
- 19 -

ELECTBOCHEMISTRY OF TRANSITION METAL COMPLEXES 

Armando J . L a t o u r r e t t e Pombeiro 

Centro de Química E s t r u t u r a l 

Complexo I 

1000 L i s b o a 

Contents 

Acknow1edgmen t s 

I - I n t r o d u c t i o n 

I I - E l e c t r o c h e m i c a l o x i d a t i o n 

A - O n e - e l e c t r o n ( r e v e r s i b l e ) o x i d a t i o n s 

(a) E i g h t e e n - e l e c t r o n complexes w i t h b i d e n t a t e phosphines 

(b) M e t a l l o c e n e - t y p e complexes 

B - E l e c t r o c h e m i c a l o x i d a t i o n s w i t h coupled c h e m i c a l r e a c t i o n s 

(a) R e a c t i o n w i t h s o l v e n t 
(b) L i g a n d m e t a t h e s i s 
(c) I n s e r t i o n i n t o a me t a l - c a r b o n bond 
(d) M e t a l - c a r b o n bond cleavage 
(e) P r o t o n e l i m i n a t i o n 
( f ) D i s p r o p o r t i o n a t i o n 
(g) L i m e r i z a t i o n 
(h) F o r m a t i o n of p o l y n u c l e a r mercurated s p e c i e s 

( i ) M e t a l - m e t a l bond r u p t u r e of a d i n u c l e a r complex 

I I I - E l e c t r o c h e m i c a l r e d u c t i o n 

A - O n e - e l e c t r o n r e v e r s i b l e r e d u c t i o n 

B - E l e c t r o c h e m i c a l r e d u c t i o n w i t h coupled c h e m i c a l r e a c t i o n s 

(a) D i m e r i z a t i o n w i t h a b r i d g i n g l i g a n d 



- 20 -

(b) E l i m i n a t i o n of an a n i o n i c l i g a n d f o l l o w e d by f u r t h e r 
r e a c t i o n s of the o r g a n o m e t a l l i c r a d i c a l 
( b . l ) Hydrogen a b s t r a c t i o n 
(b.2) L i g a n d exchange 
(b.3) D i m e r i z a t i o n 
(b.4) D i s p r o p o r t i o n a t i o n 
(b.5) R e a c t i o n w i t h mercury cathode 
(b.6) E l i m i n a t i o n of a c a r b a n i o n . M e t a l - c a r b o n bond 

c l e a v a g e 

(c) E l e c t r o p h i l i c a t t a c k 
(d) F u r t h e r r e d u c t i o n w i t h e l i m i n a t i o n o f an a n i o n i c l i g a n d 

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

( e . l ) D i n u c l e a r complexes 
(e.2) T r i n u c l e a r complexes 

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

Half-wave p o t e n t i a l and c h e m i c a l r e a c t i v i t y 

A - L i n i t r o g e n v e r s u s i s o c y a n i d e r e a c t i v i t y 

B - E l e c t r o p h i l i c v e r s u s n u c l e o p h i l i c a t t a c k a t d i n i t r o g e n 

C - I n f l u e n c e o f a c o - l i g a n d on the r e a c t i v i t y of d i n i t r o g e n 

E - R e v e r s i b l e oxygen uptake r e a c t i o n s 

Half-wave p o t e n t i a l and p h y s i c a l parameters 

A - Half-wave o x i d a t i o n " p o t e n t i a l and HOMO energy 

B - Half-wave p o t e n t i a l and gas-phase i o n i z a t i o n p o t e n t i a l 

C - Half-wave p o t e n t i a l and l i g a n d f i e l d s t a b i l i z a t i o n energy 

D- Half-wave p o t e n t i a l and e l e c t r o n d o n o r / a c c e p t o r c h a r a c t e r 
of the l i g a n d s 

(a) E T / 2
 v e r s u s ° Hammett c o n s t a n t 

( a . l ) S u b s t i t u t e d c y c l o p e n t a d i e n y l complexes 
(a.2) S u b s t i t u t e d arene complexes 
(a.3) I s o c y a n i d e and o t h e r .complexes 

- 21 -

(b) E ^ v e r s u s t h e energy o f a charge t r a n s f e r band 

(c) v e r s u s i n f r a - r e d s t r e t c h i n g f r e q u e n c i e s 
(d) E ^ v e r s u s X-ray p h o t o e l e c t r o n s p e c t r o s c o p y b i n d i n g energy 

(e) Other cases 

E - Half-wave p o t e n t i a l and n.m.r. parameters 

F - Half-wave p o t e n t i a l and l i g a n d s t r u c t u r a l parameters i n 

m a c r o c y c l i c complexes 

(a) Ring s i z e and o t h e r s t e r e o c h e m i c a l parameters 

(b) L i g a n d u n s a t u r a t i o n 
(c) A d d i t i v i t y of l i g a n d s t r u c t u r a l parameters 

G - S o l v e n t and s u p p o r t i n g e l e c t r o l y t e e f f e c t s on the h a l f - w a v e 

p o t e n t i a l 

JII - E l e c t r o c h e m i s t r y of r e d o x s e r i e s 

A - Number of elements of a redox s e r i e s 

B - E s t i m a t i o n o f meta l - b a s e d redox s t e p s 

V I I I - E l e c t r o s y n t h e s i s and C a t a l y s i s 

A - E l e c t r o s y n t h e s i s o f o r g a n o m e t a l l i c complexes 

(a) I n t r o d u c t i o n 

(b) E l e c t r o c h e m i c a l r e a c t i o n i n the presence o f a s u i t a b l e l i g a n d 
(c) E l e c t r o c h e m i c a l g e n e r a t i o n of an i n t e r m e d i a t e complex w i t h 

a r e a c t i v e l i g a n d 
( c . l ) E l e c t r o r e d u c t i o n f o l l o w e d by r e a c t i o n w i t h e l e c t r o p h i l e 
(c.2) E l e c t r o o x i d a t i o n f o l l o w e d by p r o t o n e l i m i n a t i o n 

o r o t h e r r e a c t i o n s 
(d) E l e c t r o c h e m i c a l r e d u c t i o n o f l i g a n d f u n c t i o n a l groups 
(e) E l e c t r o s y n t h e s i s a t s a c r i f i c i a l e l e c t r o d e s 

( e . l ) C a t h o d i c p r o c e s s e s 

I - E l e c t r o s y n t h e s i s from n o n - o r g a n o m e t a l l i c compounds 

I I - E l e c t r o s y n t h e s i s i n v o l v i n g a p a r e n t o r g a n o m e t a l l i c 
compound 

(e.2) A n o d i c p r o c e s s e s 

I - E l e c t r o s y n t h e s i s from n o n - o r g a n o m e t a l l i c compounds 



- 22 -

( i ) R e a c t i o n s w i t h o r g a n o h a l i d e s 
( i i ) O ther r e a c t i o n s 

(11.1) F o r m a t i o n o f c a t i o n i c complexes by r e a c t i o n s 
w i t h n e u t r a l l i g a n d s 

(11.2) R e a c t i o n s w i t h o l e f i n s 
(11.3) R e a c t i o n s w i t h h a l i d e s 
(11.4) R e a c t i o n s w i t h h y d r o b o r a t e s 
(11.5) R e a c t i o n s w i t h weak p r o t i c a c i d s 

I I - E l e c t r o s y n t h e s i s i n v o l v i n g a p a r e n t o r g a n o m e t a l l i c 
compound 

B - O r g a n o m e t a l l i c i n t e r m e d i a t e s i n o r g a n o e l e c t r o s y n t h e s i s 
(a) C a t a l y t i c e l e c t r o c h e m i c a l r e d u c t i o n of o r g a n i c h a l i d e s 

( a . l ) I n the absence o f o t h e r s u b s t r a t e s 
(a.2) I n the p r e s e n c e o f o l e f i n s 

(b) P o l y m e r i z a t i o n and o l i g o m e r i z a t i o n o f o l e f i n s 
(c) Other r e a c t i o n s 
(d) F i n a l remarks. I n d i r e c t e l e c t r o s y n t h e s i s v i a 

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

C - E l e c t r o a c t i v a t i o n o f l i g a n d s 
(a) E l e c t r o c h e m i c a l a c t i v a t i o n of l i g a t i n g o r g a n o h i d r a z i d o ( 2 — ) : 

r e d u c t i o n t o f r e e o r g a n o h y d r a z i n e s 
(b) E l e c t r o c h e m i c a l r e d u c t i o n o f d i n i t r o g e n to ammonia 
(c) E l e c t r o c h e m i c a l r e d u c t i o n of CX^ 

IX - E l e c t r o c h e m i c a l s t u d i e s on the mechanisms of c h e m i c a l r e a c t i o n s 

A - S u b s t i t u t i o n r e a c t i o n s o f d i n i t r o g e n 

B - A l k y l a t i o n r e a c t i o n s o f d i n i t r o g e n 

C - Other r e a c t i o n s 

A b b r e v i a t i o n s 

bpy = 2 , 2 ' - b i p y r i d i n e . BPC = 1 - b u t y l p y r i d i n u m c h l o r i d e . 
COT = c y c l o o c t a t e t r a e n e . dmdepe = 1 - ( d i m e t h y l p h o s p h i n o ) - 2 - ( d i e t h y l p h o s p h i n o ) e t h a n e . 
dmpe = 1 , 2 - b i s ( d i m e t h y l p h e n y l p h o s p h i n o ) e t h a n e . 
IpnH = 2 , 3 , 9 , 1 0 - t e t r a m e t h y l - l , 4 , 8 , 1 1 - t e t r a a z a u n d e c a - l , 3 , 8 , 1 0 - t e t r a e n - l l - o l - l -
- o l a t e . dppe = 1 , 2 - b i s ( d i p h e n y l p h o s p h i n o ) e t h a n e . Fc = f e r r o c e n y l group. 
FcH = f e r r o c e n e . Mc = m e t a l l o c e n y l group. McH = m e t a l l o c e n e . NHE = normal 
hydrogen e l e c t r o d e . 
OEP = o c t a e t h y l p o r p h y r i n . S.c.e. = s a t u r a t e d c a l o m e l e l e c t r o d e . 
TIM = 2 , 3 , 9 , 1 0 - t e t r a m e t h y l - l , 4 , 8 , l l - t e t r a a z a c y c l o t e t r a d e c a - l , 3 , 8 , 1 0 - t e t r a e n e . 
TPP = t e t r a p h e n y l p o r p h y r i n . t r y p = 2,2',2" - t e r p y r i d i n e . 

- 23 -

Acknowledgments 

As a member of the O r g a n i z i n g Committee of the I I I N a t i o n a l 
Meeting on E l e c t r o c h e m i s t r y , I would l i k e to g r a t e f u l l y acknowledge the 
P r e s i d e n t of the C l a s s of Sciences of the Academy of S c i e n c e s of L i s b o n , 
P r o f e s s o r Dr. Jose P i n t o P e i x o t o , f o r h i s generous h e l p and a d v i c e i n the 
o r g a n i z a t i o n of t h i s meeting, and f o r the f i n a n c i a l s u p p o r t and a l l the 
f a c i l i t i e s g i v e n by the Academy namely by a l l o w i n g t h i s c o n f e r e n c e to t a k e 
p l a c e i n i t s p r e mises. 

We are a l s o i n d e b t e d to the N a t i o n a l I n s t i t u t e f o r S c i e n t i f i c 
Research (and to h i s P r e s i d e n t , P r o f e s s o r Dr. Fernando Roldao D i a s Agudo) 
and to the C a l o u s t e G u l b e n k i a n F o u n d a t i o n f o r t h e i r s u p p o r t . 

I a l s o would l i k e to acknowledge the o t h e r members of the 
O r g a n i z i n g Committee f o r the i n v i t a t i o n t o p r e s e n t t h i s l e c t u r e . 



- 24 -

I - INTRODUCTION 

F o l l o w i n g the e x p l o r a t o r y works u n d e r t a k e n by W i l k i n s o n , <-1~5"> 

F i s c h e r ' and V l c e k , 8 1 0 . a p i o n e e r i n g and s y s t e m a t i c s t u d y on a wide 
range of o r g a n o m e t a l l i c complexes was u n d e r t a k e n s i n c e 1966 by Dessy. 

The success of t h i s work opened-up a growing i n t e r e s t on the 
a p p l i c a t i o n of 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 to the s t u d y of o r g a n o m e t a l l i c 
compounds, and a few r e v i e w s have appeared, d e a l i n g e i t h e r w i t h the g e n e r a l 
e l e c t r o c h e m i c a l b e h a v i o u r of the t r a n s i t i o n ( 1 2 _ 1 6 ) and main group ( 1 4 ' 1 5 ) 

m e t a l compounds o r , more s p e c i f i c a l l y , w i t h t h e i r e l e c t r o c h e m i c a l s y n t h e s i s ^ 7 _ 2 0 ) 

I t i s the purpose of t h i s account (which i s not a comprehensive 
review) to p r e s e n t and d i s c u s s r e l e v a n t s t u d i e s w i t h i n r e c e n t t r e n d s on the 
e l e c t r o c h e m i s t r y of t r a n s i t i o n m e t a l complexes w i t h m e t a l - c a r b o n bond 
( o r g a n o m e t a l l i c s p e c i e s ) or w i t h l i g a n d s r e l a t e d to ( e ^ . , i s o e l e c t r o n i c w i t h ) 
l i g a t i n g o r g a n i c m o i e t i e s , such as d i n i t r o g e n w h i ch i s i s o e l e c t r o n i c w i t h 
c a r b o n y l or i s o c y a n i d e . 

The f i r s t r e a c t i o n s d e a l w i t h e l e c t r o c h e m i c a l o x i d a t i o n and 
r e d u c t i o n , and p a r t i c u l a r a t t e n t i o n i s g i v e n to the e l e c t r o o x i d a t i o n s t u d i e s 
of t r a n s i t i o n m e t a l complexes i n low o x i d a t i o n s t a t e s s i n c e the w e l l 
documented e l e c t r o c h e m i c a l r e d u c t i o n o f complexes i n h i g h e r o x i d a t i o n s t a t e s 
has p r e v i o u s l y been covered i n d e t a i l by o t h e r a u t h o r s ( 1 2 ~ 1 6 ) . 

The o t h e r s e l e c t e d t o p i c s i n c l u d e the e l e c t r o c h e m i c a l q u a n t i f i c a t i o n 
of redox and e l e c t r o n i c p r o p e r t i e s of 1 6 - e l e c t r o n m e t a l s i t e s ( i n o c t a h e d r a l 
t r a n s i t i o n m e t a l complexes) and of the net e l e c t r o n d o n o r / a c c e p t o r c h a r a c t e r 
of t h e i r l i g a n d s ; c o r r e l a t i o n s o f redox p r o p e r t i e s ( E 1 / 2 ) w i t h r e a c t i v i t y , 
e l e c t r o n i c c h a r a c t e r of the l i g a n d s , charge t r a n s f e r band e n e r g i e s , n.m.r. 
parameters, e t c . ; e l e c t r o c h e m i s t r y of redox s e r i e s of t r a n s i t i o n m e t a l 
complexes w i t h redox a c t i v e l i g a n d s ; e l e c t r o s y n t h e s e s and c a t a l y s i s ; 
e l e c t r o a c t i v a t i o n of l i g a n d s ; a p p l i c a t i o n i n the m e c h a n i s t i c 
s t u d i e s of c h e m i c a l r e a c t i o n s . 

These s u b j e c t s are o u t l i n e d from the s t a n d p o i n t of the o r g a n o m e t a l l i c / 
i n o r g a n i c c h e m i s t , the a n a l y t i c a l a p p l i c a t i o n s and the e v a l u a t i o n of s t a b i l i t y 
c o n s t a n t s b e i n g e x c l u d e d . Moreover, these a p p l i c a t i o n s have been the o b j e c t 

(21) 
of a r e c e n t r e v i e w , as w e l l as the f o l l o w i n g t o p i c s w h i c h w i l l n o t be 
covered by the p r e s e n t work u n l e s s o c c a s i o n a l l y : complexes of m a c r o c y c l i c 
l i g a n d s and complexes w i t h b i o - i n o r g a n i c s i g n i f i c a n c e . However, w i t h i n the 
l a t t e r s u b j e c t , a few s t u d i e s i n the N i t r o g e n F i x a t i o n f i e l d w i l l be p o i n t e d out 
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s i n c e t h e y were n o t p r e v i o u s l y p r e s e n t e d . 
Most of the s t u d i e s of the p r e s e n t l e s s o n were u n d e r t a k e n i n 

non-aqueous s o l v e n t s ( f o r s t a b i l i t y are s o l u b i l i t y r e a s o n s ) and emphasis 
w i l l be f o c u s e d on the a p p l i c a t i o n of i n e r t s o l i d e l e c t r o d e s , 
namely i n p l a t i n u m or v i t r e o u s carbon,which are commonly more s u i t a b l e 
f o r t h e s t u d y of e l e c t r o o x i d a t i o n s t h a n the dropping mercury e l e c t r o d e . 

I I - ELECTROCHEMICAL OXIDATION 

The development of the s t u d y of the e l e c t r o c h e m i c a l o x i d a t i o n 
of o r g a n o m e t a l l i c complexes f o l l o w e d the c h e m i c a l p r e p a r a t i o n of t hese 
s p e c i e s w i t h t r a n s i t i o n m e t a l s i n low o x i d a t i o n s t a t e . Hence, a p a r t 
from the e l e c t r o o x i d a t i o n s t u d y of m e t a l o c e n e - t y p e complexes, i t i s not 
y e t so w e l l documented as the e l e c t r o r e d u c t i o n b e h a v i o u r w h i c h has been the 
s u b j e c t of a w i d e r s t u d y . 

Most of t h e known e l e c t r o c h e m i c a l o x i d a t i o n r e a c t i o n s o f 
o r g a n o m e t a l l i c complexes can be c l a s s i f i e d a c c o r d i n g to the way d e p i c t e d 
i n f i g u r e 1 where RMQ denotes a n e u t r a l or i o n i c o r g a n o m e t a l l i c complex, 
R a carbon-bonded l i g a n d (or l i g a n d s ) ,and Q the o t h e r c o - l i g a n d s ( w i t h 
o r g a n i c and/or i n o r g a n i c c h a r a c t e r ) . 

The complex can u s u a l l y undergo one or two o n e - e l e c t r o n o x i d a t i o n s 
( r e a c t i o n s i and i i ) w h i c h may be r e v e r s i b l e ( t h i s f e a t u r e i s d i s p l a y e d 
more commonly by the f i r s t e l e c t r o o x i d a t i o n t h a n by the second on e ) . The 
d i o x i d i z e d ( e . g . , d i c a t i o n i c ) complex i s u s u a l l y e l e c t r o n i c a l l y u n s a t u r a t e d , 
u n s t a b l e and r e a c t s w i t h o t h e r s p e c i e s p r e s e n t i n the medium such as the 
s o l v e n t ( r e a c t i o n i i i ) or the e l e c t r o l y t e . 

The m onooxidized ( e . g . , m o n o c a t i o n i c ) s p e c i e s may a l s o be u n s t a b l e 
and undergo a d i s p r o p o r t i o n a t e r e a c t i o n o r a d i m e r i z a t i o n ( i x ) , o r f u r t h e r 
c h e m i c a l r e a c t i o n s i n v o l v i n g the l i g a n d s w h i ch are l a b i l i z e d o r a c t i v a t e d 
upon the e l e c t r o c h e m i c a l o x i d a t i o n ( r e a c t i o n s i v - v i i i ). 

I f the o x i d a t i o n o c c u r s at a n o n - i n e r t mercury e l e c t r o d e , p o l i n u c l e a r 
m e rcurated s p e c i e s may be formed ( r e a c t i o n s x ) . M e t a l - m e t a l bond r u p t u r e 
of d i m e r i c s p e c i e s may a l s o r e s u l t from the e l e c t r o c h e m i c a l o x i d a t i o n 
( r e a c t i o n s x i ) • 

A - O n e - e l e c t r o n ( r e v e r s i b l e ) o x i d a t i o n s 

A change of s t r u c t u r e does not occur i n o n e - e l e c t r o n r e v e r s i b l e 
o x i d a t i o n r e a c t i o n s w h i c h l e a d to s t a b l e o x i d i z e d s p e c i e s by an e l e c t r o n i c 
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RMQ ( i v ) 

RMQS 2+ 

(v) > (RQ)M 

Nu ( v i ) RNu 

Li g a n d m e t h a t h e s i s 

+ 

-H +(=Q +) 

( v i i ) 

-H ( v i i i ) 

EM - MR 

M + HR 

R'MQ 

RMQ ( i x ) 
2+ RMQ + RMQ 

(QRM - MRQ) 2 + 

-2e,Hg(x) 
2 RMQ ^ QRM-Hg-MRQ 

2e,-Hg 

2e ( x i ) 
(RMQ) 2 > 2RMQS 

F i g u r e 1 - Types of r e a c t i o n s i n the e l e c t r o c h e m i c a l o x i d a t i o n o f 
o r g a n o t r a n s i t i o n m e t a l complexes 
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process which i s not c o m p l i c a t e d by coupled c h e m i c a l r e a c t i o n s . Hence, the 
va l u e of E i / 2 i s m e a n i n g f u l on the attempt t o get c o r r e l a t i o n s between the 
redox p r o p e r t i e s of the complexes and o t h e r parameters which are dependent 
on t h e i r e l e c t r o n i c and s t e r e o c h e m i c a l s t r u c t u r e ; however, t h i s s u b j e c t w i l l 
be t r e a t e d i n another s e c t i o n . 

The d e r i v e d monooxidized s p e c i e s may a l s o undergo a f u r t h e r 
o x i d a t i o n r e a c t i o n w h i c h may be r e v e r s i b l e ( e q u a t i o n s 1) 

-j- ox j _ ox 
E l / 2 E i / 2 

RMQ - - RMQ+ - - S= RMQ 2 + (1) 

W e l l documented examples of o n e - e l e c t r o n r e v e r s i b l e e l e c t r o o x i d a t i o n s 
i n v o l v e e i g h t e e n - e l e c t r o n t r a n s i t i o n - m e t a l compounds w i t h b i d e n t a t e phosphorus 
l i g a n d s and m e t a l l o c e n e complexes. Other examples (e . g . , b i s — n — a r e n e complexes 
and compounds w i t h f e r r o c e n y l l i g a n d s ) w i l l be c i t e d throughout t h i s work. 

(a) E i g h t e e n - e l e c t r o n complexes w i t h b i d e n t a t e phosphines 

E i g h t e e n - e l e c t r o n t r a n s i t i o n - m e t a l o r g a n o m e t a l l i c complexes w i t h 
b i d e n t a t e phosphorus l i g a n d s , r e g a r d l e s s of geometry or m e t a l o x i d a t i o n s t a t e , 
can u s u a l l y undergo e l e c t r o c h e m i c a l o x i d a t i o n t o the c o r r e s p o n d i n g 
1 7 - e l e c t r o n s p e c i e s which may e x h i b i t a c o n s i d e r a b l e s t a b i l i t y i n s p i t e o f 
the unusual o x i d a t i o n s t a t e the me t a l may p r e s e n t . The a b i l i t y of the 
b i d e n t a t e phosphorus l i g a n d to f a c i l i t a t e the o x i d a t i o n and t o s t a b i l i z e 

(22) 
the 1 7 - e l e c t r o n s p e c i e s has been r a t i o n a l i s e d by c o n s i d e r i n g a n " i n t e r n a l 
d i s p r o p o r t i o n a t i o n " of the molecule as the r e s u l t of a d e r e a l i z a t i o n of the 
metal d u n p a i r e d e l e c t r o n i n t o the phosphorus o r b i t a l s l e a v i n g the me t a l i n 
a more common and s t a b l e o x i d a t i o n s t a t e ( r e a c t i o n 2 ) . 

(n) 
RM (P-P) 

+e 

(n+1) 
RM (P-P) 

(rn-2),- ~ -
RM̂  '(P-P) 

181 31 
Th i s r a t i o n a l e i s c o r r o b o r a t e d by the observed Ta and P 

h y p e r f i n e i n t e r a c t i o n s of the e . s . r . spectrum of | T a ^ - C ^ M e ) 2 (dmpe) | | BF^ | £? 2^ 
Examples of these o x i d a t i o n r e a c t i o n s of 1 8 - e l e c t r o n complexes w i t h 

b i d e n t a t e phosphines are known f o r a wide v a r i e t y of m e t a l s , o x i d a t i o n s t a t e s 
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and geometries, namely the 7 - c o o r d i n a t e d group V m e t a l ( I ) complexes of 
the type |MX(CO)„(P-P)„| |M=Ta, Nb; X = h a l i d e , H,CH„; P-P=dmpe or dmdepe|, ' 

5 + ( 2 2 ) the b i s ( c y c l o p e n t a d i e n y l ) t a n t a l u m ( I I I ) complex |Ta(n -C^H^) 2(dmpe)[ , 
and the 8 - c o o r d i n a t e d complexes of the group VI m e t a l ( 0 ) or group V I I 
metal (I) s i t e {M(P-P) 2} (M=Mo or W; P-P=dppe or r e l a t e d b i d e n t a t e phosphine) 
of the type | M L L ! ( P - P ) 2 | . 

Examples of the l a t t e r may be c i t e d : 

t r a n s - l M ( C N R ) 2 ( d p p e ) 2 l (M=Mo or W ) ; ( 2 3 ) 

- t r a n s - ] M ( N 2 ) 2 ( P - P ) 2 [ (P-P=Et 2PCH 2CH 2PEt 2 or A r ^ C H ^ C B ^ P A ^ w i t h 

Ar=p-MeOC 6H 4, p - M e C ^ , P h , p - C l C 6 H 4 or p - C F ^ H ^ ) ; v ' 

-trans-|Mo(N 2) (L) ( d p p e ) 2 | n (L=NCR; n=o. L=SCN,CN or N 3 ; n ^ l ) ; * " 2 5 ^ 

- t r a n s - 1 M o ( L ) ( Y ) ( d p p e ) 2 | (Y=N0+, N 2,C0,NCPh, N ~ ; L=C0,N2,NCR,NH3^CN~,CN~, 

I or - not a l l combinations) 

- t r a n s - [ R e C l ( C N R ) ( d p p e ) 2 | . ( 2 7 ) 

A l l these complexes e x h i b i t r e v e r s i b l e o n e - e l e c t r o n o x i d a t i o n s 
at a Pt e l e c t r o d e and some of them undergo a l s o a second o n e - e l e c t r o n 
r e v e r s i b l e o x i d a t i o n s t e p . 

The h i g h e l e c t r o n r i c h n e s s of the group VI Mo(o) and W(o) complexes 
induces a f a c i l e o x i d a t i o n at v e r y n e g a t i v e half-wave p o t e n t i a l v a l u e s 
r e l a t i v e to s.c.e. (e.g., I o x l i e s i n the -0.6 t o -0.4 V range f o r 

fcl/2 
trans-|Mo(CNR)^dppe) 2| compounds i n 0.2M|nBU^| |BF^| - t h f a t a P t e l e c t r o d e ) . ^ 

(b) M e t a l l o c e n e - t y p e complexes 

The e l e c t r o c h e m i c a l b e h a v i o u r of m e t a l l o c e n e - t y p e complexes 
has been w i d e l y i n v e s t i g a t e d i n b o t h aqueous and nonaqueous o r g a n i c s o l v e n t s , 
as w e l l as, r e c e n t l y , i n a p r o t i c Lewis a c i d molten s a l t s ( e . g . , 
A l C l ^ - l - b u t y l p y r i d i u m c h l o r i d e ) . 

Examples are g i v e n i n f i g u r e 2 f o r m e t a l l o c e n e s | M d - ^ - C ^ ) ^ 
(M=Fe,Ru,0s,Co,Ni) wh i c h , by o x i d a t i o n , l e a d to the c o r r e s p o n d i n g 
m e t a l l i c i n i u m i o n s |M(n,5-C H ) | n + | M = F e , ( 1 ' 2 9 ' 3 0 ) C o , ( 3 1 ) ; n = l . 
M=R„,< 1. 2 9-32) ; 0 3 , U 9 , 3 3 ) N . « - 3 7 ) . „ = 1 o r 2 | . 

The a n i o n i c 2 0 - e l e c t r o n complex | Co (ri^-C^H^)^ i s a l s o known 
to undergo two o n e - e l e c t r o n r e v e r s i b l e o x i d a t i o n r e a c t i o n s t o c o b a l t o c e n e 
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and c o b a l t i c i n i u m c a t i o n (31) 

20 - e 19 - e 18 17 - e 16 - e 

CoCp, 

NiCp, 

CoCp,. 

NiCp, 

CoCp, 

NiCp 2+ 

FeCp, 

RuCp, 

OsCp, 

RuCp 

OsCp 

2+ 

2+ 

Fe(n - C 5 M e 5 ) 2 Fe(n - C 5 M e 5 ) 2 F e ( n 5 - C 5 M e 5 ) 2
2 + 

F i g u r e 2 - M e t a l l o c e n e - and m e t a l l i c i n i u m - t y p e complexes 

i 5 12+ 
S i x t e e n - e l e c t r o n d i c a t i o n s of the type |M(n ~^c^^2' were 

quoted f o r Ru(IV) and Os(IV) but not f o r F e ( I V ) , i n agreement w i t h a 
(33) 5 suggested decrease of the h a l f - f i l l e d d c o n f i g u r a t i o n s t a b i l i t y o f the 

monocation w i t h i n c r e a s i n g atomic number, which accounts f o r the f o r m a t i o n 
4 

of those metal d s p e c i e s . 
However, s t r o n g Lewis a c i d A l C l ^ - b a s e d molten s o l v e n t s are 

known'' 3 8 to s t a b i l i z e r a d i c a l c a t i o n s and a d e c a m e t h y l f e r r i c i n i u m 
5 2+ 

d i c a t i o n , |Fe(n -C^Me^) 2| was e l e c t r o c h e m i c a l l y generated by c o n s t a n t 
p o t e n t i a l coulometry of | (n5_C[-Mec.)„Fe | i n AlCl„/l-butylpyridinum 
c h l o r i d e ( B P C ) ( 1 . 5 / 1 ) m e l t , at a v i t r e o u s carbon e l e c t r o d e . ^ ' 

C y c l i c voltammetry shows t h a t the n e u t r a l d e c a m e t h y l f e r r o c e n e i n 
t h i s melt undergoes two o n e - e l e c t r o n r e v e r s i b l e o x i d a t i o n s t o the mono-and 
the d i c a t i o n , r e s p e c t i v e l y , w i t h a l a r g e p o t e n t i a l s e p a r a t i o n ( A E i / 2 -1.68 V ) , 
the f i r s t h a lf-wave o x i d a t i o n p o t e n t i a l b e i n g c a . 530 mV lower than t h a t 
o f the f e r r o c e n e complex i n agreement w i t h the e l e c t r o n d o n a t i n g e f f e c t 
of the methyl r i n g s u b s t i t u e n t s . 

5 i + 
The u n s u b s t i t u t e d f e r r i c i n i u m c a t i o n |Fe(ri —C^H^)^ I i s a l s o 

o x i d i z e d i n A l C l ^ / B P C m e l t , but o n l y a m u l t i e l e c t r o n i r r e v e r s i b l e wave was observed j u s t p r i o r t o the o x i d a t i o n wave of the s o l v e n t (41) 
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The s t a b i l i t y of the f e r r o c e n e (FcH) and f e r r i c e n i u m ( F c H + ) i o n , 
the r e v e r s i b i l i t y and s o l v e n t - i n d e p e n d e n t c h a r a c t e r of the redox (FcH +/FcH) 

(42) 
c o u p l e l e d t o i t s a p p l i c a t i o n as an i n t e r n a l s t a n d a r d f o r e l e c t r o c h e m i c a l 
measurements i n non-aqueous s o l v e n t s . The s t a n d a r d r e d u c t i o n p o t e n t i a l 
E°(FcH +/FcH) i s assumed t o be the same (0.400 V vs_. the normal hydrogen 

(43) 
e l e c t r o d e ) i n any s o l v e n t as measured i n w a t e r , and the p o t e n t i a l s o f 

+ * 
o t h e r redox p r o c e s s e s v s . the FcH /FcH cou p l e are r e p r o d u c i b l e and 

(42) 
d i r e c t l y comparable among d i f f e r e n t s o l v e n t s . 

The use of t h i s redox c o u p l e as an i n t e r n a l r e f e r e n c e a l s o 
h e l p s t o judge the r e v e r s i b i l i t y and the number of e l e c t r o n s i n v o l v e d i n 
the redox p r o c e s s under s t u d y . 

I n case t h e r e i s o v e r l a p of the redox waves of the FcH +/FcH 
cou p l e and of the system under s t u d y , the c o b a l t i c e n i u m / c o b a l t o c e n e redox 
c o u p l e (E°=-0.918 V v s . N H E ) ^ 3 ^ m a y be used as the i n t e r n a l s t a n d a r d . 

(43-46) 
Formal p o t e n t i a l s of f e r r o c e n e and t h e i r 
(44 45 47,48) 

d e r i v a t i v e s ' ' ' have been measured i n aqueous or a c i d i c medium 
( a c e t i c a c i d - p e r c h l o r i c a c i d m i x t u r e s where the f e r r o c e n e s d i s p l a y a h i g h e r 
s o l u b i l i t y ) by p o t e n t i o m e t r i c t i t r a t i o n w i t h an o x i d i z i n g t i t r a n t such 
as p o t a s s i u m d i c h r o m a t e . V a l u e s i n some o r g a n i c s o l v e n t s (such as MeOH 
and NCMe) have a l s o been quoted f o r f e r r o c e n e ^ 3 ' 4 9 _ 5 1 ' )

 a n d f o r 

i (43) co b a l t o c e n e . 
B - E l e c t r o c h e m i c a l o x i d a t i o n s w i t h c o u p l e d c h e m i c a l r e a c t i o n s 

The e l e c t r o n i c d e f i c i e n c y of a met a l s i t e as a r e s u l t of i t s 
e l e c t r o c h e m i c a l o x i d a t i o n may o f t e n promote i t s r e a c t i v i t y namely towards 
n u c l e o p h i l e s and examples w i l l be c o n s i d e r e d . D i s p r o p o r t i o n a t i o n of the 
u n s t a b l e monooxidized s p e c i e s to compounds w i t h more common o x i d a t i o n s t a t e s 
may a l s o o c c u r . 

(a) R e a c t i o n w i t h s o l v e n t 

N u c l e o p h i l i c a t t a c k by the s o l v e n t a t the e l e c t r o c h e m i c a l l y 
o x i d i z e d complex has been c o n s i d e r e d a p o s s i b l e s t e p f o l l o w i n g the 
e l e c t r o c h e m i c a l p r o c e s s ( e q u a t i o n 3 which corresponds t o i i i i n f i g u r e 1 ) . 

— e —£ 
RMQ * RMQ+ * RMQS 2 + (3) 

S 
Hence, e.g., c y c l i c v o l t a m m e t r i c s t u d i e s of the b i n a r y m e t a l 

c a r b o n y l s | M(C0) ^ | (M=Mo o r W) and |Fe(C0),-|, at a Pt e l e c t r o d e i n 

* The e f f e c t s of v a r i a b l e s such as type and d e g r a d a t i o n of r e f e r e n c e 
e l e c t r o d e , and l i q u i d j u n c t i o n p o t e n t i a l s are thus c a n c e l l e d . 
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NCMe-1BU^N| | B F j , e v i d e n c e the o x i d a t i v e f o r m a t i o n of an u n s t a b l e 

m o n o c a t i o n i c s p e c i e s w h i c h i s l e s s s t a b l e t han the chromium analogue 

(see l a t e r ) and p r o b a b l y undergoes a n u c l e o p h i l i c a t t a c k by the s o l v e n t 
The c u r r e n t f u n c t i o n | i /(9 C Q ) | f o r the redox p r o c e s s suggests 
t h a t the e l e c t r o d e p r o c e s s i s d i f f u s i o n c o n t r o l l e d and a t w o - e l e c t r o n 
r e a c t i o n i s i n v o l v e d on a s h o r t time s c a l e whereas m u l t i e l e c t r o n r e a c t i c 

(52) 
occur on a l o n g e r t i m e , the f o l l o w i n g mechanism b e i n g s u g g e s t e d : 

|M(CO) I — ^ | M ( C O ) J i L > | M ( C O ) S l 2 + — M 2 + _ J 'n-x x 

P r o d u c t s 

(b) L i g a n d m e t a t h e s i s 

The e l e c t r o c h e m i c a l o x i d a t i o n of the t i t a n o c e n e m o n o c h l o r i d e 
| T i C l ( n - C 5 H 5 ) 2 ( L ) | (L = t h f o r PMe 2Ph) - s t u d i e d by voltammetry on a 
d i s c e l e c t r o d e , by l i n e a r p o t e n t i a l sweep voltammetry and by c o n t r o l l e d 

i 5 | + 

p o t e n t i a l e l e c t r o l y s i s - a f f o r d s the c a t i o n i c s p e c i e s | T i C l ( n -C^-H^) 2 (L) | 
which undergoes l i g a n d exchange w i t h the p a r e n t n e u t r a l s p e c i e s t o g i v e 
| T i C l 2 ( n 5 - C 5 H 5 ) 2 | and | T i ( n ^ - C ^ H ^ ) 2 ( L ) 2 [ + ( r e a c t i o n 4 ) . ( 5 3 ) 

| T i C l ( n
5 - C 5 H 5 ) 2 ( L ) | = = = | T i C l ( n 5 - C 5 H 5 ) 2 ( L ) | + ^ 

+e 

|Tici(n 5-c,H ) (L)[ 
^ | T i ( n - c 5 H 5 ) 2 C l 2 | + | T i ( n - C 5 H 5 ) 2 ( L ) 2 | (4) 

T h i s s t u d y e v i d e n c e s the p o s s i b i l i t y of l i g a n d m e t a t h e s i s between 
two m o l e c u l e s of a complex when a change i n the o x i d a t i o n s t a t e o c c u r s , 
and may be c o n s i d e r e d an example o f the f o l l o w i n g g e n e r a l scheme: 

RMQQ' RMQQ f + R M Q Q ' > RMQ2 + RMQ'2
 + (5) 

(c) I n s e r t i o n i n t o a m e t a l - c a r b o n bond 

I n s e r t i o n r e a c t i o n s i n t o a m e t a l - c a r b o n bond may be promoted by 
o x i d a t i o n ( e q u a t i o n 6 ) . 

" e + + 
RMQ ^ RMQ — ^ ( R Q ) M (6) 
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Hence , c a r b o n y l l i g a n d may be a c t i v a t e d towards i n s e r t i o n 
i n t o a M-C bond by e l e c t r o c h e m i c a l o x i d a t i o n of | Fe (n5"C[-HI-) (CH^) (CO) „ | 
i n a c e t o n i t r i l e at a P t e l e c t r o d e ( e q u a t i o n 7 ) . 

| F e ( n - C 5 H 5 ) ( C H 3 ) ( C O ) 2 | ~ £ > | F e ( n
5 - C H 5 ) ( C H 3 ) ( C O ) 2 | + f a s t ^ 

0 S 

^ |Fe(n - C 5 H 5 ) ( C - C H 3 ) ( S ) | (7) 

T h i s m i g r a t o r y i n s e r t i o n on o x i d a t i o n of the F e ( I I ) complex i s a 
f a s t r e a c t i o n even a t low temperature and i s p r o b a b l y a s s i s t e d by 

(54) 
c o o r d i n a t i o n of s o l v e n t . 

Other examples of a c t i v a t i o n of l i g a n d s upon m e t a l e l e c t r o ¬
- o x i d a t i o n are g i v e n i n s e c t i o n V I I I . B.C. 

(d) M e t a l - c a r b o n bond c l e a v a g e 

The e l e c t r o o x i d a t i o n of an o r g a n o m e t a l l i c complex may r e s u l t 
i n the l a b i l i z a t i o n of the m e t a l - c a r b o n bond. 

Hence, the e l e c t r o c h e m i c a l o x i d a t i o n of m o n o a l k y l ( c h e l a t e ) c o b a l t ( I I I ) 
complexes - mo n o a l k y l c o b a l o x i m e s and r e l a t e d S c h i f f ' s base compounds -
which has been w i d e l y s t u d i e d i n the l a s t few y e a r s , i n v o l v e s a r e v e r s i b l e 
o n e - e l e c t r o n p r o c e s s t o g i v e a l k y l c o b a l t ( I V ) s p e c i e s i n which the a l k y l 
l i g a n d (R) can undergo a n u c l e o p h i l i c d i s p l a c e m e n t ( e . g , by s p e c i e s such as 
h a l i d e i o n s , w a t e r , p y r i d i n e or the m a c r o c y c l i c l i g a n d L t o g i v e RX, ROH, 
B D + T T 3 . • - v (55-58) RPy or LR, r e s p e c t i v e l y ) . 

(59) 

E l e c t r o c h e m i c a l s t u d i e s have a l s o been r e p o r t e d f o r the 
d i a l k y l c o b a l t ( I I I ) m a c r o c y c l e s t r a n s - | C o ( C H Q 2 ( D p n H ) [ and 
tra n s - [ C o ( C H ) 2 ( T I M ) | + i n a c e t o n i t r i l e a t a P t e l e c t r o d e . They undergo a 
o n e - e l e c t r o n i r r e v e r s i b l e o x i d a t i o n to a t r a n s i e n t d i a l k y l c o b a l t ( I V ) c a t i o n 
which s u f f e r s a spontaneous h o m o l y t i c c l e a v a g e of one Co~C bond t o g i v e a 
f r e e m ethyl r a d i c a l w h i ch forms ethane by r a d i c a l - r a d i c a l c o u p l i n g . The 
proposed mechanism o f the r e a c t i o n i s shown by e q u a t i o n s 8 where the 
m a c r o c y c l i c l i g a n d has been o m i t t e d f o r c l a r i t y and SH denotes the s o l v e n t . ^ 

Me 2CO I i : i Me 2CO I V M e C o 1 1 1 + Me¬

Me- + SH — * MeH + S-

2Me- - ^ M e 2 
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(e) P r o t o n e l i m i n a t i o n 

As a r e s u l t of o x i d a t i o n of a t r a n s i t i o n m e t a l complex, p r o t o n 
l o s s may occu r from the me t a l ( i n a t r a n s i t i o n m e t a l h y d r i d e complex) w i t h 
p o s s i b l e m e t a l - m e t a l bond f o r m a t i o n or r e d u t i v e e l i m i n a t i o n , or from a 
l i g a n d a c c o r d i n g to the f o l l o w i n g g e n e r a l e q u a t i o n s 9 and 10, which 
correspond t o r e a c t i o n s v i i and v i i i of f i g u r e 1, r e s p e c t i v e l y ) . 

RM-MR 
RMH 

-H 
(9) 

M + EH 

(HR)MQ — - — > RMQ (10) 
-H + 

Examples of the l a t t e r p r o c e s s are g i v e n i n s e c t i o n V I I I . A.C.2 
whereas the former r e a c t i o n type i s e x e m p l i f i e d now. 

O x i d a t i o n of a n e u t r a l d i a m a g n e t i c h y d r i d e complex g i v e s a 
c a t i o n i c paramagnetic s p e c i e s from which p r o t o n e l i m i n a t i o n o c c u r s r e a d i l y 
( e q u a t i o n 11), the r e s u l t i n g m e t a l - c e n t e r e d r a d i c a l undergoing d i m e r i z a t i o n 
( e q u a t i o n 12) or r e d u c t i v e e l i m i n a t i o n . 

-e . f a s t 
RMH * RMH- > RM- + H (11) 

RM- +RM- > RM-MR (12) 

Examples are g i v e n by the. o x i d a t i o n of the h y d r i d i c complexes 
| w ( n 5 - C 5 H 5 ) 2 H 2 | and | Mo (n^ -C^H^) (CO) 3H | i n CH-jCN-| NBuJ| BF^ | a t a P t e l e c t r o d e 
w i t h f o r m a t i o n of the d i m e r i c s p e c i e s | W2 (n^-C^H,-^^ | and 
| M o 2 ( n

5 - c 5 H 5 ) 2 ( c o ) 6 | . ( 6 0 ) 

The c a t i o n i c r a d i c a l complex formed i n the o x i d a t i o n of the 
h y d r i d i c compound may a l t e r n a t i v e l y undergo a r e d u c t i v e e l i m i n a t i o n namely 
i n the f o r m a t i o n of benzene from I W ( n ^ - C r H r ) 0 ( C , H C ) H I . On the b a s i s of 

J D L O D 

d e u t e r i u m - l a b e l i n g s t u d i e s , t h i s r e a c t i o n i s proposed t o proceed e i t h e r 
v i a the g e n e r a t i o n of an o r g a n i c r a d i c a l f o l l o w e d by hydrogen atom 
a b s t r a c t i o n from the s o l v e n t ( e q u a t i o n s 13,14) o r v i a a d i r e c t i n t r a m o l e c u l a r 
e l i m i n a t i o n of benzene by removal of a hydrogen atom from the 
c y c l o p e n t a d i e n y l l i g a n d ( e q u a t i o n 15). 
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|W(n5-C5H5)2(C6D5)| ^ |w(n 5-C 5H 5) 2| + C6D5. (13) 

(RM-) 

C 6D 5- + C H 3 C N — C 6 D 5 H + - C H
2

C N ( 1 4> 

|W(n 5-C 5H 5) 2(C 6D 5)| > C 6D 5H + | w ( n 5 - C 5 H 5 ) ( C 5 H 4 ) | (15) 

The f o r m a t i o n of C ^ H i n s t e a d of CgDg, from the l a b e l e d complex 
|w(n - C ^ H ^ ) 2 ( C ^ D ^ ) D | , r u l e s out a d i r e c t ^ e l i m i n a t i o n p r o c e s s . 

( f ) D i s p r o p o r t i o n a t i o n 

An u n s t a b l e o x i d i z e d complex may undergo d i s p r o p o r t i o n a t i o n t o 
sp e c i e s w i t h more common met a l o x i d a t i o n s t a t e s ( e q u a t i o n 16 which 
corresponds to r e a c t i o n i x . a of f i g u r e 1 ) . 

-e + RMQ+
 2 + 

RMQ — * RMQ > RMQ + RMQ (16) 

Hence, anodic o x i d a t i o n of |Cr(CO) 6| a t a P t e l e c t r o d e i n 
NCMe-1Bu^NI IBF^I produced the 1 7 - e l e c t r o n c a t i o n i c | C r ( C O ) 6 | s p e c i e s 
whose e.s.r.spectrum was f o l l o w e d d u r i n g c o n s t a n t c u r r e n t e l e c t r o l y s i s 
(of the parent complex) and a f t e r s w i t c h i n g o f f the c u r r e n t ; the e . s . r . 
s i g n a l then decayed by a second-order p r o c e s s which c o r r e s p o n d s c o n c e i v a b l y 
to the d i s p r o p o r t i o n a t i o n of the u n s t a t e monocation. The o v e r a l l e l e c t r o d e 
r e a c t i o n d u r i n g a p r e p a r a t i v e e l e c t r o l y s i s was shown t o be, by c o u l o m e t r y , 
a t w o - e l e c t r o n p r o c e s s and no v(CO) bands were observed i n the i n f r a r e d 
spectrum of the a n o l y t e a t the end of the e l e c t r o l y s i s . ^ 5 2 ^ The f o l l o w i n g 
mechani sm (e q u a t i o n s 17) i s then proposed f o r the o v e r a l l r e a c t i o n . 

|Cr(CO) 6| | C r ( C O ) 6 r ^ 

I i + Slow , 9 4 . 
2|Cr(CO) 6| ^ |Cr(CO) 6| + | C r ( C O ) 6 | Z + (17b) 

| C r ( C O ) 6 | Z ^ CrZ+ ( i 7 c ) 

(g) D i m e r i z a t i o n 

M e t a l - m e t a l bond f o r m a t i o n may f o l l o w the o x i d a t i o n of a t r a n s i t i o n 
metal complex a c c o r d i n g to the g e n e r a l r e a c t i o n 18 (which i s p r o c e s s i x . b of 
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f i g u r e 1) and an example i s p r o v i d e d by the o x i d a t i o n o f the 
Vaska's complex |IrX(CO)(P» 3) 2| a t a p l a t i n u m e l e c t r o d e . The r e a c t i o n 
o c c u r s i r r e v e r s i b l y t o I r ( I I ) and, on the b a s i s of the absence of a 

RMQ - i RMQ+ — * • (QRM-MRQ) 2 + ( 1 8 ) 

(61) 

p a ramagnetic e.p.r. s i g n a l , a d i n u c l e a r m e t a l - m e t a l p r o d u c t i s suggested 

to be formed. 
(h) F o r m a t i o n o f p o l y n u c l e a r m e r c u r a t e d s p e c i e s 

E l e c t r o c h e m i c a l o x i d a t i o n a t a mercury e l e c t r o d e of a n i o n i c m e t a l 

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

b r i d g i n g two t r a n s i t i o n m e t a l s ( e q u a t i o n s 19 or 20, c o r r e s p o n d i n g to 

r e a c t i o n s x of f i g u r e 1 ) . 

-2e,Hg 
2 RMQ - QRM-Hg-MRQ (19) 

2e, -Hg 

2|M(C0) f ~ 2 e ' H § ^ |(0C) M-Hg-M(CO) | (20) i n i n n 

The p a r e n t a n i o n i c complexes are r e g e n e r a t e d upon e l e c t r o c h e m i c a l 

r e d u c t i o n of the p o l y n u c l e a r p r o d u c t w i t h l i b e r a t i o n of mercury. 

Examples of a n i o n i c c a r b o n y l s p e c i e s w h i c h undergo t h e s e r e a c t i o n s 

may be c i t e d : 
(63) 

|Mo(n 5" C 5 H 5 ) ( C O ) 3 | " , ( 6 2 ) | M ( C 0 ) 5 f (M=Mn,Re), ( 6 2 ) | Fe ( n 5 - ^ ) (CO) 2 f 

- (9) and I Co(CO). 

Other ( c a t i o n i c ) p o l y n u c l e a r m e r c u r a t e d s p e c i e s , 
| { I r X ( C O ) ( P R 3 ) 2 ) n H g | 2 + (n=3,4) a r e r e p o r t e d t o be formed i n the e l e c t r o c h e m i c a l 
o x i d a t i o n of the n e u t r a l /aska's complex | IrX(CO) ( P R ^ J ( X =Cl,Br,I) a t the 
a n o d i c a l l y p o l a r i z e d mercury e l e c t r o d e i n CH 2C1 2-|Bu^N|ClO^. I t i s 
b e l i e v e d ^ 6 4 , 6 5 ^ t h a t t h e e l e c t r o d e p r o c e s s c o n s i s t s on the o x i d a t i o n of the 
mercury e l e c t r o d e f o l l o w e d by c o o r d i n a t i o n of the Vaska's complex to the 

(65) i mercury i o n s . As proved by c h e m i c a l s t u d i e s , 'the) I r X ( C O ) ( P R 3 ) 2 | complex 

behaves as a Lewis base towards o x i d i z i n g i o n s such as Hg , Cu o r Fe 

to a f f o r d a d d i t i o n compounds. 
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( i ) M e t j ^ m e _ t a l bond r u p t u r e o f , d i n u c l e a r c o m p l y 

M e t a l - m e t a l bond r u p t u r e of a d i n u c l e a r complex may r e s u l t from 
i t s e l e c t r o c h e m i c a l o x i d a t i o n f o l l o w e d by a t t a c k by a n u c l e o p h i l e , e g 

the s o l v e n t ( e q u a t i o n 21 - x i i n f i g u r e 1 ) . 

-2e 
(RMQ)2 ^ 2RMQS + 

(21) 

Hence, e l e c t r o c h e m i c a l o x i d a t i o n of the n e u t r a l d i n u c l e a r c a r b o n y l 
complexes ^(CO) J (M=Mn,Re) (a t a Pt e l e c t r o d e i n a c e t o n i t r i l e o r 
dxchloromethane) or | ( F e ^ - C ^ ) ( C 0 ) 2 > / " > ( a t . p , Q r ^ 
" a C e t ° n i t r i l e ' ^ h l o r o m e t h a n e o r acetone) r e s u l t s i n the M-M bond r u p t u r e 
wxth xnvolvementof s o l v e n t ( S ) l e a d i n g to the i r r e v e r s i b l e f o r m a t i o n o f the 
catxonxc monomeric s o l v a t e d s p e c i e s | M ( C O ) 5 ( S ) | + ( u n s t a b l e ) and 
Fe(n - C 5 H 5 ) ( C O ) 2 ( S ) | . I n the l a t t e r complex the s o l v e n t m o l e c u l e may be 
u r t h e r r e p l a c e d by n e u t r a l (phosphine) o r a n i o n i c l i g a n d s t o y i e l d d e r i v e d i r o n 

complexes whxch may be i s o l a t e d . ( 6 6 ) 

The group V I I c a t i o n i c s o l v a t e d s p e c i e s may undergo a t w o - e l e c t r o n 
r e d u c t x o n w i t h l i b e r a t i o n o f s o l v e n t t o generate the a n i o n i c | M ( C O ) f 

complexes which may be p r e p a r e d by c o n t r o l l e d p o t e n t i a l r e d u c t i o n . ^ h e 
observed b e h a v i o u r mav be P Y P n m l i f i ^ ^ u 

may be e x e m p l i f i e d by r e a c t x o n s 22 and 23 c a r r i e d out 
xn a c e t o n i t r i l e (M=Mn or R e ) . ' 

| M 2 ( C O ) 1 0 | + 2NCMe — L 2|M(CO) (NCMe)| +
 ( 2 2 ) 

M(CO) 5(NCMe)| + |M(C0) J ~ + NCMe (23) 

A l t h o u g h m e t a l - m e t a l bond r u p t u r e may r e s u l t from the o x i d a t i o n 
o f a d x n u c l e a r complex (as shown by the abovementioned e x a m p l e s ) , the 
presence of a b r i d g i n g l i g a n d may a l l o w the r e t e n t i o n of such a bond and 

F e ( n 5 - C 5 H 5 ) ( C O ) } 2 ( , - d p P e ) ^ u n d e r g o e s a o n e - e l e c t r o n r e v e r s i b l e o x i d a t i o n t o 
' < T 1 - S V ^ V ^ d p p e ) ! ' which d i s p r o p o r t i o n a t e s i n s o l u t i o n f o r m i n g 
the c o r r e s p o n d i n g d i c a t i o n i c s p e c i e s . ( b / ; 
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H I - ELECTROCHEMICAL REDUCTION 

The e l e c t r o c h e m i c a l r e d u c t i o n s o f t r a n s i t i o n m e t a l complexes 
have been, i n g e n e r a l , the s u b j e c t of a more w i d e s p r e a d s t u d y t h a n the 
e l e c t r o c h e m i c a l o x i d a t i o n s , the l a t t e r f o l l o w i n g the p r e p a r a t i o n of 
complexes w i t h m e t a l s i n lower o x i d a t i o n s t a t e s . However, e x c e p t i o n s are 
known and, e.g., the e l e c t r o c h e m i c a l o x i d a t i o n s t u d y of f e r r o c e n e s preceded 
the i n v e s t i g a t i o n of t h e i r e l e c t r o c h e m i c a l r e d u c t i o n . 

A - O n e - e l e c t r o n r e v e r s i b l e r e d u c t i o n 

A l t h o u g h c h e m i c a l r e d u c t i o n s o f m e t a l l o c e n e - t y p e complexes o f t e n 
l e a d t o d e c o m p o s i t i o n , m e t a l l o c e n e a n i o n s may be p r e p a r e d i n some cases 
by e l e c t r o c h e m i c a l r e d u c t i o n . 

Hence, e.g., s u b s t i t u t e d f e r r o c e n e s w i t h e l e c t r o n - a c c e p t o r 
s u b s t i t u e n t s (such as n i t r o - , p - n i t r o p h e n y l - , p - c y a n o p h e n y l - and b e n z o y l - ) 
are k n o w n ^ 8 ' ^ ^ t o undergo a o n e - e l e c t r o n r e v e r s i b l e r e d u c t i o n (e.g. , i n 
a c e t o n i t r i l e or d imethylformamide at a Hg-pool c a t h o d e ) t o a f f o r d s t a b l e r a d i c a l anions 

More r e c e n t l y , a r e v e r s i b l e e l e c t r o c h e m i c a l r e d u c t i o n of f e r r o c e n e 
and some d e r i v a t i v e s w i t h an e l e c t r o n - d o n o r s u b s t i t u e n t |methyl- or 
-CH 2C^H 4Fe(C^H^) | has been r e p o r t e d ^ ^ i n dimethylformamide-|Bu^N | i a t 
low t emperature ( e . g . , ca. -30°C); f u r t h e r o n e - e l e c t r o n r e d u c t i o n t o the 
d i a n i o n s has been quoted by o t h e r a u t h o r s . ' A t h i g h e r t e m p e r a t u r e s 
a t w o - e l e c t r o n r e d u c t i o n o c c u r s f o l l o w i n g an ECE type mechanism 
( s e c t i o n I I I . B . b . 6 ) . 

U n s u b s t i t u t e d o r mono- o r d i - s u b s t i t u t e d c o b a l t i c i n i u m i o n s 
( 1 8 - e l e c t r o n s p e c i e s ) may undergo two s u c c e s s i v e o n e - e l e c t r o n r e v e r s i b l e 

(31 73) 
r e d u c t i o n s ( a t a Hg e l e c t r o d e ) t o g i v e ' c o b a l t o c e n e ( 1 9 - e l e c t r o n s ) 
and the c o b a l t o c e n e a n i o n ( 2 0 - e l e c t r o n s ) , r e s p e c t i v e l y , and s y n t h e t i c 
a p p l i c a t i o n s of t hese e l e c t r o c h e m i c a l l y g enerated s p e c i e s w i l l be r e f e r r e d 
to l a t e r . 

A l t h o u g h m e t a l - h a l o g e n bond c l e a v a g e has been r e p o r t e d ^ 4 

t o o c c u r i n the o n e - e l e c t r o n r e d u c t i o n of d i h a l i d e s of 
e 

bis(cyclopentadienyl^ti^a"!"™ i T i f n -r. u 1 y I. rerent- s t u d i e s u n d e r t a k e n 
(78 79) 

by o t h e r a u t h o r s ' i n d i c a t e t h a t i n t h f (or dimethylformamide) the 
f i r s t e l e c t r o n t r a n s f e r i s b o t h an e l e c t r o c h e m i c a l l y and a c h e m i c a l l y 
r e v e r s i b l e p r o c e s s a f f o r d i n g the s t a b l e a n i o n i c complexes | T i ( n ^ - C ^ H ^ ) 2 X 2 | ; 
however, h a l i d e d i s s o c i a t i o n i s observed upon the second e l e c t r o n t r a n s f e r 
p r o c e s s . 



- 38 -

B - E l e c t r o c h e m i c a l r e d u c t i o n w i t h coupled c h e m i c a l r e a c t i o n s 

The mechanisms of the ch e m i c a l r e a c t i o n s c o u p l e d t o the 
e l e c t r o c h e m i c a l r e d u c t i o n of an o r g a n o m e t a l l i c s p e c i e s were s y s t e m a t i c a l l y 
i n v e s t i g a t e d by Dessy s i n c e 1966 and c o n t i n u e d by Lehmkuhl. ' 

Examples which were r e c o g n i z e d by these authors are c i t e d i n 
f i g u r e 3 which a l s o i n c l u d e s o t h e r r e a c t i o n types which have been 
i d e n t i f i e d more r e c e n t l y . Some e l e c t r o c h e m i c a l r e d u c t i o n s w i t h s y n t h e t i c 
v a l u e w i l l be mentioned i n another s e c t i o n . 

As g e n e r a l comments, one may r e f e r t h a t the r e d u c t i o n ( i ) of a 
mononuclear complex may be f o l l o w e d by any of the f o l l o w i n g p r o c e s s e s : 

- D i m e r i z a t i o n w i t h b r i d g i n g l i g a n d ( i i ) ; 
- E l i m i n a t i o n of a n i o n i c l i g a n d ( s ) Q (e.g . , h a l i d e ) ( i i i ) w i t h 

f o r m a t i o n of the MR o r g a n o m e t a l l i c r a d i c a l w h i ch undergoes f u r t h e r 
r e a c t i o n s : 

R e d u c t i o n ( i i i . l ) , hydrogen a b s t r a c t i o n from the s o l v e n t o r the 
e l e c t r o l y t e ( e . g . , tetraalkylammonium s a l t ) t o g i v e an h y d r i d e 
complex ( i i i . 2 ) , a d d i t i o n of another l i g a n d ( i i i . 3) , d i m e r i z a t i o n w i t h 
m e tal-metal bond f o r m a t i o n ( i i i . 4 ) , d i s p r o p o r t i o n a t i o n ( i i i . 5 ) , 
r e a c t i o n w i t h the cathode m e t a l mercury t o form mercurated 
s p e c i e s ( i i i . 6 ) and t r a n s f e r of an o r g a n i c group (R) t o the 
cathode mercury ( i i i . 7 ) . 

- E l i m i n a t i o n o f a c a r b a n i o n (R ) to g i v e the MQ r a d i c a l ( i v ) w h ich 
may undergo f u r t h e r r e d u c t i o n t o g i v e Q and met a l M ( i v . l ) o r 
to g i v e a new LMQ complex by a d d i t i o n of a new l i g a n d (L) ( i v . 2 ) ; 
LMQ may then undergo f u r t h e r r e d u c t i o n or e l e c t r o p h i l i c a t t a c k . 

- E l e c t r o p h i l i c a t t a c k ( v ) , ( v i . 1 . 1 ) 
- F u r t h e r r e d u c t i o n ( v i ) f o l l o w e d by e l i m i n a t i o n of an a n i o n i c Q ( v i . l ) 

or R ( v i . 2 ) l i g a n d ; the a n i o n i c o r g a n o m e t a l l i c s p e c i e s RM d e r i v e d 
from ( v i . l ) may then r e a c t ( w i t h the s o l v e n t or undergo a t t a c k by 
an e l e c t r o p h i l e . 

For m e t a l - m e t a l bonded d i - o r t r i n u c l e a r complexes, r e d u c t i o n 
commonly r e s u l t s i n me t a l - m e t a l bond c l e a v a g e . 

A few examples of these r e a c t i o n types may be mentioned, 
(a) D i m e r i z a t i o n w i t h a b r i d g i n g l i g a n d 

A d i n u c l e a r complex w i t h a b r i d g i n g l i g a n d may be formed i n the 
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( i i ) 
{RMQ}2 

(n=l,2) 

-Q 

( i i i ) 

EMQ MQ — 
( i ) 

( i i i . l ) 

H 

•MR M + 

( i i i . 2 ) 

L 

( i i i . 3 ) 

RMH 

RML 

RM-MR 

( i i i . 4 ) 

( i i i . 5 ) 

Hg 

( i i i . 6 ) 

Hg 

R 2M + M 

(RM) 2Hg 

R 2Hg + 2M 

( i i i . 7 ) 

-R 
•MQ — 

( i v ) 
•MQ — 

+ 
E ( v . l ) 
(v) 

(v. 2) 

-Q" _ 

( v i . l ) 

( i v . l ) 
MQ o r M+Q 

LMQ — 

( i v . 2 ) 

R'MQ' 

RMEQ' 

LQM-MQL 

3. LMRQ 

RM 

e 

(vi) 

(vi.1.1) 

L 

RME 

RMQ,L 
RML 2> (RML) 2 

(vi.l.2 ) _ Q -

-R and/or_-Q_^ MQ , MR o r M 

( v i . 2 ) 

F i g u r e 3 - Types of r e a c t i o n s i n the e l e c t r o c h e m i c a l r e d u c t i o n of 
o r g a n o m e t a l l i c complexes. 
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e l e c t r o c h e m i c a l r e d u c t i o n o f RMQ as a r e s u l t , e.g., of s i m p l e d i m e r i z a t i o n 
O 

o f the reduced ( " a n i o n i c " ) s p e c i e s RMQ t o g i v e {RMQ} o r from the r e a c t i o n 
2- z 

of RMQ (formed by a t w o - e l e c t r o n r e d u c t i o n ) w i t h the p a r e n t RMQ s p e c i e s 
t o a f f o r d {RMQ} ( r e a c t i o n s i , i i o f f i g u r e 3 ) . 

Hence, e.g., f e r r o c e n y l c a r b o c a t i o n s may undergo o n e - e l e c t r o n t r a n f e r 
e l e c t r o c h e m i c a l r e d u c t i o n a t a dropping-mercury e l e c t r o d e ( i n H 2 0 / d i o x a n o r 
dimethylformamide -HC10 4) t o a f f o r d t h e c o r r e s p o n d i n g f e r r o c e n y l a l k y l r a d i c a l s 
w h i c h d i m e r i s e s p o n t a n e o u s l y ( r e a c t i o n s 2 4 ) . ^ 8 0 ^ 

R 
Fc -C' 

l e y K \ R i 
— > Fc-C L= 

X R ' I I 
R f R' 

+ 
Fc-C 

R 
R 
I 

Fc-C '24) 
R« 

(R,R* = H,Me,Ph,Fc, e t c ) 

On e - e l e c t r o f t s t e p s may a l s o be i n v o l v e d i n o t h e r c a s e s , namely i n the 
f o r m a t i o n of | {WF(dppe) 2} (NNCR 2CR 2NN){WF(.dppe) 2} | from the r e d u c t i o n of the 
d i a z o a l k a n e complexes trans-|WF(NN=CR 2)(dppe) | + (R=H o r Me) a t a Hg p o o l . ( 8 1 ) 

The r e a c t i o n i s b e l i e v e d t o oc c u r v i a a o n e - e l e c t r o n t r a n s f e r t o g i v e 
the m e t a l l o - r a d i c a l |WF(NN=CR 2)(dppe) 2|. The carbon-carbon c o u p l i n g of the 
diazomethane l i g a n d s may then o c c u r v i a r a d i c a l - r a d i c a l c o u p l i n g o r by 
e l e c t r o p h i l i c a t t a c k of the p a r e n t c a t i o n i c d i a z o a l k a n e complex upon the 
n e u t r a l m e t a l l o - r a d i c a l s p e c i e s f o l l o w e d by f u r t h e r o n e - e l e c t r o n r e d u c t i o n 
(the n u c l e o p h i l i c c h a r a c t e r o f the carbon atom i n the n e u t r a l r a d i c a l complex 
was proved by p r o t o n i c a t t a c k and by a l k y l a t i o n ) . ^ 8 1 ^ 

An example i n v o l v i n g a t w o - e l e c t r o n r e d u c t i o n may be c i t e d . 
The c a t i o n i c c y c l o h e p t a t r i e n y l complex | Cr ( n -C ?H 7) (CO) | + i n 

a c e t o n i t r i l e undergoes a t w o - e l e c t r o n r e d u c t i o n a t P t t o g i v e the c o r r e s p o n d i n g 
a n i o n which r e a c t s w i t h t h e p a r e n t s p e c i e s t o a f f o r d a carbon- c a r b o n bonded 

(82) 
+ dimer ( r e a c t i o n 2 5 ) . 

+ 

Cr(CO) 

2e Cr(CO) 

Ir(CO). 

(25) 

L Cr (CO). 

T h i s r e a c t i o n f o l l o w s the g e n e r a l p r o c e s s d e p i c t e d i n e q u a t i o n (26) 

2e _ RMQ+ 

RMQ -î> RMQ QMR-RMQ (26) 
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The f o r m a t i o n o f the d i m e r i c complex may be a s s i s t e d by l i g a n d 
d i s s o c i a t i o n as shown by the f o l l o w i n g example. 

The c a t i o n i c i s o c y a n i d e complexes o f P t ( I I ) t r a n s - | P t X ( C N R ) L 2 1 
( R = a r y l , L = t e r t i a r y phosphine) i n a c e t o n i t r i l e - | B U / +N | | C10 4 j a r e reduced a t 
a Pt or Hg e l e c t r o d e t o a d i m e r i c p l a t i n u m ( I ) s p e c i e s ( e q u a t i o n s 27) w i t h 
b r i d g i n g i s o c y a n i d e l i g a n d s w h i c h undergoes a subsequent r e d u c t i o n t o 
p l a t i n u m ( o ) compounds n o t y e t f u l l y c h a r a c t e r i z e d . the d i s s o c i a t i o n o f a 

t r a n s - l P t X ( C N R ) L 2 l + +e — | P t X ( C N R ) L 2 | (27a) 

|PtX(CNR)L 2| ^ |PtX(CNR)L| + L (27b) 

|PtX(CNR)L| \ | P t 2 X 2 ( C N R ) 2 L 2 | (27c) 

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

The g e n e r a l scheme of t h i s r e a c t i o n may be g i v e n by e q u a t i o n 28. 
R 

+ e -Q PM / \ 
RMQ RMQ - RM > M M (28) 

^ R ^ 

(b) E l i m i n a t i o n o f an a n i o n i c l i g a n d f o l l o w e d by f u r t h e r r e a c t i o n s  
of t h e o r g a n o m e t a l l i c r a d i c a l 

D i s s o c i a t i o n o f an a n i o n i c l i g a n d f o l l o w i n g an e l e c t r o c h e m i c a l 
r e d u c t i o n i s a p r o c e s s w i t h an o p p o s i n g e f f e c t t o the e l e c t r o n i c charge 
b u i l d - u p a t the complex as a r e s u l t o f the r e d u c t i o n , and i s obs e r v e d commonly. 
The d e r i v e d o r g a n o m e t a l l i c r a d i c a l may r e a c t f u r t h e r i n a number o f ways. 

A few examples are c i t e d . 
E l e c t r o c h e m i c a l r e d u c t i o n of the c y c l o p e n t a d i e n y l Ti(-IV) complexes 

| T i ( n 5 " C 5 H 5 ) n Q 4 _ n | (Q=R, OAr o r 0 S i R 3 > where R i s an a l k y l and Ar i s an a r y l 
group; n=l or 2) i n t h f a t a P t o r g l a s s y carbon e l e c t r o d e a f f o r d s the 
r a d i c a l a n i o n s | T i ( n 5 - C 5 H 5 > n Q 4 _ n | — w h i c h r e a r r a n g e t o the c o r r e s p o n d i n g n e u t r a l 
monocyclo'pentadienyl T i ( I I I ) complexes a c c o r d i n g t o the f o l l o w i n g ways 
( r e a c t i o n s 29 and 30): 

| T i ( n 5 - C 5 H 5 ) n _ 1 Q 4 _ n l + C 5 H 5 " (n=2) (29) 

i T i ( n 5 - c 5 H 5 ) n Q 4 _ J 

T i ( n 3 - C 5 H 5 ) n Q ( 4 . n ) _ 1 | * Q (n-X) (30) 
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These r e a c t i o n s f o l l o w the g e n e r a l e q u a t i o n s 31 and 32, w h i c h 
correspond to e q u a t i o n s ( i i i . l ) and ( i v ) (the l a t t e r i n v o l v i n g m e t a l - c a r b o n 
bond r u p t u r e ) of f i g u r e 3. 

MR + Q" ( 3 1 ) 

J L . - S 
RMQ ,;r RMQ 

^ M Q + R~ ( 3 2 ) 

The c i s and t r a n s d i h a l o g e n o b i s ( i s o c y a n i d e ) p l a t i n u m ( I I ) complexes 
| P t X 2 ( C N R ) 2 | (R = c y c l o h e x y l , t e r - b u t y l ) , i n p r o p y l e n e c a r b o n a t e or a c e t o n i t r i l e 
s o l u t i o n s , undergo, at a P t o r Au e l e c t r o d e , a f i r s t i r r e v e r s i b l e o n e - e l e c t r o n 
r e d u c t i o n t o P t ( I ) w i t h l i b e r a t i o n o f h a l i d e i o n , whereas the second 
m o n o e l e c t r o n i c r e d u c t i o n s t e p a f f o r d s P t ( o ) (which d e p o s i t s on the e l e c t r o d e ) 
w i t h d e c o m p o s i t i o n of the complex ( e q u a t i o n s 33 and 3 4 ) . 

| P t I I X 2 ( C N R ) 2 | + l e — | P t I X ( C N R ) 2 [ ' + X " (33) 

|Pt XiCNRXj + l e — » Pt° + o t h e r d e c o m p o s i t i o n p r o d u c t s (34) 

These r e a c t i o n s f o l l o w the g e n e r a l p a t t e r n of e q u a t i o n 35 
c o r r e s p o n d i n g to p r o c e s s ( i i i . l ) of f i g u r e 3 

e e 
RMQ > RM- > M + ... ( 3 5 ) 

-Q~ 

However, the i s o e l e c t r o n i c t r i p h e n y l p h o s p h i n e complexes | P t C l 2 ( P P h ) 2 \ 
are e l e c t r o c h e m i c a l l y reduced d i r e c t l y t o P t ( 0 ) . The s t a b i l i z a t i o n of the P t ( I ) 
r a d i c a l i n the i s o c y a n i d e complexes i s e x p l a i n e d i n terms of the s t r o n g e r 
e l e c t r o n b a c k - d o n a t i o n of the i s o c y a n i d e l i g a n d compared t o l i g a t i n g p h o s p h i n e . ( 8 5 ) 

Other t w o - e l e c t r o n r e d u c t i o n s w i t h two h a l i d e l i g a n d d i s s o c i a t i o n s 
are known t o o c c u r , e ^ , i n r e a c t i o n 36 of s y n t h e t i c v a l u e i n the p r e p a r a t i o n 
of the P t ( I I ) complex | ( b i p y ) P t - C H 2 C H 2 C H 2 | . ( 8 6 ) 

CI 

| ( b i p y ) p / j > | 2 e'- 2 CC K b x p y ^ / N l ( 3 6) 
CI ^ 

The | ( b i p y ) P t CH 2CH 2CH 2| complex may undergo a f u r t h e r o n e - e l e c t r o n 
r e v e r s i b l e r e d u c t i o n t o the c o r r e s p o n d i n g paramagnetic a n i o n . ( 8 6 ) 

The b i p y r i d y l l i g a n d i n t h i s 1 6 - e l e c t r o n s p e c i e s i s l a b i l e to 
s u b s t i t u t i o n and a s e r i e s o f p l a t i n a c y c l o b u t a n e complexes of b i s p h o s p h i n e , 
t - b u t y l i s o c y a n i d e , carbon monoxide and p h e n y l a c e t y l e n e can be p r e p a r e d 
u (86) by t h i s way 
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( b . l ) Hydrogen a b s t r a c t i o n 

Hydrogen a b s t r a c t i o n from the s o l v e n t (or the s u p p o r t i n g e l e c t r o l y t e , 

g t_ t tetraalkylammonium s a l t ) by the o r g a n o m e t a l l i c r a d i c a l d e r i v e d from 
o n e - e l e c t r o n r e d u c t i o n has been p o s t u l a t e d i n the f o r m a t i o n of s i l i c o n and 
germanium h y d r i d e compounds, e.g., a c c o r d i n g t o e q u a t i o n s 37 (where M=Si o r Ge) 
which correspond t o r e a c t i o n ( i i i . 2 ) of f i g u r e 3. 

e H ' 
( C 6H 5) 3MC1 - ^ ( C 6 H 5 ) 3 M > ( W 3 M H ( 3 7 ) 

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

s o l v e n t (glyme) w i t h an i n t e r m e d i a t e M ( I I I ) r a d i c a l w h i c h , however, was not 
d e t e c t e d by c y c l i c voltammetry due t o i t s h i g h u n s t a b i l i t y . 

The p r e s e n t a u t h o r , however, i s not aware of any o r g a n o t r a n s i t i o n 
metal complex where t h i s type of r e a c t i o n was demonstrated. 

P r o t o n i c a t t a c k at the reduced t r a n s i t i o n m e t a l s i t e i s n e v e r t h e l e s s 

a p o s s i b l e p r o p o s a l i n some ca s e s , e.g., t o account f o r the u n s t a b i l i t y of the 
e l e c t r o c h e m i c a l l y generated c o b a l t o c e n e a n i o n from e l e c t r o r e d u c t i o n of 

- (31) c o b a l t o c e n e i n a c e t o n i t r i l e . 

(b.2) L i g a n d exchange 

L i g a n d exchange may r e s u l t from the d i s s o c i a t i o n of an a n i o n i c l i g a n d 

promoted by e l e c t r o c h e m i c a l r e d u c t i o n . 
Hence, the m e t a l - h a l o g e n bond c l e a v a g e i n the f o l l o w i n g examples 

(e q u a t i o n s 38) a l l o w s the replacement of the h a l i d e l i g a n d by a n e u t r a l l i g a n d 
i n the a n i o n i c reduced s p e c i e s / 7 7 - * They e x e m p l i f y r e a c t i o n ( i i i - 3 ) of 
f i g u r e 3. 

| T i ( n 5 - c 5 H 5 ) 2 c i 2 l | T i ( n 5 - c 5 H 5 ) 2 c i 2 | 
-C1~,L 

l T i ( n 5 - C 5 H 5 ) 2 C l ( L ) | (38) 

(where L=thf- or d i m e t h y l f ormamide) 

(b.3) D i m e r i z a t i o n 

M e t a l - m e t a l bonded d i n u c l e a r complexes may be formed by d i m e r i z a t i o n 
of the reduced complex w i t h l i g a n d ( a n i o n i c or n e u t r a l ) d i s s o c i a t i o n . 

D i n u c l e a r Rh(o) complexes f o r m u l a t e d as |{RhL >2| ( L = t e r t i a r y phosphine) 
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have been prepared by e l e c t r o c h e m i c a l r e d u c t i o n of the mononuclear Rh(I) 
s p e c i e s |RhClL | w i t h c h l o r i d e l i g a n d d i s s o c i a t i o n . T h i s r e a c t i o n e x e m p l i f i e s 

••• (88^ the process ( i i i . 4 ) of f i g u r e 3. 
,2-

D i m e r i c c a r b o n y l complexes, e.g. , | { C r ( C O ) ^ | may be formed i n a 
s i m i l a r way, a l t h o u g h i n v o l v i n g d i s s o c i a t i o n of a n e u t r a l l i g a n d r a t h e r than 
an i o n i c one; m e t a l - c a r b o n bond cleavage a l s o o c c u r s as a r e s u l t of the r e d u c t i o n 
( OQN (89) ( r e a c t i o n s 39) . 

e - -CO 
|Cr(CO) 6| » |Cr(CO) 6| ^ |Cr(CO) | 

! r , v , i 2 _ | C r ( C O ) J ~ 
| { C r ( C O ) 5 } 2 | ^ 51 1 (39) 

(b.4) D i s p r o p o r t i o n a t i o n 

C a t h o d i c d e p o s i t i o n of a metal may occur from d i s p r o p o r t i o n a t i o n of 
an o r g a n o m e t a l l i c r a d i c a l generated by e l e c t r o c h e m i c a l r e d u c t i o n . 

An example i s g i v e n by the d e p o s i t i o n of h i g h l y pure aluminium from 
the e l e c t r o l y t i c r e d u c t i o n of adducts of t r i a l k y l a l u m i n i u m (R 3A1) w i t h Lewis 
bases (MX), e.g., 2Et„Al.XM which may be f o r m u l a t e d as the i o n i c s p e c i e s 
+ i | — M | E t 3 A l - X - A l E t 3 | (where X=H o r h a l i d e ; M=Na, K or NR.). 

The mechanism has not y e t been a s c e r t a i n e d but a known p r o p o s a l 
i n v o l v e s the d i s s o c i a t i o n i n t o an o r g a n o m e t a l l i c c a t i o n | A l E t 2 | + w h i c h , upon 
r e d u c t i o n , generates the - A l E t r a d i c a l which undergoes d i s p r o p o r t i o n a t i o n 
( r e a c t i o n 40). ( 1 7>18,90-92) 

| A l E t 2 | => - A l E t 2 — » - j A l + | A l E t 3 (40) 

The t e c h n i q u e can be a p p l i e d to o t h e r main-group m e t a l s such as Ga, 
I n , T l and a l s o to Zn and Cd. 

(b.5) R e a c t i o n s w i t h mercury cathode 

E l e c t r o c h e m i c a l r e d u c t i o n , at a mercury cathode, of some t r a n s i t i o n 
m e tal complexes may r e s u l t i n the f o r m a t i o n o f mercurated d i - or t r i m e t a l l a t e d 
complexes f o l l o w i n g the g e n e r a l r e a c t i o n ( i i i . 6 ) of f i g u r e 3. T r a n s f e r to 
c a t h o d i c mercury of an o r g a n i c group (R) from the o r g a n o m e t a l l i c r a d i c a l (RM.) 
such as an o rganolead compound i s a l s o a known r e a c t i o n which corresponds t o 
p rocess ( i i i . 7 ) of f i g u r e 3. 

Examples of these r e a c t i o n s w i l l be g i v e n i n another s e c t i o n 
( V I I I . A . e . l . I I ) . 

- 45 -

(b.6) E l i m i n a t i o n of a c a r b a n i o n . M e t a l - c a r b o n bond c l e a v a g e 

The above s e c t i o n s e x e m p l i f y r e a c t i o n s w h i c h p r o c e e d by the d i s s o c i a ­
t i o n of an a n i o n i c l i g a n d ( Q ~ ) , g e n e r a l l y an h a l i d e , as a r e s u l t of the 
e l e c t r o c h e m i c a l r e d u c t i o n , f o l l o w e d by f u r t h e r r e a c t i o n s of the d e r i v e d 
o r g a n o m e t a l l i c r a d i c a l (RM.); an example i n v o l v i n g a n e u t r a l c a r b o n l i g a n d (Q) 
c a r b o n y l , was a l s o c i t e d ( s e c t i o n b. 3),the d i s s o c i a t i o n r e s u l t i n g i n M-C bond 
c l e a v a g e . 

However, a c a r b a n i o n (R~) may a l s o d i s s o c i a t e from the m e t a l s i t e 
as a r e s u l t o f the r e d u c t i o n and the d e r i v e d s p e c i e s (formed t h r o u g h M-C bond 
r u p t u r e ) may a l s o be i n v o l v e d i n f u r t h e r r e a c t i o n s . 

Examples of c a r b a n i o n d i s s o c i a t i o n i n d u c e d by a o n e - e l e c t r o n 
e l e c t r o c h e m i c a l r e d u c t i o n were p r e v i o u s l y g i v e n ( e q u a t i o n s 29 and 3 1 ) , and 
r e a c t i o n s i n v o l v i n g t w o - e l e c t r o n r e d u c t i o n s a r e now c i t e d . 

N e u t r a l a l k y l o r a r y l c a r b o n y l complexes of groups V I - V I I I can 
undergo such a t y p e of r e a c t i o n t o g i v e a n i o n i c complexes and the c a r b a n i o n s 
which may be s t a b i l i z e d by p r o t o n a t i o n due t o t r a c e s of w a t e r p r e s e n t i n the 
s o l v e n t medium ( e q u a t i o n s 41 w h i c h c o r r e s p o n d t o the o v e r a l l p r o c e s s i v . l of 

/qo\ c .(94) 
f i g u r e 3 ) . |MR(C0) 5| (M=Mn,Re) v ' and |Fe(n - C 5 H 5 ) R ( C O ) 2 | r e a c t m t h i s 

2e 
QMR s> QM + R (41) 

H + 

— ^ HR 

way. 

A l t h o u g h , a t low t e m p e r a t u r e , f e r r o c e n e and d e r i v a t i v e s w i t h an 
e l e c t r o n donor s u b s t i t u e n t can undergo r e v e r s i b l e o n e - e l e c t r o n e l e c t r o c h e m i c a l 
r e d u c t i o n s , as i t was p r e v i o u s l y mentioned ( s e c t i o n I I I . A ) , a t h i g h e r t emperatures 
a t w o - e l e c t r o n r e d u c t i o n w i t h m e t a l - c a r b o n bond c l e a v a g e o c c u r s f o l l o w i n g an 
ECE mechanism. 

(72) 
The complex p r o d u c t of the c h e m i c a l s t e p i s s u g gested t o be the 

h a l f - s a n d w i c h m o n o c y c l o p e n t a d i e n y l - i r o n r a d i c a l |Fe(RC 5H,)|* ( r e a c t i o n s 4 2 ) . 
e . 

| F e ( R C 5 H 4 ) 2 | ===^ | F e ( R C 5 H 4 ) 2 | ( 4 2 a ) 

| F e ( R C 5 H 4 ) 2 | ~ > | Fe(RC 5H 4)|* + ( R C
5 H 4 ) ~ ( 4 2 b ) 

e _ 
| F e ( R C 5 H 4 ) | * 3- (RC 5H 4) + Fe (42c) 

These r e a c t i o n s f o l l o w the g e n e r a l scheme ( i v . l ) of f i g u r e 3. 
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The n e u t r a l r a d i c a l |Fe(RC^H^)|", or s o l v a t e d d e r i v e d s p e c i e s such as 
| F e ( R C ^ H ^ ) | " ( S = s o l v e n t ) , i s h i g h l y r e a c t i v e ( i t was n o t i s o l a t e d ) r e a c t i n g 
w i t h CO t o a f f o r d ( f o r R=MeO), a f t e r f u r t h e r r e d u c t i o n , the a c e t y l -
c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n a n i o n w h i c h can be o x i d i z e d a t a P t e l e c t r o d e 
t o a d i n u c l e a r n e u t r a l complex and r e a c t s w i t h Mel t o g i v e a n e u t r a l 
o - m e t h y l i r o n complex ( r e a c t i o n s 4 3 ) . 

. e,CO 
| F e ( R C 5 H 4 ) | > | F e ( R C 5 H 4 ) ( C O ) 2 | 

Mel 

| { F e ( R C 5 H 4 ) ( C O ) 2 > 2 | | F e ( R C ^ ) (Me) ( C O ) 2 | (43) 

(R=MeO) 

These r e a c t i o n s a r e r e p r e s e n t e d by the g e n e r a l p r o c e s s ( i v . 2 ) o f 
f i g u r e 3. 

(c) E l e c t r o p h i l i c a t t a c k 

E l e c t r o c h e m i c a l r e d u c t i o n o f a t r a n s i t i o n m e t a l complex may a c t i v a t e 
a l i g a n d or the m e t a l i t s e l f towards a t t a c k by an e l e c t r o p h i l e ( e . g . , r e a c t i o n 
types v . l and v.2 of f i g u r e 3) and t h i s b e h a v i o u r may have i m p o r t a n t s y n t h e t i c a l 
a p p l i c a t i o n s . 

The r e d u c t i o n p r o c e s s may i n v o l v e one o r two e l e c t r o n s and one o r two 
p r o t o n s , and h a l i d e d i s s o c i a t i o n may a l s o o c c u r ( r e a c t i o n t ypes v and v i . 1 . 1 of 
f i g u r e 3 ) . The e l e c t r o p h i l e i s o f t e n a p r o t o n but may a l s o be an o r g a n i c s p e c i e s 
such as an o r g a n o h a l i d e o r carbon d i o x i d e . 

Examples of t h e s e r e a c t i o n s w i l l be found i n o t h e r s e c t i o n s and now 
o n l y a b r i e f l i s t i s mentioned: 

- R e d u c t i o n of carbene l i g a n d t o o - a l k y l , e.g., i n complexes 
| Fe(TPP) (CX) | | TPP= m e s o - t e t r a p h e n y l - p o r p h y r i n ; X=C ( C ^ C l - 4 ) ,CPh 2 

o r S| by a 2 e + l H + (and a l s o a Ie+1H +) p r o c e s s ( s e c t i o n V I I I . A . c . l ) . 

- R e d u c t i o n of k e t o n e and a c i d f u n c t i o n a l groups a t c y c l o p e n t a d i e n y l 
+ + 

l i g a n d i n s u b s t i t u t e d f e r r o c e n e - t y p e complexes (2e+2H and l e +1H 
p r o c e s s e s ( s e c t i o n V I I I . A . d ) . 

- R e d u c t i o n o f organo h y d r a z i d o ( 2 - ) l i g a n d s (NNR 2) t o amines (HNR 2) 
(2e+2H + p r o c e s s ) and t o h y d r a z i n e s (H 2NNR 2) (2e+2e+2H + p r o c e s s ) i n 
complexes | M o B r ( N N R 2 ) ( d p p e ) £ | + formed by a l k y l a t i o n of d i n i t r o g e n 
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i n | M o ( N 2 ) 2 ( d p p e ) 2 | ( s e c t i o n V I I I . C . a ) . 

- E l e c t r o p h i l i c a t t a c k at a c y c l o p e n t a d i e n y l l i g a n d i n m e t a l l o c e n e - t y p e 
complexes. 

Exampless 

R e a c t i o n s of a l k y l h a l i d e o r C 0 2 w i t h c o b a l t o c e n e or c o b a l t o c e n e 
a n i o n d e r i v e d from c o b a l t i c i n i u m t h r o u g h a o n e - e l e c t r o n o r an 
o v e r a l l t w o - e l e c t r o n e l e c t r o c h e m i c a l r e d u c t i o n , r e s p e c t i v e l y 
( s e c t i o n V I I I . A . C . I ) . 
Proposed p r o t o n a t i o n of n i c k e l l o c e n e t o y i e l d an a l l y l - t y p e l i g a n d 
t n\ 0 5 ) ( r e a c t i o n 4 4 ) . 

5 , 2 e ' 2 H + S 1 | N i ( n - C 5 H 5 ) 2 | | N i ( n -C 5H 5) (ri -C 5H ?) I (44) 

- E l e c t r o p h i l i c a t t a c k of o r g a n o h a l i d e at the reduced m e t a l ( o x i d a t i v e 
a d d i t i o n r e a c t i o n ) , o c c u r i n g , e.g., i n the c a t a l y t i c e l e c t r o c h e m i c a l 
r e d u c t i o n o f a l k y l h a l i d e s by square p l a n a r m a c r o c y c l i c n i c k e l complexes 
( s e c t i o n V I I I . B . a - e.g., f i g u r e 1 4 ) . 

(d) F u r t h e r r e d u c t i o n w i t h e l i m i n a t i o n of an a n i o n i c l i g a n d  
f o l l o w e d by o t h e r r e a c t i o n s 

I n the p r e v i o u s s e c t i o n ( b ) , d i s s o c i a t i o n of an a n i o n i c l i g a n d o c c u r s 
as a r e s u l t of a o n e - e l e c t r o n r e d u c t i o n . 

However, examples are a l s o known which i n v o l v e l o s s o f an a n i o n i c 
l i g a n d o n l y a f t e r an o v e r a l l t w o - e l e c t r o n r e d u c t i o n p r o c e s s . The l i g a n d w h i ch 
undergoes d i s s o c i a t i o n may be i n o r g a n i c (Q , such as h a l i d e ) o r a c a r b a n i o n (R ) 
(or b o t h ) , and the d e r i v e d o r g a n o m e t a l l i c s p e c i e s may be i n v o l v e d i n f u r t h e r 
r e a c t i o n s such as e l e c t r o p h i l i c a t t a c k a t a l i g a n d |see the p r e v i o u s s e c t i o n (c)| , 
r e a c t i o n w i t h s o l v e n t o r f o r m a t i o n of a d i n u c l e a r s p e c i e s . 

Hence, e.g., a t w o - e l e c t r o n r e d u c t i o n of the R h ( l ) complex | RhCl(CO)L 2| , 
i n the p resence of L ( t r i p h e n y l p h o s p h i n e ) , y i e l d s the R h ( - I ) s p e c i e s |Rh(CO)L 3| 
and CI ( r e a c t i o n 4 5 ) ; a d i n u c l e a r Rh(o) complex i s formed, a t ambient 

(95) 
t emperature, a c c o r d i n g t o r e a c t i o n ( 4 6 ) . 

2e,L 
|RhCl(CO)L 2| 5» |Rh(CO)L 3| + CI (45) 

|Rh(CO)L 3| + |RhCl(CO)L 2| + L ^\{ RhiCO)!^ | + C l ~ (46) 
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These r e a c t i o n s correspond t o the sequence ( v i . 1 . 2 ) o f f i g u r e 3, 
E l e c t r o c h e m i c a l r e d u c t i o n of g - m e t a l l o c e n y l s u b s t i t u t e d a,g— 

-unsaturated n i t r i l e s o f the type 

R 
I where -X=-C=C(R*)CN| 

i n a p r o t i c s o l v e n t ( t h f or a c e t o n i t r i l e ) a t a d r o p p i n g mercury e l e c t r o d e , 
occurs through a r e v e r s i b l e o n e - e l e c t r o n t r a n s f e r t o a f f o r d an a n i o n r a d i c a l , 
f o l l o w e d by an i r r e v e r s i b l e o n e - e l e c t r o n p r o c e s s w i t h c l e a v a g e o f the 
m e t a l - c y c l o p e n t a d i e n y l bond t o g i v e s u b s t i t u t e d and u n s u b s t i t u t e d c y c l o ­
p e n t a d i e n y l anions and the metal ( r e a c t i o n s 47) which e x e m p l i f y p r o c e s s ( v i . 2 ) 
of f i g u r e 3; d i s p r o p o r t i o n a t i o n o f the a n i o n r a d i c a l may a l s o o c c u r , g i v i n g 
the u n s t a b l e d i a n i o n i n an o v e r a l l apparent s i n g l e - e l e c t r o n w a v e / 9 ^ 

e _ j _ e o-
|MC-X| |MC-X| — * |MC-X[ 

• (47) 

M(o) + C 5 H 5 ~ + C 5 H 4 X ~ < 1 

(where Mc i s a m e t a l l o c e n y l group: f e r r o c e n y l , r u t h e n o c e n y l o r osmocenyl gro u p ) . 

(e) E l e c t r o c h e m i c a l r e d u c t i o n of p o l y n u c l e a r complexes 

A l t h o u g h the m e t a l - m e t a l bonds may be r e t a i n e d on the r e d u c t i o n o f 
i 13-

c l u s t e r s p e c i e s — e.g., the double cubane type M o „ F e A S Q ( S R ) J w i t h t h r e e 
(97) . t h i o l a t e b r i d g e s between the two Mo n u c l e i — and complexes w i t h m e t a l - m e t a l 

• .2- . |+ (98 99) m u l t i p l e bonds — e.g. , | R e 2 C l g | and | Mo 2 ( C ^ C O O ) 4 | — ' w i t h p o s s i b l e 
f o r m a t i o n of mixed-valence complexes, the r e d u c t i o n of d i - or t r i - m e t a l l i c 
complexes u s u a l l y r e s u l t s i n the m e t a l - m e t a l bond r u p t u r e . 

( e . l ) D i n u c l e a r complexes 

The r e d u c t i o n of a d i n u c l e a r complex may i n v o l v e a t w o - e l e c t r o n 
(to a f f o r d two m e t a l l a t e s p e c i e s ) or a o n e - e l e c t r o n p r o c e s s to g i v e an 
a n i o n i c complex and a paramagnetic s p e c i e s which may d i m e r i z e o r r e a c t w i t h 
the e l e c t r o d e mercury (see f i g u r e 4 where M denotes a mononuclear m e t a l s i t e , 
o f t e n a m e t a l l i c p o l y c a r b o n y l ) . 

( 6 2 ) E x a m p l e s of types ( i ) and ( i i . l ) are g i v e n by the r e a c t i o n s 4 8 ( 1 0 0 > 1 0 1 ) 
and 49, whereas type ( i i . 3 ) i s known f o r the e l e c t r o c h e m i c a l r e d u c t i o n of 

2e -
| (OC) 5Mn-Re(CO) 5| ^ iMn(CO) 5| + |Re(CO) | (48) 

| ( O C ) 5 M n - F e ( n 5 - C 5 H 5 ) ( C O ) 2 | _ ! _ ^ I Mn(CO) 5 f + | Fe ( n 5 - ^ ) (CO) 2 |* (49) 

1 | { F e ( n 5 - C H ) (CO) } | -* ' 
2 5 5 'l 2 
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M-M — 

2e 
- 3 - 2 M 

( i ) ( i i . l ) 

l e _ 
3» M + M* Hg 

1 
( i i ) 

M-M 

M-Hg-M 
( i i . 2 ) 

( i i . 3 ) 

2e 
M 3Hi 3M +Hg 

F i g u r e 4 - P o s s i b l e types of r e a c t i o n s i n the e l e c t r o c h e m i c a l r e d u c t i o n of 
o r g a n o t r a n s i t i o n d i n u c l e a r complexes 

t h e d i m e r i c complex | { F e ( n
5 - C H ) ( C O ) } | i n t h f / l H B u J I BF,| at a d r o p p i n g 

(102) 
mercury e l e c t r o d e . 

The M" r a d i c a l , | Fe ( n 5 - ^ ) (CO) 2 | ' , r e a c t s w i t h mercury e l e c t r o d e 
to g i v e a n e u t r a l t r i n u c l e a r complex w i t h b r i d g i n g mercury w h i c h upon r e a c t i o n 
w i t h the a n i o n | Fe ( n 5 - ^ ) (CO) 2 f a f f o r d s a t e t r a m e t a l l i c s p e c i e s 
| { F e ( n 5 - C 5 H 5 ) ( C O ) 2 } 3 H g r ; t h i s complex may undergo f u r t h e r r e d u c t i o n t o t h r e e 
monomeric anionsM" w i t h Fe-Hg bond c l e a v a g e . The a n i o n i c complex M may a l s o 
be formed by o n e - e l e c t r o n e l e c t r o c h e m i c a l r e d u c t i o n of the monomeric specie_s 
|FeX(n 5-C 5H 5)(CO) 2|(X=H, h a l i d e , CN.GeCl^ ^ . S n C l ^ S n P h ^ 8 ^ ) , w i t h X 
l i g a n d dissociation ( 1° 2 ) (a w e l l known sequence type was mentioned i n p r e v i o u s 
s e c t i o n s - i , i i i i n f i g u r e 3 ) . 

(e.2) T r i n u c l e a r complexes 

C a t h o d i c r e d u c t i o n of l i n e a r t r i m e t a l l i c complexes r e s u l t s i n 

m e tal-metal bond cleavage u s u a l l y a c c o r d i n g to r e a c t i o n (50) f o r H g ( I I ) as the 

c e n t r a l m e t a l . 

M-Hg-M + 2e > Hg + 2M~ ( 5 0 ) 

where, e ^ , M=| C o ( C 0 ) 4 | 2 >
 ( 9 ) | Cr ( n 5 " ^ ) (CO) 31 and | M o ( n 5 " ^ ) (CO) 3 | , ( 6 2 ' 6 3 ' ? 4 > 

| W ( n 5 - C , H j ( C 0 ) J and | M Q ( C O ) J ^ 9 3 ' 1 0 3 ) or | Fe (CO) (NO) | . ( 1 ° 4 ) 

S i m i l a r r e d u c t i o n p r o d u c t s a l t h o u g h formed by a o n e - e l e c t r o n p r o c e s s , 
are observed i n the c a t h o d i c r e d u c t i o n of the Ana(I) compounds (M-Au-M) 
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. (105,106) ( r e a c t i o n 51) . ' 

(M-Au-M) + e ^ A i + 2M ( 5 1 ) 

However, d i f f e r e n t paramagnetic h e t e r o b i m e t a l l i c P t ( I ) complexes 
are formed i n the c a t h o d i c r e d u c t i o n , on a P t o r Au e l e c t r o d e , of P t ( I I ) 
i s o c y a n i d e compounds of the type M-PtL^M, a c c o r d i n g to the p r o p o s e d ( 1 0 5 ) 

r e a c t i o n 

M-PtL 2-M + l e + M-PtL 2 ( 5 2 ) 

where M= | Cr ( n 5 - ^ ) (CO) 3 | , | Mo ( n 5 - ^ ) (CO) 3 | , | W (T, 5-C H 5) (CO) | , | M n ( C 0 ) J , 
| F e ( C 0 ) 3 ( N 0 ) | , | C o ( C 0 ) 4 | ; L=Bn tNC or eyclo-CgH NC. 

The s t a b i l i z a t i o n o f the i s o c y a n i d e P t ( I ) r a d i c a l i s suggested t o 
r e s u l t from the 7r-acceptor c h a r a c t e r o f the i s o c y a n i d e l i g a n d . T h i s r a d i c a l , 
d e t e c t e d by e . s . r . , was not f u l l y c h a r a c t e r i z e d and i s i n v o l v e d i n f u r t h e r 
r e a c t i o n , p r o b a b l y u n d e r g o i n g d i m e r i z a t i o n o r r e a c t i o n w i t h the s o l v e n t . ( 1 0 5 ' 1 0 6 ) 

The r e l a t e d t r i a n g u l a r p l a t i n u m - d i c o b a l t c l u s t e r s 
| P t C o 2 ( u - C 0 ) ( C 0 ) 7 ( P P h 3 ) | and | P t C o 2 ( y - C O ) ( C O ) g ( d p p e ) | are a l s o e l e c t r o c h e m i c a l l y 
reduced a t a s o l i d o r mercury e l e c t r o d e , i n a p r o t i c medium, th r o u g h a o n e - e l e c t r o n 
i r r e v e r s i b l e p r o c e s s w i t h l i b e r a t i o n o f | C o ( C 0 ) 4 f and g e n e r a t i o n o f r a d i c a l s . ( 1 0 7 ) 

The h e t e r o t e t r a n u c l e a r c l u s t e r | P t 2 C o 2 ( y - C 0 ) 3 ( C 0 > 5 ( P P h 3 ) 2 | was i s o l a t e d 
i n good y i e l d from the e l e c t r o c h e m i c a l r e d u c t i o n of |PtCo 2(y-C0)(CO) (PPh ) | , 
and i t s f o r m a t i o n o c c u r s p r o b a b l y by d i m e r i z a t i o n o f the r a d i c a l 
| P t C o ( C O ) 4 ( P P h 3 ) | ' (which however was not d e t e c t e d by e . s . r . p o s s i b l y due to 
i t s s h o r t l i f e t i m e ) , a c c o r d i n g t o e q u a t i o n s 5 3 . ( 1 0 7 ) 

| P t C o 2 ( y - C O ) ( C O ) 7 ( P P h 3 ) | + e — ^ | P t C o ( y - C O ) ( C O ) y ( P P h 3 ) | (53a) 

|PtCo(y-CO) ( C O ) 7 ( P P h 3 ) | | C o ( C 0 ) 4 r + | P t C o ( C O ) 4 ( P P h 3 ) | (53b) 
d i m e r i z a t i o n 

2 | P t C o ( C 0 ) 4 ( P P h 3 ) r > | P t 2 C o 2 ( y - C O ) 3 ( C O ) 5 ( P P h 3 ) 2 | (53c) 

Each o f the c l u s t e r s | PtCo., (u-CO) (CO) ? (PPh 3) | and | P t C o 2 ( y - C 0 ) ( C O ) (dppe)| 

undergoes two o n e - e l e c t r o n o x i d a t i o n s t e p s , the f i r s t b e i n g r e v e r s i b l e . 
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I V - ELECTROCHEMICAL QUANTIFICATION AND PREDICTION OF REDOX AND 
ELECTRONIC PROPERTIES OF METAL SITES AND LIGANDS 

Although correlations between the redox potential and other properties 
of complexes, their ligands or metal sites (energy of charge transfer bands, 
ionization energy, Hammett'so parameter, etc.) are already well documented 
(they w i l l be mentioned i n chapters V and VI) , only recently a systematic 
proposal was attempted to quantify the relationships between the redox 
notential and the structure and constitution of a complex. 

This work was i n i t i a t e d by Pickett^ through the electrochemical 
study of 18-electron octahedral complexes |MgL| with 16-electron square 
pyramidal metal sites {M } (figure 5). Q X 

A linear correlation was experimentally observed between E L / 2 of a 
series of complexes [M L | with a common {Mg} s i t e and E x / 2 of th e i r homologues 
i n a isoelectronic and isost r u c t u r a l reference series with pentacarbonylchromium, 
{Cr(C0) 5}, as the metal centre. 

This linear relationship may be expressed by the following equation 

E?/2 |MsL| - E ° / 2 |M s«X»| = 3 . { E y 2 |Cr(C0) 5L| - * l / 2 |Cr(C0) 6|} (54) 

where carbonyl was taken as al reference ligand, or by the si m p l i f i e d form 

E?/2 l M
s L | " V + 3 ' P L ( 5 5 > 

where 

and 

(56) E = E 1 / 2 |Ms(CO)| 

P L = E l / 2 | C r ( C 0 ) 5 L | - E ^ 2 | C r ( C 0 ) 6 | (57) 

(26 ) 
Three electrochemical parameters are then defined: 

E - A measure of the electron-richness of the metal s i t e ; 
s 

3 - A measure of the electronic s e n s i t i v i t y ( p o l a r i s a b i l i t y ) of the 
metal s i t e to a change of ligand L; 

P - A measure of the net electron donor/acceptor character of the 
L 

ligand. 

P values have already been quoted for a considerable number of 
(26 27^ ligands (see Table 1). ' 

Carbonyl, the reference ligand, has P L=0, by d e f i n i t i o n . 
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M L { M J 

F i g u r e 5 - E i g h t e e n - e l e c t r o n o c t a h e d r a l complex 
square pyramid m e t a l s i t e {M }. 

|M L| w i t h 1 6 - e l e c t r o n 

NO , a weak e l e c t r o n donor, e x h i b i t s a v e r y h i g h P L v a l u e (+1.40 V ) , 
whereas i n the o p p o s i t e extreme i s h y d r o x i d e ( ? L = -1.55 V ) , and o t h e r a n i o n i c 
s t r o n g net e l e c t r o n d o n o r / a c c e p t o r l i g a n d s . 

I s o c y a n i d e s , when b i n d i n g i n a l i n e a r geometry, behave g e n e r a l l y as 
c o n s i d e r a b l e s t r o n g e r n et e l e c t r o n donors ( P L i n the -0.44 t o - 0.33 V range) 
than t h e i r i s o e l e c t r o n i c CO (?^Q) a n d N 2 (P L=-0.07 V) l i g a n d s . However, when 

TABLE 1. L i g a n d parameter P L f o r v a r i o u s l i g a n d s 

L P L ( V o l t ) L 
P I ( v o l t ) 

N 0 + 1 .40 NH 3 -c .77 
CO 0 .00 CF C00~ -c .78 
N 2 -o .07 NCS~ -0 .88 
P ( 0 P h ) 3 -0 .18 

A 
CN~ -1 .00 

CNC,H 3Cl-2,6 -0 .33 NC0~ -1 . 16 
PPh -0 .35 I ~ _ 1 1 c 
pH num / A 1 . 1 J 

• -o 37 B r ~ -1 .17 
CNPh -0 38 C l ~ -1 .19 * _ 

.22 -0 38 
* 

H -1 .22 
CNCgH 4CH 3-4 -0 39 

N 3 _ -1 .26 
CNCgH 40CH 3-4 -0. 40 OH -1 .55 
NCPh -0. 40 
CNMe -0. 43 

-o. 44 
NCMe -0. 58 
Py -o. 59 

A l l v a l u e s are tak e n from r e f e r e n c e (26) except those denoted by* which are 
g i v e n by r e f e r e n c e ( 2 7 ) . 
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they l i g a t e the e l e c t r o n - r i c h {ReCl(dppe) 2> s i t e , they are s t r o n g e r net 
e l e c t r o n a c c e p t o r s ( t h e i r geometry i s p r o b a b l y b e n t ) , and t h e y p r e s e n t h i g h e r 

(27) 
p v a l u e s ( e q u a t i o n 58 where P v a l u e s are i n v o l t s ) , i n the gross 
L L 

range 0.0 t o -0.14V, thus approaching N 2 and CO i n t h e i r net e l e c t r o n a c c e p t o r 

c h a r a c t e r . 

P (CNR bent) ~ P T (CNR l i n e a r ) + 0 . 3 (58) 

ox 
The abovementioned l i n e a r r e l a t i o n i s h ( e q u a t i o n 55) between ET/2 

and P T was observed f o r a v a r i e t y of 1 6 - e l e c t r o n m e t a l s i t e s and t h e i r E L s 
and 3 parameters were e s t i m a t e d (Table 2 ) . 

The higher e l e c t r o n - r i c h Mo(o) me t a l s i t e s d i s p l a y lower E g v a l u e s 
than the F e ( I I ) and the R e ( I ) s i t e s and, w i t h i n each s e r i e s w i t h a common m e t a l , 
a n i o n i c s p e c i e s are more e l e c t r o n r i c h (lower E v a l u e s ) than the n e u t r a l ones 

s 
and the l a t t e r are more e l e c t r o n - r i c h than t h e c a t i o n i c ones, as ex p e c t e d . 

Once the e l e c t r o c h e m i c a l E , 6 and P^ parameters are known f o r a 
metal s i t e and a l i g a n d , i t i s p o s s i b l e t o p r e d i c t the h a l f - w a v e o x i d a t i o n 
p o t e n t i a l of a new element of a s e r i e s as w e l l as to i d e n t i f y a complex which 
OX 

E l / 2 v a i u e L S known (see e q u a t i o n 5 5 ) . An example of the l a t t e r t y p e of a p p l i c a 
t i o n i s g i v e n by the d e t e c t i o n and i d e n t i f i c a t i o n i n s o l u t i o n of the u n s t a b l e 

OX 
complex t 1rans-1 Mo (N 2) (NH 3) (dppe) 2 | ( E i / 2 e x p e r i m e n t a l l y observed a t -0.72 V 
i n agreement w i t h the e s t i m a t e d v a l u e of -0.75 V v e r s u s s.c.e.) formed i n s i t u 

i i • • (25) by the r e a c t i o n of t r a n s - j Mo(N 2)„(dppe) 2| w i t h ammonia m t h f . 

Table 2. E and [ s 5 parameters f o r v a r i o u s 1 6 - e l e c t r o n m e t a l s i t e s 

{M } s E ( V o l t ) 
(vs s.c.e) 

ß 

{Mo(NO)(dppe) 2} + 

+0. 91 0. 51 
{Mo(CO)(dppe) 2> -0. 11 0 72 

{Mo(N 2)(dppe) 2> -0. 13 0 84 

{Mo(NCPh)(dppe) 2} -0. 40 0 82 

{ M o ( N 3 ) ( d p p e ) 2 r - 1 . 00 1 0 

{ F e H ( d p p e ) 2 } + + 1. 04 1 0 

{Re ( N 2 ) ( d p p e ) 2 } + + 1. 20 0 74 

{ReCl(dppe) 2) +0. 
A 

68 3 
A 

4 

A l l v a l u e s are tak e n from r e f e r e n c e (26) except those denoted by which 
are g i v e n by r e f e r e n c e ( 2 7 ) . 
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Based on these e l e c t r o c h e m i c a l parameters, i t i s a l s o p o s s i b l e 
to propose some c r i t e r i a f o r the c o o r d i n a t i o n of l i g a n d s to a metal s i t e .and 

" (26) f o r the chemical r e a c t i v i t y of the d e r i v e d complexes. Examples of the 
former are mentioned as f o l l o w s , whereas the l a t t e r w i l l be c o n s i d e r e d 
s e p a r a t e l y i n the next s e c t i o n . 

M e t a l s i t e s w i t h a low e l e c t r o n - r i c h n e s s ( h i g h l y p o s i t i v e v a l u e s ) 
b i n d p r e f e r a b l y l i g a n d s which are s t r o n g e l e c t r o n donors ( w i t h n e g a t i v e and 
low v a l u e s ) . 

D i n i t r o g e n , w i t h a h i g h P^ v a l u e (near z e ro) b i n d s p r e f e r a b l y a 
metal s i t e w i t h low E^ a l t h o u g h d i n i t r o g e n complexes are known w i t h m e t a l s i t e s 
p r e s e n t i n g E g v a l u e s w i t h i n a wide range (from +1\3 t o -1.3 V ) . However, when 

binds a s i t e w i t h a h i g h E g v a l u e , the l i g a n d i n t r a n s p o s i t i o n p r e s e n t s 
a low P^ v a l u e , i . e . , i t i s a s t r o n g e l e c t r o n donor; the me t a l s i t e then has a 
h i g h p o l a r i s a b i l i t y ( 3 ) . Hence, as a g e n e r a l comment, one may r e f e r t h a t 
d i n i t r o g e n b i n d i n g t o a met a l s i t e i s fa v o u r e d by low E ( h i g h e l e c t r o n - r i c h n e s s ) 

(26) 
and h i g h 3 (h i g h p o l a r i s a b i l i t y ) of the me t a l c e n t r e . 

V - HALF-WAVE POTENTIAL AND CHEMICAL REACTIVITY 

A comparison of the half-wave p o t e n t i a l s of r e l a t e d complexes (or of 
the e l e c t r o n - r i c h n e s s , E , o f t h e i r m e t a l s i t e s , or of the P T v a l u e s o f t h e i r 

s ij 
l i g a n d s ) w i t h i n a s e r i e s o r i n comparable s e r i e s may a l l o w the p r e d i c t i o n of 
some f e a t u r e s of the r e l a t i v e c h e m i c a l r e a c t i v i t y . 

Recent a p p l i c a t i o n s are found i n the f i e l d of c h e m i c a l n i t r o g e n 
f i x a t i o n , and examples are a l s o quoted by s t u d i e s of r e v e r s i b l e oxygen uptake.. 

A - D i n i t r o g e n v e r s u s i s o c y a n i d e r e a c t i v i t y 

A study of t h a t type was u n d e r t a k e n ^ 2 8 ^ f o r the two i s o e l e c t r o n i c 
s e r i e s of d i n i t r o g e n , i s o c y a n i d e » and c a r b o n y l complexes 
t r a n s - | R e C l ( L ) ( d p p e ) 2 | , ( A ) , and t r a n s - | M o L 2 ( d p p e ) 2 I , ( B ) . 

Both types of complexes undergo i n t h f / I B U . N I I B F , I a o n e - e l e c t r o n 
OX 

r e v e r s i b l e o x i d a t i o n and a p l o t of of the Re( I ) complexes v e r s u s t h e i r 
Mo(o) homologues i s shown i n f i g u r e 6. 

From t h i s p l o t i t i s c l e a r l y seen t h a t the p o i n t t h a t c orresponds t o 
d i n i t r o g e n l i e s s u b s t a n t i a l l y o f f the s t r a i g h t l i n e f o l l o w e d by the o t h e r s p e c i e s , 

OX 
the d i n i t r o g e n complex of Re ( I ) p r e s e n t i n g a E 1 / 2 v a l u e w h i ch i s much lower 
than the v a l u e expected on the b a s i s o f the t r e n d f o l l o w e d by the o t h e r 
complexes. T h i s may be i n t e r p r e t e d as the r e s u l t of a much weaker e l e c t r o n 
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I.OX 
L l / 2 

0.7 

(A) 

CNC,H,CH,-4 6 4 3 — 

CNC.H,0CH,-4 

-0.3 -0.2 

E l / 2 (!> 

OX 

F i g u r e 6 P l o t of E 1 / 2 f o r | Re C l ( L ) (dppe) 2 | , ( A ) , v e r s u s E ^ 

| M o L 2 ( d p p e ) 2 | , ( B ) , | L = N 2 > CO, CNR|. 

ac c e p t o r c h a r a c t e r of N 2 when b i n d i n g the R e ( I ) s i t e t h an what would be 
expected on the b a s i s of the b e h a v i o u r of the i s o e l e c t r o n i c CO and CNR l i g a n d s . 

Hence, t h i s s t u d y e v i d e n c e s t h a t d i n i t r o g e n p r e s e n t s , r e l a t i v e t o 
i s o c y a n i d e s , a weaker v e r s a t i l i t y of accommodation t o a de c r e a s e i n the e l e c t r o n 
r i c h n e s s of the m e t a l s i t e |when changing from t h e Mo(o) c e n t r e t o the l e s s 
e l e c t r o n - r i c h R e ( I ) s i t e | . T h i s r a t i o n a l e agrees w i t h t h e l a c k of p r o t o n a t i o n o f 
N 2 when b i n d s the R e ( I ) s i t e , a l t h o u g h l i g a t i n g i s o c y a n i d e s can undergo such 
r e a c t i o n , ( 1 0 8 ' 1 0 9 ) and b o t h (N„ and CNR) are s u s c e p t i b l e t o a t t a c k by a c i d 

. , / x • (110-112) when b i n d i n g the more e l e c t r o n r i c h Mo(o) s i t e - see, e.g., 
r e a c t i o n s 59-62. 

OX f o r 

t r a n s - I R e C l ( N 2 ) ( d p p e ) 2 I + H 
trans-|ReCl(CNMe)(dppe) | + H 

| R e H C l ( N 2 ) ( d p p e ) 2 | 

• IReCl(CNHMe)(dppe) 

t r a n s - 1 Mo ( N 2 ) 2 ( d p p e ) 2 I + 2HX -

t r a n s - I M o ( C N M e ) 2 ( d p p e ) 2 I + 2H + 

B - E l e c t r o p h i l i c v e r s u s n u c l e o p h i l i c a t t a c k a t d i n i t r o g e n 

(59) 

(60) 

t r a n s - | M o X ( N N H 2 ) ( d p p e ) 9 | X + N £ (61) 

. 2+ 
trans-|Mo(CNHMe) 2(dppe) 2 

(62) 

The v a r i a t i o n of the r e a c t i v i t y w i t h redox p o t e n t i a l o f o t h e r 
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(? ft 11 o \ 
d i n i t r o g e n complexes w i t h d i f f e r e n t m etal s i t e s was a l s o s t u d i e d ' and 
a few o b s e r v a t i o n s may be mentioned ( f i g u r e 7 ) : 

,0X 
'1/2 
OX 

E l e c t r o n - p o o r complexes w i t h E , >ca. +0.8 / r e a c t w i t h a n u c l e o p h i l e 
(LiMe i n t h f at 25UC) which may a t t a c k N ^ i n | Mn (n5-C5H5) (CO) 2 (N 2) | , 

= 1.2 V } , ( 1 1 4 ) C 0 { i n t r a n s - j E e ( C O ) 2 C l ( N 2 ) ( P P h 3 ) 2 | , E ° ^ = 
+ 1.37 V} (- 1 1 5' ) or the metal { i n t r a n s - | R e (CO) CI (PPh,) „ | , 
OX . J L 

^1/2 _ +1.37 / to g i v e the m e t a t h e s i s p r o d u c t 
t r a n s - | F e M e ( C O ) ^ ( P P h ^ ) ^ } ; ^ 1 1 5 ^ the s i t e of a t t a c k cannot y e t be 
p r e d i c t e d . 

- E l e c t r o n - r i c h d i n i t r o g e n complexes w i t h a m e t a l s i t e w i t h s u f f i c i e n t l y 
low E g v a l u e (< ca. 0) may be p r o t o n a t e d , the p r o t o n a t t a c k o c c u r r i n g 
a t the N 2 l i g a n d or a t the me t a l c e n t r e , depending on the v a l u e of P L 

i n the s e r i e s t r a n s - | Mo ( N Q L ( d p p e ) 2 1 as i t was shown above. 

- L i n i t r o g e n complexes w i t h m e t a l s i t e s of i n t e r m e d i a t e E v a l u e s -
s 

e-g-, { r e C l ( d p p e ) 2 } ( E g = +0.64 V) or {Fe(NCMe)(dppe) 2> + - are 
u n r e a c t i v e towards p r o t o n a t i o n or LiMe ( i n t h f a t 25°C). 

C ~ I n f l u e n c e of a c o - l i g a n d on the r e a c t i v i t y of d i n i t r o g e n 

The i n f l u e n c e of a c o - l i g a n d L upon the c h e m i c a l r e a c t i v i t y of a 
d i n i t r o g e n complex, t r a n s - | M o ( N 2 ) L ( d p p e ) 2 | , was r e l a t e d t o e l e c t r o c h e m i c a l 
parameters (P E ) and the c o n c l u s i o n s , w h ich are summarized i n f i g u r e 8-, 

• (25) may be mentioned as f o l l o w s : 

- As the net e l e c t r o n - d o n o r c h a r a c t e r of the l i g a n d L i n c r e a s e s ( i . e . , P 
becomes more n e g a t i v e ) , the s t a b i l i t y of the mono- and d i - o x i d i z e d 
s p e c i e s i n c r e a s e s ( i . e . , the s t a b i l i t y of the M-N2 bond i n c r e a s e s ) . 

- L i g a t i n g N 2 i s s u s c e p t i b l e to undergo p r o t o n a t i o n when P L i s i n the 
range c a. 0.0 t o - 0 . 6 V , whereas f o r P <-0.8V the more r e d u c i n g m e t a l 
s i t e appears t o reduce the s o l v a t e d p r o t o n s t o d i h y d r o g e n t o g i v e an 
u n s t a b l e o x i d i z e d s p e c i e s w h ich l o o s e s N 2 . 

- I n r e a c t i o n s w i t h a l k y l h a l i d e s , complexes w i t h s u f f i c i e n t l y n e g a t i v e 
o x i d a t i o n p o t e n t i a l s and h i g h r e d u c i n g power (P s u f f i c i e n t l y n e g a t i v e ) 
can undergo an o u t e r - s p h e r e e l e c t r o n t r a n s f e r r e a c t i o n ( e . g . , 
r e a c t i o n s 6 3).<24,25,116) 

-X~ 
|M0(N 2)(NCS)(dppe) 2| + RX ^ |M(N 2)(NCS)(dppe) 2|+ R* » 

|M(N 2R)(NCS)(dppe) 2 | (63) 
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(a) 

(b) 

| Mo (N ) 2 (dppe) ̂  ( i i i ) | Mn (n - C ^ ) (CO) 2 (N 2) 

(v) 

| Mo (N 2) ( N C P r n 

( i v ) 
) ( d p p e ) 2 I ( i ) 

| R e C l ( C O ) 2 ( N 2 ) ( P P h 3 ) 2 | , 

|Mo(N 2)(S CN) (dp p e ) 2 l 
R e ( N 2 ) ( N C M e ) ( d p p e ) 2 1 , ( v i ) 

| R e C l ( N 2 ) ( d p p e ) 2 | , ( v i ) 

-1.44 0.00 +1.80 V(vs.SCE) 

E l e c t r o n - r i c h n e s s 

F i g u r e 7 - V a r i a t i o n of r e a c t i v i t y of d i n i t r o g e n complexes w i t h redox 

p o t e n t i a l . 

(a) R e a c t i o n w i t h L i M e ( t h f , 25°C) . (b) R e a c t i o n w i t h l ^ S O ^ t h f ,25°C) 

( i ) A t t a c k a t N 2 by LiMe . ( i i ) A t t a c k a t CO by LiMe. ( i i i ) P r o t o n a t i o n 
a t N o r Mo. ( i v ) P r o t o n a t i o n a t N . (v) O x i d a t i o n by H . 

2 + . 
( v i ) U n r e a c t i v e towards a t t a c k by H o r LiMe. 

However, o t h e r complexes w i t h a weaker r e d u c i n g power and w i t h a 
l a b i l e L l i g a n d (such as, N 2 o r N C P r 1 ) , r e a c t w i t h a l k y l h a l i d e s v i a an 
i n n e r - s p h e r e redox p r o c e s s , the r a t e - d e t e r m i n i n g s t e p b e i n g t h e i n i t i a l l o s s 
oi L ( r e a c t i o n s 6 4 ) . _ L

 r X 

| M o ( N 2 ) L ( a P p e ) 2 | * | M o ( N 2 ) 2 ( d p p e ) 2 | > 
|Mo(N 2) (XR) ( d p p e ) 2 | | M o ( N 2 ) X ( d p p e ) 2 | + R" ^ 

| M o ( N 2 R ) ( X ) ( d p p e ) 2 | (64) 

Moreover, complexes which p r e s e n t a h i g h r e d u c i n g power and 
have a l a b i l e l i g a n d may r e a c t v i a b o t h pathways - e.g., the r e a c t i o n of 
|Mo(N 2) (N 3) ( d p p e ) 2 1 " w i t h Bu 1 1!. 
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D - R e v e r s i b l e oxygen uptake r e a c t i o n s 

The r e v e r s i b l e oxygen uptake r e a c t i o n s of c o b a l t complexes are of 
important b i o c h e m i c a l s i g n i f i c a n c e , e.g., i n the attempt t o understand the 
chemical r o l e of heme i n hemoglobin and myoglobin. 

The a b i l i t y of some n e u t r a l c o b a l t ( I I ) and n i c k e l ( I I ) 
q u a d r i d e n t a t e S c h i f f base complexes of the type 

to r e a c t r e v e r s i b l y w i t h oxygen was shown t o be c l o s e l y r e l a t e d t o the h a l f ¬
-wave o x i d a t i o n p o t e n t i a l , a l i n e a r c o r r e l a t i o n b e i n g found ^ 7 between t h i s 
e l e c t r o c h e m i c a l parameter and the e q u i l i b r i u m c o n s t a n t ( l o g K ) f o r oxygen 

i 2 

adduct f o r m a t i o n ( e q u a t i o n 65) i n s e r i e s of C o ( I I ) complexes [CoL^Bl (B i s a 
u n i d e n t a t e l i g a n d i n the a x i a l p o s i t i o n ; v a r i o u s e q u a t o r i a l o r a x i a l B 
l i g a n d s were c o n s i d e r e d ) . 

\ 
|CoL 4B| + 0 2 ^ z z ^ | C o L 4 B ( 0 2 ) | (65) 

In the 0 2 adduct complexes, the 0 2 may be viewed as a s u p e r o x i d e 
( 0 2 ) l i g a t i n g C o ( I I I ) , as r e v e a l e d by e . s . r . s t u d i e s . Hence, the f o r m a t i o n of 
the adduct ( e q u a t i o n 65) corresponds t o an e l e c t r o n t r a n s f e r from C o ( I I ) t o the 
0 2 l i g a n d and thus r e l a t e s t o the redox b e h a v i o u r of the complexes. ^" L 1 7^ 

0„ uptake (or the s t a b i l i t y of the adduct) i s thus f a v o u r e d by an 
• 0 X (117) i n c r e a s e m e l e c t r o n d e n s i t y a t the m e t a l atom which i s measured by ^i/2-

However, i f the e l e c t r o n d e n s i t y a t the metal exceeds a l i m i t , the complex i s 
i r r e v e r s i b l y o x i d i z e d . ^ 1 1 8 ^ 
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VI " HALF-WAVE POTENTIAL AND PHYSICAL PARAMETERS 

The o x i d a t i o n ( o r r e d u c t i o n ) p o t e n t i a l of a complex r e f l e c t s the 
energy of i t s HOMO (or LUMO, r e s p e c t i v e l y ) o r b i t a l and the e l e c t r o n - r i c h n e s s 
of the me t a l c e n t r e . Hence, i t i s not s u r p r i s i n g t h a t i t may be r e l a t e d 
to o t h e r p r o p e r t i e s of the complex which may a l s o depend on those parameters 
such as the c h e m i c a l r e a c t i v i t y (mentioned i n the p r e v i o u s s e c t i o n ) , the 
energy of a me t a l l i g a n d c h a r g e t r a n s f e r ^ ^ i o n i z a t i o n p o t e n t i a l 

of the c e n t r a l m e t a l i o n , e t c . 

Examples of redox p o t e n t i a l - p h y s i c a l parameters r e l a t i o n s h i p s are now 
c i t e d . 

A " Half-Wave O x i d a t i o n p o t e n t i a l and HOMO energy 

The o x i d a t i o n p o t e n t i a l measures the energy d i f f e r e n c e between the 
o x i d i z e d and the reduced s p e c i e s , i n c l u d i n g v a r i o u s e f f e c t s such as d i f f e r e n c e s 
i n s o l v a t i o n e n e r g i e s and i n the h e a t s of f o r m a t i o n of the complexes. However, 
s i n c e the e l e c t r o n removed i s exp e c t e d t o l e a v e the HOMO o r b i t a l , a c o r r e l a t i o n 
between the energy of t h i s o r b i t a l and the o x i d a t i o n p o t e n t i a l f o r a s e r i e s of 
r e l a t e d complexes would be p r e d i c t a b l e . 

OX I n agreement w i t h + t h i s p r e d i c t i o n , a l i n e a r c o r r e l a t i o n between E J / 2 

of the | M n ( C N M e ) n ( C 0 ) 6 _ J complexes and the c a l c u l a t e d HOMO energy ( f i g u r e ! 
was observed by Fenske: ( 1 1 9 ) > * t h e g r e a t e r s t a b i l i t y of the HOMO corr e s p o n d s 

OX 
E l / 2 

(V) 

OX 

-10 -12 -14 
HOMO energy (eV) 

F i g u r e 9. E 1 / 2 v e r s u s HOMO energy f o r |Mn(CNMe) n (CO) | complexes. ( U 9 ) 

* u " t V : a r i u e t h ( A S I ° P v l f k t h S ^ J " q u i t a d i f f e r 6 n t ^ t h e «p.ct.d u n i t v a l u e (A.A. V l c e k , p e r s o n a l communication) 
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OX 
to an i n c r e a s e d d i f f i c u l t of e l e c t r o n removal ( h i g h e r E ^ 2 v a l u e ) . 

B - Half-wave p o t e n t i a l and gas-phase i o n i z a t i o n p o t e n t i a l 

A change i n the l o w e s t i o n i z a t i o n p o t e n t i a l and i n the h a l f - w a v e 
o x i d a t i o n p o t e n t i a l may b o t h r e f l e c t a v a r i a t i o n i n the e l e c t r o n d e n s i t y a t 
the c e n t r a l atom. A l i n e a r c o r r e l a t i o n may then be observed between E ^ 2 

and the i o n i z a t i o n p o t e n t i a l , namely i n chromium sandwich compounds of the 
cromocene- o r b i s ( n ^ - a r e n e ) - t y p e and t h e i r s u b s t i t u t e d d e r i v a t i v e s . Hence, 
e.g., the e f f e c t of an e l e c t r o n - d o n a t i n g s u b s t i t u e n t (such as methyl) causes 
an i n c r e a s e of e l e c t r o n d e n s i t y on the m e t a l s i t e w i t h r e s u l t i n g d e c r e a s e i n 
the h a l f - w a v e o x i d a t i o n p o t e n t i a l and i n the i o n i z a t i o n p o t e n t i a l , as i t i s 

6 6 6 observed i n the s e r i e s |M(n - C , H , ) J , I M(n -C,H CCH„) 0| and IM {n -C,H„ (CH,) ) 9 

(M=Cr, Mo or N b ) . U ; 

OX 
S i m i l a r r e l a t i o n s h i p s between E 1 ,„ and the i o n i z a t i o n p o t e n t i a l 

1 . i 1 OX (I ) f o r a g i v e n v a l e n c e change of the c o r r e s p o n d i n g gaseous m e t a l i o n s | E. /„ 
P _ , 1 I I . I I OX I I T i l . | ^ ,(121) i / Z 

v e r s u s 1^ (M —=• M ); ^\/2 v e r s u s ~~> ' I w e r e r e p o r t e d 
f o r complexes of Co, N i and Cu w i t h m a c r o c y c l i c t e t r a a z a ( n i t r o g e n donor) 
l i g a n d s o f the t r a n s - t e t r a m i n e (cyclam) type shown below, whereas t h e same 

j • i j (122) „red ,„11 I . T ,xtI „11. . _ _ „. tr e n d i s observed f o r E_ l n (M —=• M ) v e r s u s I (M — M ) i n Fe,Co,Ni 1/2 p 
and Cu complexes of the t r a n s - d i e n e t y p e m a c r o c y c l i c l i g a n d . 

These observed l i n e a r r e l a t i o n s h i p s a l s o e v i d e n c e t h a t t h e e l e c t r o n 
i s removed from the m e t a l and not from a l i g a n d - b a s e d o r b i t a l . 

H ' I H || | H 

N N ̂  „ N N 

N N ' ^ N N 
H i i H H 

t r a n s - t e t r a m i n e t r a n s - d i e n e 
type l i g a n d type l i g a n d 

C - Half-wave p o t e n t i a l and l i g a n d f i e l d s t a b i l i z a t i o n energy 

A l i n e a r r e l a t i o n s h i p was a l s o observed ^ 2 2 ^ i n l o w - s p i n d^ C o ( I I I ) 
o c t a h e d r a l - t y p e complexes |CoLX 2| + (where L i s a m a c r o c y c l i c n i t r o g e n donor 
l i g a n d of the t r a n s - t e t r a m i n e or t r a n s - d i e n e type - see above) between the 
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h alf-wave r e d u c t i o n p o t e n t i a l E ^ j ( C o 1 1 1 — ^ C o 1 1 ) and the l i g a n d f i e l d 

s t a b i l i z a t i o n energy of the a x i a l X l i g a n d (X=Br,Cl,H 20,N 3,NCS,NH 3,CN). 
A l l the t 2 g o r b i t a l s are f i l l e d i n these l o w - s p i n C o ( I I I ) complexes 

and on r e d u c t i o n the incoming e l e c t r o n o c c u p i e s an e LUMO o r b i t a l . The h i g h e r 
the l i g a n d f i e l d s t a b i l i z a t i o n energy of X, the more d e s t a b i l i z e d are the e 

g 
o r b i t a l s and the more d i f f i c u l t i s the r e d u c t i o n ; hence, h i g h e r l i g a n d f i e l d 

r e d 
s t r e n g t h s c o r r e s p o n d to lower E ^ / 2 . 

S i m i l a r r e l a t i o n s h i p s are f o l l o w e d by o t h e r o c t a h e d r a l - t y p e C o ( I I I ) 

complexes, such as | CoL^ | " ( L ' ^ O , NH ; n=+3. L'=CN; n = - 3 ) . ( 1 2 3 > 1 2 4 ) 

D - Half-wave p o t e n t i a l and e l e c t r o n d o n o r / a c c e p t o r c h a r a c t e r  
of the l i g a n d s 

A g e n e r a l l i n e a r e x p r e s s i o n ( v a l i d f o r 1 8 - e l e c t r o n o c t a h e d r a l - t y p e 
OX 

complexes w i t h a 1 6 - e l e c t r o n square pyramid m e t a l s i t e , |M gL|)of v e r s u s 
the net e l e c t r o n d o n o r / a c c e p t o r c h a r a c t e r of the l i g a n d L ( e q u a t i o n 55) was 
proposed and d i s c u s s e d p r e v i o u s l y ( c h a p t e r I V ) . I t was then d e f i n e d ( e q u a t i o n 57) 
a new e l e c t r o c h e m i c a l l i g a n d parameter ( P ^ w h ich c o n s t i t u t e s a measure of i t s 
net e l e c t r o n d o n o r / a c c e p t o r c h a r a c t e r . 

However, o t h e r parameters (e . g . , a Hammett s u b s t i t u e n t c o n s t a n t s and 
i . r . s t r e t c h i n g f r e q u e n c i e s of u n s a t u r a t e d l i g a n d s ) are known w h i c h r e f l e c t the 
e l e c t r o n donor or w i t h d r a w a l b e h a v i o u r of a l i g a n d and c o r r e l a t i o n s w i t h 
h alf-wave p o t e n t i a l s have been r e p o r t e d . Examples are now c i t e d . 

(a) E ^ 2 v e r s u s 0 Hammett c o n s t a n t 

( a . l ) S u b s t i t u t e d c y c l o p e n t a d i e n y l complexes 

An o d i c h a l f - w a v e p o t e n t i a l s have been quoted f o r a v a r i e t y of 
s u b s t i t u t e d m e t a l l o c e n e s and t h e y c o r r e l a t e w i t h s u b s t i t u e n t c o n s t a n t s and 
s h i f t s of bands i n the e l e c t r o n i c s p e c t r a of the complexes. 

Hence, e.g., a l i n e a r c o r r e l a t i o n was found between E ^ and 
Hammett a of the s u b s t i t u e n t i n the m o n o s u b s t i t u t e d f e r r o c e n e 
| F e ( n 5 - C 5 H 5 ) ( n 5 - C 5 H 4 X ) | s p e c i e s . < 1 2 5 » 1 2 6 ) 

R e l a t e d s u b s t i t u e n t e f f e c t s were found i n s u b s t i t u t e d c o b a l t o c e n e 
s p e c i e s : s u b s t i t u e n t s w i t h e l e c t r o n donor c h a r a c t e r (such as a l k y l s and NH ) 
f a v o u r the o x i d a t i o n whereas those w i t h e l e c t r o n a c c e p t o r c h a r a c t e r ( c a r b o x y l i c 
a c i d s and c a r b o x y l a t e s ) have an o p p o s i t e e f f e c t / 7 3 , 1 2 7 ^ 

C o r r e l a t i o n s between E i / 2 and a ? c o n s t a n t s were a l s o quoted f o r o t h e r 
s u b s t i t u t e d m e t a l l o c e n e s , e.g., r u t h e n o c e n e s . ( 1 2 8 ) 
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C h r o n o p o t e n t i o m e t r i c quarter-wave p o t e n t i a l s , E ^ , measured at 

a Pt e l e c t r o d e , of mono- and d i - s u b s t i t u t e d f e r r o c e n e s ( w i t h 1,1* o r i e n t a t i o n 
of the s u b s t i t u e n t s ) a l s o c o r r e l a t e l i n e a r l y w i t h the summation of the 
Hammett c s u b s t i t u e n t c o n s t a n t s . ( 1 2 9 ) The absence o f a d i r e c t i n t e r a c t i o n 
, o W P P n t h e r i n g s i s e v i d e n c e d by the a d d i t i v i t y of the s u b s t i t u e n t e f f e c t s i n 
b . . (130) 
d i s u b s t i t u t e d f e r r o c e n e s w i t h one s u b s t i t u e n t i n each r i n g . 

Other l e s s s a t i s f a c t o r y l i n e a r r e l a t i o n s h i p s were observed f o r 
Hammett o or T a f t a* s u b s t i t u e n t parameters, thus s u b s t a n t i a t i n g a c o n s i d e r a b l e 
e f f e c t of the resonance i n t e r a c t i o n s between s u b s t i t u e n t s and the f e r r o c e n e 
c e n t r e . S t e r i c e f f e c t s of b u l k y s u b s t i t u e n t s do not appear t o be p r e s e n t 
probably due to the c y c l o p e n t a d i e n y l r i n g r o t a t i o n around the i r o n atom, thus 
a l l o w i n g the approach of t h i s atom t o the e l e c t r o d e / 1 2 9 - * I t i s , however, known 
th a t o x i d a t i o n i s f a v o u r e d by the d i s t o r t i o n of the r i n g s when they are b r i d g e d 
by a s h o r t - c h a i n b r i d g e . 

The mono c y c l o p e n t a d i e n y l complexes of the type |M(n - C 5 H 5 ) ( C O ) 3 | 
(where M i s a group V I I t r a n s i t i o n m e t a l , Mn or Re) can g e n e r a l l y a l s o undergo 
a o n e - e l e c t r o n r e v e r s i b l e o x i d a t i o n at a p l a t i n u m e l e c t r o d e i n a c e t o n i t r i l e 
w i t h |Et^N||BF^| and the e f f e c t on the o x i d a t i o n p o t e n t i a l o f the s u b s t i t u e n t 
i s analogous t o t h a t observed w i t h s u b s t i t u t e d m e t a l l o c e n e s ; the replacement of 
a c a r b o n y l l i g a n d by a b e t t e r e l e c t r o n donor s p e c i e s such as phosphine r e s u l t s , 
as expected, i n an i n c r e a s e of t h a t p o t e n t i a l . Moreover, the Re complexes 

, (132) 
are h a r d e r t o o x i d i z e than t h e i r Mn analogues. 

(a.2) S u b s t i t u t e d n-arene complexes 

As mentioned above, the c o n j u g a t i o n between the a r o m a t i c r i n g and the 
s u b s t i t u e n t p l a y s a c o n s i d e r a b l e p a r t i n the t r a n s f e r of the s u b s t i t u e n t 
e l e c t r o n i c e f f e c t s t o the m e t a l of a m e t a l l o c e n e s e r i e s . 

However, i n s u b s t i t u t e d dibenzenechromium |Cr(n - a r e n e ) 2 | complexes 
- which are i s o e l e c t r o n i c and i s o s t r u c t u r a l w i t h f e r r o c e n e - the c o n j u g a t i o n 
of the s u b s t i t u e n t s w i t h the l i g a t i n g r i n g i s weaker and the i n d u c t i v e 
mechanism p l a y s the major r o l e i n such t r a n s f e r as e v i d e n c e d from the l i n e a r 
c o r r e l a t i o n between the h a l f - w a v e p o t e n t i a l s , E ^ ^ , and the m e t a - s u b s t i t u e n t 
c o n s t a n t s (a ) (an a c c e p t a b l e f i t was <not observed f o r p a r a - s u b s t i t u e n t 

(^23) 
c o n s t a n t s ) . A l i n e a r c o r r e l a t i o n was a l s o quoted f o r E ^ 2 vs_. E a ^ (the 
sum of the Hammett meta - parameter)'. ^ 1 2 ° ^ The e l e c t r o c h e m i c a l s t u d i e s were 

(133) 
undertaken by r o t a t i n g d i s c e l e c t r o d e (Pt or Au) t e c h n i q u e s or a t a 

Pt " f l a g " w o r k i n g e l e c t r o d e ^ 1 2 0 ^ £ n d i m e t h y l s u l f o x i d e w i t h a Bu>4N+ s a l t : i n 

the o x i d a t i o n of the n e u t r a l C r ( o ) complexes and i n the r e d u c t i o n of the 
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c a t i o n i c C r ( I ) s p e c i e s one e l e c t r o n r e v e r s i b l e redox waves were observed. 
The d i f f e r e n t c o r r e l a t i o n s observed f o r the dibenzene complexes and 

the m e t a l l o c e n e s p e c i e s c o n c e i v a b l y are r e l a t e d t o the d i f f e r e n t type o f 
TT-MO'S i n v o l v e d i n bonding to the m e t a l . Hence, a l t h o u g h i n m e t a l l o c e n e s 
predominates the i n t e r a c t i o n of the r i n g IT o r b i t a l s w i t h the m e t a l d and 

xz 
d y z o r b - - t a l s ( w i t h r e s u l t i n g e l e c t r o n i c l i g a n d t o metal t r a n s f e r and decrease 
of the C-C bond o r d e r ) , (' 1 3 4^ i n the benzene complexes the r i n g O C bond o r d e r 
decrease r e s u l t s m a i n l y from the i n t e r a c t i o n between the m e t a l d o o and d 

,. . * x z - y ^ xy 
o r b i t a l s and the l i g a n d TT o r b i t a l s w i t h a r e s u l t i n g e l e c t r o n i c t r a n s f e r from 
the metal t o these r i n g o r b i t a l s . Hence, the resonance t r a n s f e r of the 
s u b s t i t u e n t e l e c t r o n i c e f f e c t s to the m e t a l atom i s not f a v o u r e d i n the 
dibenzene s p e c i e s . 

(a.3) I s o c y a n i d e and o t h e r complexes 

A r y l i s o c y a n i d e complexes are i n v a r i a b l y h a r d e r t o o x i d i z e t han 
t h e i r a l k y l homologues i n agreement w i t h the h i g h e r e l e c t r o n 
w i t h d r a w i n g a b i l i t y of the a r y l s u b s t i t u e n t . 

Moreover, w i t h i n an a r y l i s o c y a n i d e s e r i e s , w i t h a v a r i a b l e 
s u b s t i t u e n t such as | Cr ( C N C ^ X ) g | , ( 1 3 5 ) | MnCCNC^X) fi | PFg , ( 1 3 6 ) | FeBr ( n 5 - ^ ) 
( CNC 6H 4X) 2| 1 3 ? - and t £ a n s - | M ( C N C 6 H 4 X ) 2 ( d p p e ) 2 | (M=Mo or W ) , ( 2 3 ) l i n e a r c o r r e l a ­
t i o n s (see, e.g., f i g u r e 10) have been observed between E ? * d a t a and a or a 

1 p m 
Hammett s u b s t i t u e n t group(X) parameters. 

The e f f e c t of the s u b s t i t u e n t on the e l e c t r o c h e m i c a l p r o c e s s i s a 
combined i n d u c t i v e and resonance i n t e r a c t i o n as ev i d e n c e d by the b e t t e r l i n e a r 

F i g u r e 10 - P l o t of a g a i n s t a p f o r t r a n s - | M ( C N C 6 H 4 X ) 2 ( d p p e ) 2 1 , M=Mo o r 
W (open c i r c l e s c o r r e s p o n d t o W ) . X = C l ( a ) , H ( b ) , Me(c) o r O M e ( d ) . ( 2 3 ) 
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OX 
„,vrr-Plation o f E,.~ w i t h a o r a th a n e.g., w i t h the a T a f t i n d u c t i v e 
c o r r 1/2 p m (23,135) 
parameter o r the a R pure resonance parameter. ' 

Moreover, a s u b s t a n t i a l l y b e t t e r c o r r e l a t i o n o f E y 2 w i t h 
Hammett 1s a + c o n s t a n t t h a n w i t h appears t o be v a l i d i n 
trans-|ReCl(CNC H X)(dppe) | complexes, s u g g e s t i n g t h a t the HOMO i s c o n j u g a t e d 

7 (27) 
to t he a r y l s u b s t i t u e n t . 

OX 

I n a l l the c a s e s , E y 2 i n c r e a s e s w i t h the Hammett c o n s t a n t , m 
agreement w i t h the s t a b i l i z a t i o n of the HOMO as a r e s u l t of an i n c r e a s e i n the 
e l e c t r o n a c c e p t o r c h a r a c t e r o f a l i g a n d . 

The same t r e n d i s observed i n complexes w i t h o t h e r s u b s t i t u t e d o r g a n i c 
(138) 

l i g a n d s , namely the o r g a n o d i a z e n i d o complexes | Mo (NNCg^X) (S 2CNMe 2) 3 | . 
E . s . r . d a t a i n d i c a t e t h a t the HOMO i s e s s e n t i a l l y m e t a l i n c h a r a c t e r and the 
b e t t e r c o r r e l a t i o n f o r E ^ v e r s u s a ( r a t h e r t han a+ o r a ) ev i d e n c e s t h a t the 
HOMO i s not c o n j u g a t e d t o the a r y l s u b s t i t u e n t . 

The e f f e c t o f s'u b s t i t u e n t s of the CN u n s a t u r a t e d d i a z a d i e n e ( d i i m i n e ) 

l i g a n d s on the h a l f - w a v e o x i d a t i o n p o t e n t i a l of tht. F e ( I I ) chromophore 

complexes 
\ / 

•N I N-

2+ 

i 12+ or |FeLoJ 
V ^ Fe ' 3_ 

was s t u d i e d , and a l i n e a r c o r r e l a t i o n (of the type of e q u a t i o n 66) 
was observed between E° X_ and the summation o f the a * T a f t p o l a r ( e x c l u d e s 

. (139-141) 
mesomeric e f f e c t s ) and E g s t e r i c parameters of the s u b s t i t u e n t s - . 

E l / 2 = E l / 2 + P*E a* + 6 E E s (66) 

(b) El>2 v e r s u s the energy of a charge t r a n s f e r band 

OX ..... . 
L i n e a r i n v e r s e c o r r e l a t i o n s between E y 2 and the energy (VA) of 

met a l t o l i g a n d charge t r a n s f e r bands i n s e r i e s of complexes w i t h i s o c y a n i d e 
l i g a n d s have been o b s e r v e d f o r a number o f s p e c i e s namely the s e r i e s 
rr^ns-lMCrac.H.XKCdDDe) J (M=Mo o r W) ( f i g u r e 11) ( U 2 ) and |M(CNR) Y (CO), 

l i g a n d s have been o b s e r v e d f o r a number o f s p e c i e s namely the s e r i e s 
trans-|M(CNC 6H X ) 2 ( d p p e ) 2 | (M=Mo o r W) ( f i g u r e 11) ( U 2 ) and |M(CNR) X ( C O ) 6 _ x | 
( x = l , M = C r ; ( 1 4 3 ) x=2 o r 3, M=Cr o r M o ; ( 1 4 3 ) x=6, M=Cr. Mo o r W ( U 4 ) ) . 

OX 
S i n c e i n t h e s e complexes E ^ i n c r e a s e s l i n e a r l y w i t h the e l e c t r o n 

w i t h d r a w i n g a b i l i t y (Hammett a c o n s t a n t ) of the l i g a n d , a few c o n c l u s i o n s 

may be mentioned: 

- Both the HOMO and the LTJMO are s t a b i l i z e d by the e l e c t r o n a c c e p t o r 

c h a r a c t e r of the l i g a n d . 
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OX 

F i g u r e 11. P l o t of E ^ ( v o l t ) v e r s u s 1/A (cm" 1 x I O " 1 ) f o r 

t r a n . - | M ( C N 6 H 4 X ) 2 ( d p p e ) 2 | ( M = 5 M o Q r „. c i r c l e s ^ ff) _ 

X - C l ( a ) , H ( b ) , Me(C), OMe (d) . ( 1 4 2 ) 

- The LUMO shows a g r e a t e r dependence than the HOMO on t h i s f a c t o r . 

The same o b s e i vat i o n s were r e p o r t e d ^ 2 8 " * f o r th . p 

t r a n s - | R e C l ( C N R ) ( d p p e ) 2 | complexes, and they have been r a t i o n a l i z e d ( 1 4 2 > on the 

b a s i s of s i m p l i f i e d rr-MO schemes w i t h a HOMO r e s u l t i n g from c o n t r i b u t i o n s of 

both the metal and the i s o c y a n i d e o r b i t a l s , whereas the LUMO i s m a i n l y based on 

IT C N - a n t i b o n d i n g l i g a n d o r b i t a l s . 

A r e l a t e d i n v e r s e ( a l t h o u g h not l i n e a r ) dependence of E ° X on the 
energy of a charge t r a n s f e r band was observed i n s u b s t i t u t e d f e r r o c e n e s t h e i r 
E 1 / 2 v a l u e s a p p e a r i n g t o f o l l o w a d i r e c t l i n e a r r e l a t i o n s h i p w i t h the w a v e l e n g t h 
s h i f t s of the bands ( a t ca. 440 mm and 324 mm) of t h e i r e l e c t r o n i c s p e c t r a . ( 1 2 6 ) 

The s u b s t i t u e n t s c o n s i d e r e d have - I i n d u c t i v e e f f e c t and, except f o r those 
w i t h mesomeric e f f e c t s , the i n c r e a s e of (which f o l l o w s t h e - I e f f e c t ) 
p a r a l l e l s a b a t h o c r o m i c s h i f t ( t o h i g h e r wavelengths) of b o t h e l e c t r o n i c bands. 

Those bands c o r r e s p o n d t o the e 2 - a* (440 nm) and e_ - a* (324 nm) 
t r a n s i t i o n s , the e 2 g b e i n g the HOMO whereas the a * § and a 2* u are the § LUMO o r b i t a l s . 
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** . . . . Both e 9 and a 1 have a h i g h m e t a l p a r t i c i p a t i o n whereas a„ has a predominant zg i g zu 
r i n g c h a r a c t e r ; hence the 440 nm t r a n s i t i o n has a h i g h m e t a l d-d c h a r a c t e r 
whereas t h e 324 nm t r a n s i t i o n has a m e t a l - c y c l o p e n t a d i e n y l l i g a n d charge 
t r a n s f e r c h a r a c t e r . ̂ 2 ( ^ 

An i n c r e a s e i n the e l e c t r o n w i t h d r a w i n g a b i l i t y of the s u b s t i t u e n t 
r e s u l t s i n the s t a b i l i z a t i o n of the HOMO o r b i t a l (thus the i n c r e a s e of E ^ ^ ) 
and b o t h t h e LUMO o r b i t a l s , the energy of the l a t t e r b e i n g more a f f e c t e d than 
the former, as i t was observed f o r the abovementioned Cr(o), Mo(o), W(o) o r 
Re ( I ) i s o c y a n i d e complexes. 

OX 
However, a d i r e c t l i n e a r c o r r e l a t i o n between E^ ̂  and the energy of 

the m e t a l t o l i g a n d c h a r g e - t r a n s f e r band was r e p o r t e d ( 1 4 5 ) f o r | F e ( l , 1 0 -
- p h e n a n t h * o l i n e ) 2 ( C N B X ^ I (X=Me,H,F ,C1 or Br) as X v a r i e s : the LUMO i s p r o b a b l y , 
e s s e n t i a l l y p h e n a n t h r o l m e — r r i n c h a r a c t e r and i s not u n a f f e c t e d by a change 

OX 
of X, whereas the HOMO energy depends d i r e c t l y on X; hence, b o t h E ^ 2 and the 
energy of the charge t r a n s f e r band depend e s s e n t i a l l y o n l y on the energy of the 
HOMO, i . e , on the e f f e c t of X and the d i r e c t l i n e a r c o r r e l a t i o n i s observed. 

N e v e r t h e l e s s a d e p a r t u r e from a l i n e a r r e l a t i o n s h i p between E ^ 2 and 
the energy of a me t a l l i g a n d charge t r a n s f e r band has been r e c o g n i z e d o f t e n and 
may be due, e.g., t o d i f f e r e n c e s i n the e n t h a l p y of s o l v a t i o n between the 

j r. J • • .(140,141) -
o x i d i z e d and the reduced s p e c i e s , as i t was proposed t o r some 
t r i s ( d i i m i d e ) i r o n ( I I ) complexes w i t h b u l k y s u b s t i t u e n t s i n the d i i m i d e l i g a n d . 

(c) E ^ ^ v e r s u s i n f r a - r e d s t r e t c h i n g f r e q u e n c i e s 

S i n c e i n t r a - r e d s t r e t c h i n g f r e q u e n c i e s of u n s a t u r a t e d l i g a n d s (X=Y) 
* 

such as N 2 , CO and NO r e f l e c t the e l e c t r o n - a c c e p t a n c e of t h e i r TT o r b i t a l s 
(from m e t a l f i l l e d d o r b i t a l s ) w h i c h i s dependent on the e l e c t r o n r i c h n e s s of 
the m e t a l s i t e , i t i s not s u r p r i s i n g t h a t c o r r e l a t i o n s between E ^ 2 and v(X=Y) 
have been r e p o r t e d : a l o w e r i n g i n the v(X=Y) v a l u e corresponds t o an i n v e r s e 
i n the e l e c t r o n r i c h c h a r a c t e r of the m e t a l c e n t r e and thus t o a dec r e a s e i n 
OX 

E l / 2 ' OX 
L i n e a r p l o t s of E , v e r s u s V ( X E Y ) have been quot e d , e.g., f o r 

1 1 i n 

the n i t r o s y l |v(N=0)| complexes t r a n s - | M o ( N O ) L ( d p p e ) 2 | (L=NCR,n=+l. L=NCS , 
NC0~, N ~, I ~ , H~, 0H~; n=0) (' 2 6- ) and |Mn(n 5-C,H ) (NO)LL' | + (L,L'=Lewis base 

(146) 
l i g a n d such as t e r c i a r y phosphine or p h o s p h i t e , CO o r b i p y r i d i n e ) , as w e l l 
as f o r the d i n i t r o g e n |v(N=N)| and c a r b o n y l |v ( C ; 0 ) ! s p e c i e s 
t r a n s - 1 Mo ( N 2 o r C0)L (dppe> 2 | R (L=NCR , CO, N 2 , NH^; n=0.L=CN~, SCN~,N 3~; n=l) . <"25') 
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The same g e n e r a l t r e n d , a l t h o u g h not ex p r e s s e d by a l i n e a r p l o t , 
was observed g r o s s l y i n o t h e r complexes such as the i s o c y a n i d e |v(C=N)| 
t r a n s - | w ( C N R ) 2 ( d p p e ) J ^ 2 3 ^ and t r a n s - [ ReCl (CNR) (dppe) | ̂ 2 7 ^ complexes, and 
the c a r b o n y l |v(C=0)| t r i n u c l e a r |HgCo 2(CO) g {P(OMe) 3} | (x=0,2,4 or 6 ) / 1 4 7 - * 
s p e c i e s . 

(d) ^1/2 v e r s u s X-ray p h o t o e l e c t r o n s p e c t r o s c o p y b i n d i n g energy 

For the s e r i e s of t e t r a p h e n y l p o r p h y r i n (TPP) and o c t a e t h y l p o r p h y r i n 
(OEP) complexes of i r o n |Fe(TPP)x| and |Fe(OEP)x| (X~=Cl7Br~, C 1 0 4 ~ or N~) 
the half-wave p o t e n t i a l s f o r r e d u c t i o n of F e ( I I I ) (measured i n C H 2 C 1 2 at a 
Pt e l e c t r o d e ) c o r r e l a t e l i n e a r l y w i t h the F e 2 p ^ 2 b i n d i n g e n e r g i e s measured 
by X-ray p h o t o e l e c t r o n s p e c t r o s c o p y . ^ 4 8 ^ 

T h i s has been e x p l a i n e d i n terms of a common dependence of those 
parameters on the charge d e n s i t y about the F e ( I I I ) s i t e (which i s dependent 
on the e l e c t r o n donor a b i l i t y of the h a l i d e or p s e u d o - h a l i d e X l i g a n d ) : an 
i n c r e a s e i n the charge d e n s i t y l e a d s t o a decrease i n the h a l f - w a v e p o t e n t i a l 
and i n the b i n d i n g energy of the Fa core e l e c t r o n s (148) 

(e) Other cases 

The e f f e c t s of the e l e c t r o n i c p r o p e r t i e s of l i g a n d s on are 
o f t e n d i s c u s s e d , a l t h o u g h u s u a l l y i n a q u a l i t a t i v e way w i t h o u t the attempt 
to get w e l l d e f i n e d c o r r e l a t i o n s w i t h p h y s i c a l parameters. 

T h i s type of approach i s convenient i n the q u a l i t a t i v e i n t e r p r e t a t i o n 
of the r e l a t i v e redox b e h a v i o u r of r e l a t e d complexes and a few examples 
are mentioned, i n v o l v i n g o r g a n o m e r c u r i a l s and complexes w i t h s u l p h u r bonded 
l i g a n d s . 

Organomercury h a l i d e s of the type |HgXL| (L=organic l i g a n d ) undergo 
e l e c t r o c h e m i c a l r e d u c t i o n i n two o n e - e l e c t r o n steps ( r e a c t i o n s 6 7 ) , w i t h 
r u p t u r e of the Hg-X bond ( t o g i v e the LHg. r a d i c a l ) i n the f i r s t s t e p which 
i s f o l l o w e d by f o r m a t i o n of the c a r b a n i o n L~ i n the second s t e p / 1 4 9 ^ 

e 
LHg-X — ^ LHg. + X" (-\f2) (67a) 

e 
L-Hg. L- + Hg ( H F r e d ) (67b) 

^1/2 

A l t h o u g h the f i r s t h alf-wave r e d u c t i o n wave C ^ ' f ^ ) i s m a i n l y 
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dependent on X (and n o t on L ) , a l i n e a r r e l a t i o n s h i p was r e p o r t e d between 
"""^E^ and the e l e c t r o n i c a f f i n i t y of the r a d i c a l L. o r the b a s i c i t y of the 

. (149) 
c a r b a n i o n L ( e x p r e s s e d by pK^ of the a c i d LH). 

Moreover, when i n t e r a c t i o n of the C-Hg a-bond w i t h t h e n—system of 
L(cJ,Tr-conjugation) i s p o s s i b l e (e.g. , when an a l d e h y d e , a k e t o n e or an a l l y l 
group i s p r e s e n t i n L ) , i s l e s s n e g a t i v e ( t h e second s t e p r e d u c t i o n i s 
then f a v o u r e d ) than i n the o t h e r cases where such a a,Tr-conjugation e f f e c t i s 

(150) 
absent. 

W i t h i n the e l e c t r o c h e m i c a l s t u d i e s w h i c h e v i d e n c e t h e dependence of 
E^y 2 on t h e e l e c t r o n i c e l e c t r o n donor/acceptor c h a r a c t e r of the l i g a n d s , the 
f o l l o w i n g examples may be c i t e d f o r complexes w i t h s u l p h u r bonded l i g a n d s . 

The t h i o - b r i d g e d b i n u c l e a r complexes |{M(n^-C^H^)(L)(y-SR)}^\ 
(M=Mo, L=N0; M=Fe, L=C0; R = a l k y l o r a r y l ) or | {M(n. 5-C 5H 5) (y-SR) > 2 1 (M=Co,Ni) 
undergo a o n e - e l e c t r o n r e v e r s i b l e o x i d a t i o n ( d i c a t i o n i c Fe and N i s p e c i e s are 
a l s o formed i r r e v e r s i b l y a t a P t e l e c t r o d e , and the h a l f - w a v e p o t e n t i a l i s 
dependent on R, the a r y l groups c o r r e s p o n d i n g t o h i g h e r v a l u e s than those 
observed f o r the a l k y l s p e c i e s , i n agreement w i t h the s t r o n g e r TT acceptance of 
. e (151) the former. 

A l t h o u g h i n |Mo(n^-C^H^)(NO)(I)(S-S)|~ o n l y an i l l - d e f i n e d o n e - e l e c t r o n 
o x i d a t i o n s t e p was o b s e r v e d , t h e r e l a t e d 1,2- and 1 , 1 - d i t h i o l a t e manganese 
complexes |Mnin^-C^H^)(NO)(S-S)| Z |z=0 or - 1 ; S-S = l i g a n d d e r i v e d from 
c i s - l , 2 - d i s u b s t i t u t e d e t h y l e n e d i t h i o l a t e s , b e n z e n e - 1 , 2 - d i t h i o l s , S 2C=X where 
X=C(CN)„, C(CN)(C0 E t ) , N(CN), NMe„ o r N E t J undergo r e v e r s i b l e o x i d a t i o n 

1 . - _ . (152,153) and/ o r r e d u c t i o n r e a c t i o n s t o g i v e the redox s e r i e s 
|Mn(n-C 5H 5) (NO) (S-S) | + ^ | M n ( n 5 - C 5 H 5 ) (NO) (S-S) | M n i n 5 - ^ ) (NO) (S-S) |~ (68) 

W i t h i n t h e s e complexes the h a l f - w a v e p o t e n t i a l s f o r the v a r i o u s 
c o u p l e s become i n c r e a s i n g l y n e g a t i v e a t the e l e c t r o n - a c c e p t o r a b i l i t y of the 
s u l p h u r l i g a n d s u b s t i t u e n t s d e c r e a s e s . 

The r e l a t e d t h i o x a n t h a t e complexes | Mnin^-Cj-H,-)(NO)(S 2CSR) }| undergo 
a r e v e r s i b l e o n e - e l e c t r o n o x i d a t i o n r e a c t i o n t o the c o r r e s p o n d i n g c a t i o n i c 
s p e c i e s and a l t h o u g h t h e h a l f - w a v e p o t e n t i a l s f o r t h i s p r o c e s s are not 
a p p r e c i a b l y s e n s i t i v e t o R, they o c c u r a t v a l u e s w h ich are about 100 mV 
h i g h e r t h a n those o b s e r v e d f o r the c o r r e s p o n d i n g d i t h i o c a r b a m a t e s i n agreement 
w i t h t h e g r e a t e r e l e c t r o n - w i t h d r a w i n g a b i l i t y of the t h i o x a n t h a t e l i g a n d 
r e l a t i v e t o the d i t h i o c a r b a m a t e . 

E - Half-wave p o t e n t i a l and n.m.r. parameters 

N.m.r. parameters ( c h e m i c a l s h i f t s and c o u p l i n g c o n s t a n t s ) have 
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been a l s o c o r r e l a t e d w i t h the half-wave p o t e n t i a l as shown by t h e * f o l l o w i n g 
examples. 

A c o r r e l a t i o n was observed between E r,^d of the | Co (en) j 3 ~ ^ 2 + 

(en=ethylenediamine) redox couple and <S( Co) n.m.r. c h e m i c a l s h i f t i n v a r i o u s 
s o l v e n t s (from n i t r o m e t h a n e to hexamethylphosphoric a c i d t r i a m i d e , c o r r e s p o n d i n g 
to a wide range of Gutmann donor numbers from 2.7 to 38.8): w i t h d e c r e a s i n g 
irsd 5 9 

E l / 2 ' t h e C ° ' ) v a l u e s a r e s h i f t e d to h i g h e r f i e l d c o r r e s p o n d i n g t o an 
i n c r e a s e i n e l e c t r o n d e n s i t y at the metal w i t h i n c r e a s i n g the Gutmann donor 
number of the s o l v e n t s (an i n v e r s e l i n e a r r e l a t i o n s h i p i s observed between 
t h i s parameter and E ^ ^ _ see s e c t i o n G) . 

These f e a t u r e s are e x p l a i n e d ^ 1 5 5 " * by c o n s i d e r i n g the o u t e r - s p h e r e 
s o l v a t i o n of the complexes through a d o n o r - a c c e p t o r i n t e r a c t i o n between the 
e t h y l e n e d i a m i n e l i g a n d and a donor s o l v e n t m o lecule ( S ) , Co^lSh+RS. T h i s 
i n t e r a c t i o n i s f avoured by the i n c r e a s e i n p o l a r i t y of the N-H bond on 
c o o r d i n a t i o n of the en l i g a n d , and i s more pronounced f o r C o ( I I I ) than f o r 
C o ( I I ) due to the s t r o n g e r e l e c t r o n acceptance of the former. 

The e l e c t r o c h e m i c a l s t u d i e s of t h i s C o ( I I I ) / C o ( I I ) system were 
performed at a d r o p p i n g mercury e l e c t r o d e u s i n g a Ag/AgCl e l e c t r o d e i n aqueous 
KC1 s o l u t i o n as the r e f e r e n c e e l e c t r o d e . The v a l u e s of E^,e„d were r e f e r r e d t o 
I? r e d • ** 
1/2 ° f t h e b l s P h e n y l c h r o m i u m (V0) couple i n the r e s p e c t i v e s o l v e n t s i n 

o r d e r t o e l i m i n a t e the i n f l u e n c e of v a r i a b l e d i f f u s i o n p o t e n t i a l s at the 
aqueous/non-aqueous i n t e r f a c e . ^->~>^ 

In c y c l o p e n t a d i e n y l complexes, E ^ may c o r r e l a t e w i t h the n.m.r. 
chemical s h i f t of the n p r o t o n s , as i t was observed i n the o x i d a t i o n of 
| i e (n - C 5 H 5 ) ( C N C 6 H 4 X ) 2 J 3 r | : E 0 ^ i n c r e a s e s l i n e a r l y w i t h b o t h the e l e c t r o n 
acceptance of the s u b s t i t u e n t (X) (as measured by i t s Hammett a parameter) 
and the c h e m i c a l s h i f t 6 ( 0 ^ ) . Hence, a decrease i n the e l e c t r o n r i c h n e s s 
of the metal hampers i t s o x i d a t i o n and i s accompanied by a C ^ p r o t o n 
chemical s h i f t to lower f i e l d . ^ 1 3 7 ^ 

M e r c u r y ( I I ) d i h a l i d e d i p h o s p h i n e complexes |HgX 2L 2| ( X = C l , B r , I ; 
L = t e r t i a r y phosphine) undergo, at a Hg e l e c t r o d e , r e v e r s i b l e t w o - e l e c t r o n 
r e d u c t i o n s w i t h f o r m a t i o n o f e l e m e n t a l mercury, f r e e h a l i d e and f r e e phosphine 
( r e a c t i o n 69). 

|HgX 2L 2| + 2e === Hg + 2X~ + 2L (69) 

The half-wave r e d u c t i o n p o t e n t i a l i n t h i s s e r i e s of complexes i s 
shown t o f o l l o w d i r e c t l i n e a r c o r r e l a t i o n s w i t h 6 ( 3 1 p ) , 6 ( 1 9 9 H g ) and J 
n.m.r. d a t a . ( 1 5 6 ) P ~ H g 
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p - Half-wave p o t e n t i a l and l i g a n d s t r u c t u r a l parameters i n  

m a c r o c y c l i c complexes 

The redox p o t e n t i a l of the c e n t r a l metal i n complexes w i t h m a c r o c y c l i c 

l i g a n d s i s s e n s i t i v e t o the e f f e c t s w h i c h determine the s t r u c t u r e (and thus 

the e l e c t r o n i c p r o p e r t i e s ) of these l i g a n d s . Hence, e.g., i t i s dependent on 

the s i z e of the m a c r o c y c l i c c a v i t y , the c o o r d i n a t i o n number, the degree of 
u n s a t u r a t i o n of the c h e l a t e r i n g , the n a t u r e and p o s i t i o n of the r i n g 

, . , . .- (157-161) s u b s t i t u e n t s and the change of the m a c r o c y c l i c l i g a n d . 
The N i ( I I ) / N i ( I I I ) redox couple w i t h t e t r a a z a c y c l i c m a c r o c y c l i c 

l i g a n d s has been w i d e l y s t u d i e d and E y 2 may span over a wide range (ca.2V ) 
by changes i n the s t r u c t u r e of the m a c r o c y c l e . The redox b e h a v i o u r of these 
complexes has been i n t e r p r e t e d on the b a s i s of two i n t e r e s t i n g p r o p e r t i e s 
of t h i s type of l i g a n d s : ( 1 5 7 ) s t r o n g i n - p l a n e m e t a l - n i t r o g e n i n t e r a c t i o n s which 
r a i s e the energy of the o r b i t a l ( e s s e n t i a l l y metal l o c a l i z e d ) from which the 
e l e c t r o n i s removed i n the o x i d a t i o n of N i ( I I ) to N i ( I I I ) (thermodynamic e f f e c t ) ; 
s t e r i c p r o t e c t i o n of the o x i d i z e d metal c a t i o n i n a c l o s e d framework a g a i n s t 
o t h e r r e a g e n t s ( s o l v e n t , e t c . ) ( k i n e t i c e f f e c t ) . These e f f e c t s f a v o u r the 
f o r m a t i o n of s t a b l e complexes w i t h the metal i n an u n u s u a l l y h i g h o x i d a t i o n 
s t a t e and t h i s e f f e c t has been r e c o g n i z e d s i n c e the p i o n e e r i n g work of Olson 
and V a s i l e v s k i s . ^ 

D i r e c t l i n e a r r e l a t i o n s h i p s between E ^ and d-d t r a n s i t i o n e n e r g i e s 
and a l s o between and Hammett a v a l u e s of s u b s t i t u e n t s i n m a c r o c y c l i c 
l i g a n d s have been r e p o r t e d , e.g., f o r the N i ( I I ) complexes w i t h the 
m a c r o c y c l i c d i a n i o n i c l i g a n d ^ ^ 3 ^ 

However, these types of c o r r e l a t i o n s are not d i s t i n c t i v e of 

m a c r o c y c l i c complexes, have a l r e a d y been mentioned, and the p r e s e n t s e c t i o n 

f o c u s e s on o t h e r types of r e l a t i o n s h i p s w h ich are t y p i c a l of complexes w i t h 

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



- 72 -

(a) Ring size and other stereochemical parameters 

In a comparative electrochemical study of polyaza n-dentate 
(n-4,5 or 6) amine macrocyclic complexes of N i ( I I ) , |Ni(macrocycle)| 2 +, i n 
a c e t o n i t r i l e at a Pt electrode, i t was o b s e r v e d ( 1 5 7 ) that the value o f " E " of 
the Ni(II)/Ni(III) redox couple was minimum (less positive) |ie, the oxidation 
of Hi(II) to Ni(III) was most favoured| for the symmetric 14-membered tetraaza 
ligand (1,4,8,11-tetraazacyclotetradecane, denoted by |14|aneN ) 

H I | H 

H i I H 

T h i s l i g a n d appears t o have the b e s t s i z e to surround N i ( I I ) c a t i o n 
and to e s t a b l i s h s t r o n g i n - p l a n e c o o r d i n a t i v e bonds. F o r a c o n t r a c t i o n or an 
expansion of the l i g a n d c a v i t y ( a t o m i c i t y lower or h i g h e r than 14), a decrease 
of the e l e c t r o n d o n a t i n g a b i l i t y occurs as a r e s u l t of the i n - p l a n e d i s t o r t i o n 
of the n i t r o g e n atoms, and E ^ may i n c r e a s e d r a s t i c a l l y / 1 5 7 ^ 

However, an i n c r e a s e i n r i n g s i z e f a v o u r s the r e d u c t i o n of N i ( I I ) to 
N i U ; t E ^ 2 becomes l e s s n e g a t i v e ) a l t h o u g h the N i ( I I ) -»Ni ( I I I ) o x i d a t i o n 
becomes l e s s f a c i l e . T h i s may be accounted f o r by c o n s i d e r i n g an i n c r e a s e i n 
the i d e a l metal-donor atom d i s t a n c e ( i d e a l " h ole s i z e " ) w i t h the i n c r e a s e 
of e l e c t r o n d e n s i t y at the metal upon r e d u c t i o n : Ni(III)-»Ni(II)-»Ni(I).( 1 6°) 

Other s t e r e o c h e m i c a l e f f e c t s may be invoked to e x p l a i n the e f f e c t 
of a x i a l l y o r i e n t e d methyl s u b s t i t u e n t s on the m a c r o c y c l i c r i n g . 

A l t h o u g h the N i ( I I ) complexes are f o u r - c o o r d i n a t e , t h e N i ( I I I ) 
d e r i v a t i v e s are h e x a - c o o r d i n a t e w i t h two a x i a l l y c o o r d i n a t e d s o l v e n t 
molecules and non-bonding i n t e r a c t i o n s |which are more pronounced i n the 
complexes of N i ( I I I ) than of the l a r g e r N i ( I I ) i o n | occur between these l i g a n d s 
and the a x i a l l y o r i e n t e d methyl groups on the r i n g . As a r e s u l t of t h i s e x t r a 
s t r a i n energy to overcome, e l e c t r o c h e m i c a l o x i d a t i o n i s hampered. 

The redox p o t e n t i a l E ^ | C o ( I I I ) — C o ( I I ) | of the h e x a c o o r d i n a t e d 
trans-|Co(|13-16|ane N 4 ) C 1 2 | + complexes i s a l s o s e n s i t i v e to the r i n g s i z e 
and c o r r e l a t e s ( r o u g h l y l i n e a r l y ) w i t h the conformation s t r a i n energy c a l c u l a t e d 
as the e n t h a l p y a r i s i n g from bond l e n g t h d e f o r m a t i o n s , non-bonded i n t e r a c t i o n s , 
bond angle deformations and t o r s i o n a l angle d e f o r m a t i o n s . The sequence 
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correspond t o | l 6 | > |15| > 1 1 3 | > | l 4 | and agrees w i t h the o p p o s i t e o r d e r o f 
(164) 

s t a b i l i t y . 
A c c o r d i n g t o the observed c o r r e l a t i o n between E ^ | and the s t r a i n 

energy, C o ( I I I ) i s f a v o u r e d over C o ( I I ) ( r e d u c t i o n o n l y occurs at more n e g a t i v e 
p o t e n t i a l v a l u e s ) as the s t r a i n energy of the C o ( I I I ) complex decreases which 
suggests t h a t the c o r r e s p o n d i n g p r o p e r t y of the C o ( I I ) p r o d u c t complex p l a y s 
an i n s i g n i f i c a n t r o l e , i . e . , the s t r a i n energy i s l a r g e l y r e l i e v e d upon r e d u c t i o n 

of the c e n t r a l m e t a l i o n | C o ( I I I ) t o C o ( I I ) | (a l e s s s t r a i n e d l i g a n d c h e l a t i o n 
„. v (164) occurs i n the i o n w i t h a l a r g e r r a d i u s ) . 

I n these t r a n s - 1 C o ( 1 1 3 - 1 6 | ane N ^ C l J + complexes the l i g a n d f i e l d 
s t r e n g t h due to m a c r o c y c l i c l i g a n d s t r e n g t h ( D q X y ) does not c o r r e l a t e w i t h the 
s t r a i n energy (and, hence, w i t h E ^ d ) but the observed o r d e r o f D q X y , |13|>|14|> 
> 1 1 5 1 > | 1 6 1 , may be r a t i o n a l i z e d i n the f o l l o w i n g way by c o n s i d e r i n g the 
m a c r o c y c l i c l i g a n d as a s t i f f e l a s t i c band which e n c i r c l e s the m e t a l i o n : the 
l i g a n d | l 4 | a n e N 4 p r e s e n t s the b e s t s i z e to f i t C o ( I I I ) ( D q X y i s normal f o r 
s a t u r a t e d amines) and a c o n s t r i c t i v e e f f e c t of the s m a l l e r r i n g | l 3 | a n e N 4 on 
the m e t a l i o n i n c r e a s e s the m e t a l - n i t r o g e n i n t e r a c t i o n and hence r e s u l t s i n an 
enhancement i n D q X y , whereas a decrease of D q X y r e s u l t s from the d i l a t i v e 
( s t r e t c h i n g ) e f f e c t on the C o ( I I I ) - N bonds due to the l a r g e r | l 5 | a n e N 2 and 
, i . (164) | l 6 | a n e N 2 r i n g s . 

(b) L i g a n d u n s a t u r a t i o n 

L i g a n d u n s a t u r a t i o n a l s o i n f l u e n c e s the half-wave p o t e n t i a l which 
undergoes an a n o d i c s h i f t w i t h i n c r e a s i n g u n s a t u r a t i o n ; hence, ^ i n c r e a s e d 
s t a b i l i t y of the lower v a l e n t s t a t e |e.g., C o ( I ) ( 1 6 5 ) or N i ( I I ) | w i t h 
r e s p e c t t o the h i g h e r v a l e n t one r e s u l t s from i n c r e a s i n g the degree of l i g a n d 
u n s a t u r a t i o n . 

The magnitude of the E 1 / 2 s h i f t i s f u r t h e r enhanced by the presence 
of a c o n j u g a t e d c t - d i i m i n e i n the m a c r o c y c l i c r i n g and, e.g., the e x t e n t of 
e l e c t r o n d e n s i t y d e r e a l i z a t i o n i s such t h a t i n the r e d u c t i o n of ^ 
| N i ( | l 4 | l , 3 - d i e n e N 4 ) | + , the e l e c t r o n i s added to a l i g a n d a n t i b o n d i n g TT 
o r b i t a l (as e v i d e n c e d by e.p.r. data) and not to a metal l o c a l i z e d ( d x 2 _ y 2 ) 
o r b i t a l as observed i n the r e d u c t i o n of the u n s a t u r a t e d complex 

2+ • • (160) 
| N i ( | 141 l , 4 , 8 , l l - t e t r a e n e N 4 ) | w i t h i s o l a t e d lmmes . 

(c) A d d i t i v i t y of l i g a n d s t r u c t u r a l parameters 

The e f f e c t s (AE) of v a r i o u s f a c t o r s on the r e v e r s i b l e half-wave 
p o t e n t i a l of m a c r o c y c l i c t e t r a a z a complexes were shown to be a d d i t i v e and, 
e.g., the f o l l o w i n g c o n t r i b u t i o n s were proposed f o r the N i ( I I ) / N i ( I I I ) redox 
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couple (160) 

1 AE 
1 (m/ ) 

1 AE 
(m7) 

R i n g s i z e Two a x i a l methyl groups 1 +183 

1 141 -•> |15| 1 +225 I s o l a t e d imine ; +43 

1 14| -+ |16| 1 +375 a-D i i m i n e , +170 

1 D e l o c a l i z e d charge 1 -430 

Analogous a d d i t i v i t y r e l a t i o n s h i p s were found i n the 
F e u D / F e ( I I I ) ( 1 6 0 ' 1 6 6 ) are Co ( I ) /Co ( I I ) ( 1 6 5 • 1 6 6 > couples : e ^ , i n the 
former, the two a x i a l m e thyl group e f f e c t i s +110 mV, the i s o l a t e d imine e f f e c t 
i s +49 mV and the a - d i i m i n e c o n t r i b u t i o n i s +304 mV. 

G _ S o l v e n t and s u p p o r t i n g e l e c t r o l y t e e f f e c t s on the h a l f - w a v e p o t e n t i a l 

The half-wave p o t e n t i a l of a t r a n s i t i o n m e t a l complex depends not 
o n l y on the i n t r i n s i c p r o p e r t i e s of the metal s i t e and l i g a n d s but a l s o on 
f a c t o r s which are c o n t r o l l e d by the s o l v e n t and the s u p p o r t i n g e l e c t r o l y t e . 

These " e x t r i n s i c " e f f e c t s on E ^ , which r e s u l t from the i n t e r a c t i o n 
of components of the medium ( s o l v e n t or i o n s of the s u p p o r t i n g e l e c t r o l y t e ) 
w i t h the complex under study or i t s e l e c t r o n t r a n s f e r d e r i v e d p r o d u c t , have 
not y e t been w i d e l y s t u d i e d but a few examples may be c i t e d . 

An i n v e r s e l i n e a r r e l a t i o n s h i p was r e p o r t e d ^ 1 5 5 ^ between 
E r e d | C o ( e n ) 3 | ^ | r e f e r r e d to the b i s p h e n y l c h r o m i u m ( l / 0 ) couple to a v o i d the 
i n t e r f e r e n c e of the c o n t r i b u t i o n s due to l i g a n d j u n c t i o n p o t e n t i a l s ! and the 
Gutmann donor numbers of a wide range of donor s o l v e n t s (see s e c t i o n E ) , 
the half-wave r e d u c t i o n p o t e n t i a l b e i n g s h i f t e d t o more n e g a t i v e v a l u e s w i t h 
i n c r e a s i n g the donor number of the s o l v e n t . E j e d a l s o r e l a t e s to the 5 9 C o 
resonance v a l u e (a decrease i n the former corresponds to an u p f i e l d s h i f t of 
the l a t e r ) and a l l these r e s u l t s are r a t i o n a l i s e d by c o n s i d e r i n g the o u t e r -
-sphere s o l v a t i o n of jCo(en) 3+ 

and, t o a l e s s e r e x t e n t of the C o ( I I ) 
complex| through a d o n o r - a c c e p t o r i n t e r a c t i o n between the s o l v e n t m o l e c u l e s 
and the H atoms of the en l i g a n d s (see s e c t i o n E ) . ( 1 1 5 ) 

A t a P t e l e c t r o d e the d i m e r i c t e t r a - u - c a r b o x y l a t o - d i r h o d i u m ( I I ) 
| R h 2 ( 0 2 C R ) 4 | complexes are r e v e r s i b l e o x i d i z e d by a s i n g l e e l e c t r o n to the 
mixed R h ( I I I ) - R h ( I I ) s p e c i e s , and f o r R=Et the dependence of E ° * on the 
s o l v e n t was s t u d i e d : ( 1 6 7 )

 a i i n e a r i n v e r s e p l o t o f ^ ( r e f e r r e d t Q 
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w 0 X of the f e r r o c e n e / f e r r o c i n i u m c o u p l e , i n o r d e r t o e l i m i n a t e the 
1/2 

i n f l u e n c e of l i q u i d j u n c t i o n p o t e n t i a l s ) v e r s u s Gutmann donor numbers was 
i3+/2+ 

observed as i n the abovementioned | C o ( e n ) J system. However, i n the 
rhodium complexes, the r e l a t i o n s h i p i s i n t e r p r e t e d by c o n s i d e r i n g the 
bonding a b i l i t y of the s o l v e n t at a f r e e a x i a l p o s i t i o n of the rhodium m e t a l 

OX 
i n the d i n u c l e a r complex. The d e c r e a s e of w i t h an i n c r e a s e of the 
s o l v e n t d o n i c i t y i s a r e s u l t of the e x p e c t e d d e s t a b i l i z a t i o n of the HOMO. 

An analogous r e l a t i o n s h i p between E ^ 2 and the Gutmann donor 
number of the s o l v e n t was r e p o r t e d f o r a s e r i e s of i r o n ( I I I ) complexes w i t h 
h e xadentate l i g a n d s d e r i v e d f r om t r i e t h y l e n e t e t r a m i n e and v a r i o u s 

(168) 
s u b s t i t u t e d s a l i c y l a l d e h y d e s . 

I n b o t h the d i r h o d i u m ( I I ) | R h 2 ( 0 2 C R ) 4 | and the i r o n ( I I I ) s e r i e s , 
the h a l f - w a v e ( o x i d a t i o n and r e d u c t i o n , r e s p e c t i v e l y ) p o t e n t i a l i s a l s o 
dependent on the s u b s t i t u e n t (of the c a r b o x y l a t o o r of the s a l i c y l a l d e h y d e 
d e r i v e d l i g a n d , r e s p e c t i v e l y ) , a l i n e a r r e l a t i o n s h i p b e i n g o b s e r v e d w i t h the 
summation of the i n d u c t i v e and p o l a r T a f t s u b s t i t u e n t c o n s t a n t s . 

The h a l f - w a v e p o t e n t i a l may a l s o v a r y w i t h the n a t u r e of the 
e l e c t r o l y t e and i n t e r e s t i n g l i n e a r c o r r e l a t i o n s (of the type of e q u a t i o n 70) 
between the h a l f - w a v e r e d u c t i o n p o t e n t i a l of t r i s ( a c e t y l a c e t o n a t o ) i r o n ( I I I ) 
at a mercury e l e c t r o d e and the r e c i p r o c a l of the c a t i o n i c u n s o l v a t e d r a d i u s 
( 1 / r +) of the s u p p o r t i n g e l e c t r o l y t e M +C10~ ( M + = L i + , N a + , K , N E t 4 ) were 

M
 c , (169) r e p o r t e d f o r a v a r i e t y of s o l v e n t s . 

E l / 2 " E l / 2 + " ( 1 / V > ( 7 0 ) 

I n t h i s e x p r e s s i o n , E ° ^ 2 and y are the i n t e r c e p t and the s l o p e 
observed f o r each s o l v e n t . The dependence of y on the n a t u r e o f the s o l v e n t 
was a l s o i n v e s t i g a t e d and a l i n e a r i n v e r s e p l o t of y v e r s u s the Gutmann donor 
number of the s o l v e n t was e x p e r i m e n t a l l y o b s e r v e d . Hence, f o r a common 
e l e c t r o l y t e , the dependence of E ^ on the d o n i c i t y of the s o l v e n t f o l l o w s the 
t r e n d a l r e a d y mentioned f o r the d i r h o d i u m ( I I ) and the i r o n ( I I I ) s p e c i e s . No 
c o r r e l a t i o n was found between y and the d i p o l e moment or the d i e l e c t r i c 
p r o p e r t i e s of the s o l v e n t , thus r u l i n g out a pure e l e c t r o s t a t i c i n t e r a c t i o n . 

The e f f e c t o f the e l e c t r o l y t e (a d e c r e a s e i n the c a t i o n i c r a d i u s 
r e s u l t s i n an i n c r e a s e of f a v o u r i n g the r e d u c t i o n ) was i n t e r p r e t e d by 
c o n s i d e r i n g the c o o r d i n a t i v e r e l a x a t i o n of the reduced p r o d u c t , | F e ( a c a c ) 3 | , 
to a l l o w the t r a n s f e r of an a c e t y l a c e t o n a t o l i g a n d t o the M e l e c t r o l y t e 
c a t i o n ( e q u a t i o n s 71, where the s u b s c r i p t s o l v . denotes a s o l v a t e d s p e c i e s ) . 
The Lewis a c i d i c c h a r a c t e r of the a l k a l i m e t a l c a t i o n M (and hence i t s 

F e C a c a c ) J , + e ^ [ F e ( a c a c ) 3 | s o l v ( 7 1 a ) 
3 ' s o l v 



- 76 -

| F e ( a c a c ) J - + (M ) , ;=^i | F e ( a c a c ) J 1 + M(acac) 1 (71b) 1 3' s o l v s o l v 1 2 ' s o l v s o l v 

i n t e r a c t i o n w i t h an e l e c t r o n d o n a t i n g s p e c i e s ) i n c r e a s e s w i t h the r e c i p r o c a l of 
the r a d i u s , 1/ r ^ , and i s b e l i e v e d t o be much s t r o n g e r than any of the o t h e r 
s p e c i e s w h i c h are i n v o l v e d i n e q u a t i o n s 71; these f a c t s are suggested 
t o p r e s e n t a h i g h i n f l u e n c e on the e l e c t r o c h e m i c a l p r o c e s s 

The dependence of the redox p r o p e r t i e s on b o t h the n a t u r e of the 
s o l v e n t and the s u p p o r t i n g e l e c t r o l y t e has a l s o been observed i n a c e t y l a c e t o n a t o 
complexes of M n ( I I I ) ( 1 7 0 ) and C u ( I I ) . ( 1 7 1 ) 

V I I - ELECTROCHEMISTRY OF REDOX SERIES 

A redox s e r i e s of complexes i s d e f i n e d as a s e t o f complexes w h i c h 
p r e s e n t i d e n t i c a l c o m p o s i t i o n but d i f f e r i n the o v e r a l l number(n) of e l e c t r o n s . 
Hence, the f o l l o w i n g sequence(72) ( w i t h more t h a n two redox s t e p s ) r e p r e s e n t s 
such a s e r i e s : 

ML Z - ML 2" 1 - ML Z" 2 - ML 2" 3 - ... (72) m m m m v ' 

where m i s the number of l i g a n d s and z_ i s the charge of the complex. 
A s i s t e m a t i c s t u d y of the redox p r o p e r t i e s of t h e s e s e r i e s was 

u n d e r t a k e n < - 1 7 2 ^ f o r the cases L i s a redox a c t i v e l i g a n d (a l i g a n d w h i c h , i n 
the uncomplexed form,can undergo a r e d u c t i o n or an o x i d a t i o n ) w i t h a b i d e n t a t e 
C h a r a c t e r and b e l o n g i n g t o a c o n j u g a t e d system (e.g. , a d i p y r i d y l o r a g - d i k e t o n e ) i 1 7 2 " * 

These complexes p r e s e n t a s t r o n g l i g a n d - l i g a n d i n t e r a c t i o n and t h e i r 
e l e c t r o c h e m i c a l p r o p e r t i e s have then been i n t e r p r e t e d by c o n s i d e r i n g them, i n 
a l i m i t i n g case, as b e i n g formed by a c e n t r a l m e t a l atom and a " c l u s t e r " of 
i n t e r - a c t i n g l i g a n d s (L ). 

m 

A - Number of elements of a redox s e r i e s 

I n a redox s e r i e s , the maximum number (N ) o f redox s t e p s i s 
max r 

g i v e n by N = N + mN T (73) max M L K ' 
where N^ i s the number of m e t a l based redox s t e p s and N^ i s the number of 
e l e c t r o n s the f r e e l i g a n d (L) can exchange (e . g . , i f the most o x i d i z e d form 
i s taken as r e f e r e n c e , N^ corresponds t o the number of e l e c t r o n s the l i g a n d 
can be r e d u c e d ) . 

Nmax *"S t l o w e v e r » a l s o governed by o t h e r f a c t o r s such as the o v e r a l l 
charge of the complex and, e.g., i f N i s l a r g e , the charge of the most reduced 
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complexes may be h i g h l y n e g a t i v e and too u n s t a b l e . 
Moreover, f o r the h i g h o v e r a l l n e g a t i v e l y charged s p e c i e s , the E° 

v a l u e s f o r l i g a n d based redox s t e p s move towards more n e g a t i v e p o t e n t i a l s and 
may e v e n t u a l l y become i n a c c e s s i b l e . Hence, e.g., f o r | C r ( d i p y ) . j | Z redox s e r i e s , 
N =3, N =2 and then N =3+3x2=9; however, o n l y s i x s t e p s are observed: M L max 
f u r t h e r s t e p s would co r r e s p o n d t o n e g a t i v e charges (z) lower than -3 and 
are out of e x p e r i m e n t a l r e a c h . 

Hence, i t i s common t o f i n d t h a t the number of e x p e r i m e n t a l l y 
a c c e s s i b l e redox s t e p s i s lower than N 

m a x . (173-176) . 
f r o m the a n a l y s i s o f v a r i o u s e x p e r i m e n t a l d a t a 1 C w a s 

propos e ^ ( 1 7 2 ) t ^ e f 0 n o w : L n g g e n e r a l i z a t i o n : 

The N redox s t e p s are d i v i d e d i n t o N„ s e p a r a t e d s t e p s and N T max r M L 
s e t s o f one e l e c t r o n s t e p s each c o n t a i n i n g m i n d i v i d u a l s t e p s (see the I r 
s e r i e s i n f i g u r e 12). 

T h i s can be i n t e r p r e t e d on the b a s i s of M O - c a l c u l a t i o n s f o r the 
complexes c o n s i d e r e d as b e i n g formed by the metal atom and a c l u s t e r of 
i n t e r a c t i n g L ^ l i g a n d s . 

I n a s i m p l i f i e d way the redox b e h a v i o u r of the s e r i e s | M ( d i p y ) 3 | Z 

( f i g u r e 13) may be i n t e r p r e t e d as f o l l o w s . They bel o n g to the ML^ t y p e , and 
each l i g a n d ( w i t h a v a c a n t Tr-antibonding o r b i t a l and N L=2) c o n t r i b u t e s w i t h 
one redox o r b i t a l . l u e t o l i g a n d - l i g a n d i n t e r a c t i o n s , the s e t of these t h r e e 
degenerate o r b i t a l s i s s p l i t and a " t r i p l e t " of redox s t e p s r e s u l t s from 
t h e i r s t e p w i s e h a l f - f i l l i n g whereas another " t r i p l e t " a r i s e s from the 
s t e p w i s e f i l l i n g - u p of the same o r b i t a l s ; the energy between each l e v e l i s 
s m a l l , c o r r e s p o n d i n g t o the t h i r d case of the AE° c r i t e r i o n (see b e l o w ) . 

I7-III 
I r 

Fe 

Cr 

\ \ { { { 1 
d 5 / d 6 \ \ W 

x \ I I I - I I \ \ \ \ 

,5 , J6 .. I I I - I I d / d 
I T J i l l 

+1 + 0 -1 
E ^ 2 | M ( d i p y ) 3 | Z / V 

F i g u r e 12 - Redox s t e p s i n the redox s e r i e s |M(dipy)^ z (172) 
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C l e a r l y d i s t i n g u i s h e d redox s t e p s o c c u r i n s o - c a l l e d " w e l l - b e h a v e d " 
s e r i e s (e.g., I r and Fe s e r i e s i n f i g u r e 12) w h i c h correspond t o h i g h energy 
s e p a r a t i o n between m e t a l and l i g a n d based o r b i t a l s w i t h r e s u l t i n g weak m i x i n g 
o f metal d and l i g a n d i r - a n t i b o n d i n g o r b i t a l s . However, the s e r i e s may d e v i a t e 
from t h i s b e h a v i o u r and i n the o p p o s i t e l i m i t one cannot d i s t i n g u i s h between 
m e t a l - and l i g a n d - b a s e d redox s t e p s . The Cr s e r i e s of f i g u r e 12, corresponds 
to an i n t e r m e d i a t e case where a c o n s i d e r a b l e m e t a l and l i g a n d o r b i t a l s m i x i n g 
o c c u r s . 

The v a r i o u s redox s t a t e s of a redox s e r i e s are not e q u a l l y s t a b l e 
and, e.g., on the b a s i s of s i m p l i f i e d MO c o n s i d e r a t i o n s , an e x t r a s t a b i l i z a t i o n 
energy i s expected f o r l i g a n d " c l u s t e r s " w i t h h a l f - f i l l e d o r f u l l y o c c u p i e d 
redox o r b i t a l s , i n analogy w i t h the known b e h a v i o u r o f f r e e m e t a l i o n s , e.g., 
w i t h d 5 or d 1 ^ e l e c t r o n i c c o n f i g u r a t i o n s . 

3 L 0 r V ' ' 

1 _ 

J L 
J L 

L 

F i g u r e 13 - L i g a n d based redox steps i n the redox s e r i e s | M ( d i p y ) 3 | Z 

B - E s t i m a t i o n of metal-based redox steps 

A l t h o u g h the p r e d i c t i o n of the v a l u e of t h i s parameter i s not y e t 
f u l l y e s t a b l i s h e d , some e m p i r i c a l rules, have been p r o p o s e d / 1 7 2 ^ 

Hence, e.g., the most common o x i d a t i o n s t a t e s of the m e t a l i n 
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complexes w i t h redox i n a c t i v e l i g a n d s a r e c o n s i d e r e d and t h e r e d u c t i o n ( or 
o x i d a t i o n ) p o t e n t i a l s (E°) of the re d o x p r o c e s s e s i n v o l v e d a r e compared 
a c c o r d i n g , e.g., t o t h e f o l l o w i n g l i m i t c r i t e r i a p r o p o s e d o n t h e b a s i s 
of e x p e r i m e n t a l e v i d e n c e and M O - c a l c u l a t i o n s : 

Redox s t e p 1 Redox s t e p 2 AE°=E°-E° 

1 1 1 2 2 a ^ a a 1 1» a 0,3-0,9 V 

1 . 2 2 2, 1 . _ ,_ 
a > a a a b 1,5~3V 

Redox s t e p s w h i c h correspond t o i o n i z a t i o n 0,2-0,5 V 
from | C l o s e l y spaced o r b i t a l s o r from a 
n e a r l y degenerate s e t of o r b i t a l s i n the 
co u r s e of w h i c h changes i n o r b i t a l and 
s p i n p a i r i n g a r e comparable 

where a_ and b_ denote redox o r b i t a l s i n the complex. 

I f E° f o r a redox s t e p i s known ( e x p e r i m e n t a l l y measured o r w i t h 
an e x p e c t e d v a l u e on the b a s i s of e x p e r i m e n t a l v a l u e s known f o r o t h e r 
complexes), t h e ranges f o r the E° v a l u e s of o t h e r redox s t e p s (and, hence, the 
p o s s i b i l i t y of t h e i r d e t e c t i o n ) may be p r e d i c t e d g r o s s l y . 
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Hence, e.g., chromium, w i t h a moat f r e q u e n t d c o n f i g u r a t i o n , a 
common d 3 - d range and E°(d 3-Kl 4) away from the l i m i t s of the e x p e r i m e n t a l l y 
a v a i l a b l e p o t e n t i a l r ange, i s e x p e c t e d t o e x h i b i t t h r e e redox s t e p s (N M=3) 
(see f i g u r e 12); a f o u r t h redox s t e p (d 3->d 2) may, however, be o bserved i n 
the presence of l i g a n d s w h i c h can s t a b i l i z e a h i g h p o s i t i v e charge a t the 
m e t a l . 

However, i r o n has d 5 and d 6 c o n f i g u r a t i o n s as the most f r e q u e n t ones, 
d -r-d s t e p i s observed but d6-*-d7 i s expected t o o c c u r a t a much lower 
p o t e n t i a l (second case i n the abovementioned AE° c r i t e r i o n ) and i s not 
observed; moreover, d 4 + d 5 would be at a c o n s i d e r a b l e h i g h e r E° v a l u e than 
E°(d ->-d ) (the l a t t e r b e i n g h i g h e r than the c o r r e s p o n d i n g v a l u e f o r 

3 4 
Cr d ->d )and i s a l s o not d e t e c t e d . Thus, N =1 f o r i r o n ( f i g u r e 1 2 ) . 

V I I I - ELECTROSYNTHESIS AND CATALYSIS 

E l e c t r o c h e m i s t r y may c o n s t i t u t e a p o w e r f u l p r e p a r a t i v e t o o l of 
o r g a n o m e t a l l i c complexes. They may a l s o behave as i n t e r m e d i a t e s p e c i e s , 
generated i n s i t u , i n the s y n t h e s i s of o r g a n i c compounds. Examples ar e a l s o 
known w i t h the i n v o l v e m e n t of c a t a l y t i c o r g a n o m e t a l l i c i n t e r m e d i a t e s . 

The e l e c t r o c h e m i c a l a c t i v a t i o n of a l i g a n d may p l a y a fundamental 
r o l e i n these r e a c t i o n s as t h i s t o p i c w i l l be c o n s i d e r e d f u r t h e r i n the f i e l d s 
of n i t r o g e n f i x a t i o n and carbon d i o x i d e a c t i v a t i o n . 

A - E l e c t r o s y n t h e s i s of o r g a n o m e t a l l i c complexes 

( a ) I n t r o d u c t i o n 

E l e c t r o c h e m i c a l o x i d a t i o n or r e d u c t i o n of a t r a n s i t i o n m e t a l complex 
c o n s t i t u t e s a p o t e n t i a l v e r s a t i l e r o u t e f o r the p r e p a r a t i o n of a wide v a r i e t y 
of new s p e c i e s w h i c h , however,may be d i f f i c u l t t o i s o l a t e due t o t h e i r 
u n s t a b i l i t y or t o the n o n - s e l e c t i v i t y of the redox p r o c e s s w i t h p o s s i b l e 
f o r m a t i o n of m i x t u r e s of p r o d u c t s . 

Simple o x i d i z e d o r reduced complexes, sometimes w i t h the t r a n s i t i o n 
m e tal i n an u n u s u a l o x i d a t i o n state,may be p r e p a r e d , g e n e r a l l y by c o n t r o l l e d 
p o t e n t i a l e l e c t r o l y s i s . 

Hence, e.g., paramagnetic i s o c y a n i d e complexes of Mo(I) o r W ( I ) , 
trans_-|M(CNR) „ (dppe) „ | ( R = a l k y l or a r y l ) may be p r e p a r e d by e l e c t r o c h e m i c a l 
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(23) o x i d a t i o n of t h e n e u t r a l p a r e n t s p e c i e s ; the same c a t i o n i c s p e c i e s a r e 
. - - U • 1 • . • (142) 

o b t a i n e d by c h e m i c a l o x i d a t i o n . 
E l e c t r o c h e m i c a l o x i d a t i o n , o r r e d u c t i o n , of N i ( I I ) complexes of 

c e r t a i n t e t r a a z a m a c r o c y c l i c l i g a n d s of the t r a n s - t e t r a m i n e and t r a n s - d i e n e 
types mentioned i n s e c t i o n V L B , l e a d s t o the c o r r e s p o n d i n g complexes w i t h 

. . . . , (162) u n u s u a l t r i p o s i t i v e , o r u n i p o s i t i v e , r e s p e c t i v e l y , n i c k e l o x i d a t i o n s t a t e s . 
S i m i l a r complexes of copper i n the uncommon +3 o x i d a t i o n s t a t e may 

a l s o be p r e p a r e d by c o n s t a n t p o t e n t i a l e l e c t r o l y s i s of p a r e n t C u ( I I ) s p e c i e s 
i n t h e -15 t o -20°C range ( a t h i g h e r t e m p e r a t u r e s , the former c o n v e r t s i n t o 
the l a t t e r ) . ( 1 7 8 ) 

However, the o c c u r r e n c e of c h e m i c a l r e a c t i o n s c o u p l e d t o the  
e l e c t r o c h e m i c a l p r o c e s s may l e a d t o o t h e r complexes w i t h d i f f e r e n t l i g a n d s 
and/or s t r u c t u r e s , f o l l o w i n g a v a r i e t y of p o s s i b l e sequences as shown i n 
c h a p t e r s I I and I I I . 

. A c t i v a t i o n o f a l i g a n d may a l s o r e s u l t from o x i d a t i o n o r r e d u c t i o n 
of a complex and new d e r i v e d o r g a n o m e t a l l i c s p e c i e s may be o b t a i n e d upon 
c h e m i c a l r e a c t i o n . 

Moreover, o r g a n o m e t a l l i c compounds may be e l e c t r o c h e m i c a l l y 
s y n t h e s i s e d i n c a t h o d i c or a n o d i c p r o c e s s e s w i t h the d i r e c t i n v o l v e m e n t o f the 
m e t a l e l e c t r o d e ( s a c r i f i c i a l e l e c t r o d e ) t o w h i c h the o r g a n i c l i g a n d b i n d s , and 
examples of t h e s e systems w i l l a l s o be mentioned b r i e f l y . 

( b ) E l e c t r o c h e m i c a l r e a c t i o n i n the p r e s e n c e of a s u i t a b l e l i g a n d 

By e l e c t r o c h e m i c a l r e d u c t i o n o f a system composed of a m e t a l c e n t r e i n 
the p r e s e n c e of a s u i t a b l e l i g a n d (or l i g a n d p r e c u r s o r ) a n o r g a n o m e t a l l i c complex 
may be s y n t h e s i z e d . 

C y c l o o l e f i n i c complexes have been e l e c t r o s y n t h e s i z e d i n t h i s way 
( g e n e r a l e q u a t i o n 74) a c c o r d i n g t o two p o s s i b l e pathways, one i n v o l v i n g a 
p r i m a r y m e t a l r e d u c t i o n f o l l o w e d by l i g a n d c o o r d i n a t i o n ( e q u a t i o n 75) and the 
o t h e r one p r o c e e d i n g t h r o u g h a r e d u c t i o n of the l i g a n d p r i o r t o c o o r d i n a t i o n 

• (17,18) t o a m e t a l ( e q u a t i o n s 7 6 ) . 

type ( i ) 

type ( i i ) 

M +L+e — M L (74) 

M + e — ^ M(.o) (75a) 

M(o) + L *• ML ( 7 5 b ) 

L + e —>• L (76a) 

L + M + — * ML (76b) 
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where M and M(o) correspond t y p i c a l l y to a hard and a s o f t a c i d , and L 
and L to a hard and a s o f t base. 

The metal c e n t r e M + may be e l e c t r o c h e m i c a l l y generated at the anode, 
by anodic d i s s o l u t i o n of t h i s e l e c t r o d e . 

Type ( i ) 

W i t h i n t h i s scheme, a v a r i e t y of c y c l o o l e f i n i c complexes of f i r s t 
row group W to V I I I t r a n s i t i o n metals have been s y n t h e s i z e d by e l e c t r o c h e m i c a l 
r e d u c t i o n of the c o r r e s p o n d i n g a c e t y l a c e t o n a t o s p e c i e s i n the presence of the 
a p p r o p r i a t e o l e f i n / 1 7 ' 1 8 ' 1 7 9 " 1 8 2 ) 

Examples i n c l u d e the e l e c t r o l y t i c r e d u c t i o n of | N i ( a c a c > 2 | ( i n 
p y r i d i n e u s i n g tetrabutylammonium bromide as s u p p o r t i n g e l e c t r o l y t e and 
aluminium as the anode) i n the presence of 1 , 5 - c y c l o o c t a d i e n e ( | Q ) 

c y c l o o c t a t e t r a e n e ( Q ) or 1 , 5 , 9 - c y c l o d o d e c a t r i e n e ( £ ^ ) t o g i v e 
b i s ( l , 5 - c y c l o o c t a d i e n e ) n i c k e l ( o ) , c y c l o o c t a t e t r a e n e n i c k e l ( o ) and 
1 , 5 , 9 - c y c l o d o d e c a t r i e n e n i c k e l ( o ) r e s p e c t i v e l y . (182) 

The (n - c y c l o o c t e n y l ) - l , 5 - c y c l o o c t a d i e n e c o b a l t ( I ) complex 

I j l CO (COD) 

was s y n t h e s i z e d ( - 8 0 ) i n a s i m i l a r way by e l e c t r o l y s i s of | C o ( a c a c ) 2 | i n the 
presence of 1,5-cyclooctadiene(COD). The r e a c t i o n was p o s t u l a t e d t o proceed 
through the f o l l o w i n g sequence 

2e 
I Co(acac) 

{Co 0} , ads 

2' ' 

+ 2C0D -

-Co (COD) 

{Co } + 2 acac" ads 

{Co(COD^ ads 

ads Co (COD) 

Co (COD) ;] Co (COD) (77) 

where the index "ads" refers to species adsorbed at the electrode. 
The chemical synthesis corresponding to these electrochemical 

preparations of c y c l o o l e f i n i c complexes were not yet known when the l a t t e r 
were performed. 

Other low valent t r a n s i t i o n metal complexes may be prepared by 
related routes, namely mono- or polymeric-polycarbonyls, which are 
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synthesized by electrochemical reduction of the parent acetylacetonato 
species, |M(acac)J (M = V,.Cr, Mn, Fe, Co, Ni) at an inert electrode 
(graphite or stainless steel) i n diméthylformamide-lBu^N | Br, under CO 
(50-200 atm). The anode i s i n aluminum and the o v e r a l l processes, at the 
cathode, may be given by equations 78, whereas at the anode occurs 

ne 
xCO 

M" + 

|M(C0)x| or neutral polymeric species (78a) 

(n+l)e 
»• |M(C0) I or anionic polymeric species (78b) 

.J • r fc A I 3 + (183-186) the oxidation of Al to A l . 

These reactions may present a considerable y i e l d (over 60%) but 
d i f f i c u l t i e s , from the synthetic point of view,result from the low 

. . (183-186) s e l e c t i v i t y . 
Metal-carbon bond formation may also r e s u l t from the reaction of an 

electrochemically generated reduced species with an al k y l halide. 
Examples which refer niquel complexes involved as intermediates i n the 
c a t a l y t i c reduction of a l k y l halides are given i n section B.a. 

Another example i s given by the synthesis of the a-alkyliron(II) 
porphyrin complexes |FeR(TPP)| (where TPP=tetraphenylporphyrin) by e l e c t r o p h i l i c 
attack of a l k y l halide (EX) at the iron(I) complex |Fe(TPP)f electrochemically 
generated from the reduction of the parent iron(II) compound |Fe(TPP)| 

-7 Q \ (187) (reactions 79). 
e _ 

|Fe(TPP)| "7 _ |Fe(TPP)| 

|Fe(TPP)| +RX — ^ |Fe R(TPP) | + X _ (79) 

The r e a c t i v i t y of the iron(I) intermediate complex towards the 
al k y l halide follows the electron-donating character of the r i n g , and the 
reaction mechanism i s suggested to be of the type involving substitution 
fo the halogen ion by the iron(I) compound. 

Type(ii) 

The examples cited above correspond to the electrosynthesis of low 
valent t r a n s i t i o n metal complexes through reduction of a metal s i t e i n the 
presence of a suitable ligand. However, the synthesis may result from the 
electrochemical reduction of a ligand precursor with retention of the metal 
oxidation state. 
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An example i s given by the e l e c t r o l y t i c reduction of 
cyclooctatetraene (COT) to the dianion (COT2") i n the presence of |ZrCl | i n 
thf, using a Mg or an Al anode (reactions 80 and s i ) / 1 7 9 * 1 8 8 ) 

| Z r C l 4 | + 2 COT + 2 Mg (anode) thf/LiBr, 20°C , 
e l e c t r o l y s i s 

IV 
» |Zr(C0T) 2| + 2 MgCl 2 ( 8 0 ) 

. . . thf/|NB.U, | Br,20°C 
3|ZrCl 4| + 3 COT + 2 A l (anode) 

e l e c t r o l y s i s 
IV 

— > 3|ZrCl 2(COT)|.thf + 2 A l C l 3 . t h f ( 8 1 ) 

The central metal ion may be formed by dissolution of a s a c r i f i c i a l 
(188) by anode and, e.g., the cyclooctatetraenenickel complex was synthesized 

the anodic dissolution of a soluble Ni anode i n the presence of COT, by using 
a c e l l without diaphragm. 

Examples are known where both the metal and the ligand may undergo 
electrochemical reduction, as i n the electrosynthesis ox |Ti C1(C0T)|.L 
(where L-thf or pyridine), | ( n ^ H ^ T p i C O T ) | or ^ ( C O T ) ^ by el e c t r o l y s i s 
of parent Ti(IV) species i n the presence of COT (reactions 8 2 - 8 4 ) . ( 1 8 1 ) 

i T i C l J + COT + L + Al(anode) ^ 

|TiCl(C0T)|.L + A1C1..L (82) 

i / 5 , t h f 

|(n - C 5 H 5 ) T i C l 3 | + COT + Al (anode) =» 

i 5 1 1 1 

| (ri - C 5 H 5 ) T i (COT) | + A1C1 .thf ( 8 3) 

|Ti(0R) 4| + 1 i COT + | A l (anode) 

— * \ iTi^iCOTXj + | A1(0R) 3 ( 8 4 ) 

( c) Electrochemical generation of an intermediate complex  
with a reactive ligand 

Electrochemical oxidation or reduction of an organometallic complex 
may result i n i t s acti v a t i o n namely towards a nucleophilic or e l e c t r o p h i l i c 
agent, or a ra d i c a l species, thus allowing the synthesis of derived complexes 
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w i c h o f t e n may be c o n v e n i e n t l y p r e p a r e d by e l e c t r o c h e m i c a l g e n e r a t i o n of the 

a c t i v a t e d i n t e r m e d i a t e complex i n the presence of a s u i t a b l e r e a g e n t , the 

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

( c . l ) E l e c t r o r e d u c t i o n f o l l o w e d by r e a c t i o n w i t h e l e c t r o p h i l e 

S u b s t i t u t e d c y c l o p e n t a d i e n e c o b a l t c y c l o p e n t a d i e n y l s have been 
e a s i l y p r e p a r e d by t h i s r o u t e i n h i g h y i e l d s / 1 8 9 ) a l t h o u g h t h e i r c h e m i c a l 
p r e p a r a t i o n s p r e s e n t c o n s i d e r a b l e d i f f i c u l t i e s and were even unknown, e.g., 
as i n the case of t r i s u b s t i t u t e d s p e c i e s . 

C o b a l t i c e n i u m s a l t s are s t a b l e s p e c i e s , easy to p r e p a r e / 1 9 ^ which 
can undergo two o n e - e l e c t r o n r e v e r s i b l e r e d u c t i o n r e a c t i o n s to g i v e n e u t r a l 

a • • u u • (73,191) and a n i o n i c c o b a l t o c e n e s p e c i e s . 
Both c o b a l t o c e n e and the a n i o n are u n s t a b l e complexes, hard 

to p r e p a r e c h e m i c a l l y , but e a s i l y o b t a i n e d e l e c t r o c h e m i c a l l y from the 
c o r r e s p o n d i n g c o b a l t i c e n i u m s a l t s . They can then r e a c t i n s i t u w i t h a s u i t a b l e 
e l e c t r o p h i l e , such as an a l k y l h a l i d e o r carbon d i o x i d e , to g i v e s u b s t i t u t e d 
c y c l o p e n t a d i e n e s p e c i e s . 

These r e a c t i o n s are summarized by sequences 85-87 and they may 
c o n s t i t u t e a c o n v e n i e n t r o u t e t o t r i s u b s t i t u t e d c y c l o p e n t a d i e n e s p e c i e s (when 
s t a r t i n g f r om d i s u b s t i t u t e d c o b a l t i c e n i u m s a l t s ) ( r e a c t i o n s 87) and a way t o 
i n c o r p o r a t e C 0 2 i n t o an o r g a n i c moiety. / F 

H 
RX 

Co(n 5-c 5H 5) 2| + — > | C o ( n 5 - C 5 H 5 ) 2 (85) 

I n r e a c t i o n s (85) the f o r m a t i o n of the m o n o s u b s t i t u t e d c y c l o p e n t a d i e n e 
s p e c i e s i s accompanied by the p a r t i a l r e g e n e r a t i o n of the c o b a l t i c e n i u m i o n 
( i n an eq u a l molar amount) w h i c h can undergo a new r e d u c t i o n , the e l e c t r o c h e m i c a l , 
p r o c e s s a l l o w i n g a q u a n t i t a t i v e y i e l d based on c o b a l t o c e n e a l t h o u g h the c h e m i c a l 

. . (189) 
p r e p a r a t i o n a l o n e would c o r r e s p o n d t o a 50% y i e l d l i m i t . 

The c a r b o x y c y c l o p e n t a d i e n e s p e c i e s , d e r i v e d from a t t a c k of C 0 2 at the 
c o b a l t o c e n e a n i o n ( r e a c t i o n s 86 and 87) (- 1 8 9' ) , can undergo f u r t h e r r e a c t i o n w i t h 
an e l e c t r o p h i l e ( H + or a l k y l h a l i d e ) t o g i v e the c a r b o x y l i c a c i d or c o r r e s p o n d i n g 
e s t e r . 
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The t r i s u b s t i t u t e d s p e c i e s appear as m i x t u r e s of the isomers w i t h 
1-2 and 1-3 d i s u b s t i t u t e d c y c l o p e n t a d i e n e l i g a n d . 

C n 5 - C y c l o p e n t a d i e n y l ) ( n 6 ~ a r e n e ) i r o n c a t i o n s may undergo 
e l e c t r o c h e m i c a l / c h e m i c a l r e a c t i o n s analogous t o those r e p o r t e d f o r 
c o b a l t i c e n i u m - t y p e s p e c i e s . 

Hence, they may be reduced e l e c t r o c h e m i c a l l y i n two s u c c e s s i v e 
s i n g l e - e l e c t r o n s t e p s t o the c o r r e s p o n d i n g r a d i c a l s and ani o n s w h ich r e a c t 
w i t h e l e c t r o p h i l i c r eagents (such as a l k y l h a l i d e s R X ) t o y i e l d s u b s t i t u t e d 
c y c l o h e x a d i e n y l d e r i v a t i v e s i n a r e g i o - and s t e r e o - s p e c i f i c way 

3 . (192) ( R i n the exo p o s i t i o n ) ( r e a c t i o n s 8 8 ) . 

(88) 

The r e a c t i o n of the n e u t r a l 1 9 ~ e l e c t r o n r a d i c a l complex w i t h R X i s 
b e l i e v e d t o proceed by a r a d i c a l mechanism i n v o l v i n g an e l e c t r o n t r a n s f e r 
between the me t a l s p e c i e s and the o r g a n o h a l i d e t o g i v e a c a t i o n i c complex 
and the o r g a n i c R. r a d i c a l ; a t t a c k of t h i s r a d i c a l a t the n e u t r a l complex 

(192) 
a f f o r d s the f i n a l s u b s t i t u t e d c y c l o h e x a d i e n y l d e r i v a t i v e . The same 
r a d i c a l mechanism has been e s t a b l i s h e d f o r the r e a c t i o n of c o b a l t o c e n e , 
| C o ( n 5 - C 5 H 5 ) 2 | , w i t h . R 3X to g i v e | Co(n. 5-C 5H 5) ( r ^ - C ^ R 3 ) | . 

E l e c t r o c h e m i c a l r e d u c t i o n of a complex may a c t i v a t e a l i g a n d 
towards p r o t o n a t i o n and, e.g., the 6 - a l k y l i r o n ( I I ) p o r p h y r i n s |Fe(TPP)(CH=X)| 
|TPP = m e s o - t e t r a p h e n y l p o r p h y r i n ; X = C ( C , H . C l - 4 ) 0 , C ( C , H j 0 o r S| 

b 4- — z b J z 1 

have been r e p o r t e d to be formed upon a ( 2 - e l e c t r o n + H ) - r e d u c t i o n of the 
c o r r e s p o n d i n g c a r b e n e i r o n ( I I ) compounds, a c c o r d i n g to the proposed 
r e a c t i o n s (89) . (" 1 9 3' > 



(TPP) Fei:L=C=X 

(TPP)Fe r l=C=x| 
-H 

(TPP)Fe r i I-CH=x| 

I I 12-(TPP)Fe =C=X (TPP)Fe l : L-CH=x| ( 8 9 ) 

Other examples w i l l be c i t e d ( s e c t i o n C ) i n the f i e l d of n i t r o g e n 

f i x a t i o n . 

(c.2) E l e c t r o o x i d a t i o n f o l l o w e d by p r o t o n e l i m i n a t i o n o r o t h e r r e a c t i o n s 

E l e c t r o c h e m i c a l o x i d a t i o n of a h y d r i d e t r a n s i t i o n m e t a l complex 
may r e s u l t i n l o s s of p r o t o n from the me t a l as i t was i l l u s t r a t e d i n 
s e c t i o n I I . B . e . However, p r o t o n e l i m i n a t i o n from an o r g a n i c l i g a n d may a l s o be 
promoted by o x i d a t i o n of the complex and, e.g., the s u b s t i t u t e d Co complexes 
prepared as d e s c r i b e d above, which may be denoted as | Co(n^-C^H^R)(n^-C^H^R'R") 
may undergo e l e c t r o c h e m i c a l or c h e m i c a l o x i d a t i o n and when p r e s e n t i n g an exo 
hydrogen atom, they l e a d to the c o r r e s p o n d i n g s u b s t i t u t e d c o b a l t i c e n i u m s a l t s 
( e q u a t i o n 9 0 ) . ( 1 9 4 ) 

C o ( n - c 5 H 4 R ) ( n - C 5 H 5 R ) C o ( n 5 - C 5 H 4 R ) 2 | + + H + + 2e ( 9 0 ) 

(R=H, Me, C0 2Me) 

An analogous r e a c t i o n ( 9 1 ) occurs w i t h the i s o e l e c t r o n i c i r o n ( I I ) 
complex |Fe(n 5-C H ) (n 5-C,HO I . ( 1 9 2 ) 

D D O / 

F e ( n 5 - c 5 H 5 ) ( n 5 - c 6 H 7 ) F e ( n 5 - C 6 H 5 ) ( T I 6 - C 6 H 6 ) | + + H + + 2e ( 9 1 ) 

When the exo s u b s t i t u e n t i s Me or Ph, d e g r a d a t i o n of the c o b a l t 
s p e c i e s o c c u r s , but i f C0 2Me i s the exo s u b s t i t u e n t , o x i d a t i o n by 
|Ph 3C| | B F J ( t r i p h e n y l m e t h y l t e t r a f l u o r o b o r a t e ) r e s u l t s i n the endo hydrogen 
e l i m i n a t i o n to g i v e the s u b s t i t u t e d c o b a l t i c i n i u m s a l t i n q u a n t i t a t i v e y i e l d 
( e q u a t i o n 9 2 ) . ( 1 9 4 ) 
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C o ( n
5 - C 5 H 4 R ) { n 4 - C 5 H 4 ( C 0 2 M e ) R " } 

4 

Ph 3C 

C o ^ - C ^ R M ^ - C ^ C O ^ R " } 
'5" 4 " / l " 5"3 

( R = R"=H. R=Me; R"=2-Me, 3-Me) 
(92) 

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

The d i c a t i o n i c complexes |( n
6-RC 6H 4CN)Mo(p-SMe) 4Mo(n - R C Q H 5 ) j + 

w i t h a TT-cyanobenzene l i g a n d are formed by c o n t r o l l e d p o t e n t i a l e l e c t r o l y s i s -
i n p r o p y l e n e c a r b o n a t e - | E t 4 N | | P F ^ [ at a P t e l e c t r o d e - of the c a t i o n i c s p e c i e s 
I (n 5-RC 6H 5CN)Mo(p -SMe) 4Mo(n 6-RCgH 5) | + w i t h a c y a n o c y c l o h e x a d i e n y l l i g a n d / 1 9 5 ' ' 
t h i s r e a c t i o n proceeds by a t w o - e l e c t r o n o x i d a t i o n - p r o t o n e l i m i n a t i o n mechanism 
( e q u a t i o n 93) which i s a l s o suggested t o be i n v o l v e d i n the known 1 9 ^ 
s y n t h e s i s of f r e e , s u b s t i t u t e d arenes by o x i d a t i o n of c y c l o h e x a d i e n y l complexes 

SMe) +e SMe) SMe) 

3 + 

2+ 

(93) 
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of v a r i o u s t r a n s i t i o n m e t a l s which, are formed upon a d d i t i o n of a n u c l e o p h i l e 
(e.g., CN) to a n-complexed arene l i g a n d - the o v e r a l l r e a c t i o n c orresponds 
to a f o r m a l replacement of h y d r i d e by the n u c l e o p h i l e at a -rr-arene 
l i g a n d . 

An i n o r g a n i c l i g a n d may a l s o undergo d e p r o t o n a t i o n upon e l e c t r o c h e m i c a l 
o x i d a t i o n of the complex, as o b s e r v e d , e.g., i n the o x i d a t i o n o f the amino 
complex |Mn(n 5-C H )(CO)„(NH )| ( i n t h f at a P t e l e c t r o d e ) to the h i d r a z i n o 

i 5 (197) and d i n i t r o g e n s p e c i e s [Mn(n " C ^ ) (CO) (L) | (L=N 2H 4 o r N 2) . The 
h y d r a z i n e complex i s o x i d i z e d i n t h f at a P t e l e c t r o d e t o the d i n i t r o g e n 
complex and to the b i n u c l e a r d i a z e n e s p e c i e s | {Mn(n^ -C^H^) ( C O ) ^ ^ N ^ p | v i a 
an i n t e r m e d i a t e mononuclear d i a z e n e compound d e r i v e d by d i s p r o p o r t i o n a t i o n 
of an h y d r a z i d o ( 1 - ) r a d i c a l s p e c i e s formed by p r o t o n e l i m i n a t i o n promoted 
by the o x i d a t i o n of the p a r e n t h y d r a z i n e complex a c c o r d i n g to the p r o p o s e d ^ 1 9 7 ) 
scheme of r e a c t i o n s 94. 

5 , " e ' " H + 5 |Mn(n -C 5H 5) ( C O ) 2 ( N 2 H 4 ) | _ | Mn(n " C ^ ) (CO) 2 ( N ^ ) | ' _ D i s p r o p _ ^ 
-e,+H + 

Mn(n _ C 5 H
5 ) ( C O ) 2 ( N 2 H 2 ) | C + N ^ - and NH^ - complexes) 

\ | M n ( n 5 - C 5 H 5 ) ( C O ) ( t h f ) | 

M n ( n 5 - C 5 H 5 ) ( C O ) 2 ( N 2 ) I | { M n ( n 5 - C H ) ( C O ) 2 > 2 ( N ^ ) | (94) 

(+ N H. — and NH„ — 2 4 3 
- complexes) 

F a c i l e o x i d a t i o n of a l i g a n d (such as ammonia p r i m a r y amine or 
a z i d e ) bound t o b i p y r i d i n e complexes of R u ( I I ) has been r e p o r t e d t o r e s u l t 
from an i n i t i a l o x i d a t i o n of R u ( H ) t o R u ( I I I ) and p r o v i d e s i n t e r e s t i n g 
examples of e l e c t r o c h e m i c a l a c t i v a t i o n of a l i g a n d to o x i d a t i o n . 

C o o r d i n a t e d ammonia can undergo o x i d a t i o n t o n i t r a t e a t a s i n g l e 
m e t a l s i t e by e l e c t r o l y s i s of an aqueous s o l u t i o n of | R u 1 1 ( t r p y ) ( b p y ) ( N H ^ 
( t r p y = 2 , 2 ' , 2 " - t e r p y r i d i n e ; b p y = 2 , 2 1 - b i p y r i d i n e ) . ( 1 9 8 ) 

The r e a c t i o n i s b e l i e v e d ^ 1 9 8 ) to be i n i t i a t e d by the o x i d a t i o n of 
R u ( I I ) t o R u ( I I I ) f o l l o w e d by d i s p r o p o r t i o n a t i o n of | R u 1 1 1 ( t r p y ) ( b p y ) ( N H 3 ) | H 

t o g i v e an i m i d o r u t h e n i u m ( I V ) complex and the p a r e n t | R u 1 1 ( t r p y ; ( b p y ) ( N H ^ I 
s p e c i e s . L i g a t i n g n i t r i t e i s an i n t e r m e d i a t e i n the c o n v e r s i o n of n i t r a t e 
and the proposed r e a c t i o n pathway i s shown by r e a c t i o n s 95. 
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i I I i2+ 
| R U L L ( N H 3 ) I 

-2e 

-2H 

+2H 20,-7H 

-6e 

| R u I V = N H l 2 + 

H 20 

+H 20,-4H 

i l l i2+ Ru (NELOH) 

-4e,-3H 

-4e 

| R a I i : i ( 0 N 0 o ) | 2 + 

-3e 

+H 20,-2H 

+H Q.-2H 
I * < N ° 2 > I - H 0 , + 2 H + 

|RU I : I :(NO) | 3 + (95) 

The f i n a l o x i d a t i o n of the n i t r i t o l i g a n d i n | R u 1 1 ( t r p y ) ( b p y ) ( N 0 2 ) | + 

was a l s o s t u d i e d i n d e t a i l and i t i s b e l i e v e d t o i n v o l v e the i n i t i a l 
e l e c t r o c h e m i c a l o x i d a t i o n o f R u ( I I ) t o R u ( I l I ) f o l l o w e d by c o n v e r s i o n o f the 

(199) 
l i g a t i n g n i t r i t e i n t o n i t r o s y l and n i t r a t o l i g a n d s . 

F a c i l e o x i d a t i v e d e h y d r o g e n a t i o n o f an amine l i g a n d may a l s o 
f o l l o w the ( e l e c t r o ) c h e m i c a l o x i d a t i o n o f the m e t a l and, e.g., the n i t r i l e 
complexes |Ru(bpy) 2(N=CR) 2 

2+ are formed upon e l e c t r o c h e m i c a l ( o r c h e m i c a l ) 
2+ 

o x i d a t i o n o f the p r i m a r y amine complexes | Ru(bpy) „ (NELCELRXj (NFLCBL R = 
(200) 

= a l l y l a m m e , benzylamine and n - b u t y l a m i n e ) . 
The o v e r a l l r e a c t i o n i s g i v e n by e q u a t i o n 96 and i t i s b e l i e v e d 

t o be i n i t i a t e d by the o x i d a t i o n o f R u ( I I ) t o R u ( I I I ) f o l l o w e d by a sequence 
of n e t t w o - e l e c t r o n s t e p s i n v o l v i n g i m i n e i n t e r m e d i a t e s . 

R * j ( b p y ) 2 ( N H 2 C H 2 R ) 2 

2+ -8e 

-8H 
R u ( b p y ) 2 ( N C R ) 2 

2+ (96) 

I n the p r e v i o u s examples i n v o l v i n g e l e c t r o c h e m i c a l a c t i v a t i o n o f a 
l i g a n d bound a t a { R u ( b p y ) 2 > s i t e , d e p r o t o n a t i o n of the l i g a n d o c c u r s on 
o x i d a t i o n . However, a non-hydrogenated l i g a n d may a l s o undergo o x i d a t i o n as i n 
the c o n v e r s i o n of a z i d e t o d i n i t r o g e n ( e q u a t i o n 97) w h i ch i s a l s o b e l i e v e d 

-e n 

R u 1 ( b p y ) 2 ( N 3 ) 2 | + NCMe 
R u ( b p y ) 2 ( N C M e ) ( N 3 ) I + 7 N 2 (97) 

to be i n i t i a t e d by o x i d a t i o n o f R u ( I I ) t o Ru ( I I I ) . K i n e t i c s t u d i e s o f t h i s 
r e a c t i o n suggested e i t h e r a r a t e - d e t e r m i n i n g i n t r a m o l e c u l a r e l e c t r o n t r a n s f e r 
from the a z i d e t o the R u ( I I I ) s i t e or a m e t a l - n i t r e n e f o r m a t i o n . 

An e l e c t r o c h e m i c a l l y g e n e r a t e d o x i d i z e d i n t e r m e d i a t e o r g a n o m e t a l l i c 
complex may a l s o undergo a r e a c t i o n t y p i c a l f o r an o r g a n i c r a d i c a l as i n the 
p r e p a r a t i o n o f the h ydroxycarbene compound | Cr{C(0H)Ph} (CO) |by e l e c t r o l y t i c 
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o x i d a t i o n of the acylchromium(o) s p e c i e s [Cr(COPh)(CO)r| i n 
i i i i (202) CH„CN- NEt, CIO, a t a P t e l e c t r o d e . ' 3 4 4 

The n e u t r a l p aramagnetic a c y l c h r o m i u m ( I ) i n t e r m e d i a t e 
| C r ( C O P h ) ( C O ) I , as d e t e c t e d by e . s . r . , p r e s e n t s t h e u n p a i r e d e l e c t r o n d e n s i t y 
h i g h l y l i g a n d c e n t e r e d and a b s t r a c t s an hydrogen atom from the e l e c t r o l y t e ( R H ) 
i n a s i m i l a r way t o known oxygen-centered o r g a n i c r a d i c a l s . The r e a c t i o n 
sequence i s d e p i c t e d by e q u a t i o n s 9 8 and the o v e r a l l p r o c e s s f o r m a l l y c orresponds 
t o the e l e c t r o c h e m i c a l o x i d a t i o n of a hydrogen donor s u b s t r a t e (RH) ( e q u a t i o n 99) 

-e RH 
| C r { C ( 0 ) P h } ( C 0 ) 5 | - — ^ | C r { C ( 0 ) P h } ( C 0 ) 5 | > 

+e 

|Cr { C ( 0 H ) P h } ( C 0 ) 5 | + R. (98) 

(RH=Et.N +) 

RH 3 » R. + H (99) 

(d ) E l e c t r o c h e m i c a l r e d u c t i o n of l i g a n d f u n c t i o n a l groups 

F u n c t i o n a l groups, such as ̂ C=0, -C00H, ̂ C=N-0H, -CH=CH- i n 
metallocene type complexes, may undergo e l e c t r o c h e m i c a l r e d u c t i o n and new 
o r g a n o m e t a l l i c complexes w i t h d e r i v e d f u n c t i o n a l m o i e t i e s may be s y n t h e s i z e d 

(203-205) 
by p r e p a r a t i v e e l e c t r o l y s i s . These e l e c t r o c h e m i c a l r e d u c t i v e s y n t h e s i s 
may d i f f e r from the c h e m i c a l r e d u c t i o n r e a c t i o n s w h i c h the same s p e c i e s may 
undergo, e.g., the former b e i n g r e g i o s p e c i f i c on the f u n c t i o n a l group such as 
i n the f o l l o w i n g examples. 

Ketone f u n c t i o n a l groups i n c y c l o p e n t a d i e n y l ( a r e n e ) i r o n ( I I ) c a t i o n i c 
s p e c i e s may be r e g i o s e l e c t i v e l y reduced a t a mercury e l e c t r o d e t o secondary 
a l c o h o l s ( a t low pH) o r p i n a c o l s ( a t h i g h pH) ( r e a c t i o n s 100), whereas a c i d s 
undergo s i m i l a r r e a c t i o n s t o p r i m a r y a l c o h o l s ( r e a c t i o n s 101). 

These e l e c t r o c h e m i c a l r e a c t i o n s are r e g i o s p e c i f i c on the f u n c t i o n a l 
group r a t h e r t han on the l i g a n d r i n g , i n c o n t r a s t t o the c h e m i c a l r e d u c t i o n 
(by BH^ ) which o c c u r s a l s o a t the benzene i n the ketone s p e c i e s t o g i v e 
n 5 - c y c l o h e x a d i e n y l l i g a n d . I t i s a l s o k n o w / 2 0 5 > 2 ° 6 ) t h a t J - J ^ c h e m i c a l 
r e d u c t i o n by BH^ of a c i d s or e s t e r s , i n these F e ( I I ) complexes, i s 
r e g i o s p e c i f i c on the arene l i g a n d (not a t the f u n c t i o n a l group) w h i c h y i e l d s 
n 5 - c y c l o h e x a d i e n y l ; an i n v e r s i o n of the r e g i o s p e c i f i c n a t u r e of the r e d u c t i o n 
i s then observed when c o n s i d e r i n g the e l e c t r o c h e m i c a l r e d u c t i o n i n s t e a d of the 
chemical one. 
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R 1 

Fe 

l e 

1H 
pH=13-14 

2e,2H 

pH=0 

^ Z 3 ^ - CR(0H)-CR* (OH) _ < ^ 3 ^ 

Fe Fe 

2+ 

0 > - R 

(R=R'=Me; R=Me, R 1=Ph) 

,~R' 

(R=H;R'=Me,Ph) 

(100) 

Fe 

< 0 > - R ' 

R=H,R'=C00H 

R=C00H,R'=H 

2e,2H 
-H 20 Fe 2e,2H 

R=H,R'=CH0 

R=CH0.R'=H 

Fe 

< C > - R ' 

(101) 

R=H,R'=CH20H 

R=CH20H,R'=H 
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The c a r b o x y l i c a c i d f u n c t i o n a l group i s a c t i v a t e d towards r e d u c t i o n 
bv the c a t i o n i c metal c e n t r e s i n c e , under i d e n t i c a l e x p e r i m e n t a l c o n d i t i o n s , 

. (205) 
r e d u c t i o n of u n c o o r d i n a t e d b e n z o i c a c i d does not o c c u r . 

Reduction of a - o x o t e t r a m e t h y l e n e c y c l o p e n t a d i e n y l ( a r e n e ) i r o n ( I I ) 
was a l s o s t u d i e d , and b o t h the e l e c t r o c h e m i c a l and the c h e m i c a l r e a c t i o n o c c u r 
s t e r e o s p e c i f i c a l l y i n t r a n s p o s i t i o n r e l a t i v e to the m e t a l ( e x o ^ s i d e of the 
r i n g ) t o g i v e o n l y the endo a l c o h o l product ( r e a c t i o n 102). 

(102) 

(e) E l e c t r o s y n t h e s i s at s a c r i f i c i a l e l e c t r o d e s 

I n the cases mentioned above, the s y n t h e s i s e d o r g a n o m e t a l l i c complexes 
pr e s e n t c e n t r a l metals d e r i v e d from added metal s i t e systems such as a p a r e n t 
o r g a n o m e t a l l i c compound. 

However, examples of c a t h o d i c o r a n o d i c p r o c e s s e s a r e known where 
the e l e c t r o d e m e t a l i t s e l f behaves not o n l y as the s o u r c e o f s o r s i n k f o r , 
e l e c t r o n , but a l s o as the source of the l i g a t i n g m e t a l c e n t r e o f the 
o r g a n o m e t a l l i c p r o d u c t . Then r e a c t i o n s are s a i d t o i n v o l v e s a c r i f i c i a l 
e l e c t r o d e s and o c c u r m o s t l y w i t h r e p r e s e n t a t i v e elements o r group I I B 
t r a n s i t i o n m e t a l s , a l t h o u g h v a r i o u s examples have a l s o been quoted f o r o t h e r 

, r. " 4 (19,20) , 
t r a n s i t i o n m e t a l group elements; they have a l r e a d y been r e v i e w e d , ana 
now o n l y r e p r e s e n t a t i v e o r more r e c e n t cases w i l l be mentioned. 

These d i r e c t e l e c t r o c h e m i c a l syntheses may o f f e r some advantages over 
c o r r e s p o n d i n g p r e p a r a t i v e c h e m i c a l methods such as the f o l l o w i n g ones: 

- A m e t a l (which may o f t e n be o b t a i n e d i n a h i g h p u r i t y s t a t e and i s 
easy t o s t o r e ) may be used as a s t a r t i n g m a t e r i a l from w h i c h the 
f i n a l compound may be d i r e c t l y s y n t h e s i s e d , a s i t u a t i o n w h i c h i s 
not common i n p r e p a r a t i v e c h e m i s t r y ( a l t h o u g h vapour phase s y n t h e s i s 
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and t h e p r e p a r a t i o n of G r i g n a r d r e a g e n t s may i n v o l v e the d i r e c t 
a p p l i c a t i o n o f m e t a l s ) . 

- The y i e l d s a r e o f t e n h i g h on the b a s i s o f m e t a l consumption, and 
o t h e r r e a g e n t s (su c h as, e.g., o r g a n i c h a l i d e s ) w h i c h a r e p r e s e n t 
i n excess can be used a g a i n f o r f u r t h e r s y n t h e s i s . 

- C e r t a i n compounds w i t h c o r r e s p o n d i n g d i f f i c u l t c h e m i c a l access may be 
c o n v e n i e n t l y p r e p a r e d by s i m p l e r e l e c t r o c h e m i c a l s y n t h e s i s . 

- The e l e c t r o c h e m i c a l e x p e r i m e n t a l c o n d i t i o n s i n v o l v e o f t e n ambient 
tem p e r a t u r e s and do no't r e q u i r e e f f i c i e n t high-vacuum systems. 

The l a s t two advantages p r e s e n t a w i d e r s i g n i f i c a n c e , c o r r e s p o n d i n g 
to the f a v o u r a b l e a p p l i c a t i o n , i n some c a s e s , o f g e n e r a l e l e c t r o s y n t h e s i s over 
p r e p a r a t i v e c h e m i c a l methods. 

( e . l ) C a t h o d i c p r o c e s s e s 

1 ~ E l e c t r o s y n t h e s i s from n o n - o r g a n o m e t a l l i c compounds 
E l e c t r o l y s i s of c a r b o n y l compounds (ketones ( ' 2 0 7 ~ 2 1 2 " > o r aldehydes (' 2 1 3' > 

i n aqueous a c i d i c medium), o t h e r u n s a t u r a t e d s p e c i e s ( e . g . , o l e f i n s , 
a c r y l o n i t r i l a ) ( 2 1 4 ' 2 1 5 ) or o r g a n i c h a l i d e s (e.g. , a l k y l h a l i d e s / ^ t 6 ' ! S u i t a b l e 
cathode (such as Hg, Cd, Pb, Sn o r T l ) may r e s u l t i n the f o r m a t i o n of 
o r g a n o m e t a l l i c compounds p r e s e n t i n g the cathode m e t a l (M) as the c e n t r a l element 
( e q u a t i o n s 103-105). 

nRR'C=0 + M 3 " " H
, 3 n £ > M(CHRR') n . ( 1 0 3 ) 

(M=Hg,n=2. M=Pb, n=4) 

+ 

nRCH=GH2 + M n H > n e > M ( CH 2CH 2R) n ( i 0 4 ) 

(M=Hg, n=2. M=Sn, n=4) 

nRX + M - S £ * M ( R )
n
 + n X " (105) 

(M=Hg, n=2. M=Pb, Sn; n=4) 

The mechanism of t h e s e r e a c t i o n s appears t o depend e.g., on the 
n a t u r e of the s o l v e n t , e l e c t r o l y t e and cathode m a t e r i a l , c o n f l i c t i n g d a t a 
have been p r e s e n t e d i n some c a s e s , and i t has not y e t been a s c e r t a i n e d . 

P o s s i b l e hypotheses have been put f o r w a r d w h i ch w i l l not be d e a l t 
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with i n d e t a i l : formation of the organometallic compound by i n t e r a c t i o n t)f 
a carbanion (primarily formed by electrochemical reduction of the organic 
substrate) with the electrode metal cation of the c r y s t a l l a t t i c e of the 
cathode (ionic me chanism);^ 2 2 2^ formation of the organometallic compound by 
interaction of r a d i c a l s (generated at the cathode) with the cathode metal 
(radical mechanism);^ 2 2 3 ) involvement of an intermediate chemisorbed compound 
of the organic substrate and the metal with r e s u l t i n g formation of a 

metal-carbon covalent b o n d / 2 2 4 

The organometallic compounds formed i n the cathodic reduction of 
organic compounds may be intermediate species to f i n a l organic products 
(see section B). 

II - Electrosynthesis involving a parent organometallic compound 

Diphenylmercury, Ph 2Hg, may be obtained by electrochemical reduction 
of organometallic derivatives of lead at a mercury cathode. 

Hence, controlled potential e l e c t r o l y s i s of diphenyllead diacetate 
(at the second reduction step) or triphenyllead monoacetate (at the f i r s t 

( 87) 
reduction step) y i e l d diphenylmercury quantitatively (reactions 106 and 107). 

Ph oPb(0Ac) o n A
e _ » Ph 9Pb(0Ac) A A

£ - > Ph 0Pb "j» > Ph„Hg (106) 2 2 -OAc z -OAc z -Pb z 

Ph QPb(0Ac) n A | > Ph„Pb. " & > Ph 9Hg 3 -OAc 3 

These reactions provide examples for the following possible route 
pbserved i n the electroreduction of an organometallic compound RMQ (which 
corresponds to process i i i . 7 of figure 3): 

RMQ RMQ." ^-»- RM — E ^ H g + M (108) 

Formal i n s e r t i o n of mercury into a metal-metal bond of a dinuclear 
carbonyl complex may also occur upon electrochemical reduction of the l a t t e r 
at a mercury cathode, to afford t r i m e t a l l i c species, as observed i n the 

(63) 

formation of |Hg{M(C0) 5> 21 (M=Mn or Re) from |M 2(C0) 1 ( )| (reaction 109). 
|M 2(C0) 1 ( )| + Hg |Hg{M(CO)5}2| (109) 

A mononuclear i o n i c species, |M(C0)J , i s suggested to be formed, 
which, upon reoxidation, gives M(C0) 5*, the l a t t e r attacking the electrode 

Ph.Hg (107) 
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to afford the f i n a l trinuclear complexes. 
Other mercurated d i - or tri-metallated complexes (the l a t t e r with 

bridging mercury) may be formed i n similar way from mononuclear t r a n s i t i o n 
metal complexes |see, e.g., equations 110^ 1 Q 3) and l l / 6 3 ^ | and the reaction 
may proceed through metal-halide bond cleavage as a re s u l t of the electroreduc­
tion (equation 110). 

|w(n 5-c 5H 5)x(co) 3| -^=* | w ( n
5 - c 5 H 5 ) ( c o ) 3 r — S S * |H g{w( n

5-c 5H 5)(co) 3> 2| 

(110) 

|Fe(Ti 5-C 5H 5)(CO) 2| + |Hg{Fe( n
5-C 5H 5)(C0) 2}| (111) 

These reactions i l l u s t r a t e process ( i i i . 6 ) of figure 3. 

(e.2) Anodic processes 

Anodic processes applied to the synthesis of organometallic compounds 
may involve the e l e c t r o l y s i s of solutions (or melts) of other previously 
prepared parent organometallic species (such as Grignard reagents,organoaluminum 
or organoboron complexes). The reaction formally corresponds to atransraetallation 
proceeding by"the exchange between the metal ion of the l a t t e r compound and 
the metal ion formed by dissolution of the anodic electrode. 

However, various methods have already been developed for anodic 
direct (one_-step) electrosynthesis of organometallic species by electrochemical 
oxidation of the anode metal ( s a c r i f i c i a l electrode) i n the presence of a 
suitable (organic) ligand precursor, i . e . , without requiring the previous 
preparation of a parent organometallic compound. The formation of complexes 
with the metal i n a r e l a t i v e l y low oxidation state appears to constitute an 
interesting feature associated to these electrochemical oxidation methods. 

1 " Electrosynthesis from non-organometallic compounds 

(i) Reactions with organohalides 

Electrochemical oxidation of a metal anode (M, either a main group 
or a t r a n s i t i o n metal) i n the presence of an organohalide (RX) i n an organic 
solvent may lead to the formation of an organometal halide which corresponds 
formally to the overall oxidative insertion reaction (equation 112). 
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nRX + M * í MX (112) 
n n y 

, d >(225,226) Z n > ( 2 2 7 ) „. (228,229) p d ; ( 2 2 9 ) ^ _ 

M=Ti,Zr H f , ( 2 3 3 ) S n ; ( 2 2 8 ) n=2.R=alkyl,aryl, 
f l u o r o a l k y l or f l u o r o a r y l . X=halide) 

The neutral organometallic R M X q species may be s t a b i l i z e d as 
adducts with neutral ligands (such as 2,2'-bipyridine, dimethyl sulphoxide, 
1,lO^phenanthroline, 1,4-dioxane, dppe, a c e t o n i t r i l e ) . 

A s i m i l a r electrochemical method has been used to prepare the anions 
|RMX 2| (M=Zn or Cd ) as th e i r tetra-n-propyl-ammonium s a l t s , 
by adding an excess of I R ^ N I X to the e l e c t r o l y s i s s olution. 

Products with d i f f e r e n t stoicheiometries may also be obtained: 
RjMX (for M=Ti, Zr, H f ) ( 2 3 3 ) or RMX2 (for M =In). ( 2 3 4 ) 

These electrochemical methods may^present considerable synthetic 
advantages over the chemical preparative methods, namely avoiding the use of 
high temperatures and the d i f f i c u l t i e s encountered i n the separation of 
mixtures o f ( d i f f e r e n t products formed i n the chemical reactions, e.g., i n the 
known chemical methods of synthesis of organotin halides (direct reaction of 
metallic t i n witty the organohalide i n the presence of a catalyst at 
temperatures of 100-180 C, or reaction of E.Sn with SnX,, also at high 

(228) 
temperatures, which gives mixtures of mono-, d i - and t r i - h a l i d e species). 

Mainly on the basis of the current e f f i c i e n c y (or e l e c t r i c a l y i e l d ) 
at constant current (expressed as mol metal dissolved per Faraday of 
e l e c t r i c i t y ) and detection of products at the anode and cathode, the general 
mechanism of equations 113 and 114 (with involvement of r a d i c a l species) was 
suggested.(225-234) 

Cathode: RX + e~ > R* + X~ (113) 

Anode(M): x~-^>X' + e" (114a) 
X* + M -^MX (114b) 
MX + RX -*> RMX +- X" (114c) 
X" + M -*MX (114d) 

The cathodic reduction y i e l d s X and R* and migration of X to the 
anode i s followed by reactions(114). 

A cathodic generation of hydrocarbon P^ was detected and i t might 
be explained by either 

2R" _ ^ R 2 (115) 

R" + RX — * R 2 + X' (116) 
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but the l a t t e r reaction was ruled once since no appreciable amounts of X^ 
were detected at the cathode. 

Reactions (114c) and (114d) constitute a chain process (with X' as 
the chain c a r r i e r ) and explain the high current e f f i c i e n c i e s (with values 

—1 (226) (228) generally higher than 2 mol MF ) observed for Cd and Sn. However, 
i n the Zn system the values of the current e f f i c i e n c y (lower than 1) are 
remarkably lower than those observed for Cd and Sn, and then reaction (114d) 
appears to have a small importance (X" formed i n reaction 114c • gives X 9 which 

(230) 
was detected near the anode). 

The formation of the abovementioned products (RInX 2 and R3MX where 
M i s a group IV t r a n s i t i o n metal) with stoichiometries which are d i f f e r e n t 
from those shown i n equation (112) may also be explained by si m i l a r mechanisms 
although involving the following d i s t i n c t steps: 

MX + RX RMX2 ( M = I n ) ( 2 3 4 ) (117) 

which would replace steps (114c) and (114d); 

RMX + 2RX —*- R3MX + X 2 (118) 

R2MX2 + RX R3MX + X 2 (M=group IV t r a n s i t i o n ^ 1 1 9 ^ 
metal) (233) 

Organoaluminum halides may also be electrochemically synthesized by 
anodic d i s s o l u t i o n of aluminum i n an organic solvent i n the presence of an 
organohalide,(^35,236) f o r m a t i o n of bis(dichloroaluminum)methane, 

C1 9A1CH 9A1C1 9, by using dichloromethane as the organohalide i s believed to 
(236} 

occur by a mechanism which i s similar to that mentioned above. 

( i i ) Other reactions 

The presence of ligands or ligand precursors other than organohalides 
i n the anodic d i s s o l u t i o n of a metal electrode may also allow the 
electrosynthesis of a variety of both inorganic and organometallic complexes. 
Generally the ligand (organic or inorganic) presents a formal anionic charge, 
but examples are also known which involve neutral ligands to afford cationic 
complexes. 

( i i . l ) Formation of cat i o n i c complexes by reactions with neutral ligands 

Cationic complexes of the type | ML^| |BF^|^ (n=2 or 3, depending on 
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M; L=NCMe or dimethylsulphoxide) have been recently synthesised i n one-step 
by electrochemical oxidation of both t r a n s i t i o n and main-group metals 
(M=V, Cr, Mn,Fe, Co, Ni, Zn, Cd or In), usually i n a low oxidation state 
(II or I I I ) , i n the presence of the neutral ligand L and HBF^..^237) The 
tetrafluoroboric acid was used as a source of a suitable counter ion for s a l t 
formation, and the o v e r a l l anode reaction may be represented by equation (120). 

M+ n|BF 4|" + 6L — * |ML&j BF 4|^ + ne (120) 

Although the method appears to have been applied only to a s t r i c t 
number of ligands, certainly i t i s susceptible of a much wider application 
to other neutral ligands namely for the preparation of organometallic complexes, 

(11.2) Reactions with o l e f i n s 

An example of electrosynthesis of an o l e f i n i c complex by anodic 
dissolution of a soluble metal anode was already mentioned (section A.b -
type i i reactions): formation of cyclooctatetraenenickel i n the e l e c t r o l y s i s 

(188} 
of cyclooctatetraene with anickel mode i n a c e l l without a diaphragm. 

Similar methods may be used i n the preparation of cyclopentadienyl 
(or derivatives) manganese complexes by e l e c t r o l y s i s of cyclopentadiene 
(or i t s derivatives) with a soluble manganese anode (or, alternatively,) i n the i --, \ (238) presence of a manganese s a l t ) . 

(11.3) Reactions with halides 

Neutral and anionic anhydrous halides, MX (or t h e i r adducta e.g., 
with the a c e t o n i t r i l e or methanol solvent) and MX " " j with the metal often 
i n a r e l a t i v e l y low oxidation state [e.g., V(II), C r ( I I I ) , Mn(II),Fe(lI)|, 
may be conveniently synthesised by electrochemical halogenation of a metal 
anode at ambient conditions, without requiring the high temperatures associated 
with the chemical preparative methods; the l a t t e r also d i f f e r from the former 
i n that they afford usually the halides of the high oxidation state of the 
metal. 

Examples of neutral halides which may be electrosynthesised by t h i s 
way are found i n a l l the transition-element groups as well as i n the IIIA 
group(overall reaction 121); the anionic metal halides may be prepared 

X 
M MX (121) 

n 
(M=Ti, Zr or Hf; n=4. M=V , n=2. M-Cr, n-3. M-Mn, Fe, Co, Ni; n-2. 
M=Cu; n=l or 2. M=Zn, n=2. M=In; n=l or 3). 
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(overall reaction 122) by carrying out the_electrolysis i n the presence 
(239-241) 

of an excess of a tetraalkyklammonium s a l t . 

X0,R.NX 
M — * |R.N| I MX | (122) 

' 4 'm' n' 
(M=Ti, Zr or Hf; n=6 (m*2); n=4 (m=l). M=Fe, n=4, m=l. M=Co or Ni, n«=4, 
m=2. M=Au, n=4, m=l. M=Cd, n=3, m=l. M=In, n=5, m=2; n=2, m=l• M=Sn, n=6,m=2)» 

The s u g g e s t e d m e c h a n i s m for these reactions presents some 
s i m i l a r i t i e s with the proposed one (see above) for the formation of 
organometallic species from reactions of organohalides. 

At the cathode reduction of X 2 occurs and the X 2 product migrates to 
the anode where i t reacts with the metal electrode. A chain process i s also 
involved as suggested by the high current e f f i c i e n c i e s ( t y p i c a l l y i n the 
1-20 range and non-integral) (equations 123 and 124). 

Cathode: X 2 + le —*• X 2" (123) 

Anode(M): X 2~ + M MX + X' +e (124a) 

M+X" — > MX (124b) 

MX + X 2 MX2 + X (124c) 

M + X —=*• MX (124d) 

These metal halogenation reactions do not y i e l d organometallic 
compounds but they deserve to be mentioned i n this context since the metal 
halides formed are of synthetic value for the chemical preparation of other 
complexes p a r t i c u l a r l y of organometallic character. 

( i i . 4 ) Reactions with hydroborates 

Electrochemical oxidation of metals i n non-aqueous solvents i s a 
convenient method for the synthesis of metalloborane complexes. 

E l e c t r o l y s i s of non-aqueous (e.g., ethanol or a c e t o n i t r i l e S o l u t i o n s 

of octahydrotriborate(l-), I B3 Hs~' o r t e t r a h y d r o b o r a t e a t a C u o r A g a n o d e 

i n the presence of a phosphine ligand leads to metal dissolution and f o r m a t i o n 
• (2^2) of metalloboranes (equations 125 and 126). 
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Cu 

BH, 

B 

, C u ( B H 4)L 2 

C u ( B 3 H 8 ) L 2 | 

(125) 

-e, B„H 
Ag L_3 8ÍL, | A g ( B 3 H g ) L 3 | (126) 

(L=PPh 3 or P E t P h 2 ) 

S i m i l a r l y , e l e c t r o l y s i s of an a c e t o n i t r i l e s o l u t i o n of 

c y a n o t r i h y d r o b o r a t e |BH 3(CN)| at an i r o n anode y i e l d s ' |Fe{BH 3(CN)> 2(NCCH 3) 4| 
whereas the p h o s p h i t e complexes I Fe{BH~ (CN) }„{P (OR) } , I are formed i n the 

J Z j if 1 

I . . (244) presence of the a p p r o p r i a t e p h o s p h i t e , i n an o v e r a l l t w o - e l e c t r o n t r a n s f e r 
p r o c e s s ( e q u a t i o n 127). 

(243) 

-2e, |BH 3(CN) 
F e { B H 3 ( C N ) > 2 L 4 

(127) 

L=NCCH 3 or P ( 0 R ) 3 | 

However, at molybdenum or vanadium anodes, the p r i n c i p a l borane-
c o n t a i n i n g p r o d u c t i s | BH 3 (CN)BH 2 (CN) | ~, formed by o x i d a t i o n of | BH 3(CN) | ~. 

( i i . 5 ) R e a c t i o n s w i t h weak p r o t i c a c i d s 

A weak p r o t i c a c i d i s g e n e r a l l y an u n s u i t a b l e s t a r t i n g m a t e r i a l f o r 
the d i r e c t c h e m i c a l s y n t h e s i s of a complex from the m e t a l element. However, 
when the m e t a l i s used as the anode of an e l e c t r o c h e m i c a l c e l l , weak a c i d s 
such as a c e t y l a c e t o n e may c o n s t i t u t e c o n v e n i e n t sources of t h e i r c o n j u g a t e 
bases as l i g a n d s f o r the one-step e l e c t r o s y n t h e s i s o f complexes. The o v e r - a l l 
r e a c t i o n i s g i v e n by e q u a t i o n 128; the a n i o n i c b a s i c l i g a n d i s g e n e r a t e d 

M + nHL ^ n + 2 H 2 (128) 
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( w i t h H 2) by the c a t h o d i c p r o c e s s ( o v e r a l l e q u a t i o n 129) whereas the 
complex i s formed i n the a n o d i c p r o c e s s ( e q u a t i o n 130). 

nHL + ne ^ nL~ + | H 2
 ( 1 2 9 ) 

nL + M — ^ ML + ne (130) n 

Examples of compounds p r e p a r e d by t h i s method may be c i t e d : ' 

- A c e t y l a c e t o n a t e complexes, |ML | (M = Z r , H f ; n=4. M=Ti, V, C r , Fe, 
I n ; n=3.M=Mn, Co, N i , Cu, Zn; n=2. L _ = CH 3C0CHC0CH 3") 

O 
- 3~Hydroxy-4H-pyran-4-onate complexes, |ML | / \ ^ 0 

(M=Fe, I n ; n=3. M=Co, N i , Cu; n=2. L i s the l i g a n d ^ Q '̂ 

I I - E l e c t r o s y n t h e s i s i n v o l v i n g a p a r e n t o r g a n o m e t a l l i c compound 

(19) 
T h i s method has a l r e a d y been r e v i e w e d and o n l y some r e p r e s e n t a t i v e 

examples w i l l now be b r i e f l y c i t e d . 
O r g a n o m e t a l l i c s p e c i e s of the type MR^ (M=Zn, n = 2 . ^ 2 4 7 ^ M=A1,^^^ 

^ ( 2 4 9 ) . n = 3 # M=Pb,^ 5 0^ S i ; ^ 2 5 1 ) n = 4 ̂ have been e l e c t r o s y n t h e s i s e d by e l e c t r o l y s i s 
of e t h e r e a l s o l u t i o n s o f the c o r r e s p o n d i n g G r i g n a r d r e a g e n t s (RMgX) u s i n g the 
a p p r o p r i a t e anode m e t a l (M) w h ich undergoes a n o d i c d i s s o l u t i o n ( e q u a t i o n 131). 

M 
nRMgX *• MR (131) 

-MgX2>"Mg n 

M=Zn, n=2 

M=A1,B; n=3 

M=Pb, S i ; n=4 

Organoaluminum and organoboron compounds have a l s o been used as 
s t a r t i n g m a t e r i a l s f o r o t h e r o r g a n o m e t a l l i c s p e c i e s , MR o f Mg (n=2), 

n (252) 

Zn, Cd o r Hg (n=2), A l o r I n (n=3), Sn (n=4), Sb or Br (n=3), v ' 
but t h e i r t o o low e l e c t r i c a l c o n d u c t i v i t y (or of t h e i r s o l u t i o n s ) does not 
a l l o w the d i r e c t a p p l i c a t i o n i n e l e c t r o l y s i s ; they have t o be mixed w i t h o t h e r 
compounds such as s a l t s of a l k a l i n e m e t a l s , a l k y l h a l i d e s , m e t a l h y d r i d e s o r 
o t h e r o r g a n o m e t a l l i c s p e c i e s , i n o r d e r t o g i v e c o n d u c t i n g s o l u t i o n s s u i t a b l e 
to undergo e l e c t r o l y s i s . The e l e c t r i c a l c o n d u c t i v i t y of these m i x t u r e s appears 
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to be e x p l a i n e d by the f o r m a t i o n of d i s s o c i a t i n g complexes, e.g. , | NaZn(C 2H^) 3 | 
i n the m i x t u r e of Zn(C 2H,-) 2 w i t h Na(C 2Hi-), w h ich undergoes p a r t i a l d i s s o c i a t i o n 
to the N a + and | Z n ( C 2 H 5 ) 3 | ~ i o n s . ( 2 5 3 ) 

O r g a n i c r a d i c a l s appear t o p r e s e n t g e n e r a l l y a fundamental r o l e i n 
the mechanism of these r e a c t i o n s , the m e t a l - c a r b o n bond (of the o r g a n o m e t a l l i c 
product) b e i n g formed by the r e a c t i o n of a r a d i c a l (produced d u r i n g the 
e l e c t r o l y s i s ) w i t h the anode m e t a l . 

These p r e p a r a t i v e methods have been a p p l i e d almost e x c l u s i v e l y t o 
r e p r e s e n t a t i v e elements or t o the group I I B t r a n s i t i o n metals (Zn,Cf,Hg), but 
examples are a l s o known t o i n v o l v e a t r a n s i t i o n m e t a l of a d i f f e r e n t group 
as observed i n the f o r m a t i o n of f e r r o c e n e or n i c k e l l o c e n e by e l e c t r o l y s i s of 
c y c l o p e n t a d i e n y l t h a l l i u m ( I ) i n dimethylformamide by u s i n g an i r o n or a n i c k e l 
anode ( e q u a t i o n 132). 2 5 4 ^ 

-2e 
M + 2TlCp > MCp 2 + 2 T 1 +

 ( 1 3 2 ) 

(M=Fe,Ni) 

T r i n u c l e a r c a r b o n y l complexes of the type M{M'(CO) }„ (M=metal 
n 2 

e l e c t r o d e such as Zn or Cd; M'=Mn, n=5; M'=Co, n=4) may a l s o be p r e p a r e d at 
s a c r i f i c i a l anodes (M) from p a r e n t d i n u c l e a r s p e c i e s | (CO) 2 n | : the c a t h o d i c p r o c e s s 
generates the mononuclear anions |M*(C0) | which m i g r a t e t o the anode and 
r e a c t w i t h t h i s e l e c t r o d e to a f f o r d the t r i n u c l e a r p r o d u c t s . ^ 2 0 ) 

B - O r g a n o m e t a l l i c I n t e r m e d i a t e s i n O r g a n o e l e c t r o s y n t h e s i s 

A l t h o u g h i t i s w e l l r e c o g n i z e d the importance of o r g a n o m e t a l l i c 
s p e c i e s on the s y n t h e s i s of v a r i o u s o r g a n i c compounds, the e l e c t r o c h e m i c a l 
g e n e r a t i o n i n s i t u of o r g a n o m e t a l l i c i n t e r m e d i a t e s d i d not y e t r e c e i v e d the 
deserved a t t e n t i o n . However, examples i n v o l v i n g c a t a l y t i c o r g a n o m e t a l l i c s p e c i e s 
are a l r e a d y known and w i l l be mentioned below. 

T h i s s e c t i o n d e a l s o n l y w i t h w e l l e s t a b l i s h e d examples w i t h i n e r t 
e l e c t r o d e s , a l t h o u g h i n o t h e r cases the m e t a l e l e c t r o d e ( e . g . , Hg) may be 
p r e s e n t i n the i n t e r m e d i a t e o r g a n o m e t a l l i c s p e c i e s as s u g g e s t e d ^ 2 5 5 ) f o r the 
e l e c t r o r e d u c t i o n of acetone t o i s o p r o p y l a l c o h o l or propane which i s b e l i e v e d 
to proceed by the i o n i c mechanism of sequence (133). 
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+ OH OH 
H I _ . I _ 

CH QCCH ===± CH,CCH, — H3C-C-CH3 _££^ H C-C -CH 
3o' V '"'X" - ^ V M V / / 

H„C H„C CH„ 

H 3C 
« H3C-C-M-C-CH3 

OH OH 

4H +,4e 

2+ 2H"*~ 
2CH„CH„CH Q + M < (CH„) 0HC-M-CH(CH„) 0 (133) 

A c c o r d i n g t o t h i s p r o p o s a l , o r g a n o m e t a l l i c i n t e r m e d i a t e s are d e r i v e d 
from an adsorbed c a r b a n i o n which i s formed by a t w o - e l e c t r o n r e d u c t i o n s t e p of 
the p r e - a d s o r b e d p r o t o n a t e d form of the acetone i n a c i d i c medium. 

The involvement of the m e t a l e l e c t r o d e i n the c h e m i c a l p r o c e s s , through 
i n t e r a c t i o n w i t h r a d i c a l or i o n intermediates,may r e s u l t i n the o c c u r r e n c e of 
c o m p e t i t i v e pathways and i n the f o r m a t i o n of a v a r i e t y of s p e c i e s which may 
c o n s t i t u t e a drawback t o a c l e a r s y n t h e s i s . Hence, the e l e c t r o c h e m i c a l r e d u c t i o n 
of 1-iododecane and 1-bromodecane at a mercury cathode i n dimethylformamide 
i s shown t o y i e l d decane, 1-decene and 1-decanol; the a l c o h o l i s suggested to be 
formed by an heterogeneous, e l e c t r o d e - a s s i s t e d i o n i z a t i o n of the carbon-halogen 
bond which enhances the h a l i d e d i s p l a c e m e n t by h y d r o x i d e i o n produced by 
e l e c t r o l y s i s of t r a c e s of water i n the s o l v e n t . E i d e c y l m e r c u r y , w h ich i s 

e l e c t r o i n a c t i v e , m a y a l s o be formed by a r a d i c a l mechanism i n v o l v i n g adsorbed 
. , , (256) d e c y l r a d i c a l s . 

The type of r e a c t i o n s w i t h c h e m i c a l p a r t i c i p a t i o n of the metal 
e l e c t r o d e w i l l not be c o n s i d e r e d a g a i n , and the f o l l o w i n g examples d e a l o n l y 
w i t h i n e r t e l e c t r o d e p r o c e s s e s . 

(a) C a t a l y t i c e l e c t r o c h e m i c a l r e d u c t i o n of o r g a n i c h a l i d e s 

E l e c t r o c h e m i c a l r e d u c t i o n of o r g a n i c h a l i d e s (e.. g., a l k y l bromides) 

may occur at a q u i t e n e g a t i v e p o t e n t i a l r e q u i r i n g a l a r g e o v e r p o t e n t i a l , 
However, c a t a l y t i c carbon-carbon bond f o r m a t i o n through e l e c t r o r e d u c t i o n at 

/ 11 1 (257-263) 
l e s s n e g a t i v e p o t e n t i a l s of v a r i o u s types os o r g a n i c h a l i d e s (alkyl , 

a r y l _ , ( 2 5 7 , 2 6 3 - 2 6 5 ) b e n z y l _ ( 2 5 7 , 2 6 3 ) a n d ftllyl_<266) h a l i d e s ) i n t h e p r e s e n c e 

of a metal c e n t r e has been a c h i e v e d by v a r i o u s a u t h o r s . 
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The c o u p l e d p r o d u c t s , formed a c c o r d i n g t o the g e n e r a l r e a c t i o n (134) 
may a r i s e from a f r e e - r a d i c a l pathway which i s b e l i e v e d t o i n v o l v e l o w - v a l e n t 

2RX + 2e R-R + 2X~ (134) 

t r a n s i t i o n m e t a l complexes w h i c h are r e a c t i v e towards t h e a l k y l h a l i d e t o 
a f f o r d carbon a-bonded o r g a n o m e t a l l i c i n t e r m e d i a t e s . 

I l l (258—262) 
O r g a n o m e t a l l i c s p e c i e s w i t h , e.g., the {RNi X} o r the 

11 (263 265) 
{RNi X} ' groups have been p o s t u l a t e d as i m p o r t a n t i n t e r m e d i a t e s i n 
systems which i n c o r p o r a t e m a c r o c y c l i c complexes of n i c k e l o r the p h o s p h i n i c 
compounds | N i X 2 ( P P h ^ ) 2 \ , r e s p e c t i v e l y , whereas a l k y l c o b a l t complexes w i t h the 
{(n-C.H n)Co} m o i e t y were unambiguously e v i d e n c e d i n the r e d u c t i o n of 4 y 
b u t y l bromide by cobalamine or t e t r a p h e n y l p o r p h i n complexes of C o ( I I ) . 

B e s i d e s the c o u p l e d R-R p r o d u c t s , o t h e r o r g a n i c s p e c i e s may be formed 
i n these e l e c t r o c a t a l y t i c r e d u c t i o n s , such as o l e f i n s and a l k a n e s 
( d i s p r o p o r t i o n a t i o n p r o d u c t s ) , hydrocarbons d e r i v e d f r om r a d i c a l a t t a c k a t the 
s o l v e n t , and v a r i o u s o r g a n i c compounds formed v i a the involvement of o t h e r 
s u b s t r a t e s ( o l e f i n s ) i n the c a t a l y t i c p r o c e s s . 

The c a t a l y t i c e l e c t r o c h e m i c a l r e d u c t i o n o f a l k y l h a l i d e s by c y c l i c 
(25 8—262") 

t e t r a a m i n e o r t e t r a d e n t a t e S c h i f f base type complexes of N i ( I I ) 
w i l l now be mentioned i n more d e t a i l s i n c e i t e x e m p l i f i e s the abovementioned 
p o i n t s and c o n s t i t u t e s one of the most w e l l s t u d i e d p r o c e s s e s w h i c h a f f o r d s a 
v a r i e t y of p r o d u c t s . 

(a.1 ) I n the absence of o t h e r s u b s t r a t e s 

I n the pre s e n c e of square p l a n a r m a c r o c y c l i c n i c k e l ( I I ) complexes 
of t h e types shown below, a l k y l h a l i d e s may be c a t a l y t i c a l y reduced t o o r g a n i c 
r a d i c a l s o r c a r b a n i o n s a t p o t e n t i a l s w h i ch are much more f a v o u r a b l e ( e . g . , 
about IV h i g h e r ) than t h o s e r e q u i r e d i n the absence of the n i c k e l ( I I ) 

(258-262) 
c a t a l y s t . 

The m a c r o c y c l i c complexes are of the c y c l i c t r a n s - t e t r a m i n e t y p e 
mentioned i n s e c t i o n V L B , [NiL''"| 2 +, or p r e s e n t a t e t r a d e n t a t e S c h i f f base 
type l i g a n d ( s a l e n ) , | N i L 2 | , as e x e m p l i f i e d by 
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In the absence of the a l k y l halide, these square planar Ni(II) 
species, | N i L [ n + , undergo a one-electron reversible reduction at a Pt 
electrode ( i n a c e t o n i t r i l e ) to give the nic k e l ( I ) [NiL, | n 1 complexes which 
are s t a b i l i z e d by the tetradentate macrocyclic ligands. In the presence of an 
al k y l halide, i t i s believed that these Ni(I) species undergo oxidative 
addition reactions and octahedral organonickel(III) complexes are proposed 
to be formed upon nucleophilic attack by the N i 1 species on the a l k y l halide. 
A l k y l r a d i c a l s or carbanions may be formed with possible regeneration fo the 
parent electroactive n i c k e l ( I I ) complexes according to the scheme of figure 
1 4 > ( 2 6 2 ) 

The path for the reaction depends, e.g., on the s t a b i l i t y of the 
Ni-C bond: route (i) which generates a free r a d i c a l intermediate i s 
favoured by the l a b i l i t y of thi s bond with r e s u l t i n g rapid cleavage,whereas 
a higher s t a b i l i t y of such a bond allows further reduction to occur with 
retention of the Ni-C bond |route ( i i ) |. Route ( i i i ) corresponds to an 
e l e c t r o p h i l i c attack of the a l k y l halide at the Ni-C bond. 

The f i n a l products of the reduction are R-R, RH, o l e f i n s or RCH2CN 
whose formation involves a r a d i c a l or a carbanion route. 

12+ 1 Hence, e.g., i n the |NiL | - a l k y l halide system (L =5,5,7,12,12, 
14-hexamethyl-l,4,8,ll-tetra-azacyclotetradecane), R-R may occur from 

dimerisation of a fr e e - r a d i c a l intermediate (R.)(which may be the major route 
for a primary r a d i c a l ) , whereas EH and an o l e f i n are formed from a r a d i c a l 
disproportionation (which may predominate for t e r t i a r y r a d i c a l s ) ; reaction 
of a r a d i c a l with the solvent may also lead to an hydrocarbon (see equations 
135-137). ( 2 5 8 ) 

2R. R-R (135) 

2R. —> RH + o l e f i n (136) 

R. + NCMe -*• RH + NCCH2 (137) 

A carbanion intermediate may account for the observed products i n 
some cases, namely i n the e l e c t r o l y t i c reduction of n-octyl bromide i n the 
presence of |NiL | (reactions 138 and 139). 

R~ + NCMe —*• RH + NCCH2 (138) 

NCCH2 + R B r N C C H 2 R + Br" (139) 
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n-1 

R-R + 2X 

F i g u r e 14 - C a t a l y t i c r o u t e s f o r the e l e c t r o c h e m i c a l r e d u c t i o n o f a l k y l 
h a l i d e s by square p l a n a r m a c r o c y c l i c n i c k e l complexes 

B o t h the c y c l i c t e t r a a m i n e and the t e t r a d e n t a t e S c h i f f base 
complexes appear t o r e a c t by s i m i l a r mechanisms, b u t the Ni-C bond i n the 
l a t t e r seems to be weaker and, i n c o n t r a s t t o the f o r m e r , the s t r u c t u r e of 
the S c h i f f base l i g a n d has o n l y a l i t t l e e f f e c t on the r e a c t i v i t y of such 
a bond. 

C o n t r o l l e d - p o t e n t i a l r e d u c t i o n s of the N i ( I I ) complexes have been 
c a r r i e d out i n the pre s e n c e o f a 1 0 - f o l d excess of a l k y l h a l i d e , and i n 
v a r i o u s cases the o v e r a l l r e a c t i o n appears t o have the s t o i c h i o m e t r y of 
e q u a t i o n ( 1 4 0 ) , the major p r o d u c t s b e i n g formed by d i m e r i s a t i o n of the 

i N i 1 1 ! , ! + 10 RX + l i e — * |H i L | " + 10 R. + 10 B r ~ (140) 

r a d i c a l i n t e r m e d i a t e . 

10 R. —>• 5R-R 
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Examples of the p r o d u c t s from t h e s e r e a c t i o n s are shown i n T a b l e 3. 
A l t h o u g h the ex p e c t e d p r o d u c t s from the e l e c t r o l y s i s a r e a l s o formed, 

i n minor amounts, i n the pre s e n c e of br o m o e t h y l a c e t a t e , the majot p r o d u c t , 
1 , 2 - e t h a n e d i o l d i a c e t a t e i s p r o b a b l y d e r i v e d t h r o u g h a c o m p e t i t i v e r o u t e 
i n v o l v i n g a t t a c k of BrCK^CK^OCOMe by an a c e t a t e l e a v i n g group (from the 
o r g a n o m e t a l l i c i n t e r m e d i a t e ) a c c o r d i n g t o the p r o p o s e d ^ 2 6 0 ) t w o - e l e c t r o n 
scheme (141 ) . 

BrCH 2CH 2OCOMe 

(CH 2OCOMe) 2 + Br 

N i L 

CH.C00 + Br + C 0H. + N i L 3 2 4 
2i + 

CH2^CH2^OCOMe 

N i L 2 

Br 

N i L 2.-

BrCH 2CH 2OCOMe 

(141) 

The e l e c t r o c h e m i c a l r e d u c t i o n of a l k y l h a l i d e s i n the systems 
i s n o t always c a t a l y t i c and e l e c t r o i n a c t i v e compounds may be formed, e.g., 
through v a r i o u s s i d e r e a c t i o n s of the e l e c t r o a c t i v e N i ( I I ) s p e c i e s w i t h X 
or R . Hence, an o c t a h e d r a l d i b r o m i d e i n a c t i v e s p e c i e s may p r e c i p i t a t e out 
of the s o l u t i o n , thus removing the e l e c t r o a c t i v e complex ( r e a c t i o n 1 4 2 ) . ^ 2 ^ 2 ^ 

i i r n + 

M L 
Br 

i M ^ B r i L l 1 1 " 1 
Br |MBr 2L n-2 (142) 

Moreover, an i n a c t i v e s p e c i e s was suggested t o be formed upon d e p r o t o n a t i o n 
at one n i t r o g e n atom o f a c y c l i c t e t r a a m i n e l i g a n d by r e a c t i o n o f the N i ( I I ) 
complex w i t h R (RH i s the o t h e r p r o d u c t of t h i s r e a c t i o n ) . ^ 2 6 2 ^ 

I t i s a l s o w o r t h w h i l e t o mention t h a t t h e a l k y l h a l i d e a c t i v a t i o n 
i n t h e s e systems o c c u r s i n homogeneous s o l u t i o n u s i n g a P t e l e c t r o d e , thus 
a v o i d i n g the d i f f i c u l t i e s d e r i v e d from the f o r m a t i o n of bonds between the 
r a d i c a l or c a r b a n i o n i n t e r m e d i a t e s and the m e t a l of the e l e c t r o d e w h i c h would 
l e a d t o sideways r e a c t i o n paths as may be observed i n d i r e c t e l e c t r o c h e m i c a l 
r e d u c t i o n at a mercury c a t h o d e . ^ 2 5 * ^ 
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(a,2) I n the presence of o l e f i n s 

The e l e c t r o c h e m i c a l r e d u c t i o n of a l k y l h a l i d e s by the abovementioned 
m a c r o c y c l i c complexes o f n i c k e l i s b e l i e v e d to proceed v i a o r g a n o m e t a l l i c 
i n t e r m e d i a t e s w h i c h may generate f r e e r a d i c a l s . The p o s s i b i l i t y t o use-these 
r e a c t i v e s p e c i e s i n f u r t h e r o r g a n i c s y n t h e s i s by g e n e r a t i n g them i n the 
presence o f s u i t a b l e o r g a n i c m olecules has a l s o been e x p l o r e d . 

Hence, i f the r e d u c t i v e e l e c t r o l y s i s i s c a r r i e d out i n the presence 
of an o l e f i n , t w o p o s s i b l e modes o f r e a c t i o n have been observed: i n s e r t i o n of 
an a c t i v a t e d o l e f i n i n t o a Ni-C bond and r a d i c a l a d d i t i o n t o the o l e f i n i c 
double bond. 

The former type of r e a c t i o n o c c u r s w i t h the c y c l i c t e t r a a m i n e s p e c i e s , 
i 12+ • such as | NiL,^ | , whereas the l a t t e r i s observed f o r the t e t r a d e n t a t e S c h i f f 

base type complexes s i n c e they e x h i b i t much weaker Ni-C bonds which c l e a v e r a p i d l y 

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

N i L I i 2 + 
The i n s e r t i o n r e a c t i o n of the a c t i v a t e d o l e f i n CH2=CHY i n the 

- a l k y l h a l i d e system i s b e l i e v e d t o occ u r as shown i n r e a c t i o n s (143) 
and t h e new me t a l - c a r b o n bond formed i s c l e a v e d by f u r t h e r r e d u c t i o n to y i e l d 

(259) 
R C ^ C ^ Y w i t h g e n e r a t i o n o f an u n i d e n t i f i e d e l e c t r o i n a c t i v e m e t a l s p e c i e s . 
The r e a c t i o n i s not c a t a l y t i c , t e r m i n a t i n g a f t e r the r e d u c t i o n of one mol of 
RX/mol of complex and the passage of 2F/mol of complex, 

+ 
N i L 1 (2+ N i L l i + RX 

R 
N i L 1 

I 
X 

CH2=CHY 

RCH 2CHY 

N i L I 
X 

RCH 2CH 2Y (143) 

1-Bromobutane, 2-bromobutane and t - b u t y l bromide are examples of 
(259) 

the a l k y l h a l i d e s t e s t e d , whereas the f o l l o w i n g o l e f i n s were s t u d i e d : 
CH =CHCN, CH =CHC00Et, CH =CHC0Et ,CHoCH=CHC0CH„, C„H^CH=CHCHO, C,H,.CH=CHCHO and 2 2 2 3 3 3 7 0 3 

Et00CCH=CHC00Et. The y i e l d s ( n o n - c a t a l y t i c ) of p r o d u c t s were v e r y h i g h f o r 
a c r y l o n i t r i l e , e t h y l v i n y l ketone and e t h y l a c r y l a t e . Some of the t e s t e d 
o l e f i n s c o u l d b e reduced d i r e c t l y at the Pt e l e c t r o d e , but o n l y at a more 
n e g a t i v e p o t e n t i a l than the observed i n the presence of t h e n i c k e l complex^. 

(259) 
/ a l k y l h a l i d e system. 
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The r a t e of the i n s e r t i o n r e a c t i o n i s dependent on the t y p e of o l e f i j i , 
b e i n g f a s t e s t f o r t e r m i n a l o l e f i n s w i t h an e l e c t r o n w i t h d r a w i n g group. 

However, as mentioned above, i f the r e d u c t i o n o f an a c t i v a t e d o l e f i n 
o c c u r s i n the p r e s e n c e of a system of the type t e t r a d e n t a t e S c h i f f base 
c o m p l e j / a l k y l h a l i d e , the p r o d u c t d i s t r i b u t i o n i s b e l i e v e d t o r e s u l t from the f r e e 
r a d i c a l a d d i t i o n t o the double bond. 

The | N I L 2 1 / BuBr/ CH 2=CHCN(or CH 2=CHCOOEt) systems were s t u d i e d -
Table 4 - and t h e i r c y c l i c voltammograms shown t o be v e r y s i m i l a r t o t h ose 
observed i n the absence of the o l e f i n , thus s u g g e s t i n g t h a t the b a s i c r e a c t i o n 

i 2 1 _ . between |NiL | and BuBr remains unchanged upon a d d i t i o n o f the o l e f i n . The 
r e a c t i o n s are c a t a l y t i c and a c o n c e i v a b l e mechanism ( f o r p r i m a r y and secondary 
b u t y l r a d i c a l ) has been proposed a c c o r d i n g t o r e a c t i o n s (144). 

Bu-Bu + BuH + Butene 
Bu' 

CH2=CHX Bu-CH 2CHX 
e,H BuCH 2CH 2X 

CH2=CHX 

Bu-CH 2CHX 
e,H 

C H 2 C H X 

BuCH 2-CHX 

CH 2CH 2X (144) 

CH2=CHX polymer 

The t - b u t y l r a d i c a l a d d i t i o n o c c u r s , however, a t the _a carbon atom 
of the o l e f i n . 

The b u t y l r a d i c a l was generated by Ni-C bond c l e a v a g e as shown i n 
r o u t e ( i ) of f i g u r e 14, t hrough the o v e r a l l s t o i c h i o m e t r y shown i n the r e a c t i o n 
(145). 

N i L + 10 BuBr + l i e I N i L 2 I + 10 Bu'+ 10 Br" (145) 

(b) P o l y m e r i z a t i o n and o l i g o m e r i z a t i o n of o l e f i n s 

A c t i v e s p e c i e s i n the p o l y m e r i z a t i o n or o l i g o m e r i z a t i o n of o l e f i n s 
may be c o n v e n i e n t l y p r e p a r e d ( w i t h the m e t a l i n the a p p r o p r i a t e o x i d a t i o n s t a t e ) 
by e l e c t r o c h e m i c a l g e n e r a t i o n i n s i t u i n the presence of a s u i t a b l e l i g a n d . 

Hence, e l e c t r o c h e m i c a l r e d u c t i o n of N i ( I I ) s p e c i e s - e.g., 

* E l e c t r o c h e m i c a l r e d u c t i o n of o t h e r m e t a l s a l t s , such as |Co(acac)„|» i s a l s o 
known^ 2^ 8) t o i n d u c e the o l i g o m e r i z a t i o n of b u t a d i e n e 
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T a b l e 4 - Main p r o d u c t s from the c a t a l y t i c r e d u c t i o n of b u t y l 

bromides by j N i L 2 J i n the p r e s e n c e of an o l e f i n ( a ) ( 2 6 ° ) 

BuBr 

O l e f i n 

CH =CHCN 

(t>) ( c) n - P r o d u c t ( % ) l - } 

CH2=»CHC00Et 

^ P r o d u c t ( % ) ^ 

Br 

Br 

16 

20 

19 

'COOEt (41) 

COOEt (56) 

(64) 
COOEt 

(a) I N i L |: BuBr: o l e f i n = 1:10:50 

(b) F/mol I N i L 2 I . 

(c) Based on BuBr. 

I v r - p n I (269,270) ! . 
I N I C I 2 I , | N I C I 2 ( P R 3 ) 2 | 

(269) | N i ( P y ) 4 | ( c i O 4 ) 2 ( 2 7 0 , 2 7 1 ) ^ 

I N i ( a c a c ) 2 I ( 1 8 - i l g e n e r a l l y i n the presence of an e l e c t r o n - d o n o r l i g a n d 

1(270) _ w h ich (such as P P h 3) forms a z e r o v a l e n t n i c k e l compound - e . g . , | N i ( P P h ) 
c o n v e r t s b u t a d i e n e m a i n l y , e ^ , t o 4 - v i n y l c y c l o h e x e n e / 2 6 9 > ' ' 
1 , 5 - c y c l o o c t a d i e n e 9> Q r to the l i n e a r o l i g o m e r s n-octadiene,< 2™> 
n- o d e c a t r i e n e , Q r n - h e x a d e c a t e t r a e n e . T h e n i c k e l ( o ) s p e c i e s may 

P l a y c a t a l y t i c a c t i v i t y (such as i n r e f o r m a t i o n of the c y c l i c o l i g o m e r s * 
n h p r o d u c t d i s t r i b u t i o n depends on the i n i t i a l n i c k e l compound, the 

added l i g a n d , the s o l v e n t e l e c t r o l y t e and the a p p l i e d r e d u c t i o n p o t e n t i a l , 
f o r the b " . S U S g e S t e d ~ S » < ™ ^ i n g „ - a l L y l i n t e r m e d i a t e s ) 

f o r he bu adiene c o n v e r s i o n to l i n e a r or branched o l i g o m e r s by e l e c t r o l y s i s 
of a l c o h o l i c s o l u t i o n s o f | N i C l I i n f-u ^ c t r o l y s i s 
(l) i Q ' i • 2' Presence of an e l e c t r o n donor s p e c i e s 
(L) i s i l u s t r a t e d i n f i g u r e 15. s p e c i e s V a r i o u s z e r o v a l e n t n i c k e l complexes are known 

ch e m i c a l c y c l o o l i g o m e r i z a t i o n of b u t a d i e n e 
U72T 

to c a t a l y z e the 
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A z e r o v a l e n t N i compound i s formed by e l e c t r o c h e m i c a l r e d u c t i o n of 
the N i ( I I ) s p e c i e s . B u t a d i e n e i s b e l i e v e d t o r e p l a c e l i g a n d L t o g i v e complexes 
(A) and (B) ( i f L i s a n o n - l a b i l e c h e l a t i n g l i g a n d such as dppe, a d e c r e a s i n g 

- v (269) i n the a c t i v i t y r e s u l t s ) . 
H y d r o g e n a t i o n ( t h e source of hydrogen may be the s o l v e n t ) or 

a l k o x y l a t i o n of s p e c i e s (A) and (B) l e a d t o f i n a l o r g a n i c p r o d u c t s . I n s e r t i o n 
of b u t a d i e n e i n t o a Ni-C bond i s a l s o suggested t o be i n v o l v e d i n the 
f o r m a t i o n of 5-VDD, 5-VTDT and NHDT: h y d r o g e n a t i o n of the a l l y l i c 1-carbon of 
complex (A) o r the 3-carbon of complex (B) r e s u l t s i n the d e s t r u c t i o n of the 
r a r e gas c o n f i g u r a t i o n of the c e n t r a l m e t a l and i n the a c t i v a t i o n of the 
ot h e r i r - a l l y l i c groups; i n s e r t i o n of b u t a d i e n e i n t o the N i - C ( 6 ) bond of 
complex (A) o r i n t o the N i - C ( l O ) or C(12) bond of complex (B) 
forms s p e c i e s (C) or (C), r e s p e c t i v e l y , which,upon f u r t h e r h y d r o g e n a t i o n * l e a d 
to the f i n a l p r o d u c t s . 

The r e a c t i o n s d e p i c t e d i n f i g u r e 15 are g e n e r a l l y non c a t a l y t i c b ut 
f o r L=PPh„, n - o c t a t r i e n e (NOT) and a l k o x y o c t a d i e n e (MOD) are formed 

i • i i (270) c a t a l y t i c a l l y . 

(c) Other r e a c t i o n s 

E l e c t r o c h e m i c a l a c t i v a t i o n of a c y l l i g a n d s i n o r g a n o m e t a l l i c complexes 
may r e s u l t i n the f o r m a t i o n of o r g a n i c s p e c i e s such as ket o n e s and o r g a n i c 
e s t e r s . 

Hence, e l e c t r o c h e m i c a l o x i d a t i o n of a c y l i r o n ( I I ) complexes l a b i l i z e s 
i 5 9 

the a c y l l i g a n d and, e.g., the n e u t r a l complex |Fe(n -C..H,-)(CCH^)(CO)^I i s 
i r r e v e r s i b l y o x i d i z e d i n a c e t o n i t r i l e a t a P t e l e c t r o d e t o the u n s t a b l e 
a c y l i r o n ( I I I ) c a t i o n r a d i c a l w h i c h , i n the presence of EtOH, a f f o r d s 
e t h y l a c e t a t e i n h i g h y i e l d p r o b a b l y v i a a n u c l e o p h i l i c a t t a c k o f the a l c o h o l , 

However, e l e c t r o c h e m i c a l o x i d a t i o n of the a n i o n i c complex 
|Fe(n 5-C 5H 5)(CN)(8cH 3)(CO)| a t a P t e l e c t r o d e i n a c e t o n i t r i l e g i v e s , i n a 
r e v e r s i b l e way, a more s t a b l e paramagnetic n e u t r a l a c y l i r o n ( I I I ) compound 
which upon t h e r m a l d e c o m p o s i t i o n a f f o r d s acetone i n h i g h y i e l d and aldehyde 
(CH^CHO) i n minor amount; the f o r m a t i o n of acetone i s proposed t o occ u r by a 
r e v e r s i b l e d e c a r b o n y l a t i o n of the a c e t y l l i g a n d f o l l o w e d by a c r o s s c o u p l i n g 
of the d e r i v e d 1 7 - e l e c t r o n m e t h y l i r o n ( I I I ) s p e c i e s w i t h the a c e t y l i r o n ( I I I ) 
r a d i c a l . 

(27: 
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N i C l , 
L,e 

{ N i ( 0 ) L } 

2 C 4 H 6 

N0D(1,6) 

N0D(1,7) 

MeO 

5-VTDT NHDT 

F i g u r e 15 - S u g g e s t e d ( 2 7 0 ) mechanism f o r the butadi e n e a c y c l i c o l i g o m e r i z a t i o n 
i n the presence of N i ( o ) s p e c i e s . 
N0D=0ctadiene. l-M0D=l-methoxyocta-2,7-diene.3-MOD=3-methoxyocta-
1,7-diene. N 0 T = o c t a - l , 3 , 7 - t r i e n e . l-MODT=l-methoxydodeca-2,6,11-

- t n e n e . 5-VDD=5-vinyldeca-2,8-diene. NDT=dodeca-l,6,10-triene. 
5 - V T D T - 5 - v i n y l t e t r a d e c a - 1 , 8 , 1 3 - t r i e n e . NHDT=hexadeca-l,6,10,15-
- t e t r a e n e . 
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(d) F i n a l remarks. I n d i r e c t e l e c t r o s y n t h e s i s v i a  

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

As i t was p r e v i o u s l y m e n t i o n e d , t h i s s e c t i o n d e a l s w i t h o r g a n o m e t a l l i c 
complexes. Hence, the study of e l e c t r o c h e m i c a l systems w i t h o t h e r types of 
s p e c i e s and i n w h i c h t h e r e i s no evidence f o r the involvement of an 
. o r g a n o m e t a l l i c s p e c i e s has not been mentioned. 

However, i n o r d e r t o e x e m p l i f y the importance of such systems i n 
c a t a l y t i c r e a c t i o n s , and s i n c e they i n v o l v e c o n c e p t u a l a n a l o g i e s w i t h the 
abovementioned o r g a n o m e t a l l i c c a t a l y t i c p r o c e s s e s , examples w i l l be g i v e n f o r 
the e l e c t r o c h e m i c a l g e n e r a t i o n of o x i d a t i o n c a t a l y s t s ( f o r a l c o h o l s , aldehydes 
and u n s a t u r a t e d hydrocarbons) and f o r a r e d u c t i o n c a t a l y s t ( f o r r e d u c t i v e 
c o u p l i n g of o r g a n o h a l i d e s ) i n e l e c t r o c a t a l y t i c redox p r o c e s s e s . 

These systems i l l u s t r a t e the a p p l i c a t i o n of i n d i r e c t e l e c t r o l y t i c 
s y n t h e s i s of o r g a n i c s p e c i e s w i t h o u t i n v o l v i n g (or w i t h o u t evidence f o r the 
involvement o f ) an o r g a n o m e t a l l i c i n t e r m e d i a t e . 

I n an i n d i r e c t e l e c t r o c h e m i c a l s y n t h e s i s , an o x i d i z i n g (or r e d u c i n g ) 
agent (a " c a r r i e r " , w h i ch i s u s u a l l y i n o r g a n i c ) i s generated at the working 
e l e c t r o d e and then r e a c t s c h e m i c a l l y w i t h the s u b s t r a t e , e.g., i n a sep a r a t e 
v e s s e l ; the c a r r i e r i s then r e t u r n e d to the working e l e c t r o d e f o r r e g e n e r a t i o n 
i n a c a t a l y t i c p r o c e s s . Examples of i n o r g a n i c o x i d i z i n g c a r r i e r s are g i v e n by 
S 2 0 g , C e ( I V ) , T l 3 + , Mn04~ , Mn0 2, C r ^ - 2 " , whereas S n 2 + , T i ( I I I ) , T i ( I I ) and C r ( I I ) 
are examples of r e d u c i n g c a r r i e r s . 

A l t h o u g h much l e s s s t u d i e d than d i r e c t e l e c t r o s y n t h e t i c 
e l e c t r o c h e m i c a l p r o c e s s e s , i n d i r e c t e l e c t r o l y t i c s y n t h e s i s has a l s o i n d u s t r i a l 
a p p l i c a t i o n s s i n c e as l o n g as the b e g i n i n g of the ce n t u r y . 

As an example of an i n d u s t r i a l e l e c t r o o r g a n i c i n d i r e c t p r o c e s s the 
anodi c o x i d a t i o n of anthracene |to anthraquinone by u s i n g C r ( V I ) as the o x i d i z i n g 
c a r r i e r - e q u a t i o n 146 |may be c i t e d . T h i s system was reviewed'' 2 7 4'' and now o n l y 
a few more r e c e n t examples of i n d i r e c t e l e c t r o s y n t h e s i s (yet w i t h o u t i n d u s t r i a l 
a p p l i c a t i o n ) w i l l be mentioned. O 

<W + COD + — ̂  * Ô O * * V (1*6) 
f l6e | o 

I n d i r e c t e l e c t r o l y t i c o x i d a t i o n of to l u e n e (and c h l o r o t o l u e n e ) to the 
c o r r e s p o n d i n g aldehyde ( e q u a t i o n 147) was s t u d i e d by u s i n g Ce(IV) as o x i d a n t which 
i s ( r e ) g e n e r a t e d at a p l a t i n i z e d t i t a n i u m anode. A c c o r d i n g to a c o s t e s t i m a t e , an 
i n d u s t r i a l p r o c e s s based on t h i s e l e c t r o s y n t h e s i s would appear e c o n o m i c a l l y 

(275) 
a t t r a c t i v e . 

CH 0 CHO 
+ 4 C e 4 + + H 20 > [ Q ] + 4 C e 3 + + 4H + ( 1 4 7 ) 
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E l e c t r o l y t i c t w o - e l e c t r o n o x i d a t i o n of the R u ( I I ) complex 
i 12+ 
| ( t r p y ) (bpy) Fu(H 20)[ ( t r p y = 2 , 2 ' , 2 " - t e r p y r i d i n e ; b p y = 2 , 2 ' - b i p y r i d i n e ) i n 
aqueous b u f f e r s o l u t i o n at a Pt anode r e s u l t s i n the r e v e r s i b l e f o r m a t i o n of 

i 12+ the monooxo Ru(IV) s p e c i e s |(trpy)(bpy)Eu=0| which i s an o x i d a n t of a 
v a r i e t y of o r g a n i c s u b s t r a t e s under' m i l d c o n d i t i o n s ; the oxoRu(IV) compound 
i s r e g e n e r a t e d by o x i d a t i o n at the e l e c t r o d e . 

The o v e r a l l e l e c t r o c a t a l y t i c p r o c e s s i s shown by r e a c t i o n s (148) 
|where Ru = R u ( t r p y ) ( b p y ) | ; the b a l a n c i n g r e a c t i o n at the cathode i s the 
r e d u c t i o n of H + t o dihydrogen. 2-Propanol and e t h a n o l are o x i d i z e d to acetone 
( r e a c t i o n 149) and a c e t a t e ( r e a c t i o n s 150 and 151)»respectively, a c e t a l d e h y d e i s 

2H |RuIV=0|2+ 

Ru I I ( H o 0 ) P H 

,red 

(148) 

o x i d i z e d t o a c e t a t e ( r e a c t i o n 151), whereas t o l u e n e i s o x i d i z e d to benzoate 
( e q u a t i o n 152) p-xylene t o t e r e p h t h a l a t e d i a n i o n ( e q u a t i o n 153) and 
cyclohexene f i r s t t o 2-c y c l o h e x e n - l - o n e and then to p-benzoquinane 

(276) 
( e q u a t i o n 154). 

OH 
I 

CH CHCH 

CH 3CH 20H 

0 
II 

CH„CH 

-2e 
-2W 

-2e 

-2H 
H 20 

-2e,-3H+ 

0 
CH 3CCH 3 

CH 3CH 

0 
II -

CH 3C-0 

(149) 

(150) 

(151) 

C^HrCH, 
2H 20 

J6 5" 3 -6e,-7H +  

P - C 6 H 4 ( C H 3 ) 2 

C,H cC00 6 5 

4H 20 

H 20 

-12e,-14H 
0 

-4e,-4H 

p-C 6H 4(C00 ) 2 

H 20 

-6e,-6H 
decomp. 

(152) 

(153) 

(154) 
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The c a t a l i t i c a c t i v i t y of the oxo R u ( I V ) / R u ( I I ) system was a l s o 
t r a n s f e r r e d t o the e l e c t r o d e s u r f a c e by d e p o s i t i o n , at t h i s s u r f a c e , of t h i n 
p o l y m e r i c f i l m s w i t h the {(bpy)(H^CORu 1 1} group bound t o p o l y - 4 - v i n y l p y r i d i n e i 2 7 ^ 

An example of an i n d i r e c t e l e c t r o c a t a l y t i c r e d u c t i o n p r o c e s s i s 
gi v e n by the r e d u c t i v e C-C c o u p l i n g of o r g a n i c h a l i d e s (RX) to hydrocarbons 
(R-R) by c a t a l y t i c amounts of e l e c t r o c h e m i c a l l y generated C r ( I I ) as the 
re d u c i n g agent as shown by r e a c t i o n s (155) (X=Cl,Br. R=-CH 2-CgHy 
-CH 2-CH=CH 2). ( 2 7 8 ) 

-Ve 
+Ve 

Cathode 

C r ( I I ) 

C r ( I I I ) 

R-X 
(155) 

^Anode 

The chromium(II) i s formed by e l e c t r o c h e m i c a l r e d u c t i o n of 
chromium(III) i n dimethylformamide at a g l a s s y carbon cathode at a h i g h e r 
p o t e n t i a l than the r e q u i r e d f o r the c a t h o d i c r e d u c t i o n of the h a l i d e s . The 
C r ( I I ) s p e c i e s was not i s o l a t e d , b e i n g c o n t i n u o u s l y r e g e n e r a t e d 
e l e c t r o c h e m i c a l l y d u r i n g the r e a c t i o n . 

The y i e l d s o b t a i n e d f o r the r e d u c t i o n of b e n z y l i c and a l l y l i c h a l i d e s 
are comparable to those known f o r the che m i c a l C r C l g / L i A l H ^ system and the 
e l e c t r o c h e m i c a l method o f f e r s c o n s i d e r a b l e advantages over the l a t t e r : a l l o w s 
the use of c a t a l y t i c amounts of the chromium r e a g e n t , the r e a c t i o n can be 
run i n a continuous p r o c e s s and the product i s e a s i l y i s o l a t e d by e x t r a c t i o n 
w i t h cyclohexane. 

Moreover, e l e c t r o c h e m i c a l g e n e r a t i o n i n s i t u , and i n a c o n t r o l l e d 
way, of expensive redox reagents may c o n s t i t u t e a conve n i e n t and advantageous 
a l t e r n a t i v e to a che m i c a l p r e p a r a t i v e p r o c e s s . 

C - E l e c t r o a c t i v a t i o n of Ligands 

I t i s w e l l documented the a c t i v a t i o n a s p e c i e s can undergo upon 
c o o r d i n a t i o n to a t r a n s i t i o n metal s i t e . Moreover, a v a r i a t i o n i n the e l e c t r o n 
r i c h n e s s of the b i n d i n g c e n t r e may be o f t e n e a s i l y a c c omplished by 
e l e c t r o c h e m i c a l o x i d a t i o n or r e d u c t i o n and hence the r e a c t i v i t y of a l i g a n d 
may be, i n some c a s e s , c o n v e n i e n t l y c o n t r o l l e d by e l e c t r o a c t i v a t i o n . 

Examples have a l r e a d y been g i v e n , e.g., i n s e c t i o n s I I . B . c , I I . B . e , 
V I I I . A . c , V I I I . A . d and V I I I . B . c , and they may l e a d t o new complexes and/or 
o r g a n i c compounds. 

- 1 1 9 -

I n s t a n c e s i n i l l u s t r a t i o n of the s y n t h e t i c i mportance of the 
e l e c t r o c h e m i c a l a c t i v a t i o n of l i g a n d s are a l s o .known i n the f i e l d s of n i t r o g e n 
f i x a t i o n and carbon d i o x i d e a c t i v a t i o n and they are c i t e d i n t h i s s e c t i o n . 

(a) E l e c t r o c h e m i c a l a c t i v a t i o n o f l i g a t i n g o r g a n o h y d r a z i d o ( 2 - ) : 
r e d u c t i o n t o f r e e o r g a n o h y d r a z i n e s • 

D i a l k y l h y d r a z i d o ( 2 - ) l i g a n d s , NNR 2, may be formed upon d i a l k y l a t i o n 
of c o o r d i n a t e d N 2 i n t r a n s - | M o ( N 9 ) 2 ( d p p e ) 2 [ • They may undergo f u r t h e r c h e m i c a l 
r e d u c t i o n t o g i v e o r g a n o n i t r o g e n e o u s compounds by d e s t r u c t i v e methods w i t h o u t 

(279) 
r e g e n e r a t i o n of a m e t a l s i t e w i t h N 2 c o - o r d i n a t i n g a b i l i t y . 

However, upon e l e c t r o c h e m i c a l a c t i v a t i o n , d i a l k y l h y d r a z i d o ( 2 - ) l i g a n d s 
may be c o n v e r t e d t o f r e e o r g a n o h y d r a z i n e s , H 2 N N R 2 , i n such r e d u c i n g c o n d i t i o n s 
t h a t the m e t a l p r o d u c t sp.ecies can l i g a t e a g a i n N , thus a r e d u c t i o n c y c l e 

(280 281) 
b e i n g completed ' a c c o r d i n g t o the o v e r a l l p r o c e s s (156) where M 
denotes a m e t a l s i t e . 

H 2NNR 2 

2RX 2H + J* 
M-N„ — > M=NNR — * M ( 1 5 6 ) 

2 2e 2 2e 

N 2 

Hence, e.g., f r e e o r g a n o h y d r a z i n e H 2NNCH 2(CH 2) 3CH 2 i s formed i n the 
e l e c t r o c h e m i c a l r e d u c t i o n ( c o n t r o l l e d p o t e n t i a l e l e c t r o l y s i s ) of 
t£ans-|MoBr{NNCH 2(CH 2) 3CH 2}(dppe) 2| + a t a P t e l e c t r o d e i n thf/|NBtt^||BF^| 
under N 2 w i t h r e g e n e r a t i o n of the p a r e n t t r a n s - [ Mo (N,,) 2 (dppe) 2 | complex 
( i n y i e l d s up to 4 5 % ) . ( 2 8 0 ) 

(280) 
The r e a c t i o n i s b e l i e v e d to proceed v i a the proposed c h e m i c a l / 

e l e c t r o c h e m i c a l c y c l e (157) when the e l e c t r o r e d u c t i o n p l a y s a fundamental r o l e 
i n the a c t i v a t i o n of the o r g a n o d i a z e n i d o ( 2 - ) l i g a n d and the r e g e n e r a t i o n of a 
meta l s i t e w i t h an e l e c t r o n - r i c h n e s s s u f f i c i e n t t o b i n d and a c t i v a t e incoming 
N 2. 

The o r g a n o h y d r a z i n e was determined by g . l . c . and by i n s i t u c y c l i c 
voltammetry on the c a t h o l y t e a f t e r the c o n t r o l l e d p o t e n t i a l e l e c t r o l y s i s . 
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(157) 

E l e c t r o c h e m i c a l a c t i v a t i o n of h y d r a z i d o ( 2 - ) l i g a n d s towards 
e l e c t r o p h i l e s , a t o t h e r m e t a l s i t e s , i s a l s o known t o r e s u l t i n the f o r m a t i o n 
of f r e e o r g a n o h y d r a z i n e upon a t t a c k by a c i d w h i c h does not occ u r w i t h o u t the 
p r e v i o u s e l e c t r o r e d u c t i o n . 

Hence, 2 - e l e c t r o n r e d u c t i o n of the 1 8 - e l e c t r o n d i t h i o c a r b a m a t e 
- h y d r a z i d o (2-) complexes | Mo (NNRR*) (S 2CNMe 2) , | + ( R = a l k y l or a r y l ) r e s u l t s i n 
the a c t i v a t i o n of the NNR 2 m o i e t y towards a t t a c k by e l e c t r o p h i l e s , and f r e e 
h y d r a z i n e NH„NMe(Ph) i n ca. 57% y i e l d i s formed upon r e d u c t i o n / p r o t o n a t i o n o f 

(282) 
the p a r e n t complex. 

The h y d r a z i d o ( 2 - ) l i g a n d i n the pa r e n t 1 8 - e l e c t r o n complexes behaves 
as a 4 - e l e c t r o n l i g a n d , and i n the 2 0 - e l e c t r o n s p e c i e s formed by the 
' 2 - e l e c t r o n r e d u c t i o n p r o b a b l y one of the f o l l o w i n g p o s s i b l e rearrangements 
occurs t o g i v e an 1 8 - e l e c t r o n reduced complex: 

Mo = N-NRR' s- Mo=N 
NRR' 
S 

Mo XC-NRR' »- Mo-S-C-NRR' 

- 1 2 1 -

The r e d u c t i o n of the o r g a n o h y d r a z i d o ( 2 - ) l i g a n d may then proceed 
r 

i s o l a t e d ) 

IMOCNNRR' ) ( S 2 C N M e 2 ) 3 | + 

(282) 
v i a the proposed scheme (158) (where s p e c i e s i n b r a c e s have n ot been 

Mo (NNRPO ( S 2 C N M e 2 ) 3 | 

Mo (NNRR1) ( S 2 C N M e 2 ) 3 | 

S 
{|Mo=N^ (S 0NMe 0)„| or I Mo = NNRR'(S0CNMe) „ (S~CNMe„) |~} 

NRR' 2 1 3 

+ 
H 

{|Mo(NHNRR')(S 2CNMe 2) |} 

HC1 

NH2NRR' + { |MoCl(S 2CNMe 2) 3| } (158) 

The study of h y d r a z i d o ( 2 - ) l i g a n d s d e serve an i m p o r t a n t r o l e i n the 
f i e l d of n i t r o g e n f i x a t i o n s i n c e an h y d r a z i d o ( 2 - ) species,Mo=NNH 2, i s b e l i e v e a 2 8 3 ^ 
to be a s t e p i n the c a t a l y t i c r e d u c t i o n of N 2 by n i t r o g e n a s e . 

A l t h o u g h the h y d r a z i d o ( 2 - ) l i g a n d s i n the abovementioned 1 8 - e l e c t r o n 
d i t h i o c a r b a m a t o complexes were p r e p a r e d from h y d r a z i n e , i n the d i p h o s p h i n e 
complexes | Mo(NMt 2)X(dppe) „ | + c i t e d p r e v i o u s l y , they r e s u l t f rom a l k y l a t i o n of N 2 

l i g a n d and c o n s t i t u t e an i n t e r m e d i a t e stage i n the r e d u c t i o n t o h y d r a z i n e s . 

(b) E l e c t r o c h e m i c a l r e d u c t i o n of d i n i t r o g e n t o ammonia 

D i n i t r o g e n can be reduced e l e c t r o c h e m i c a l l y to ammonia i n the 
presence of a t r a n s i t i o n m e t a l s i t e w h i c h i s b e l i e v e d t o a c t i v a t e N 2 and 
c o n s t i t u t e an e l e c t r o n m e d i a t o r t o t h i s l i g a n d . 

E l e c t r o c h e m i c a l c a t a l y t i c systems are known which o p e r a t e at ambient 
temperature and p r e s s u r e . ^ 2 ^ 286) 

Hence, when a s o l u t i o n (60 ml) of | T i ( O P r 1 ) ^ | ( 1 . 6 8 mmol), A l ( 0 P r 1 ) 3 

(42 mmol) and naphth a l e n e (7.6 mmol) i n 1,2-dimethoxyethane w i t h 
tetrabutylammonium c h l o r i d e (8.6 mmol) was e l e c t r o l y z e d at 40V d u r i n g 11 days 
(at 20°C and under a slow s tream of N 2 ) , and then h y d r o l y z e d by t r e a t m e n t w i t h 
aqueous sodium h y d r o x i d e , a 6 1 0 % y i e l d of NH 3 (based on T i ) was o b t a i n e d . ( 2 8 4- ) 

The r e a c t i o n was c a r r i e d out i n an e l e c t r o l y t i c c e l l w i t h an aluminum anode 
and a n i c k e l / chromium cathode. D u r i n g the essay (11 d a y s ) , 0.155 f a r a d a y s 
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passed through the c e l l and 15.1 mmol of aluminum were l o s t from the anode 
to the s o l u t i o n . 

By analogy w i t h the V o l ' p m c a t a l y t i c d i n i t r o g e n r e d u c t i o n chemical 
(287) (284) systems, i t i s suggested t h a t the c a t a l y t i c s p e c i e s i n v o l v e s T i ( I I ) 

which can b i n d N 2 , and t h a t A l ( O P r ) behaves as a Lewis a c i d b e i n g a b l e to 
break the t i t a n i u m - n i t r i d e bond w i t h r e g e n e r a t i o n of the T i ( I I ) c a t a l y t i c 
s p e c i e s (scheme 159).Naphthalene i s b e l i e v e d to p l a y the r o l e of an e l e c t r o n 
c a r r i e r , b e i n g reduced, by the N i / C r cathode, to n a p h t h a l i d e which reduces the 
d i n i t r o g e n - T i ( I I ) s p e c i e s . 

A l 

A l ( I I I ) . N 

NH, 

emf 

A l ( I I I ) | T i ( H ) . H 2 

6-

N i C r 

Np Np 

(159) 
T i ( O P r ) 

The analogous c h e m i c a l system ( w i t h sodium, i n s t e a d of the e l e c t r i c 
c u r r e n t , as the r e d u c i n g agent) was a l s o shown to be c a t a l y t i c but p r e s e n t s 
a lower r e d u c t i o n y i e l d . 

D i n i t r o g e n may a l s o be e l e c t r o c h e m i c a l l y reduced t o h y d r a z i n e by 
(288) 

e l e c t r o l y s i s of b u f f e r e d m e t h a n o l i c s o l u t i o n s of Mo(V). 

(c) E l e c t r o c h e m i c a l r e d u c t i o n of C 0 2 

Carbon d i o x i d e , a p o t e n t i a l carbon source of paramount importance 
i n the attempt t o develop a l t e r n a t i v e energy routes,has a l r e a d y been the s u b j e c t 
of e l e c t r o c h e m i c a l s t u d y . 
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Hence, i t may undergo a d i r e c t e l e c t r o c h e m i c a l r e d u c t i o n t o f o r m i c 
(289 290) 

a c i d (or the formate i n ) i n aqueous medium, ' whereas i n a p r o t i c media 
(291—293) 

r e d u c t i o n t o o x a l a t e ( i n N,N-dimethylformamide), and t o carbon 
monoxide(carbonate i s a l s o formed) ( i n d i m e t h y l s u l p h o x i d e ) ^ 2 9 4 ^ have been 
r e p o r t e d . Other o r g a n i c p r o d u c t s such as mono and d i c a r b o x y l a t e d s p e c i e s are 
formed by e l e c t r o l y t i c reducti-on of m i x t u r e s of carbon d i o x i d e w i t h an 
. (291,295) , ... (291) o l e f i n or an o r g a n o h a l i d e . 

S i n c e some of the p r o d u c t s of the C 0 2 r e d u c t i o n ( f o r m i c a c i d and 
carbon monoxide) may be f u r t h e r reduced t o methanol, the p r o s p e c t s of the 
p r o d u c t i o n of methanol by e l e c t r o c h e m i c a l r e d u c t i o n of carbon d i o x i d e were 
e v a l u a t e d . An o v e r a l l low energy e f f i c i e n c y r e s u l t s from the l a r g e 
o v e r p o t e n t i a l w h i ch i s observed f o r the d i r e c t e l e c t r o c h e m i c a l C 0 2 r e d u c t i o n 
i n e i t h e r aqueous or non-aqueous medium (the. r e d u c t i o n o n l y o c c u r s at 
p o t e n t i a l s below ca.- -2V v s . s . c.e. ) . 

(297) 
However, i t has been r e p o r t e d t h a t c e r t a i n t r a n s i t i o n m e t a l 

complexes, such as t e t r a a z a m a c r o c y c l i c compounds of N i ( I I ) o r C o ( I I ) of the 
i I 2+ . . . type I ML I (where L i s a t e t r a d e n t a t e t r a n s - d i e n e l i g a n d - s e e s e c t i o n VI.B) can 

behave as r e d o x - a c t i v a t e d c a t a l y s t s , t h e i r reduced forms of m e t a l ( I ) p r o m o t i n g the 
e l e c t r o c h e m i c a l r e d u c t i o n of C 0 2 , i n an i n d i r e c t and c a t a l y t i c way, t o o c c u r at 
more f a v o u r a b l e e l e c t r o d e p o t e n t i a l s . 

Hence, C 0 2 i s c a t a l y t i c a l l y reduced t o CO ( e q u a t i o n 1 6 0 ) ( w i t h e v o l u t i o n 
of H 2) by c o n t r o l l e d p o t e n t i a l c o u l o m e t r y of aqueous or aqueous a c e t o n i t r i l e 
s o l u t i o n of the abovementioned m a c r o c y c l i c complexes u s i n g a mercury w o r k i n g 
e l e c t r o d e , a t p o t e n t i a l s between -1.3 and -1.6 V vs_. SCE w h i c h ar e c a t h o d i c f o r 
the M ( I I ) / M ( I ) c o u p l e . 

C 0 2 + 2e + 2H + —H> CO + H 20 (160) 

The systems e x h i b i t c a t a l y t i c a c t i v i t y , e.g., of ca_. 9 t u r n o v e r s 
per hour per mol of m e t a l complex at ambient room temperature (a t u r n o v e r b e i n g 
d e f i n e d as 1 e q u i v a l e n t of e l e c t r o n s passed through the c e l l per mol of 
c a t a l y s t ) and f o r c a t a l y s t c o n c e n t r a t i o n s of 1.2 mM. 

The f o r m a t i o n of CO and H 2 r e q u i r e s the presence of a p r o t i c source 
and the r e d u c t i o n of C 0 2 and H + i s suggested t o occur through a common m e t a l 
h y d r i d e i n t e r m e d i a t e . 

E l e c t r o c a t a l y t i c r e d u c t i o n s at a P t e l e c t r o d e of C 0 2 t o o x a l a t e 
mediated by a m e t a l c a r b o n y l , |Mo(C0)^|, has a l s o been r e p o r t e d i n a c e t o n i t r i l e 
a l t h o u g h a t a l e s s f a v o u r a b l e p o t e n t i a l than the r e q u i r e d f o r the abovementioned 
N i ( I I ) o r C o ( I I ) m a c r o c y c l e s . 
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I n the |Mo(CO) 6| system, the C 0 2 i r r e v e r s i b l e r e d u c t i o n p o t e n t i a l 
i s observed a t a v a l u e (-2.6 V v s . s.c.e.) which i s ca. 0.4 V an o d i c r e l a t i v e 
to the v a l u e (-3.0 V) observed f o r the d i r e c t C 0 2 r e d u c t i o n i n i d < ^ i c a l 
e x p e r i m e n t a l c o n d i t i o n s but i n the absence of the me t a l c a r b o n y l . 

The p r o p o s e d ( 8 9 ) mechanism i n v o l v e s a t t a c k of the e l e c t r o g e n e r a t e d 

CO T r a d i c a l a n i o n a t C 0 2 a c c o r d i n g t o scheme (161). 

(161) 

I f the e l e c t r o l y t i c r e d u c t i o n of molybdenum h e x a c a r b o n y l i s c a r r i e d 
out i n the presence of b o t h C 0 2 and an a l k y l h a l i d e (n-BuBr), the major product 
i s d i - n - b u t y l carbonate formed by a p r e f e r e n t i a l ( f a s t e r ) a t t a c k of the C0 2* 
r a d i c a l a n i o n on the a l k y l h a l i d e r a t h e r than on carbon d i o x i d e , a c c o r d i n g t o 
the p o s t u l a t e d ( 8 9 ) sequence (162) which f o l l o w s steps (a) and (b) of 
scheme (161). 

C 0 2
T + RBr - * C 0 2 R + Br 

ft0 R + e "C0 2R CO + OR 

C n + O R - ^ R-O-CO " R-0-C0 9R (162) 
2 *• 

I X _ ELECTROCHEMICAL STUDIES ON THE MECHANISMS OF CHEMICAL REACTIONS 

E l e c t r o c h e m i s t r y has a l s o been a p p l i e d to the study of ch e m i c a l 
r e a c t i o n s of t r a n s i t i o n m e t a l complexes, namely by m o n i t o r i n g (by c y c l i c 
voltammetry) a r e a c t a n t , a p r o d u c t , or an i n t e r m e d i a t e , and by d e t e c t i n g types of 
mechanism and e v a l u a t i n g r a t e c o n s t a n t s and thermodynamic AH and AS parameters. 

A few r e c e n t examples of a p p l i c a t i o n i n v o l v i n g d i n i t r o g e n complexes 

are now c i t e d . 
A - S u b s t i t u t i o n r e a c t i o n s of d i n i t r o g e n 

The replacement of d i n i t r o g e n i n the b i s ( d i n i t r o g e n ) complexes 
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| M ( N 2 ) 2 L 4 ] (M=Mo,W; L=monophosphine or d i p h o s p h i n e ) by a v a r i e t y o f 
l i g a n d s L' (namely i s o c y a n i d e s and n i t r i l e s . ) was m o n i t o r e d by c y c l i c voltammetry 
and shown to f o l l o w a d i s s o c i a t i v e ( I , ) mechanism. Under pseudo f i r s t - o r d e r 

d 
c o n d i t i o n s the r a t e c o n t r o l l i n g s t e p i s f i r s t o r d e r i n t h e N 2 complex and 
z e r o o r d e r i n L " c o n c e n t r a t i o n , the v a l u e of the r a t e c o n s t a n t b e i n g 
independent of the L" l i g a n d , i n agreement w i t h N 2 l o s s b e i n g t h e common 
r a t e - c o n t r o l l i n g s tep of the replacement r e a c t i o n s ( e q u a t i o n s 163 and 164). 1^>298) 

k 
| M ( N 2 ) 2 L 4 | |M(N 2)L 4| + N 2 (163) 

| M ( N 2 ) L 4 I + L 1 £ a S t 3 |M(N 2)L'L 4| (164) 

The m o n o - s u b s t i t u t e d complexes may be i s o l a t e d , e . g . , w h e n L'=NCR, but 
f u r t h e r d i n i t r o g e n r eplacement o c c u r s w i t h i s o c y a n i d e , t h e s t r o n g e l e c t r o n ¬
- a c c e p t o r c h a r a c t e r o f the l a t t e r p r e s e n t i n g a N 2 l a b i l i z i n g e f f e c t . The 
f o r m a t i o n o f the mixed d i n i t r o g e n - i s o c y a n i d e i n t e r m e d i a t e complex was not 
observed i n the r e a c t i o n s of t r a n s - 1 M ( N Q 2 ( d p p e ) 2 1 w i t h i s o c y a n i d e s , b u t the 
£is_-|Mo(N2) (CNMe) ( P M e 2 P h ) 4 | s p e c i e s was d e t e c t e d by c y c l i c v o l t a m m e t r y (and 
3 1Pn.m.r.) i n the f o r m a t i o n o f cis -[ M o ( C N M e ) ? ( P M e 0 P h ) , | from the r e a c t i o n o f 

i (298) i s o c y a n i d e w i t h c i s - | M o ( N 9 ) 2 ( P M e 2 P h ) , 1 . 
The i n t e r m e d i a t e mixed d i n i t r o g e n - i s o c y a n i d e complex 

cis-|Mo(N 9)(CNMe)(PMe 9Ph),| e x h i b i t s an i r r e v e r s i b l e o x i d a t i o n wave a t an 
i n t e r m e d i a t e p o t e n t i a l ( E u = -0.45 V v s . SCE a t a P t e l e c t r o d e i n 

P — 
thf/ | NBu 4| |BF41) between those o f the p a r e n t b i s d i n i t r o g e n complex (-0.23 V) 
and t h e b i s i s o c y a n i d e p r o d u c t (-0.62 V ) . The d i s p l a c e m e n t o f N 2 from t h i s 
mixed i n t e r m e d i a t e complex was a l s o m o n i t o r e d by c y c l i c v o l t a m m e t r y and the 
d a t a s u p p o r t a second N o l o s s as the r a t e - d e t e r m i n i n g s t e p ( e q u a t i o n s 165-168, 

(298) where k^O.020 m and 5> a t 2 7 3 K ^ 

k 1 
c i s - | M o ( N 2 ) 2 ( P M e P h ) 4 | — | M o ( N 2 ) (PMe 2Ph) 41 + N (165) 

|Mo(N 2) ( P M e 2 P h ) 4 | + CNMe £ a S t > c i s - [ M o ( N j (CNMe) (PMe^Ph) | (166) 

k„ 
cis_-|Mo(N 2) (CNMe) ( P M e 2 P h ) 4 | =-3»- |Mo(CNMe) ( P M e 2 P h ) 4 | + N 2 (167) 

I Mo (CNMe) ( P M e 2 P h ) 4 | + CNMe — a s t > c i s - [Mo (CNMe) 2 (PMe 2Ph) , 1 (168) 
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B - A l k y l a t i o n r e a c t i o n s of d i n i t r o g e n 

The mechanism of the a l k y l a t i o n , a c e t y l a t i o n and a r o y l a t i o n r e a c t i o n s 
of t r a n s - | M ( N 2 ) 9 ( d p p e ) 9 [ (M=Mo or W) by o r g a n i c h a l i d e s (RX) was s t u d i e d by 
c y c l i c voltammetry and e . s . r . and shown t o p r o c e e d , u s u a l l y , a s the abcvementioned 
replacement r e a c t i o n s , by the i n i t i a l r a t e - l i m i t i n g d i s s o c i a t i o n of one N 2 

l i g a n d f o l l o w e d by a d d i t i o n of the o r g a n i c h a l i d e ( c o o r d i n a t e d t h r o u g h the 
h a l o g e n t o the m e t a l atom) . i n the u n s t a b l e i n t e r m e d i a t e , | M(N 2) (XR) (dppe) 2 | s 

the c arbon-halogen bond undergoes h o m o l y s i s and the o r g a n i c f r e e r a d i c a l a t t a c k s 
the r e m a i n i n g N 9 l i g a n d t o g i v e a d i a z e n i d o s p e c i e s , |Mo(N 9R)X(dppe) „ | , as the 

(116) 
p r i m a r y a l k y l a t i o n p r o d u c t ( r e a c t i o n s 6 4 ) . 

I n t h i s s t u d y the c o n c e n t r a t i o n s i n t h f of the | M ( N ^ ) 2 ( d p p e ) 2 \ 
complex and, i n some c a s e s , of p r o d u c t s , were m o n i t o r e d by c y c l i c v oltammetry 
and the f r e e r a d i c a l s were d e t e c t e d by e . s . r . s t u d i e s w h i c h were a l s o c o n s i s t e n t 
w i t h the f o r m a t i o n of a n o n - s y m m e t r i c a l Mo(I) s p e c i e s c i s - | M o X ( N 2 ) ( d p p e ) - | 
(see r e a c t i o n s 6 4 ) . 

The secondary a l k y l a t i o n of l i g a t i n g N 2 , i . e . , the a l k y l a t i o n o f the 
d i a z e n i d o complex | M ( N 2 R ) ( X ) ( d p p e ) 2 | i n t o the h y d r a z i d o ( 2 - ) s p e c i e s 
|M(N 9R 9) (X) (dppe)„ | X, i s f i r s t o r d e r i n complex and i n a l k y l h a l i d e and f o l l o w s 

(24) a b i m o l e c u l a r n u c l e o p h i l i c s u b s t i t u t i o n mechanism (S ?) ( r e a c t i o n 169). N 
| M ( N 2 R ) ( X ) ( d p p e ) 2 | + RX | M i N ^ ) (X) (dppe) 2 | X (169) 

The r a t e s of t h e s e r e a c t i o n s are s e n s i t i v e t o b o t h the m e t a l and the 
c o - l i g a n d s , the p r i m a r y a l k y l a t i o n b e i n g a c c e l e r a t e d by f a c t o r s w h i c h encourage 
N 2 l o s s (when i n n e r - s p h e r e e l e c t r o n t r a n s f e r t o RX o c c u r s ) , whereas the same 
f a c t o r s i n h i b i t the secondary a l k y l a t i o n w h i ch o c c u r s by an a s s o c i a t i v e 
mechanism. Hence, e.g., an i n c r e a s e i n the e l e c t r o n - r i c h c h a r a c t e r o f the m e t a l 
s i t e s t a b i l i z e s l i g a t i n g N 2 ( w i t h s l o w i n g down of the f i r s t a l k y l a t i o n ) whereas 
f a v o u r s the second a l k y l a t i o n due t o the i n c r e a s i n g n u c l e o p h i l i c c h a r a c t e r of the 
d i a z e n i d o N 2R l i g a n d . 

I n r e a c t i o n s ( 6 4 ) , the p r i m a r y a l k y l a t i o n was shown t o proceed 
through l o s s of N 2 and v i a an i n n e r - s p h e r e e l e c t r o n t r a n s f e r t o the o r g a n o h a l i d e . 
However,when the m e t a l s i t e p r e s e n t s a v e r y h i g h e l e c t r o n - r i c h n e s s , such as i n 

the a n i o n i c t h i o c y a n a t o complex |M(N 9)(SCN)(dppe) 9| (which i s o x i d i z e d at a 
OX . . v e r y low E ^ 2 v a l u e ) , the a l k y l a t i o n i s f i r s t o r d e r i n complex and i n the 

o r g a n o h a l i d e , and i s b e l i e v e d t o occur v i a an o u t e r - s p h e r e e l e c t r o n t r a n s f e r 
from the m e t a l t o RX ( r e a c t i o n s 63).( 24>25) ^ t h i s c a s e , the p r i m a r y and the 

secondary a l k y l a t i o n s a r e f a v o u r e d by the same f a c t o r s . 
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C - Other r e a c t i o n s 

E l e c t r o c h e m i s t r y may a l s o be a u s e f u l t o o l i n the i n v e s t i g a t i o n of 
the mechanisms of a v a r i e t y of o t h e r r e a c t i o n s , namely the f o l l o w i n g ones which 
have been s t u d i e d r e c e n t l y by 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 . 

The u n s a t u r a t e d complex | M o ( L ) ( N O ) I 2 | w i t h the b u l k y t r i s - 3 , 5 -
- d i m e t h y l p y r a z o l y l b o r a t o l i g a n d |L=HB(Me 2C 3HNN)~ | 

r e a c t s w i t h a l c o h o l s , p r i m a r y amines, h i d r a z i n e s and t h i o l s (QH) t o g i v e 
complexes I M o ( L ) ( N O ) I ( 0 ) I ( 2 " - 3 0 1 ) 

f ^ H U ^ A D I U M W I , f o r m a l l y d e r i v e d from replacement of I 
l i g a n d by Q and the mechanism of these r e a c t i o n s was e l e c t r o c h e m i c a l l y 
s t u d i e d . 

I t was then observed (by c y c l i c voltammetry) the r emarkably easy 
o n e - e l e c t r o n r e v e r s i b l e r e d u c t i o n of the u n s a t u r a t e d complex |Mo(L)(NO)I | 
which may be reduced by a b a s i c s o l v e n t such as a l c o h o l , amine, t h i o l o A v e n 
water. 

Moreover, the reduced paramagnetic a n i o n i c s p e c i e s , ]Mo(L)(NO)I |~, 
which may be prepared by c o n t r o l l e d - p o t e n t i a l e l e c t r o l y s i s and d e t e c t e d by 
e . s . r . , can undergo a d i s s o c i a t i v e l o s s of i " (whose o x i d a t i o n peaks may be 
i d e n t i f i e d by c y c l i c voltammetry) w i t h f o r m a t i o n of a new paramagnetic s p e c i e s 
| M o ( L ) ( N O ) 1 1 , d e t e c t e d by e . s . r . 

On the b a s i s of these o b s e r v a t i o n s , a mechanism was p r o p o s e d ( 3 0 2 ) 

a c c o r d i n g to the r e a c t i o n s (170-174). 

| M o ( L ) ( N 0 ) I 2 | + QH ^ | M o ( L ) ( N 0 ) I 2 | ~ + Q H +
 ( 1 7 Q ) 

| M o ( L ) ( N 0 ) I 2 | " I Mo ( L ) (NO) 1 1 + I ~ ^ 

Q H + — Q + H
+ 

(172) 
|MO(L) ( N O ) I I + Q _ ^ | M O ( L ) ( N O ) I ( Q ) | ( 1 7 3 ) 

i " +. H
+ — ^ HI 

( 1 7 4 ) 
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Hence, although, n i t r o s y l complexes can o f t e n undergo l i g a n d 
replacement r e a c t i o n s v i a an a s s o c i a t i v e r o u t e , ( 3 ^ 3 ^ the d i s p l a c e m e n t of I 
a t the e a s i l y r e d u c i b l e complex | M o ( L ) ( N O ) I 2 | w i t h a b u l k y l i g a n d proceeds 
through a d i s s o c i a t i v e p r o c e s s a t an a n i o n i c reduced i n t e r m e d i a t e s p e c i e s 
| M o ( L ) ( N O ) I 2 | . " 

X " FINAL REMARKS 

T h i s work covered o n l y a few t o p i c s w i t h i n the broad f i e l d of 
complex e l e c t r o c h e m i s t r y and o t h e r s , a l s o i n c u r r e n t development, c o u l d be 
s e l e c t e d namely the e l e c t r o c h e m i c a l study of mixed-valence complexes (e.g., 
of F e , ( 3 0 4 - 3 0 8 ) R u > ( 3 0 9 - 3 1 7 ) F e a n d R u > ( 3 1 8 ) F e a n d C o > ( 3 1 9 ) p t ( 3 2 0 ) o r 

C u ( 3 2 1 , 3 2 2 ) ^ ^ e i e c t r o c h e m i c a l b e h a v i o u r of complexes w i t h b i o l o g i c a l 
(323-325). 

s i g n i f i c a n c e |such as molybdenum-iron-sulphur c l u s t e r s , i r o n - s u l p h u r 
(187 32G 331) 

and i r o n - p o r p h y r i n c e n t r e s , ' and i n o r g a n i c models of 
C332-334L «... , , i (277,335) cobalamines [ o r m e t a l complex m o d i f i e d e l e c t r o d e s . 

However, the examples p r e s e n t e d i n the s e l e c t e d areas of t h i s work 
c l e a r l y i l l u s t r a t e the wide a p p l i c a t i o n of e l e c t r o c h e m i s t r y on the study of 
o r g a n o t r a n s i t i o n m e t a l complexes (namely of o r g a n o m e t a l l i c t y p e ) , i n the 
r a t i o n a l i z a t i o n and p r e d i c t i o n of t h e i r e l e c t r o n i c p r o p e r t i e s and c h e m i c a l 
r e a c t i v i t y as w e l l as i n the a b i l i t y t o induce them a c c o r d i n g to a conve n i e n t 

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

on the q u a n t i f i c a t i o n of the e l e c t r o n i c p r o p e r t i e s of me t a l s i t e s and l i g a n d s , 
and the r e c o g n i t i o n o f c o r r e l a t i o n s between those parameters and o t h e r s d e r i v e d 
from the a p p l i c a t i o n of t e c h n i q u e s such as n.m.r., e.p.r. and e l e c t r o n i c 
s p e c t r o s c o p y . 

Important advances i n s t r u c t u r a l and m e c h a n i s t i c s t u d i e s may r e s u l t 
from the a s s o c i a t i o n of these t e c h n i q u e t o E l e c t r o c h e m i s t r y and from the 
e x t e n s i o n of the work t o wide ranges of d i f f e r e n t types of complexes. 

From the a c t i v a t i o n of l i g a n d s by c o o r d i n a t i o n t o a me t a l c e n t r e , the 
p o s s i b i l i t y of c o n v e n i e n t s y n t h e s i s of d e r i v e d s p e c i e s may r e s u l t , and 
E l e c t r o c h e m i s t r y may g i v e r i s e to the f a v o u r a b l e a c t i v a t i n g e l e c t r o n i c c o n d i t i o n s 
( i n m e t a l s i t e s and/or l i g a n d s ) f o r the p r e p a r a t i o n of new compounds. 

Redox p r o c e s s e s are o f t e n f o l l o w e d by ch e m i c a l r e a c t i o n s and from the 

e l e c t r o c h e m i c a l / c h e m i c a l c o u p l i n g a s y n t h e t i c v e r s a t i l i t y (namely of c a t a l y t i c 

n a t u r e ) may r e s u l t . 
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The development of the c o n t r o l of s e l e c t i v i t y i s , however, an 
i m p o r t a n t r e q u i r e m e n t t o be f u l l f i l l e d on the aim t o get a b e t t e r b e n e f i t 
from the a p p l i c a t i o n of the g r e a t p o t e n t i a l i t i e s of the c h e m i c a l 
e l e c t r o s y n t h e s e s . 
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