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

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

( E i / 4 ) [ 3 ] . 

A c k o w l e d o m e n t s 

T h i s w o r k h a s b e e n p a r t i a l l y s u p p o r t e d b y I N I C a n d J N I C T . 
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S p e c t r o e l e c t r o c h e m i 5 t r y c h a r a c t e r i z a t i o n of t h e T r i n u c l e a r 

[ R u 3 0 ( 0 2 C C H 3 ) 6 ( P y r a z i n e ) 3 ] ^ ' + c l u s t e r s 

H e n r i q u e E. Toma* and C e c i l i a C i p r i a n o * * 

The c h e m i s t r y of t h e t r i n u c l e a r c l u s t e r s [ R u 3 O ( C H 3 C 0 2 ) 6 L 3 ] 
whtre L = i m i d a z o l e , p y r i d i n e o r p y r a z i n e t y p e of l i g a n d s , was 
i n v e s t i g a t e d b a s e d on s p e c t r o s c o p i c and e l e c t r o c h e m i c a l 
t e c h n i q u e s 1 , 2 . T h e s e c o m p l e x e s a r e o f g r e a t i n t e r e s t 3 f r o m t h e p o i n t 
of v i e w of t h e i r e l e c t r o n i c and r e d o x p r o p e r t i e s , p r o v i d i n g 
m u i t i s i t e s p e c i e s f o r e l e c t r o n t r a n s f e r p r o c e s s e s . T h e y were 
i s o l a t e d i n s o l i d s t a t e , and c h a r a c t e r i z e d by means of e l e m e n t a r y 
a n a l y s e s and i n f r a r e d s p e c t r a . 

The e l e c t r o c h e m i c a l b e h a v i o r i n a c e t o n i t r i l e s o l u t i o n was 
t y p i c a l l y r e v e r s i b l e ; t h e c y c l i c vo1tammograms e x h i b i t e d a s e r i e s c f 
f o u r o r f i v e m o n o e l e c t r o n i c waves i n t h e r a n g e o f p o t e n t i a l s f r o m 

IV I I T I I I 
-1.8 t o 2.0 V ( f i g . 1) a s c r i b e d t o t h e s u c e s s i v e Ru Ru Ru / 
D III„ I I I 0 I I I . _ 11 _ 11 _ I I 
Ru Ru Ru / Ru Ru Ru r e d o x c o u p l e s . The r a t i o s o f 
t h e a n o d i c and c a t h o d i c peak c u r r e n t s a r e v e r y c l o s e t o u n i t y . The 
s e p a r a t i o n between t h e a n o d i c and c a t h o d i c peak p o t e n t i a l s was 
a p p r o x i m a t e l y 60 mU a t low p o t e n t i a l s c a n r a t e s ( e . g . 20 mV s " 1 ) , 
i n c r e a s i n g up t o 70 mV a t 200 mV s " 1 . A f i f t h wave was d e t e c t e d n e a r 
t h e l i m i t i n g p o t e n t i a l s (2.4 V) i n a c e t o n i t r i l e but t h e 
e l e c t r o c h e m i c a l r e s p o n s e was much l e s s r e v e r s i b l e . The d i f f e r e n c e s 
between t h e s u c c e s s i v e r e d o x p o t e n t i a l s were ab o u t 1 V, i n d i c a t i n g 
s t r o n g m e t a l - m e t a l i n t e r a c t i o n i n t h e t r i n u c l e a r R u 3 0 c e n t r e . A 
d i f f e r e n c e d e c r e a s e s f r o m 1.0 t o 0,45 V i n t h e c a s e o f t h e r e d o x 
c o u p l e i n v o l v i n g t h e R u ^ R u ^ R u * * complex, w h i c h has no empty dn 
o r b i t a l c o n t r i b u t i n g t o t h e e l e c t r o n d e l o c a 1 i z a t i o n i n t h e 
t r i n u c l e a r c l u s t e r . The E° v a l u e s were s t r o n g s e n s i t i v e t o t h e 
n a t u r e o f t h e N - h e t e r o c y c l i c l i g a n d , i n c r e a s i n g w i t h t h e p i - a c c e p t o r 
p r o p e r t i e s of t h e p y r i d i n e and p y r a z i n e d e r i v a t i v e s , but i n a much 
l e s s p r o n o u n c e d way i n t h e c a s e o f t h e i m i d a z o l e d e r i v a t i v e s . The 
r e d o x p o t e n t i a l s d e c r e a s e l i n e a r l y v / i t h t h e pka o f t h e 
N - h e t e r o c y c 1 i c l i g a n d s . The v a r i a t i o n i s r e l a t i v e l y s m a l l a t h i g h 
o x i d a t i o n s t a t e s , but i n c r e a s e s r a p i d l y as t h e o x i d a t i o n s t a t e s 
d e c r e a s e , r e f l e c t i n g t h e r o l e o f n - b a c k b o n d i n g i n t h e complexes' 4. 

In o r d e r t o c h a r a c t e r i z e t h e c h e m i c a l s p e c i e s i n v o l v e d i n t h e 
e l e c t r o c h e m i c a l p r o c e s s e s , s p e c t r o e l e c t r o c h e m i c a l measurements were 
c a r r i e d o u t f o r t h e [ R u 3 0 ( O O C C H 3 ) 6 ( p z ) 3 J c l u s t e r i n a c e t o n i t r i l e 

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

* I n s t i t u t o de Q u í m i c a , U n i v e r s i d a d e de São P a u l o , C a i x a P o s t a l 
20780, São P a u l o , SP ( B r a z i l ) 
* * I n s t i t u t o de Q u í m i c a , U n i v e r s i d a d e F e d e r a l do R i o de J a n e i r o , 
21910, R i o de J a n e i r o , RJ ( B r a z i l ) 
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bands, as i l l u s t r a d e d i n F i g . 2. The low e n e r g y band i s o f c o m p o s i t e 
n a t u r e , s p a n n i n g t h e r a n g e 450-1300 nm as a f u n c t i o n o f t h e 
o x i d a t i o n s t a t e s of t h e t r i n u c l e a r c l u s t e r s . The a s s i n g n m e n t o f t h e 
e l e c t r o n i c t r a n s i t i o n s c a n be d i s c u s s e d b a s e d on t h e q u a l i t a t i v e 
m o l e c u l a r o r b i t a l scheme p r o p o s e d by C o t t o n and Norman 5 and Baumann 
et a l . 6 f o r t h e t r i a n g u l a r R u 3 0 c e n t r e . A c c o r d i n g t o t h e m o l e c u l a r 

o r b i t a l scheme, t h e [ R u 3 0 ( 0 0 C C H 3 ) 6 ( p z ) 3 ] + complex c a n be f o r m a l l y 
_ . _ 111„ III„ I I I .... , d e s c r i b e d as Ru Ru Ru , e x h i b i t i n g t h e e l e c t r o n i c 

c o n f i g u r a t i o n { a 2 " ) 2 (e 1
 l ) M ( a , ' ) 2 (e 2 » ) " { e " ) M ( a 2 • ) , w i t h an empty a 2 " 

o r b i t a l . D e c o n u o l u t i o n of t h e a b s o r p t i o n band a t 710 nm l e a d s t o two 
main components a t 715 and 630 nm and a n o t h e r weak one a t 510 nm, 
a s c r i b e d t o t h e s y m m e t r y - a l l o w e d e" — » a 2 " and a s

1 — » a 2 " 
t r a n s i t i o n s , and t o t h e B ] 1 —» a 2 " e l e c t r i c d i p o l e f o r b i d d e n 
t r a n s i t i o n , r e s p e c t i v e l y , as i n t h e a n a l o g o u s p y r i d i n e c o m p l e x 6 . The 

m • . . . IV^ III„ I I I _ H I - I H _ I I 
c o r r e s p o n d i n g t r a n s i t i o n s i n t h e Ru Ru Ru , Ru Ru Ru e 

c l u s t e r s were l o c a t e d a 588, 540, 430; 930, 780, 615 
and 1150, 957 and 795 nm, r e s p e c t i v e l y . The o p t i c a l e n e r g i e s d i s p l a y 
a l i n e a r c o r r e l a t i o n w i t h t h e o x i d a t i o n s t a t e s , i n d i c a t i n g a g r a d u a l 
i n c r e a s e o f e n e r g y f o r t h e o c c u p i e d m e t a l dn l e v e l s w i t h t h e 
i n c r e a s i n g number o f e l e c t r o n s . In t h e c a s e o f t h e t o t a l l y r e d u c e d 
Ru* ^Ru* *Ru* * c l u s t e r , t h e dn o r b i t a l s a r e c o m p l e t e l y f i l l e d and no 
m e t a l - m e t a l band i s o b s e r v e d . In c o n t r a s t , t h e Ru E n ' ^ R n ' 
c l u s t e r e x h i b i t s two v a c a n t l e v e l s and an a d d i t i o n a l m e t a l - m e t a l 
band i s o b s e r v e d a t 785 nm, p r o b a b l y a r i s i n g f r o m t h e B j ' —» a 2 ' 
t r a n s i t i o n . The p y r a z i n e l i g a n d s have n * o r b i t a l s o f a p p r o p r i a t e 
symmetry t o i n t e r a c t w i t h t h e r u t h e n i u m dn m o l e c u l a r o r b i t a l s , 
p a r t i c u l a r l y t h o s e o f e" and a 2 " symmetry i f one assumes a p l a n a r 
c o n f i g u r a t i o n . The a b s o r p t i o n band i n t h e u l t r a v i o l e t r e g i o n , a r o u n d 
26© nm, i s a l s o o b s e r v e d i n t h e f r e e p y r a z i n e l i g a n d and c a n be 
a s c r i b e d t o n - n * t r a n s i t i o n s i n t h e a r o m a t i c r i n g . The band of 
i n t e r m e d i a t e e n e r g y i s s t r o n g l y s e n s i t i v e t o t h e o c i d a t i o n s t a t e s , 

mocing up f r o m 310 nm i n t h e R u ^ R u 1 1 I R u I 1 1 complex t o 800 nm i n t h e 
c o m p l e t e l y r e d u c e d R u ^ R u ^ R u 1 1 from, w i t h a d r a m a t i c i n c r e a s e i n 
i n t e n s i t y ( F i g . 2 ) . T h e r e i s a l i n e a r d e p e n d e n c e o f t h e o p t i c a l 
e n e r g i e s on t h e o x i d a t i n s t a t e s , as c a n be s e e n i n F i g . 3. T h i s band 
c a n be a s c r i b e d t o a c h a r g e - t r a n s f e r t r a n s i t i o n f r o m t h e o c c u p i e d 
r u t h e n i u m ( I I ) o r b i t a l s , e.g. o f e" symmetry, t o t h e l o w e s t 
u n o c c u p i e d n * o r b i t a l s o f t h e p y r a z i n e l i g a n d s . 

The s p e c t r o e l e c t r o c h e m i c a 1 b e h a v i o r of t h e R u ' ^ R u ^ ^ R n ^ ^ / 
R u ^ ^ R u R U r e d o x c o u p l e i n aqueous s o l u t i o n i s t y p i c a l l y 
r e v e r s i b l e , w i t h E° = 0,40 V i n agreement w i t h t h e c y c l i c 
voltammograms. The d e c a y o f t h e a b s o r p t i o n bands o f t h e 
R u I I I R u I IRu complex a t 340 and 705 nm i s f o l l o w e d by t h e r i s e o f 
s t r o n g bands a t 420 and 905 nm, w i t h i s o s b e s t i c p o i n t s a t 274, 385, 

545 and 750 nm. At pH > 10, t h e r e d u c t i o n of t h e Bu I I IRu I IRu 1 1 

c l u s t e r p r o c e e d s r e v e r s i b i y w i t h E.. = -0.65 V , s h i f t i n g 1 t h e v i s i b l e 
n 
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a b s o r p t i o n band t o 535 nm, w i t h i s o s b e s t i c p o i n t s at 455 and 717 nm. 
The m e t a l - m e t a l band at 885 nm becomes s l i g h t l y b r o a d e r and more 
i n t e n s e . The s p e c t r u m i s q u i t e s i m i l a r t o t h a t r e c o r d e d i n 
a c e t o n i t r i l e s o l u t i o n s f o r t h e /u-oxo-br i d g e d R u 1 1 *Ru* I R u I 1 c l u s t e r , 
i n d i c a t i n g t h a t t h e c e n t r a l o x i g e n b r i d g e r e m a i n s i n t a c t . B e l o w 
-0.68 v, one o b s e r v e s an i n c r e a s e i n i n t e n s i t y f o r t h e a b s o r p t i o n 
band at 535 nm, The m e t a l - m e t a l band i n t h e n e a r - i n f r a r e d r e g i o n 
d i s a p p e a r s , i n d i c a t i n g t h a t t h e m e t a l dn l e v e l s a r e s a t u r a t e d , as 
e x p e c t e d f o r t h e Ru***Ru*~Ru*~ o x i d a t i o n s t a t e , i n agreement w i t h 
the c y c l i c vo1tammograms. The e l e c t r o n i c s p e c t r u m does n o t c o i n c i d e 
w i t h t h a t of t h e /.i-oxo-bridged Ru Ru ^Ru c l u s t e r measured i n 
a c e t o n i t r i l e s o l u t i o n ( F i g . 2 ) , and t h e e n e r g y f o r t h e 
r u t h e n i u m - t o - p y r a z i n e c h a r g e - t r a n s f e r t r a n s i t i o n d o e s n o t f i t t h e 
l i n e a r c o r r e l a t i o n ( F i g . 3 ) . T h e r e f o r e , i t was a s c r i b e d t o t h e 
c o m p l e t e l y r e d u c e d s p e c i e s w i t h no c e n t r a l o x y g e n i o n . At pH ( 5, 
w i t h i n t h e t i m e s c a l e o f t h e s p e c t r o e l e c t r o c h e m i c a 1 measurements, (1 

- 5 rain. ) t h e /u-oxo-Ru 1 1 ^Ru 1 I R u I 1 s p e c i e s does n o t a c c u m u l a t e , 
c o n v e r t i n g r a p i d l y t o t h e R u I I R u I R u 1 and p r o d u c t a f t e r t h e 
t r a n s f e r o f t h e c e n t r a l o x y g e n i o n t o t h e s o l v e n t . A c l o s e r l o o k a t 
t h e s p e c t r a i n F i g . 2E shows t h a t e v e n i n a c e t o n i t r i l e s o l u t i o n s 
t h e r e i s some l o s s o f t h e o x y g e n b r i d g i n g i o n f r o m t h e t r i n u c l e a r 
c l u s t e r , as n o t e d by t h e a d d i t i o n a l s h o u l d e r a t 550 nm, c o i n c i d i n g 
w i t h t h e a b s o r p t i o n band i n aqueous s o l u t i o n . 

In c o n c l u s i o n , t h e e l e c t r o c h e m i c a l b e h a v i o r i n a q u e o u s and 
a c e t o n i t r i l e s o l u t i o n s d i f f e r s by t h e r e a c t i v i t y o f t h e c e n t r a l 
o x y g en i o n a t t h e l o w e s t o x i d a t i o n s t a t e s . The c e n t r a l o x y g e n i o n 
p l a y s an i m p o r t a n t r o l e i n s t a b i l i z i n g r u t h e n i u m ( I I I ) o r ( I " ) 
s p e c i e s , by d o n a t i n g n - e l e t r o n s t o t h e empty d o r b i t a l s . However, 
when t h e c l u s t e r s i s i n Ru ( I I ) f o r m , t h e d o r b i t a l s a r e s a t u r e d 

1 ' ' y z 
and t h i s t y p e o f i n t e r a c t i o n i s no l o n g e r p o s s i b l e , f a c i l i t a t i n g " t h e 
t r a n s f e r o f t h e o x y g e n i o n t o t h e p r o t o n d o n o r s p e c i e s i n t h e 
so 1vent s. 
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OXIDATION STATES 

F i g . 5. C o r r e l a t i o n o f t h e o p t i c a l e n e r g i e s f o r t h e m e t a l — 
t o - p y r a z i n e c h a r g e t r a n s f e r t r a n s i t i o n s and t h e o x i d a t i o n 
s t a t e s o f t h e CRu-rO (DDCCH-^) A<pz ) ̂ 3 c l u s t e r i n a c e t o n i t r i l e 
( b l a c k c i r c l e s ) and a q u e o u s s o l u t i o n s (empty c i r c l e s ) . 


