e n t r a t i o n r a n g e o f 1 0 " 6 t o 1 0 " 4 m o l L " 1 . T h i s h a s b e e n s h o w n b y t h e f a c t t h a t t h e 

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

a b s o r b a n c e d e v i a t e s s i g n i f i c a n t l y f r o m B e e r ' s l a w . I t h a s a l s o b e e n s h o w n t h a t 

d i s a g g r e g a t i o n i s i n d u c e d b y t h e a d d i t i o n o f m e t h a n o l . 4 3 T h e w o r k o f F l e i s c h e r e t a l 4 4 

c o n c l u d e s t h a t H 2 ( T S P P ) 4 " d o e s n o t a g g r e g a t e i n a q u e o u s s o l u t i o n ( 1 0 " 9 t o 1 0 " 4 m o l L _ 1 ) ; 

h o w e v e r , p a s t a n d p r e s e n t w o r k i n t h i s l a b o r a t o r y 4 3 h a v e c o n s i s t e n t l y i n d i c a t e d t h e 

o c c u r r e n c e o f a g g r e g a t i o n f o r F b X T S P P ) 4 - . S t u d i e s h a v e i n d i c a t e d t h a t t h e a g g r e g a t i o n o f 

H 2 ( T S P P ) 4 " m a y o c c u r v i a a m o n o m e r - d i m e r m o d e l , i n w h i c h t h e d i m e r i c s t r u c t u r e i s 

p r o p o s e d t o b e i n a " f a c e t o f a c e " t y p e a r r a n g e m e n t . 3 7 

T h e t w o r u t h e n i u m ( I I ) p o r p h y r i n s s y n t h e s i z e d i n t h i s w o r k a n d H 2 ( T S P P ) 4 _ w e r e 

e x a m i n e d f o r B e e r ' s L a w d e v i a t i o n b y v a r y i n g b o t h t h e c o n c e n t r a t i o n a n d t h e p e r c e n t a g e 

a l c o h o l i n t h e s o l v e n t . T h e B e e r ' s l a w p l o t s a t t h e S o r e t m a x i m u m ( 4 1 2 n m ) f o r t h e w a t e r -

s o l u b l e R u ( U ) p o r p h y r i n s a n d t h e f r e e - b a s e p o r p h y r i n a r e s h o w n i n F i g u r e s 3 . 6 , A , B, a n d C . 
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A : Complex 1 
2 T — 

. B : Complex 2 

2 

• ' 1 • 1 • 1 ' I 
0 2 4 6 8 

Concentration x 1 0 s (mol L"1) 
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C: H2(TSPP)4-

;ure 3.6: Beer's Law study of A : complex 1, B: complex 2, and C : H 2 C T S P P ) 4 - , in aqueous 

solution over a concentration range of lO^-lO" 4 mol L ' 1 in 0.1 cm and 1 cm cells. 
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Figure 3.7: Aggregation study of 1 and 2 (concentration = 2.0 x 10"5 mol Lr1). 

If aggregation occurs, significant deviation from linearity is expected. However, over the 

concentration range tested, for both Ru(II) porphyrin complexes(Figs 3.6, A , and B ) , no 

significant aggregation was observed. The extinction coefficient of 1 and 2 in water were 
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f o u n d t o b e 2 . 3 2 x 1 0 5 ( l o g e = 5 . 3 7 ) a n d 2 . 3 7 x 1 0 5 L m o l ' 1 c m " 1 ( l o g e = 5 . 3 7 ) r e s p e c t i v e l y , 

w h i c h a r e t y p i c a l v a l u e s f o r S o r e t b a n d s o f R u ( I I ) p o r p h y r i n c o m p l e x e s . 1 6 C o n v e r s e l y , 

a g g r e g a t i o n i s c l e a r l y o b s e r v e d f o r F J ^ f T S P P ) 4 " o v e r t h e c o n c e n t r a t i o n r a n g e I O 6 t o 1 ( H m o l 

L _ 1 ( F i g . 3.6, C). A l s o , t h e r e w a s n o c h a n g e i n a b s o r b a n c e a t t h e S o r e t m a x i m a f o r 1 a n d 2 a t 

a c o n c e n t r a t i o n o f 2 . 0 x 1 0 - 5 m o l I / 1 w h e n t h e p e r c e n t a g e m e t h a n o l w a s v a r i e d ( 0 - 5 0 % ) , a s 

s h o w n i n F i g u r e 3.7. T h e a g g r e g a t i o n s t u d y o f 1 a n d 2 u s i n g m e t h a n o l a d d i t i o n w a s a l s o 

r e p e a t e d a t a l o w e r c o n c e n t r a t i o n ( 6 x 1 0 - 7 m o l L V 1 ) , a n d a g a i n a s e x p e c t e d a g g r e g a t i o n w a s 

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

p o r p h y r i n , H 2 ( T S P P ) 4 " , a g g r e g a t e s o v e r a c o m p a r a b l e c o n c e n t r a t i o n r a n g e ( I O - 6 t o I O - 4 m o l 

L _ 1 ) i n a q u e o u s s o l u t i o n . 3 9 - 4 3 T h i s d i f f e r e n c e i n s o l u t i o n b e h a v i o u r i s u n d o u b t e d l y d u e t o t h e 

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

R u t h e n i u m ( I I ) , w h e n i n s e r t e d i n t o a p o r p h y r i n , a d o p t s a n o c t a h e d r a l g e o m e t r y , a n d t h e 

p r e s e n c e o f t h e a x i a l l i g a n d s i n 1 o r 2 ( D M F , H 2 O , o r D M S O ) p r e s u m a b l y p r e v e n t s t h e c l o s e 

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

3.7.1 Axial ligand substitution promoting aggregation/disaggregation 

A U V / v i s i b l e s p e c t r u m o f 2, i n d i s t i l l e d w a t e r ([2] = 1 . 2 4 x I O 6 m o l L r 1 ) , g a v e a 

S o r e t b a n d a t 4 1 2 n m ( w i t h p e r h a p s a s l i g h t s h o u l d e r a t 3 9 4 n m ) . A f t e r t h e s o l u t i o n w a s 

h e a t e d t o 7 4 ° C f o r 3 . 5 h o u r s ( t h e s o l u t i o n i n t h e U V / v i s i b l e c e l l w a s s e a l e d i n a i r ) , t h e 

r e s u l t i n g s p e c t r u m c o n t a i n e d a S o r e t b a n d a t 4 1 0 n m t h a t w a s b r o a d e r a n d r e d u c e d i n 

i n t e n s i t y ( F i g . 3.8). 
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360 380 400 420 440 460 
Wavelength (nm) 

F i g u r e 3.8: S o r e t b a n d a b s o r p t i o n c h a n g e w h e n 2 i s h e a t e d i n a q u e o u s s o l u t i o n . 

T h e p r e s e n c e o f i s o s b e s t i c p o i n t s t a t 4 0 6 n m a n d 4 2 0 n m i n d i c a t e d t h a t a s i m p l e c o n v e r s i o n 

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

" s u b s t i t u t i o n t o p r o d u c e a m o n o - o r p o s s i b l y a b i s - a q u a s p e c i e s . O f n o t e , o n a d d i t i o n o f 

D M S O ( 0 . 3 m L ) t o t h e s o l u t i o n ( 2 . 4 5 m L ) a t r o o m t e m p e r a t u r e , t h e a b s o r b a n c e r e v e r t e d 

s l o w l y t o t h e o r i g i n a l s p e c t r u m o f 2, o v e r a p e r i o d o f 2 . 5 h o u r s ( F i g . 3.9). T h e d a t a a r e 

c o n s i s t e n t w i t h r e v e r s i b l e f o r m a t i o n , f o r e x a m p l e , o f a m o n o - a q u a s p e c i e s f r o m 2 ( e q 3.4). 

Ru(TSPP)(DMSO)2

4" + H 2 0 ^ Ru(TSPP)(DMSO)(H20)4- + DMSO I3-4J 

The "deviation" of the initial spectrum is because the solution had not yet reached the required temperature. 
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F i g u r e 3 . 9 : S o r e t b a n d a b s o r p t i o n c h a n g e u p o n t h e a d d i t i o n o f D M S O . 

T h e s a m e p r o c e d u r e w a s c a r r i e d o u t a t a h i g h e r c o n c e n t r a t i o n o f 2 ( [ 2 ] = 9 . 1 1 x 1 0 " 6 m o l L _ 1 ) 

w h i c h p e r m i t t e d t h e o b s e r v a t i o n o f t h e l e s s i n t e n s e Q b a n d ( F i g . 3 . 1 0 ) . T h e S o r e t b a n d a g a i n 

d e c r e a s e d i n i n t e n s i t y t o g i v e a b r o a d b a n d a t 4 1 0 n m , w h i l e t h e Q b a n d s h i f t e d r e v e r s i b l y 

f r o m 5 1 6 t o 5 2 6 n m . T h i s s h i f t i n t h e Q b a n d a l s o i n d i c a t e d t h a t a n o t h e r s p e c i e s h a d b e e n 

f o r m e d a s t h i s b a n d i s a f f e c t e d b y t h e i d e n t i t y o f t h e a x i a l l i g a n d ( c f . R u ( T S P P ) ( C O ) ( D M F ) 4 -

v e r s u s R u ( T S P P ) ( D M S O ) 2

4 - ( T a b l e 2 . 1 ) ) . 
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F i g u r e 3.10: Q b a n d a b s o r p t i o n c h a n g e w h e n 2 i s h e a t e d i n a q u e o u s s o l u t i o n ( d u e t o t e c h n i c a l 

d i f f i c u l t i e s t h e f i n a l s p e c t r u m a t Amax = 526 n m c o u l d n o t b e o v e r l a y e d o n t o t h e g r a p h ) . 

W i t h o u t f u r t h e r e x p e r i m e n t a l e v i d e n c e i t i s n o t p o s s i b l e t o s t a t e w h e t h e r t h e e n d - p o i n t 

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

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

s u b s t i t u t i o n p r o c e s s i s l e s s l i k e l y t o r e s u l t i n a n i s o s b e s t i c s y s t e m . I f t h e b i s - a q u a s p e c i e s w a s 

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

r e f l e c t e d b y t h e b r o a d n e s s o f t h e r e s u l t a n t S o r e t b a n d . 4 5 T h e r e f o r e a x i a l l i g a n d s u b s t i t u t i o n 

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

O n e o f t h e i n i t i a l a i m s o f t h i s t h e s i s w o r k w a s t o s y n t h e s i z e w a t e r - s o l u b l e r u t h e n i u m 

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

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

r a d i o s e n s i t i z i n g d r u g s h o u l d b e a b l e t o c r o s s a c e l l u l a r m e m b r a n e , a n d , a l s o , i t s h o u l d h a v e 

t h e c a p a c i t y t o i n t e r a c t w i t h D N A : t h e m a i n t a r g e t o f c e l l k i l l i n r a d i o t h e r a p y . T h e r e f o r e a n y 

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

c o m p l e x R u ( T S P P ) ( C O ) ( D M F ) 4 ' (1) w a s t e s t e d t o s e e w h e t h e r i t w o u l d a c c u m u l a t e i n , a n d 

b e t o x i c t o , C H O ( C h i n e s e H a m s t e r O v a r y ) c e l l s . I t w a s a l s o t e s t e d t o s e e w h e t h e r i t w o u l d 

b i n d t o D N A , b y m e a n s o f a p l a s m i d b i n d i n g a s s a y , a n d w h e t h e r t h e d a m a g e d D N A (1 b o u n d 

t o D N A ) w o u l d b e r e c o g n i z e d b y t h e s o - c a l l e d H i g h M o b i l i t y G r o u p p r o t e i n ( H M G ) , w h i c h 

h a s b e e n s h o w n t o o c c u r i n t h e c a s e o f C i y - p l a t i n ( s e e S e c t i o n 4.4.2). T h i s w a s t e s t e d f o r b y 

t h e D a m a g e d D N A A f f i n i t y P r e c i p i t a t i o n A s s a y ( D D A P ) . T h e c o m p l e x 

R u ( T S P P ) ( D M S O ) 2 4 " (2) w a s a l s o t e s t e d i n t h e p l a s m i d b i n d i n g s t u d y a n d f o r i t s 

r a d i o s e n s i t i z i n g p o t e n t i a l . 

4.2 Cell Preparation 

T h e c e l l s u s e d i n t h e in vitro t e s t s ( S e c t i o n s 4.3, 4.4, 4.5) w e r e a C H O c e l l l i n e . T h e 

c e l l s w e r e r o u t i n e l y g r o w n i n a s p i n n e r c u l t u r e f l a s k i n a ( + / + ) m e d i u m , a n d t h e c e l l 

s o l u t i o n s w e r e m a i n t a i n e d a t 3 7 ° C i n a n " I n c u - c o v e r " i n c u b a t o r ( A s s o c i a t e d B i o m e d i c 

S y s t e m s ) . T h e c e l l c u l t u r e s w e r e d i l u t e d d a i l y t o a c e l l c o n c e n t r a t i o n o f a b o u t 1 x 1 0 5 c e l l s 

m L - 1 t o m a i n t a i n a n e x p o n e n t i a l g r o w t h ( d o u b l i n g time w a s a p p r o x i m a t e l y 1 3 h o u r s ) . 
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4.3 Cell Accumulation 

T h e a c c u m u l a t i o n p r o f i l e o f 1 w a s d e t e r m i n e d i n a i r b y i n c u b a t i n g C H O c e l l s i n 5 0 -

2 0 0 p m o l L _ 1 s o l u t i o n s o f t h i s c o m p o u n d , f o l l o w i n g a l i t e r a t u r e p r o c e d u r e . 1 A 5 0 0 p m o l - L " 1 

s o l u t i o n o f 1 w a s p r e p a r e d i n o c ( + / - ) m e d i u m a n d w a s s t e r i l i z e d b y f i l t r a t i o n t h r o u g h a 0 . 2 2 

m i c r o m i l l i p o r e N a l g e n e f i l t e r . T h r e e s o l u t i o n s ( 5 0 , 1 0 0 , 2 0 0 u . m o l L" 1) w e r e t h e n p r e p a r e d 

f r o m t h i s s t o c k s o l u t i o n b y d i l u t i n g e a c h i n v a r i o u s v o l u m e s o f t h e c t ( + / - ) m e d i u m , a n d a 

b l a n k s o l u t i o n ( 0 p m o l L _ 1 ) w a s a l s o t e s t e d . T o e a c h s o l u t i o n w a s t h e n a d d e d 1 m L o f C H O 

c e l l s a t 5 x 1 0 6 c e l l s m L - 1 t o m a k e f o u r 2 0 m L s o l u t i o n s w h i c h w e r e t h e n i n c u b a t e d i n a i r f o r 

1 h o u r a t 3 7 ° C . E a c h s o l u t i o n ( 1 9 m L , t h e o t h e r 1 m L w a s u s e d i n t h e t o x i c i t y s t u d y ) w a s 

t h e n c e n t r i f u g e d w i t h c o o l i n g ( 4 ° C ) a t 6 0 0 r p m f o r 8 m i n a n d t h e s u p e r n a t a n t c o n t a i n i n g 

e x c e s s e x t r a - c e l l u l a r r u t h e n i u m p o r p h y r i n w a s d e c a n t e d . T h e c e l l p e l l e t w a s r e s u s p e n d e d i n 

p h o s p h a t e b u f f e r s a l i n e s o l u t i o n ( P B S ) ( 1 0 m L ) a t 0 ° C a n d w a s t h e n v o r t e x e d t o r e s u s p e n d 

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

e x t r a - c e l l u l a r R u c o m p l e x . T h e c e l l s w e r e p e l l e t e d o n c e a g a i n , t h e s u p e r n a t a n t w a s d e c a n t e d , 

a n d t h e c e l l s w e r e t h e n r e s u s p e n d e d i n P B S ( 5 m L ) . A c e l l c o u n t w a s t h e n t a k e n ( f o l l o w i n g 

d i l u t i o n o f 0 . 2 m L i n t o 1 9 . 8 m L P B S ) u s i n g a C o u l t e r c o u n t e r ( C o u l t e r E l e c t r o n i c s ) . T h e 

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

3 0 m i n u t e s a n d w e r e t h e n d i g e s t e d b y o c c a s i o n a l v o r t e x i n g i n 5 0 p L c o n c e n t r a t e d n i t r i c a c i d 

a t 3 7 ° C f o r 2 h o u r s . O n c e c o m p l e t e l y d i g e s t e d , t h e s o l u t i o n s w e r e d i l u t e d b y a d d i n g 2 5 0 p L 

w a t e r a n d w e r e a s s e s s e d f o r r u t h e n i u m c o n t e n t b y t h e u s e o f a V a r i a n S p e c t r A A 3 0 0 

s p e c t r o m e t e r w i t h a g r a p h i t e t u b e a t o m i z e r ( c a l i b r a t e d w i t h t h e r u t h e n i u m s t a n d a r d s ( 9 6 0 

u , g / m L ) p r o v i d e d b y S i g m a ) . 

4.3.1 Accumulation study of 1 

A g r a p h o f R u a c c u m u l a t i o n i n t h e C H O c e l l s v e r s u s i n c u b a t i o n c o n c e n t r a t i o n o f 1 i s 

s h o w n i n F i g u r e 4.1. T h e a c c u m u l a t i o n p r o f i l e ( F i g . 4.1) c l e a r l y s h o w s t h a t c o m p l e x 1 w a s 

e n t e r i n g t h e c e l l , t h o u g h t h e a c t u a l a m o u n t o f R u , ( 5 . 3 0 - 8 . 8 1 ) x 1 0 " 6 n g R u / c e l l i s f a r l e s s 
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t h a n t h a t f o u n d , f o r e x a m p l e , f o r r r a n ^ - R u C l 2 ( i P r S ( 0 ) ( C H 2 ) 2 S ( 0 ) i P r ) 2 , 1 7 5 x 1 0 " 6 n g R u 

/ c e l l o v e r 4 h o u r s . 2 I t i s , h o w e v e r , c o m p a r a b l e t o t h a t f o u n d f o r . C w - p l a t i n ( 1 0 u m o l L ' 1 ) , 

2 . 4 3 x 1 0 - 6 n g P t / c e l l f o r a 1 h o u r a c c u m u l a t i o n s t u d y . 1 

Accumulation study of 1 

-r 
100 200 
Concentration (ji mol L"1) 

300 

F i g u r e 4.1: A c c u m u l a t i o n o f R u f r o m i n c u b a t i o n o f C H O c e l l s w i t h 1 ( 5 0 - 2 0 0 u m o l L _ 1 ) f o r 

1 h o u r . 

4.4 Toxicity 

T h e t o x i c i t y o f 1 w a s e x a m i n e d i n a i r b y c o m p a r i n g t h e p l a t i n g e f f i c i e n c y ( d e f i n e d i n 

e q 4.1) o f c e l l s i n c u b a t e d i n t h e p o r p h y r i n s o l u t i o n c o m p a r e d t o c e l l s i n c u b a t e d i n c o n t r o l 

s o l u t i o n s , f o l l o w i n g t h e l i t e r a t u r e p r o c e d u r e u s e d f o r n i t r o i m i d a z o l e s . 3 A 1 m L s a m p l e o f 

e a c h s o l u t i o n i n c u b a t e d f o r t h e a c c u m u l a t i o n s t u d y ( S e c t i o n 4 .3 ,0 - 2 0 0 u m o l L " 1 ) w a s u s e d 

i n t h i s s t u d y . E a c h s a m p l e w a s p u t i n t o 9 m L o f m e d i u m c t ( - / - ) a t 0 ° C a n d w a s p l a c e d i n t h e 

c e n t r i f u g e ( 6 0 0 r p m , 8 m i n ) . T h e s u p e r n a t a n t w a s t h e n d e c a n t e d a n d t h e c e l l s r e s u s p e n d e d i n 
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1 0 m L o f f r e s h m e d i a a ( - / - ) . T h e c e l l s w e r e c o u n t e d ( a f t e r d i l u t i o n o f 2 m L c e l l s o l u t i o n i n t o 

1 0 m L P B S ) a n d w e r e p l a t e d i n t o P e t r i d i s h e s w i t h n u t r i e n t m e d i u m ( 5 m L , o c ( + / + ) ) w h i c h 

h a d b e e n e q u i l i b r a t e d ( s o l u t i o n s m a i n t a i n e d 2 4 h o u r s a t 3 7 ° C w i t h a 9 5 % a i r / 5 % CO2 g a s 

f l o w ) i n a t r a y i n c u b a t o r ( N a t i o n a l I n c . ) . T h e c e l l s w e r e g r o w n f o r o n e w e e k , a t w h i c h t i m e 

t h e c o l o n i e s w e r e s t a i n e d w i t h m e t h y l e n e b l u e ( 6 m i n ) , c o u n t e d a n d c o m p a r e d t o t h e o r i g i n a l 

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

T h e P . E . i s s i m p l y t h e r a t i o o f t h e n u m b e r o f c o l o n i e s ( d e f i n e d a s > 5 0 c e l l s ) f o u n d a f t e r o n e 

w e e k t o t h e n u m b e r o f c e l l s p l a t e d ( e q 4 . 1 ) : 

C o l o n i e s C o u n t e d 
P . E . = [4.1] 

C e l l s P l a t e d 

4 . 2 . 1 T o x i c i t y o f 1 t o w a r d C H O c e l l s 

A t o x i c i t y s t u d y w a s c a r r i e d o u t f o r 1 o v e r a c o n c e n t r a t i o n r a n g e 5 0 - 2 0 0 p m o l L " 1 , 

a n d p l a t i n g e f f i c i e n c i e s w e r e c a l c u l a t e d a n d g r a p h i c a l l y a r r a n g e d ( F i g . 4 . 2 ) . T h e r e s u l t s s h o w 

t h a t 1 s h o w s n o t o x i c i t y t o o x i c c e l l s o v e r t h e c o n c e n t r a t i o n r a n g e t e s t e d ; t h a t i s , t h e p l a t i n g 

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

c o n t r o l c e l l s i n t h e a b s e n c e o f 1 . T h e s e r e s u l t s a r e i n a c c o r d w i t h o t h e r r e p o r t s f r o m t h i s 

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

n o n - t o x i c t o o x i c c e l l s . 4 , 5 
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Toxicity study of 1 

LU 
CL 

1 1 1 I 

100 200 300 
Concentration (iimol L" 1) 

F i g u r e 4.2: T o x i c i t y s t u d y o f c o m p l e x 1 ( 5 0 - 2 0 0 u m o l L " 1 ) i n C H O c e l l s ( o x i c c o n d i t i o n s ) . 

4.4 DNA Binding 

4.4.1 Plasmid binding 

T h e c o m p l e x e s 1, 2, a n d C / s - p l a t i n ( a g i f t f r o m B u l l L a b o r a t o r i e s , A u s t r a l i a ) w e r e 

d i s s o l v e d i n s o l u t i o n s o f T r i s - E D T A ( 1 m m o l L " 1 E D T A a n d 1 0 m m o l L _ l T r i s - H C l , p H 8 ) 

a n d w e r e s t i r r e d f o r o n e h o u r ( 2 . 5 m m o l L " 1 , 2 . 5 m m o l L " 1 , a n d 1 m m o l L _ 1 r e s p e c t i v e l y ) . 

P l a s m i d D N A , p B l u , ( S c a l / i n c a r i z e d p B l u e s c r i p t ® U K S + / - , S t r a t a g e n e , 2 0 u L ) w a s a d d e d t o 

e a c h s a m p l e a n d T r i s - E D T A w a s a d d e d t o m a k e a f i n a l v o l u m e o f 1 0 0 u L . E a c h s a m p l e w a s 

s h a k e n , s p u n i n t h e r e f r i g e r a t e d c e n t r i f u g e ( 4 ° C ) a n d w a s i n c u b a t e d a t 3 7 ° C f o r 2 4 h o u r s . 

E a c h s a m p l e w a s t h e n p i p e t t e d o n t o a S e p h a d e x c o l u m n ( G 5 0 , c o a r s e , P h a r m a c i a ) a n d w a s 

c e n t r i f u g e d ( 3 0 0 0 r p m , 5 m i n ) t o r e m o v e a n y u n b o u n d m e t a l c o m p l e x . T h e e l u e n t ( D N A 

w i t h b o u n d c o m p o u n d ) w a s t r e a t e d a s f o l l o w s . T o o n e a l i q u o t ( 2 5 u L ) w a s a d d e d a s a m p l e 

b u f f e r , R e a c t 3 ( 3 u L , G i b c o ) , a n d t h e r e s t r i c t i o n e n z y m e , E c o R l ( 2 u L , G i b c o ) ; a s e c o n d 
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a l i q u o t w a s t r e a t e d s i m i l a r l y , b u t w i t h t h e r e s t r i c t i o n e n z y m e , B a m H l ( 2 u X , G i b c o ) . T h e 

s o l u t i o n s w e r e s h a k e n , c e n t r i f u g e d ( 4 ° C ) , a n d i n c u b a t e d f o r o n e h o u r a t 3 7 ° C . A l o a d i n g 

d y e ( 0 . 2 5 % B r o m o p h e n o l B l u e , 0 . 2 5 % x y l e n e c y a n o l , 3 0 % g l y c e r o l , 6 9 . 5 0 % H 2 O ; 6 u L ) 

w a s a d d e d t o e a c h d i g e s t a n d 1 2 u X o f e a c h s o l u t i o n w a s l o a d e d o n t o a g e l ( 1 % a g a r o s e ) . 

T h e g e l s w e r e s e t u p i n e l e c t r o p h o r e s i s t a n k s a n d w e r e r u n f o r 9 0 m i n u t e s a t 1 0 0 e V . 

4.4.1.1 Electrophoresis gels 

T h e s e p a r a t e d D N A f r a g m e n t s o n e a c h g e l w e r e v i s u a l i z e d a s b a n d s w i t h a U V l i g h t 

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

d e n s i t o m e t e r a n d t h e r e l a t i v e a m o u n t s o f D N A i n t h e i n d i v i d u a l b a n d s w e r e d e t e r m i n e d a s 

t h e i n t e g r a t e d o p t i c a l d e n s i t y ( I O D ) o f t h e b a n d s . T h e b i n d i n g f a c t o r i s d e f i n e d a s t h e I O D o f 

t h e p a r e n t b a n d d i v i d e d b y t h e I O D o f t h e p a r e n t b a n d p l u s t h e a d d i t i o n a l c u t b a n d s ( t w o 

b a n d s ) ( e q 4.2). T h e r e f o r e t h e m o r e b i n d i n g t h e r e i s , t h e l e s s E c o R l o r B a m H l c a n c u t t h e 

D N A a n d t h e g r e a t e r t h e B i n d i n g F a c t o r ( B . F . ) . 

Intensi ty of P a r e n t B a n d 
B i n d i n g F a c t o r = —^-— t 4- 2] 

T o t a l Intensi ty 

T h e r e s u l t s ( F i g . 4 . 3 ) i n d i c a t e t h a t t h e r e i s m u c h l e s s b i n d i n g o f 1 ([1] = 0 . 8 m m o l Lr 

1, B . F . = 0 . 0 2 7 ) o r 2 ([2] = 0 . 8 m m o l L - . l , B . F . = 0 . 1 7 4 ) t h a n C / s - p l a t i n ( [ C w - p l a t i n ] = 2 

p , m o l L - 1 , B . F . = 0 . 7 8 1 ) a t t h e B a m H l b i n d i n g s i t e s o f t h e p l a s m i d D N A . W h e n 1 a n d 2 a r e 

c o m p a r e d , t h e r e i s m u c h l e s s r e l a t i v e b i n d i n g o f c o m p l e x 1. T h i s d i f f e r e n c e i n b i n d i n g 

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

m o r e l a b i l e D M S O l i g a n d s m a y r e n d e r c o m p l e x a t i o n o f R u w i t h D N A m o r e f a c i l e , w h i l e t h e 

C O l i g a n d i n h i b i t s t h e i n t e r a c t i o n o f 1 r e l a t i v e t o 2. A R u - C O l i n k a g e i n t h e a b s e n c e o f 

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

i n t e r a c t i o n o f 1 w i t h D N A . 
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Plasmid binding study of 1 and 2 

Concentration / 1 0 1 (m mol L"1) 

F i g u r e 4 . 3 : D N A b i n d i n g s t u d y o f 1 a n d 2 a t o r n e a r t h e B a m H l b i n d i n g s i t e s o f t h e p l a s m i d 

D N A . 

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

p l a s m i d D N A c o m p a r e d t o G ' s - p l a t i n ( [ C i s - p l a t i n ] = 2 u r n o l L " 1 , B . F . = 0 . 9 6 0 ) . T h e b a n d s 

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

p o o r . T h i s e x p e r i m e n t w a s r e p e a t e d s e v e r a l t i m e s w i t h h i g h e r i n i t i a l c o n c e n t r a t i o n s o f 1 a n d 

2 ( 2 . 5 m m o l L " 1 ) b u t t h e r e s u l t s w e r e i n c o n s i s t e n t . 

4.4.2 The Damaged DNA Affinity Precipitation Assay (DDAP)t 

T h e D D A P w a s f i r s t u s e d t o i s o l a t e p r o t e i n s w h i c h r e c o g n i z e d D N A t h a t h a d b e e n 

d a m a g e d b y e x p o s u r e t o X - r a y s . 6 T h e a s s a y h a s s i n c e b e e n u s e d t o e x a m i n e t h e p r o t e i n s t h a t 

r e c o g n i z e D N A d a m a g e d b y C i s - p l a t i n ; t h e s e w e r e i d e n t i f i e d a s " h i g h m o b i l i t y g r o u p " 

t A l l the buffers used in this assay are described in reference 11. 
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p r o t e i n s ( H M G ) . 7 T h e f u n c t i o n s o f t h e s e p r o t e i n s i s n o t c l e a r b u t t h e y m a y h a v e i m p o r t a n t 

r o l e s i n m a i n t a i n i n g t h e s t r u c t u r e o f D N A , i n t r a n s c r i p t i o n , a n d i n t h e b i n d i n g o f H I h i s t o n e s 

t o D N A . 8 T h e H M G p r o t e i n s t h a t b i n d s p e c i f i c a l l y t o D N A d a m a g e d b y C i s - p l a t i n h a v e 

b e e n i d e n t i f i e d a s H M G 1 a n d H M G 2 . 9 - 1 0 A m o d i f i e d D D A P a s s a y 1 1 w a s t h e r e f o r e u s e d t o 

c o m p a r e t h e i n t e r a c t i o n o f 1 w i t h D N A t o t h a t o f C w - p l a t i n . 

T h e a s s a y i n v o l v e d t h e u s e o f d o u b l e a n d s i n g l e s t r a n d e d c a l f t h y m u s D N A b o u n d t o 

a c e l l u l o s e b e a d ( S i g m a , l O O m g ) w h i c h w a s i n c u b a t e d ( 2 4 h o u r s a t 3 7 ° C i n a t e s t t u b e ) i n 1 

m m o l L _ 1 s o l u t i o n s o f t h e 1 , 2 a n d C w - p l a t i n i n b u f f e r A . E a c h t e s t t u b e w a s w r a p p e d i n f o i l 

t o p r e v e n t U V l i g h t f r o m d a m a g i n g t h e D N A . A f t e r i n c u b a t i o n t h e s o l u t i o n s w e r e 

c e n t r i f u g e d ( 6 0 0 r p m , 3 m i n ) a n d t h e s u p e r n a t a n t w a s r e m o v e d ; t h e y w e r e t h e n w a s h e d w i t h 

b u f f e r B ( 4 m L ) , c e n t r i f u g e d ( 6 0 0 r p m , 4 m i n ) , a n d t h e s u p e r n a t a n t w a s r e m o v e d . T h i s w a s 

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

c o m p l e x n o t a l r e a d y b o u n d t o D N A . T h e s o l u t i o n s w e r e t h e n w a s h e d w i t h b u f f e r C ( 5 m L ) , 

c e n t r i f u g e d ( 6 0 0 r p m , 5 m i n ) , a n d t h e s u p e r n a t a n t w a s d e c a n t e d . T o e a c h s o l u t i o n w a s t h e n 

a d d e d T r i s - H C l ( 2 m L ) a n d t h e s e m i x t u r e s w e r e t h e n v o r t e x e d . T o 3 0 U . L o f e a c h s o l u t i o n 

w a s a d d e d H M G p r o t e i n ( 3 0 p L ) , a n d t h e s e m i x t u r e s w e r e t h e n s h a k e n o n i c e a n d 

c e n t r i f u g e d i n t h e r e f r i g e r a t e d c e n t r i f u g e ( 4 ° C ) ; t h e r e s i d u e w a s t h e n w a s h e d w i t h b u f f e r D 

( 1 m L ) f i v e t i m e s a n d w i t h b u f f e r E ( 1 m L ) t w i c e a n d w e r e t h e n d r i e d . L o a d i n g b u f f e r ( 0 . 5 

m m o l L " 1 T r i s - H C l ( p H 6 . 8 ) , 1 0 % s o d i u m d o d e c y l s u l f a t e , 0 . 1 % B r o m o p h e n o l B l u e , 2 0 % 

g l y c e r o l , 5 % 2 - m e r c a p t o e t h a n o l ; 1 5 p L ) w a s a d d e d t o e a c h s o l u t i o n w h i c h w a s t h e n b o i l e d 

f o r 2 m i n u t e s a n d l o a d e d ( 1 0 p L ) o n t o t h e e l e c t r o p h o r e s i s g e l ( 1 2 . 5 % p o l y a c r y l a m i d e ) . A f t e r 

e l e c t r o p h o r e s i s w a s c o m p l e t e t h e g e l w a s s t a i n e d w i t h C o o m a s s i e b l u e ( 0 . 1 % ) ( S i g m a ) a n d 

w a s d e s t a i n e d w i t h 1 0 % e t h a n o l / 7 . 5 % a c e t i c a c i d . 
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4.4.2.1 Results of the damaged DNA precipitation 

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

i n t e r a c t i o n b e t w e e n t h e c o m p l e x b o u n d t o D N A a n d H M G . T h e a s s a y w a s c a r r i e d o u t t w i c e 

a n d , i n e a c h c a s e , i n t e r a c t i o n w i t h t h e H M G p r o t e i n o c c u r r e d o n l y w h e n C / s - p l a t i n w a s 

b o u n d t o t h e d o u b l e - s t r a n d e d D N A c e l l u l o s e . B o t h R u ( I I ) p o r p h y r i n c o m p l e x e s , 1 a n d 2, 

h a v e b e e n s h o w n t o i n t e r a c t w i t h i s o l a t e d D N A ( s e e S e c t i o n 4.4.1) b u t f r o m t h e r e s u l t s o f t h i s 

a s s a y , t h e H M G p r o t e i n h a s n o t b e e n f o u n d t o r e c o g n i z e t h i s i n t e r a c t i o n . O t h e r R u 

c o m p l e x e s , e . g . f r a A w - R u C l 2 ( D M S O ) 4 a n d c « - R u C l 2 ( D M S O ) 4 , h a v e b e e n s h o w n t o i n t e r a c t 

w i t h t h e H M G p r o t e i n w h e n b o u n d t o D N A - c e l l u l o s e , t h e f o r m e r m o r e t h a n t h e l a t t e r . 2 T h e 

w a y t h a t t h e trans c o m p l e x b i n d s t o D N A i s a l r e a d y k n o w n t o b e t h e s a m e a s f o r C / s - p l a t i n 

( s e e S e c t i o n 1.5.2).12-13 

4.5 Radiosensitization 

T h e a s s a y f o r r a d i o s e n s i t i z a t i o n 1 4 i s s i m i l a r t o t h e a s s a y u s e d f o r t o x i c i t y ( S e c t i o n 

4.3). S t e r i l e R u p o r p h y r i n s o l u t i o n s i n g l a s s " d u c k v e s s e l s " 2 w e r e s t i r r e d f o r 1 h o u r . 

H y p o x i c c o n d i t i o n s w e r e m a i n t a i n e d b y p a s s i n g o x y g e n - f r e e n i t r o g e n ( L i n d e S p e c i a l i t y G a s , 

U n i o n C a r b i d e ) o v e r t h e s h a k i n g p o r p h y r i n s o l u t i o n s ( O r b i t S h a k e r ) w h i c h w e r e k e p t i n a 

c o n s t a n t t e m p e r a t u r e ( 3 7 ° C ) b a t h . C H O c e l l s i n l m L o c ( + / - ) ( 3 x 1 0 6 m L ' 1 ) w e r e a d d e d t o 

e a c h s o l u t i o n a n d s p a r g i n g w i t h n i t r o g e n c o n t i n u e d f o r 1 h o u r a t 3 7 ° C . A f t e r t h e i n c u b a t i o n 

p e r i o d , t h e v e s s e l s w e r e c h i l l e d t o 0 ° C f o r a t l e a s t 5 m i n p r i o r t o i r r a d i a t i o n , a n d f i l t e r e d a i r 

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

c o n d i t i o n s . T h e o t h e r t h r e e s o l u t i o n s ( c , d , a n d e ) w e r e k e p t u n d e r a s t r e a m o f n i t r o g e n . T h e 

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

o f t h e X - r a y s o u r c e ( P h i l i p s , 2 5 0 k V , 0 . 5 m m C u ) . T h e r a d i o s e n s i t i z i n g a p p a r a t u s w a s s e t u p 

a s d e s c r i b e d b y e a r l i e r w o r k 4 a n d c a l i b r a t e d u s i n g a V i c t o r e e n m o d e l 5 0 0 P r e c i s i o n 

E l e c t r o m e t e r ( t y p i c a l r a d i a t i o n d o s e - r a t e w a s 4 . 5 G y / m i n ) . 
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S a m p l e s ( 1 m L ) o f c e l l s w e r e r e m o v e d a f t e r e v e r y 2 G y i n c r e m e n t ( a a n d b ) a n d e v e r y 

5 G y i n c r e m e n t ( c , d a n d e ) , a n d p l a c e d i n t o d i l u t i o n t u b e s c o n t a i n i n g 9 m L c t ( - / - ) a t 0 ' C . I n 

l i k e m a n n e r t o t h e t o x i c i t y s t u d i e s ( S e c t i o n 4.4), t h e c e l l s w e r e c e n t r i f u g e d , a n d r e s u s p e n d e d 

i n 1 0 m L c t ( - / - ) . C e l l s w e r e c o u n t e d u s i n g a C o u l t e r c o u n t e r ( a f t e r d i l u t i n g 2 m L c e l l s o l u t i o n 

i n t o 1 0 m L P B S ) , p l a t e d i n P e t r i d i s h e s , a n d i n c u b a t e d f o r 7 d a y s , a f t e r w h i c h t i m e t h e c e l l 

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

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

v e r s u s d o s e r e c e i v e d ( e q 4.3): 

P. E. (at dose D) 
SF= : [4.3] 

P. E. (at zero dose) 

4 . 5 . 1 T h e r a d i o s e n s i t i z i n g a b i l i t y o f 2 

T h e r a d i o s e n s i t i z i n g a b i l i t y o f a c o m p l e x i s g i v e n b y t h e S E R v a l u e ( S e n s i t i z a t i o n 

E n h a n c e m e n t R a t i o ) , w h i c h i s d e f i n e d a s t h e r a t i o o f r a d i a t i o n d o s e s r e q u i r e d t o p r o d u c e a 

g i v e n e f f e c t i n t h e a b s e n c e o r p r e s e n c e o f t h e c o m p l e x ( e q 4.4): 

Dose without drug 
SER= (at 1 % survival) [4-4l 

Dose with drug 

C o m p l e x 2 a t 4 0 0 u , m o l L ' 1 h a s n o e f f e c t i n o x i c c o n d i t i o n s a n d s h o w s n o r a d i o s e n s i t i z i n g 

a b i l i t y a t 4 0 0 u m o l L _ 1 a n d 8 0 0 u . m o l L " 1 i n h y p o x i c c o n d i t i o n s ( F i g . 4.4). I n d e e d t h e 

c o m p l e x s e e m s t o b e w e a k l y r a d i o p r o t e c t i n g w i t h a n S E R v a l u e o f 0 . 8 9 . T h i s v a l u e i s t o b e 

c o m p a r e d w i t h t h o s e o b t a i n e d f o r t h e f r e e - b a s e p o r p h y r i n , H 2 ( T S P P ) 4 " ( S E R v a l u e o f 1 . 0 4 ) 4 , 

a n d f o r N a 3 [ C o ( T S P P ) ] ( S E R v a l u e s o f 1 . 0 8 a n d 2 . 3 0 ) 4 < 1 5 , w h i c h s h o w t h a t t h e s e c o m p l e x e s 

h a v e s o m e r a d i o s e n s i t i z i n g a b i l i t y . D M S O h a s b e e n s h o w n t o a c t a s a r a d i o p r o t e c t o r a t m u c h 

h i g h e r c o n c e n t r a t i o n s ( 2 . 0 m o l L ' 1 a n d 3 . 5 m o l L " 1 ) . 1 6 , 1 7 
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Radiosensitization by 2 

10 20 
Dose (Gray) 

30 

a Control (air) 
b 800 uM (air) 
c Control (hypoxic) 
d 400 uM(hypoxic) 
e 800 pM (hypoxic) 

F i g u r e 4.4: S u r v i v a l c u r v e f o r r a d i o s e n s i t i z i n g b y 2 i n o x i c a n d h y p o x i c C H O c e l l s . 

T h e e x p e r i m e n t w a s o n l y p e r f o r m e d w i t h c o m p l e x 2 a s t h e r e w a s n o t e n o u g h o f 

p l e x 1 r e m a i n i n g t o b e t e s t e d . 
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5 . 1 Retrospective 

V a r i o u s s t r a t e g i e s f o r t h e s y n t h e s i s o f w a t e r - s o l u b l e r u t h e n i u m p o r p h y r i n c o m p l e x e s 

w e r e d i s c u s s e d i n C h a p t e r 3 . F o l l o w i n g t h e l i t e r a t u r e p r o c e d u r e ( S e c t i o n 3 . 3 . 1 ) , 1 w h i c h n o 

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

RU3CO12), N a 4 [ R u ( T S P P ) ( C O ) ( D M F ) ] ( 1 ) c o u l d i n d e e d b e a c c e s s e d a f t e r l e n g t h y r e a c t i o n 

t i m e a n d a t e d i o u s w o r k - u p p r o c e d u r e . W i t h t h e n e w m e t h o d d e v e l o p e d i n t h i s t h e s i s w o r k , 1 

c a n b e s y n t h e s i z e d f r o m a s i m p l e R u ( I I I ) s t a r t i n g m a t e r i a l a f t e r o n l y t h r e e h o u r s a n d w i t h 

s i m p l i f i e d w o r k - u p . M e t a l l a t i o n w a s a c h i e v e d n o t o n l y w i t h t h e a n i o n i c p o r p h y r i n , 

H 2 ( T S P P ) 4 " , b u t a l s o w i t h t h e n e u t r a l s p e c i e s H 2 ( T P y P ) a n d F t y T P P ) a s w e l l a s w i t h t h e 

c a t i o n i c p o r p h y r i n , H 2 ( T M P y P ) 4 + . T h i s d i s c o v e r y t h a t t h e R u ( I I I ) p r e c u r s o r , 

[ R u ( D M F ) 6 ] ( O T f ) 3 , r a p i d l y i n s e r t s i n t o v a r i o u s p o r p h y r i n s y s t e m s , a n d u n d e r g o e s in situ 

r e d u c t i o n t o R u ( I I ) , t o g i v e a c o r r e s p o n d i n g R u p o r p h y r i n s p e c i e s , i s a s i g n i f i c a n t i n o r g a n i c 

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

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

C o m p l e t e c h a r a c t e r i z a t i o n o f 1 a n d N a 4 [ R u ( T S P P ) ( D M S O ) 2 ] ( 2 ) w a s h a m p e r e d b y 

t h e l a c k o f s o l i d - s t a t e X - r a y s t r u c t u r a l d e t a i l s : a l l i s o l a t e d c r y s t a l s e x h i b i t e d t w i n n i n g ; i n 

p a r t i c u l a r , 2 i s b e l i e v e d t o e x h i b i t O - c o o r d i n a t i o n b y t h e D M S O l i g a n d s a n d a s i n g l e c r y s t a l 

X - r a y d i f f r a c t i o n e x p e r i m e n t w o u l d h a v e s h o w n t h i s c o n c l u s i v e l y . 

I n s o l u t i o n b o t h 1 a n d 2 a r e s u s p e c t e d t o u n d e r g o a x i a l l i g a n d e x c h a n g e ( w i t h w a t e r ) , 

a s e x p e c t e d f o r r e a s o n a b l y l a b i l e R u ( I I ) c o m p l e x e s . F o r 2 , a l i g a n d e x c h a n g e p r o c e s s w a s 

f o l l o w e d b y U V / v i s i b l e s p e c t r o s c o p y a n d t h e p r o c e s s w a s i n f a c t r e v e r s i b l e . I m p o r t a n t l y , 

a g g r e g a t i o n p h e n o m e n a w e r e c o n s p i c u o u s l y a b s e n t f o r 1 a n d 2 i n s o l u t i o n , a r e s u l t t h a t 

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

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

a g g r e g a t i o n . 

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

m a m m a l i a n c e l l s a n d b i n d t o D N A a s w e l l a s R u d o e s i n t h e f o r m o f a s i m p l e c o o r d i n a t i o n 

c o m p l e x , e . g . r r a n s - R u C l 2 ( D M S O ) 4 . T h i s i n d i c a t e s t h a t t h e p o r p h y r i n s o m e h o w i n h i b i t s t h e 

p a s s a g e o f R u a c r o s s t h e c e l l m e m b r a n e a n d a l s o p r e v e n t s b i n d i n g t o D N A . A t t h e v e r y l e a s t , 

b o t h c o m p l e x e s 1 a n d 2 w e r e f o u n d t o b e n o n - t o x i c a t t h e c o n c e n t r a t i o n l e v e l s t e s t e d , a n d 2 

w a s f o u n d t o p r o t e c t t h e c e l l s f r o m t h e e f f e c t s o f r a d i a t i o n . T h a t 2 a c t s a s a r a d i o p r o t e c t o r i s 

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

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

5.2 Prospective 

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

m e d i a t e d b y [ R u ( D M F ) 6 ] ( O T f ) 3 , h a s v e r y i m p o r t a n t c o n s e q u e n c e s f o r m e t a l l o p o r p h y r i n 

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

a t t e m p t a t t h e m e t a l l a t i o n o f t h e o t h e r g e n e r i c p o r p h y r i n s , s u c h a s H 2 ( O E P ) , b y 

[ R u ( D M F ) 6 ] ( O T f ) 3 , a n d i n o r d e r t o a n s w e r t h e q u e s t i o n a s t o t h e g e n e r a l i t y o f t h e m e t h o d i t 

i s i m p e r a t i v e t h a t f u r t h e r e x p e r i m e n t s b e p e r f o r m e d . A r e l a t e d q u e s t i o n i s t h e s t a b i l i t y 

t o w a r d s r e d u c t i o n o f a R u ( I U ) c e n t r e b o u n d t o a p o r p h y r i n . C a n a d i f f e r e n t p o r p h y r i n , m a y b e 

m o r e e l e c t r o n - r i c h , s t a b i l i z e R u ( I I I ) , a n d w h a t f a c t o r s g e n e r a l l y a f f e c t t h e R u ( I I ) / R u ( I I I ) 

r e d o x b e h a v i o u r ? T h e m e c h a n i s m a d v a n c e d i n S e c t i o n 3.3.2 i s h i g h l y s p e c u l a t i v e a n d 

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

I s t h e R u ( U I ) n u c l e u s f i r s t i n c o r p o r a t e d i n t o t h e p o r p h y r i n r i n g a s s e e m s l i k e l y , o r i s a n o t h e r 

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

U V / v i s i b l e a n d I R s p e c t r o s c o p y ( i f a c a r b o n y l s p e c i e s i s f o r m e d ) , o r E S R s p e c t r o s c o p y . 
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F u r t h e r w o r k o n t h e c o o r d i n a t i o n c h e m i s t r y o f 1 a n d 2 w i l l l e a d t o n e w R u c h e m i s t r y 

i n a q u e o u s s o l u t i o n . B o t h 1 a n d 2 h a v e p o t e n t i a l a p p l i c a t i o n s i n c a t a l y s i s , b o t h i n a q u e o u s 

m e d i a ( f o r e x a m p l 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 1 ) a n d i n o r g a n i c p h a s e s a s R u c o m p l e x e s 

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

h y d r o f o r m y l a t i o n s . 2 a , b I t i s a l s o o f i n t e r e s t f r o m a f u n d a m e n t a l v i e w t o e x a m i n e t h e 

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

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

(vide infra). 

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

t h i s t h e s i s w a s t o d e v e l o p w a t e r - s o l u b l e R u p o r p h y r i n c o m p l e x e s a s r a d i o s e n s i t i z e r s . T o 

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

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

p o r p h y r i n ring m a y b e r e q u i r e d . A s r e g a r d s c e l l u l a r a c c u m u l a t i o n , i n h i n d s i g h t i t i s p r o b a b l y 

u n r e a s o n a b l e t o e x p e c t s i g n i f i c a n t p a s s a g e o f 1 o r 2 a c r o s s a c e l l m e m b r a n e w h e n b o t h 

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

f o r c a t i o n i c p o r p h y r i n s y s t e m s . 3 A n o t h e r a l t e r n a t i v e m i g h t b e t h e r e p l a c e m e n t i n 1 a n d 2 o f 

t h e f o u r N a + c o u n t e r - i o n s b y K + , w h i c h c o u l d b e a c c o m p l i s h e d s i m p l y b y a n i o n - e x c h a n g e 

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

r e c o g n i z e d m e c h a n i s m f o r K + u p t a k e . 

I n s u m m a r y , i t i s c l e a r t h a t t h e f u n d a m e n t a l a s p e c t s o f R u p o r p h y r i n c h e m i s t r y , t o s a y 

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

p o t e n t i a l . 
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Appendix I: Infrared Spectrum (KBr disc) of Complex 1. 



Appendix II: 13C{!H} NMR Spectrum of Ru(TSPP)(13CO)(DMF)4". 
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Appendix III: Solutions Used for the Biological Tests. 

1. a-Media 

An alpha-modification of Eagle's minimum essential media (MEM, Gibco) was used 

in three different forms (a (+/+), a (+/-), a (-/-)) depending on the needs of the experiment. 

One packet of an a-media powder and 10,000 units of Penstrep antibiotic (Gibco) were 

added to 10 L of double distilled water and the solution was stirred for 2 hours at room 

temperature to make a (-/-). 

The a (+/-) medium was made by adding foetal bovine serum (10%, 50 mL) to a (-/-

). Stock solutions were sterilized by filtration (Nalgene filter, 0.22 micromillipore), and 

stored at 4 °C. 

Foetal Bovine serum (10%, Gibco) and NaHC03 were added to a (-/-) medium and 

the pH was adjusted to 7.3 (4 mol L - l NaOH) to produce the a (+/+) medium. A l l solutions 

of media were sterilized by filtration (Nalgene filter, 0.22 micromillipore) and the filtered 

solutions were stored at 4 °C. Each batch was tested for contamination by incubating the 

solutions for 1 week. 

2 Phosphate Buffer Saline solutions (PBS). 

NaCl (160 g), KC1 (4 g), N a 2 H P 0 4 (23 g) and K H 2 P 0 4 (4 g) were dissolved in 

distilled water (20 L), and the solution sterilized by filtration (Nalgene filter, 0.22 

micromillipore). The solution was stored at room temperature and was cooled before use 

when required. 

3. Tris -HC1 buffer. 

This solution was prepared from Trizma-HCl (Sigma), and the pH of the solutions 

adjusted to 7.5-8.00 using 4 mol L _ 1 NaOH. Stock solutions were diluted as required. 
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