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A b s t r a c t  - This  a r t i c l e  c o n s i s t s  of t h r e e  p a r t s .  F i r s t  i s  
r e l a t e d  t o  t h e  s t r u c t u r a l  and k i n e t i c  s t u d i e s  of e l e c t r o n  
t r a n s f e r  i n  oxovanadium ( I V )  and dioxovanadium (V) complexes. 
The oxida t ion  of VO2+ complexes is  discussed with r e fe rence  
t o  t h e  formation of second 0x0-ligand a t  t h e  c is-s i te  of V=O. 
Second i s  t h e  e lec t rochemis t ry  of b i -  and t e rnuc lea r  spec ie s  
of molybdenum and tungs ten  and t h e i r  mixed metal  complexes 
with br idging oxide.  A gradual  change of t h e  e l ec t rode  p o t e n t i a l  
was observed among them wi th  given s t r u c t u r e .  Third i s  t h e  
s t u d i e s  of c r y s t a l  s t r u c t u r e  and redox p o t e n t i a l  of oc tahedra l  
hexanuclear molybdenum complexes of mixed capping l i gands  w i t h  
h a l i d e  and chalcogenide.  The ease  of e l e c t r o n  t r a n s f e r  remarkably 
changes on t h e  replacement of capping h a l i d e  by s u l f i d e  o r  
s e l en ide ,  a l though t h e  change i n  bond d i s t ances  i s  very  modest. 

INTRODUCTION 

High v a l e n t  ions  of e a r l y  t r a n s i t i o n  elements have s t rong  a f f i n i t y  towards 
oxide ions  and very o f t e n  g ive  0x0-anions. When t h e  o v e r a l l  charge of t h e  
0x0-ions remains p o s i t i v e ,  one o r  more oxide ions  form s t rong  and i n e r t  bond 
with t h e  metal  i ons  t o  g ive  such ions  a s  V I v 0 2 + ,  V v 0 2 + ,  MovIO22+ and Mov03+. 
Two oxide ions  occupy gene ra l ly  c i s  p o s i t i o n s  t o  each o the r  wi th  small  
numbers of except ions such a s  U 0 2 2 + .  The l igand  s u b s t i t u t i o n  r e a c t i o n  
e x h i b i t s  a remarkable r e g i o - s e l e c t i v i t y ;  t h e  c is-s i te  (basa l  s i t e )  i s  much 
more i n e r t  than t h e  t r a n s - s i t e  ( a p i c a l  s i t e ) .  We want t o  demonstrate t h a t  
such a r e g i o - s e l e c t i v i t y  i s  a l s o  revealed on e l e c t r o n  t r a n s f e r  processes .  

Another c h a r a c t e r i s t i c s  of e a r l y  t r a n s i t i o n  elements i s  t o  form bi -  o r m u l t i -  
nuc lear  complexes with o r  without  metal-metal bond. Binuclear  spec ie s  with 
[Mv 2 ( ~ ~ - 0 )  20 ] 2+ core  and t e rnuc lea r  spec ie s  wi th  [ M I V 3  ( ~ ~ - 0 )  (p3-0)  ] 4+ o r  
[MIV3(p3-0)2]%+core g i v e  mixed meta l  complexes with M = Mo and W. Their  
e l e c t r o n  t r a n s f e r  r e a c t i o n s  a r e  q u i t e  c h a r a c t e r i s t i c  of t h e  s t r u c t u r e ,  t h e  
metal  ions  and t h e  connecting l igands .  Octahedral hexa-metal c l u s t e r s  a r e  
w e l l  known i n  t h e  form of e.g. f a c e  capped [ M g X e l 4 +  01: edge-bridged tMgX121  
(x  = ha l ide )  bu t  l i t t l e  i s  known of t h e i r  redox behaviour i n  s o l u t i o n  and 
t h e  ex i s t ence  of mixed capping l igand spec ies .  

We have s tudied  these c h a r a c t e r i s t i c  behaviour both k i n e t i c a l l y  and e l e c t r o -  
chemically with s p e c i a l  r e f e rence  t o  t h e  r e l a t i o n s h i p  between t h e i r  
s t r u c t u r e  and p rope r t i e s .  

REDOX CHARACTERISTICS OF OXOVANADIUM COMPLEXES 

Oxovanadium(1V) complexes e x h i b i t  remarkable r e g i o - s e l e c t i v i t y  on l igand  
s u b s t i t u t i o n  ( r e f .  1 t o  4 ) ,  and t h e  e l e c t r o n  t r a n s f e r  r e a c t i o n s  a r e  a l s o  
very spec ia l .  Dimerization with br idging  oxide between vanadium(1V) and 
vanadium(V) a t  t h e  basa l  s i t e  provides  mixed va lence  spec ie s  with V2033+core 
(Fig.  1, r e f .  5 ) ,  whereas t h a t  a t  t h e  a p i c a l  s i t e  g ives  d i s t ingu i shed  V I V  
and V v  c e n t r a l  ions .  ( r e f .  6 )  Formation of t h e  mixed va lence  complex was 
demonstrated not  only i n  c r y s t a l l i n e  s t a t e ,  bu t  a l s o  i n  so lu t ion .  ( r e f ,  5) 

~~ 

* Present  address:  Natural  Science Building, I n t e r n a t i o n a l  C h r i s t i a n  
Univers i ty ,  Osawa, Mitaka, Tokyo 1 8 1 ,  Japan. 

1123 



1124 K. SAlTO AND Y. SASAKI 

PH 
2 -1 -1 kl/10 M s 

(k2/k,l) D O - ~ M  

2- very  slow exchange of 0 

r a t h e r  slow d i r e c t  
0 L/ 

3.15 3.25 3.50 4.25 

4 .7  2 0 .6  5.0 20.9 5.4 + 1.1 6 . 1  2 1.3 
1.1 + 0.3 1.3 0.2 1.7 + 0 .4  3.0 + 0.7 

- 
- - - 

J s u b s t i t u t i o n  a t  II b a s a l  s i t e  ,B <-fV-,B 

$/-I - h i  

ka 
kb 

I ,d r a t h e r  r a p i d  
-’ rearrangement 

a p i c a l &  b a s a l  

k/M-ls-l AH*/kJ mol-I AS*/J m o 1 - l K - l  

55.0 + 2 . 2  -13 2 7 2 - 3.3 x 1 0  

6.5 x l o 2  58 2 18 +1 2 70 

very  r i p i d  exchange of 
l i g a n d  a t  a p i c a l  s i te  

Fig .  1 S t r u c t u r e  and c h a r a c t e r i s t i c s  of  oxovanadium complexes. 

l e f t ,  approximate l i g a n d  s u b s t i t u t i o n  ra te  of V1v02+ spec ies .  
r i g h t ,  s t r u c t u r e  of t h e  mixed v a l e n c e  b i n u c l e a r  complex wi th  
V2033+ c o r e ,  (NH4)3[ (nta)V(=O)OV(=O) ( n t a )  1 .3H20, C2/c symmetry. 

0 0 

0 

I V  F ig .  2 React ion scheme of t h e  o x i d a t i o n  o f  [V 
h e x a c h l o r o i r i d a t e  i n  aqueous s o l u t i o n  of pH 3 t o  4.5 

0 ( e d t a )  ] 2- wi th  

~~ 

a t  25OC, I = 0.1,l . i  ( N a C 1 0 4 ) ,  0 .10  M acetate b u f f e r ,  
ox idant ,  [IrIVCl6] 2- 
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Structural requirement for the oxidation of VOz+ to WO,+ 
Vanadium(V) i s  p resen t  i n  aqueous s o l u t i o n  of pH < 4 a s  c is-dioxo ions  V 0 2 +  
and ox ida t ion  of V I v O 2 +  complexes i s  accompanied by t h e  formation of another  
V=O bond a t  t h e  basa l  s i te .  This  f a c t  was c l e a r l y  demonstrated b t h e  
oxida t ion  of [VIVO (ed ta )  ] 2- wi th  hexachloro i r ida te  ( I V )  [ IrIVC16] 5- i n  
aqueous so lu t ion .  ( r e f .  7 )  (Note a )  EDTA coord ina tes  a s  quinquedentate  t o  
oxovanadium(IV), and a s  quadr identa te  t o  dioxovanadium(V) a s  shown i n  Fig.  2.  
( r e f .  8) Alka l imet r ic  t i t r a t i o n  of [VIvO (edtaH) I - g ives  only  one i n f l e c t i o n  
a t  pH < 11, and t h e r e  was no change i n  e l e c t r o n i c  spectrum a t  pH 2.5 t o  6.7 
ind ica t ing  t h a t  t h e  deprotonat ion t akes  p l ace  a t  a remote s i te  from t h e  
vanadium(IV), i.e. a t  t h e  f r e e  a c e t a t e  branch. I f  t h e r e  were coordinated 
water molecule, another  i n f l e c t i o n  should be found a t  pH 6 t o  9 .  The f r e e  
a c e t a t e  should be branched from t h e  n i t rogen  atom a t  t h e  b a s a l  s i te ,  s ince  
meridional  coord ina t ion  of an iminodiace ta te  moiety i s  s t e r i c a l l y  more 
d i f f i c u l t .  S t ruc tu re  of t h e  product  was determined by t h e  X-ray method. 

The r a t e  of t h e  o v e r a l l  redox r e a c t i o n  i s  g r e a t e r  by two o rde r s  than t h a t  of 
t h e  l igand  s u b s t i t u t i o n  r e a c t i o n s  of t h e  oxidant  and reductan t .  Kine t ic  
s t u d i e s  were performed excess ive  r educ tan t  by t h e  
spectrophotmetr ic  method a t  487 nm (peak of [IrIVCl6]2-) under varying 
concent ra t ions  of t h e  oxidant ,  r educ tan t ,  and [IrmC16]3-  a t  pH 3.15 t o  4.35. 
The r e s u l t s  a r e  summerized i n  Fig.  2 and Tables 1 and 2 .  

The observed f i r s t  o rder  r a t e  cons t an t  with r e spec t  t o  t h e  oxidant  depends 
l i n e a r l y  on t h e  concent ra t ion  of [VIVO(EDTA] a t  a given concent ra t ion  of 
[ I rmC16]3-  and pH. The r a t i o  
with [IrmC163-] a t  a given pH, and hence kobs i s  expressed by Eq. 1. 

The dependence of kobs upon [IrmCl63-]  sugges ts  t h e  presence of a r e a c t i v e  
in te rmedia te ,  most probably monoxovanadium(V)-EDTA complex with a s i m i l a r  
s t r u c t u r e  t o  t h a t  of t h e  o r i g i n a l  [VIVO(EDTA)]. Thus t h e  mechanism given i n  
Fig.  2 i s  c o n s i s t e n t  with t h e  r a t e  law of Eq. 1 a t  a given pH. Applicat ion 
of t h e  s teady-s ta te  approximation t o  t h e  in te rmedia te  [VVO(EDTA)] g ives  Eq.2. 

i n  th_e presence of 

[VIVO(EDTA)]/kobs has  a good l i n e a r  r e l a t i o n  

kobs = p [ ~ I v ~ l / ( q [ ~ r = l  + r )  (1) 

This form i s  equal  t o  Eq. 1, and kobs i s  expressed by Eq. 3 and hence Eq 

2 )  

4 .  

3) 

. -. 
k o b s [ I r r n 1  

The p l o t  of [V"] [ I rm]- lkobs- l  v s .  [1rm]-l g ives  k 
s lope  and i n t e r c e p t ,  
analysed by use of t h e  pKa va lues  of [VIVO(edtaH)l' (Fig.  2 )  and Eq. 5 was 

and k 2 / k - 1  on t h e  
r e spec t ive ly .  The dephndence of k l  on pH was 

The p l o t  of k l ( [ H + l  + K a )  vs .  [H+]  g ives  a s t r a i g h t  l i n e  and ka and kb a r e  
ca l cu la t ed  a s  shown i n  Table 2 .  

The observed kobs va lues  a r e  much smal le r  than those  of s i m i l a r  ox ida t ion  of 
[VIVO(nta) ( H 2 0 ) ] -  and [VIvO(pmida) ( H z O ) ]  wi th  [ I r I V C 1 6 ] 2 - .  This  i s  due t o  
t h e  con t r ibu t ion  of small  k2 /k -1  va lues .  When t h e  r e s u l t s  were analysed a s  
shown above, t h e  ka and kb va lues  a r e  of t h e  same orde r  of those  of t h e  
o the r  two complexes.The e l e c t r o n  t r a n s f e r  i t s e l f  frOmVIv t o  I r I V  should 
proceed i n  a s i m i l a r  manner t o  those  of t hese  complexes, and t h e  pro tona t ion  
a t  t h e  remote s i t e  a f f e c t s  t h e  r a t e  of e l e c t r o n  t r a n s f e r  l i t t l e .  W e  can thus  
make c l e a r  t h a t  t h e  ox ida t ion  of [VIVO(EDTA)] w$th [ I r1VC16I2 '  has t W O  
s t e p s ,  and t h e  second i s  t h e  formation of 0x0 l igand  a t  t h e  basa l  s i te .  

Note a: e d t a ,  ethylenediamine-N,N,N',"-tetraacetate(4-) ion;  EDTA, 
i nc lus ive  s ign  f o r  va r ious ly  protonated spec ie s  of ed ta l - ;  
n t a ,  n i t r i l o t r i a c e t a t e ( 3 - )  ion;  pmida, 2-pyridylmethyiminodiacetate 
ion;  p ida ,  phosphonomethyliminodiacetate(4-) ion;  en. e thylene-  
diamine. 
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[V1"0 (pmida) (H20) 1 [ P o  ( n t a )  ( ~ ~ 0 )  I - [VIVO (p ida)  ( H 2 0 )  3 2- 
Fig. 3 St ruc tu re  of cis-aquaoxo-quadridentatovanadium(1V) 

complexes.(abreviat ion of l i gands  cf. Note a )  

Difference between aqua and hydroxo complexes 
Oxovanadim. (IV) complexes with t h e  quadr identa te  l i gands  (quad) , pmida, 
n t a ,  and pida have aqua l igand  a t  t h e  basa l  s i te ,  and t h e  coordinated water 
molecules a r e  deprotonated with pKa va lues  6 . 4 ,  6 .9  and 8 . 4  a t  25OC and 
I = 1 . 0  M ( N a C 1 0 4 ) ,  r e spec t ive ly .  The l a r g e  PKa of t h e  pida complex ( r e f .  9) 
i s  due t o  t h e  hydrogen bond between water and phosphonate branch of pidad.-. 
A l l  t he se  com l exes  a r e  oxidized with [IrIVC1612- and b inuc lear  [ (en)2Com- 
( p - N H 2 , ~ - 0 2  ( - k o m  (en) 21 4+ t o  t h e  corresponding [Vv02 (quad) ] complexes. The 
r a t e s  a r e  much g r e a t e r  than those  of t h e i r  l igand  s u b s t i t u t i o n  r e a c t i o n s  and 
depend on t h e  pH from 4 t o  7 .  The r e s u l t s  wi th  i r i da t e (1V)  a s  oxidant  a r e  
summerized by Eq. 6 and t h e  da t a  analyzed by Eq. 7 .  

-d[ I r IV] /d t  = (kH20 + kOHKa [H+]  - + [ V I v ]  [ IrIV] 

When t h e  r a t e  was followed by t h e  measurement of e x t i n c t i o n  a t  4 8 7  and 6 9 0  
nm (peaks of t h e  ox idan t s ) ,  t h e  observed f i r s t  o rder  r a t e  cons t an t  i s  
expressed by Eq. 8 .  

kobs - - ( k H 2 0  + kOHKa [H'] [ V I V ]  ( 8 )  

Kinet ics  of ox ida t ion  with t h e  Corn complex i s  more complicated because t h e  
high charges of V I V  and Corn complexes wi th  oppos i te  s i g n  lead  t o  ion  p a i r s  
( I P )  which a c t  a s  precursor  of ox ida t ion ,  (Eq. 9 )  

[VIVO(quad) ( H 2 0 )  1%-  + [p-O21 ' + ~ ~ o s =  (IP) -'e 4 product  

[ V I V O  (quad) (OH) 1 (n+l)- 

(9) 
I L K ,  K + [p-O2I 4+ 0s = ( I P )  - ke A product  

The r a t e  i s  expressed by Eq. 1 0 ,  and ind iv idua l  va lues  of K O $ ,  K I O S ,  k ,  and 
k ' ,  a r e  obtained from t h e  f i r s t  o rder  r a t e  cons t an t s  a t  varying condi t ions .  

( 1 0  kobs - - (keKos + k'eK'osKa[H+]'l) [VIv]/{l  + ( I f o s  + K ' o s K a [ H + ] - l ~  [VIV]  

The r e s u l t s  a r e  summerized i n  Table 3 .  Since t h e  ind iv idua l  r e s u l t s  were 
repor ted  elsewhere ( r e f .  l o ) ,  they a r e  compared with one another  with 
re ference  t o  t h e  a c t i v a t i o n  parameters.  There i s  a remarkable d i f f e r e n c e  
between t h e  r a t e s  of aqua and hydroxo complexes, The aqua complex with pida 
g ives  an in te rmedia te  value;  t h i s  i s  because t h e  hydrogen-bonded complex 
can be reckoned a s  i n  an in te rmedia te  s t a t e  between aqua and hydroxo. 

One might cons ider  t h a t  t h e  aqua complexes a r e  oxidized with more d i f f i c u l t y  
because t h e  d i f f e r e n c e  i n  V-0 d i s t ance  between aqua and 0x0 i s  q r e a t e r  than 
t h a t  between hydroxo and 0x0, and t h e  Franck-Condon reorganiza t ion  energy is  
l a r g e r .  I f  t h i s  i n t e r p r e t a t i o n  were appropr ia te ,  t h e  d i f f e r e n c e  i n  r a t e  
should be r e f l e c t e d  i n  AH* values  ( r e f .  11). The d i f f e rence  i n  AH* i s  
r a t h e r  modest between aqua and hydroxo complexes. When AH* i s  p l o t t e d  
a g a i n s t  t h e  charge product of ox idant  and r educ tan t ,  a l l  t h e  va lues  a r e  on 
a s t r a i g h t  l i ne . (F ig .  4 )  Change i n  t h e  charge product  w i l l  r ep resen t  t h e  
a s s o c i a t i o n  of t h e  redox p a i r  t o  g ive  t h e  precursor .  There seems t o  be no 
s u b s t a n t i a l  d i f f e r e n c e  i n  t h e  ease  of e l e c t r o n  t r a n s f e r  between t h e  aqua and 
hydroxo complexes on Franck-Co don bas i s .0n  t h e  o t h e r  hand, a s i m i l a r  p l o t  
of ASS;  g ives  a s i g n i f i c a n t  d i f f e rence .  The observed k e  of a s i n g l e  e l e c t r o n  
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\ . 

A 4  * A  
I 1 

I V  

[VIVO (quadr identa te )  (OH) 1 by hexachloro i r ida te  ( I V )  
TABLE 3 Rate of ox ida t ion  of [V O(quadridentate1 ( H 2 0 )  1 and 

Complexes k~/M-’s-’ AH*/kJ mol” AS*/J mol -1 K- 1 

[VIVO (pmida) (H20)  3 9 . 1  x 1 0 2  52 f. 8 -8 f. 38 
-46 + 1 7  - [vIVo ( n t a )  (H20)  I - 1 . 4  x l o 2  46  2 8 

[VIVO (pidaII) ( H 2 0 )  1 - 7 x l o 2  _. - 
[VIVO (pmida) (OH) 1 - 2.9 x 1 0  4 2 + l  - + 2 1  f. 2 
[vIVo ( n t a )  (OH) I 2- 1 . 4  x 1 0  3 7 2 3  - -2 + 8 
[VIVO (p ida)  (OH) I 2- 1.1 x 1 0  2 9 + 3  - -65 f. 11 
a t  25OC, I = 0 . 1  M (NaC104) 

Fig. 4 Rela t ionship  between a c t i v a t i o n  parameters and charge 
product  f o r  t h e  redox couples  a t  I = 0 . 1  M i n  water .  
r educ tan t s  [VIVO(quad) (OH)] (0) , [VIVO(quad) ( H  O)] ( A )  
and [VIVO(pida) ( H 2 0 )  1 ( 0 )  ; oxidant  A,  [ I r I V C 1 6 ? 2 - ,  
B, b inuc lear  c o b a l t  (m:) complex. 

E (dimer) aPP 

0.0023 M 

0.00058 

10 15 20 25 

Fig. 5 Absoprtion spec t r a  i n  miceller 
so lu t ion .  
Na3 [V203 ( n t a )  21 i n  a c e t a t e  
bu f fe r  a t  25°C,[CTAB]/10-4M 

k f 
M- 1 s- 1 

500 

-1 100 

I 4  

I 
1 ,  0.1 

I 

0 -3 -2 

Fig.  6 Change i n  forward ( k f )  and 
backward ( k a )  r e a c t i o n  r a t e  
and t h e  equi l ibr ium cons tan t  
with change i n  CTAB concn. 
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t r a n s f e r  process  i s  expressed by Eq. 11, where K e l l  T,  k ~ ,  A G x ~  and R a r e  
t h e  e l e c t r o n i c  t ransmiss ion  c o e f f i c i e n t ,  abso lu t e  temperature,  Bolzmann 
constant,Franck-Condon reorganiza t ion  energy and gas  cons t an t ,  r e spec t ive ly .  

When t h e  e l e c t r o n  t r a n s f e r  involves  a non-adiabatic process ,  a small  K e l  i s  
expected, which may br ing  forward a more nega t ive  entropy of a c t i v a t i o n ,  b u t  
be no t  r e f l e c t e d  i n  enthalpy of a c t i v a t i o n .  Discussion on non-adiaba t ic i ty  
of an e l e c t r o n  t r a n s f e r  process  may be f u r t h e r  c u l t i v a t e d  by in t roducing  t h e  
volume of a c t i v a t i o n ,  b u t  t h e  d e t a i l s  w i l l  be d iscussed  elsewhere.  (ref. 1 2 )  

(11) ke - - KelkgTeXP (AG),*/RT) / h  

Influence of the environment 
We have shown t h a t  t h e  fol lowing equi l ibr ium i s  e s t ab l i shed  i n  aqueous 
so lu t ion ,  when V I v O 2 +  and Vv02+ complexes of a given quadr identa te  a r e  mixed. 

( B + l ) -  (12) 
K 

.C- [ (quad) 8-0-8 (quad) I (n +1) - [VO (quad) ( H 2 0 )  I n  - + [VOz (quad) 1 
The product has  a deep b lue  c o l o r ,  and t h e  equivalence of two vanadium atoms 
was demonstratedby t h e  equalv-0-V d i s t ance  i n  c r y s t a l s ,  and by appearance 
of 15 hyperf ine ESR peaks i n  c h i l l e d  so lu t ion .  ( r e f .  5) The equi l ibr ium 
cons tan t  i s  20  M - 1  a t  25OC and I = 1 .0  M .  S ince t h e  r ightward r e a c t i o n  
involves  a s soc ia t ion  of two anions,  t h e  K value  should be a f f e c t e d  by t h e  
environment of t h e  so lu t ion .  The inf luence  of i o n i c  s t r e n g t h ,  counter  ions  
and t h e  so lven t  provides  use fu l  information,  bu t  t h e  inf luence  of micelles 
i s  very  remarkable. 

Figure 5 shows t h e  change i n  absorp t ion  spectrum on add i t ion  of t h e  c a t i o n i c  
s u r f a c t a n t  cetyltrimethylammonium bromide CTAB. Increase  i n  e x t i n c t i o n  shows 
t h e  inc rease  i n  concent ra t ion  of t h e  b inuc lear  spec ies ,  and hence t h e  s h i f t  
of equi l ibr ium t o  t h e  r i g h t .  Figure 6 shows t h e  change of r a t e  cons t an t s  
r i g h t  ( k f )  and le f tward  (kd) and K with inc rease  i n  CTAB concent ra t ion .  
Clear  peaks a r e  seen near  t h e  c r i t i c a l  mioe l le  concent ra t ion .  The maximum 
K value  was 800 M - 1  a t  [CTAB] = 0.0023 M and [complex] = 0 .0004  M. The 
change i n  kd is  very modest. 

BI- AND TERNUCLEAR SPECIES BRIDGED BY OXIDE IONS 

Early t r a n s i t i o n  elements tend t o  form b i -  and mult i -nuclear  complexes 
bridged by oxide.  Figure 7 shows examples of b inuc lear  molybdenum(V) and 
t e rnuc lea r  molybdenum(1V) complexes. We have demonstrated t h a t  t h e  ox ida t ion  
of one Mov t o  MoV1 i n  t h e  MoV2042+ complexes i s  t h e  r a t e  determining s t e p ,  
and t h i s  process  t akes  p lace  by t h e  outer-sphere mechanism. ( r e f .  13) When 
t h e  MoV2042+ cor.!plex was o p t i c a l l y  a c t i v e  (e.g.  with R-Fropylediamine-N,N,- 
N ' ,N ' - te t raace ta te in  p lace  of e d t a ) ,  ox ida t ion  with t h e  a s  etric b inuc lear  

s e l e c t i v i t y .  ( r e f .  1 4 )  I n  t h e  presence of o p t i c a l l  a c t i v e  A -  [Corn (en)  31 3f 

s e l e c t i v i t y .  ( r e f .  15) W e  d iscussed t h e  importance of i o n i c  a s s o c i a t i o n  of 
t h e  redox p a i r ?  t o  form t h e  precursor  (with o p t i c a l l y  a c t i v e  counter  ion  a s  
mediator i n  t h e  l a t t e r  case)  a s  source of s e l e c t i v i t y .  

Not only molybaenum bu t  a l s o  tungs ten  form b i -  and te r -nuc lear  complexes 
with s i m i l a r  s t r u c t u r e s  i n  Wv and WIV s t a t e .  ( r e f .  1 6 )  A mixed metal  complex 
[MoVWV04 (ed ta )  ] 2- was synthesized i n  c r y s t a l l i n e  s t a t e  ( r e f .  1 7 )  , and t h e  
e l ec t rode  p o t e n t i a l s  of [Mv204 (ed ta )  ] 2- type complexes measured. (Table 4 )  
The E va lues  a r e  sub jec t  t o  r a t h e r  s i g n i f i c a n t  change depending on pH and 
bu f fe r  ions ,  and t h e  d i scuss ion  should remain q u a l i t a t i v e .  However, t h e  
s u b s t i t u t i o n  of tungs ten  f o r  molybdenum decreases  t h e  p o t e n t i a l  of both one 
e l e c t r o n  oxida t ion  t o  Mvl and one e l e c t r o n  reduct ion  t o  M I v  . I t  seems Wv 
i s  oxidized with more ease  and reduced with more d i f f i c u l t y  than MoV. 
A s i m i l a r  t rend  i s  observed f o r  t h e  reduct ion  of t e rnuc lea r  MoIV and W I V  
complexes [M3 ( ~ 2 - 0 )  3 (P3-0) ( H 2 0 )  91 4+, i n  which t h r e e  M atoms a r e  connected with 
t h r e e  1.12-02- and one p3-02-  t o  g ive  a cubane-like s t r u c t u r e  w i t h  one missing 
ve r t ex  and n ine  te rmina l  aqua l igands .  The conf igu ra t ion  of M is  very  much 
d i s t o r t e d  oc tahedra l .  The one e l e c t r o n  reduct ion  p o t e n t i a l  measured by 
c y c l i c  voltammetry i s  a s  fol lows ind ica t ing  e a s i e r  reduct ion  of molybdenum. 

c o b a l t  (IU) complex AA- [ (en)  2CoM (p-NH2,p-02 ( -1 ) C O D  (en)  21 s;T" involved stereo- 

t h e  oxida t ion  of [MoV2O4 (R,S-pdta) ] Z'with [ I r I V C l 6 1  3 - a l s o  involved s t e reo -  

[~oIV304(H20) 9 ] 4 +  -0.341 v vs .  S.C.E. ( r e f .  18) i n  p-toluene-sulphonic 
[WIv304 ( H 2 0 )  91 4+  -0.50 V " ( r e f .  1 9 )  'acid,  2 M i n  water 
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V 2- Fig. 7 Structure of [Mo 204 (edta) 1 (left) and ternuclear 

o carbon, nitrogen, e oxygen, metal ion, A H20 

2+ 
[MOI~ (p -0) (p2-acetate) 6 ( ~ ~ 0 )  3 I  3 3  

Table 4 Electrode potentials of Table 5 Reduction potential of 
V [M 204 (edta) I 2- in aqueous solution 

M2 Mo 2 

(v-0~1 (!.-acetate) 6 (PY) 31Br2 

Mvz -+ MvMvl +0.98 +0.56 +0.43 M3 I (rev) 11 (rev) m (irrev) 

in acetonitrile at 25OC. 
w2 MOW 

- 

M’, + MI’M’ -1.34 < -1.5 < -1.5 

vs. S.C.E.; working electrode, glassy 
carbon; counter electrode, Pt; 25OC; 
I = 0.75 (NaC104); pH 7.5 ( 0 . 2  M 
phosphate buffer) 

I- @ Mo 

Mo -0.08 -0.32 -0.86 
Mo2W -0.07 -0.30 -1.25 
MO W2 -0.07 -0.32 -1.40 
w, -0.08 -0.31 -1.45 

V vs. Ag/AgN03(0.1 M) in 0.3 M 
(C4Hg)4NC104 in a mixture of 
acetonitrile and pyridine ( 4  + 1,v) 

Fig. 8 Structure of cluster 
anion of (~06~18) CIS] 2- 
open circle , bridging 
hatched circle, terminal 
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Quadridentate molybdenum and tungsten a l s o  g ive  t e rnuc lea r  spec ie s  bridged by 
two u3-oxides and s i x  P - ace t a t e s . (F iq .  7 )  Each m e t p l  atQm has one te rmina l  
un identa te  l igand  e.g. 8 2 0  and pyr id ine ,  and t h e  s t r u c t u r e  is very d i s t o r t e d .  
Presence of i n t e r a c t i o n  between metal  atoms is  suggested by t h e  diamagnetism 
and t h e  s h o r t  M-M d i s t a n c e  ( 2.7 f o r  W - W ) .  W e  have succeeded i n  t h e  
prepara t ion  of s i n g l e  c r y s t a l s  of mixed metal  complexes with Mo2W and MoW2 
cores ,  and determined t h e  s t r u c t u r e .  ( r e f .  20)  E lec t rode  p o t a n t i a l s  of t h e  
f u l l  se t  of complexes with Mo3, MozW, Mow2 and W3 co re  i n  t h e  form [M3(~3-0)2  
( ~ 2 - a c e t a t e )  6 (py) 31 2+ a r e  compared i n  a c e t o n i t r i l e  conta in ing  0 . 2  M 
(CqHg.)qNC104 and pyr id ine  with hanging mercury, Ag/AgN03(0.1 M)  and platinum 
e lec t rode  a s  working, r e fe rence  and counter  e l ec t rode ,  r e spec t ive ly .  (Table 5) 
Aqua complexes i n  w a t e r a r e  no t  u se fu l  f o r  c y c l i c  v o l t m e t r y .  

I n  the  reg ion  0 t o  -1.6 V v s .  Ag/Ag+ e l ec t rode  t h r e e  waves a r e  observed. 
Reversible  f i r s t  and second waves remain unchanged throughout t h e  four  
complexes b u t  t h e  t h i r d  i r r e v e r s i b l e  wave s h i f t s  towards more nega t ive  s i d e  
on t h e  replacement of Mo by W. Assignment of t h e  waves t o  ind iv idua l  redox 
process  i s  unce r t a in  a t  p resent .  The t r end  towards more d i f f i c u l t  reduct ion  
is ,  however, seen on going from Mo? t o  W3 spec ies ,  and t h i s  i s  i n  accord with 
t h e  reduct ion  of o the r  complexes wi th  [MV204] 2+ and [MIV304] 4 +  cores .  

HEXAMOLYBDENUM CLUSTERS WITH MIXED CAPPING LIGANDS 

Molybdenum atoms ga the r  t o  form Mog c l u s t e r s  wi th  oc t ahedra l  conf igu ra t ion  
and t h e  f aces  are capped with ha l ides  o r  chalcogenide ions  t o  g i v e  [Mo6X8I4+ 
o r  [ ~ o 6 ~ 8 ] 4 -  core .  The formers have te rmina l  h a l i d e s  t o  g ive  [ ( M O ~ X ~ ) X ~ ]  2- 
complexes. (Fig.  8) Their s a l t s  a r e  so lub le  i n  water o r  organic  so lven t s  and 
e x h i b i t  remarkable f luorescence.  The e l e c t r o n  t r a n s f e r  r e a c t i o n s  t ake  p l ace  
with much d i f f i c u l t y  and a r e  observed only as queching of t h e  luminescence 
a t  room temperature.  ( r e f .  21)  On t h e  o the r  hand, those  c l u s t e r s  capped by 
chalcogenides form s o l i d  compounds in so lub le  i n  any kind of so lvent .  Their  
e l e c t r o n s  a r e ,  however, removed from t h e  c l u s t e r  very e a s i l y ,  so t h a t  a 
v a r i e t y  of non-stoichiometric compounds such a s  CUxM06Sy and PbxMo6Sey have 
been synthesized.  Some of them a r e  super-conductors (Chevrel-type compounds). 
( r e f .  2 2 )  

Such a marked d i f f e r e n c e  i n  e l e c t r o n  t r a n s f e r  from the  Mo6 co re  must 
o r i g i n a t e  from t h e  v a r i e t y  of capping l igand .  However, only l i t t l e  i s  known 
concerning t h e  mixed capping l igand complexes. McCarley and Michel ( r e f .  23) 
synthesized pyridinium s a l t  of [(MogC17S)C16]3- and determined t h e  c r y s t a l  
s t r u c t u r e ,  b u t  t h e  chemical p r o p e r t i e s  i n  s o l u t i o n  remains unknown. 

We have synthesized a v a r i e t y  of mixed capping l igand complexes i n  t h e  form 
of s i n g l e  c r y s t a l s ,  determined t h e  c r y s t a l  s t r u c t u r e s ,  and measured t h e i r  
p rope r t i e s  i n  so lu t ion ,  p a r t i c u l a r l y  t h e  electrochemical  behavior by c y c l i c  
voltammetry. C r y s t a l s  with oxidized forms of t h e  c l u s t e r s  were also obtained 
a s  s i n g l e  c r y s t a l s  and t h e  bond d i s t ances  wi th in  t h e  c l u s t e r  were compared 
with t h e  o r i g i n a l  complexes. (The ox ida t ion  s t a t e  of t h e  c l u s t e r  i s  expressed 
by t h e  formal charge number of Mog co re  f o r  convenience.) 

A mixture  of MoC12, NaHS (o r  NaHSe) and pyr id ine  were Fefluxed and t h e  
products  were submitted t o  ion exchange and g e l  permeation chromatography 
with Dowex SOW and Sephadex LH-20, r e spec t ive ly .  The complex with [MogC16Se2] 
co re  with Mo6 i n  1 2 +  s t a t e  gave two f r a c t i o n s  on e l u t i o n  from Dowex S O W  
column with 0 . 1  t o  0.3 M H2SO4; red  (A) s o l u t i o n  is  e lu t ed  e a r l i e r  than 
orange s o l u t i o n  (B), both having aqua l igands  a t  t h e  te rmina l  sites. They 
a r e  coverted i n t o  [(MO6ClgSe2)C16]4- i n  hydrochlor ic  ac id .  They seem t o  
c o n s i s t  of geometr ical  isomers i n  which t h e  l o c a t i o n  of two capping se l en ides  
i s  d i f f e r e n t .  Each of A and B complexes can be oxidized t o  g ive  13+ and 1 4 +  
s t a t e  of Mo6 core .  

Caesium s a l t s  gave good s i n g l e  c r y s t a l s  f o r  X-ray d i f f r a c t i o n  s t u d i e s ,  and 
tetrabutylammonium s a l t  f o r  c y c l i c  voltammetry i n  a c e t o n i t r i l e .  Aqueous 
so lu t ion  i s  no t  u se fu l  f o r  CV s t u d i e s ,  because t h e  te rmina l  l igand  changes 
e a s i l y .  Table 6 and 7 summarize t h e  r e s u l t ,  and Fig.  9 shows t h e  u n i t  
cubic  l a t t i c e  of Cs2[ (bIogCl6Se2)C16] .9H20 (Mo6 i n  1 4 +  s t a t e ,  isomer A) . 
Capping h a l i d e  and chalcogenide ions  a r e  d isordered  i n  a l l  t h e  c r y s t a l s  of 
t h e  composition ( ~ 0 6 x 7 ~ )  and ( M O ~ X ~ Y ~ ) .  The geometr ical  isomers a r e  no t  
d i s t i ngu i shed  from each o the r  by t h e  c r y s t a l  a n a l y s i s  of t h e  l a t t e r s .  
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TABLE 6 Structural data of hexamolybdenum cluster complexes 
with mixed capping ligands and terminal chloride. 

Compounds Mo6 I SG Mo-MO M0-Xb Mo-Clt 

1. Cs3 [ (Mo6Cl7S)Cl61 .H20 +12 pi 2.609 (2) 2.478 (2) 2.467 (6) 
2. Cs3 [ (Mo6C17Se)C16] .H20 +12 pi 2.612(2) 2.500(2) 2.473(6) 
3. cs4[ (Mo6Cl6Se2)Cl61 .H20 +12 A P6 /men 2.612(8) 2.515(6) 2.481(7) 
4. Cs4 [ (!.lo6C16Se2)C161 .H20 +12 B F63/mcm, 2.603(7) 2.506(6) 2.472(7) 

' . 3  

5. Cs3 [ (Mo6C16Se2)C16] .H20 +i3 B Pi ' 2.641(8) 2.523(6) 2.481(15) 
6. Cs2[(Mo6C16Se2)C16].9H20 +14 A Pm3m 2.622(4) 2.518(6) 2.516(10) 
7. Cs2 [ (Mo6C16S2) C16] . 9H20 +14 M Pm3m 2.618(8) 2.480(5) 2.490(10) 
8. (pyH)3[ (MogC17S) +12 P21/c 2.604(2) 2.473(4) 2.454(4) 

Mo6: formal charge number of Mo6 cluster. 
SG:. space group. pyH: pyridinium ion, ref.23 

I: isomers, see text, 14, mixture. 

TABLE 7 Electrode potential of hexamolybdenum cluster complexes 
with mixed capping ligands and terminal halide. 

Conplexes a +14/+13 +13/+12 +12/+11 

0 1. [ (Mo6Cl8)Cl6I 2- irrev. +1.56 -1.53 
+1.38 < -1.7 2. [ (Mo6Br8) Br61 2- - 

3. [ (Mo6Cl7S)Cl61 3- > +1.4 +O.  69 < -1.7 
4. [ (Mo6Cl7S)Br61 3- 
5. [ (Mo6Cl7Se)Cl61 3- 
6. [ (Mo6Br7S)C161 3- 

7. [ (Mo6Cl6Se2)Cl61 4- (A) +O. 51 -0.24 c -1.7 

> +1.4 +0.74 < -1.7 
> +1.4 +0.64 < -1.7 
> +1.3 +0.55 c -1.7 

In acetonitrile, against Ag/Ag+(O.l M AgN03) electrode, 
working electrode, glassy carbon; counter electrode, 
platinum; in (C H ) NC104 (0.1 M) 

are of the Mo (12+) state. 
+ a )  Complexes i4 the form of (C4H9)4N salt, charges 

b )  Charge numberg are those of Mo6 clusters. 
c )  Potential data are converted into those against S.C.E., V. 

I , , , , F , , . l  , . . .  
0 0.5 EJV -1,O - 0.5 

+0'5 E/V 0 

Fig. 10 Cyclic voltammograms of 1 (C4Hg) 4Nl3 [ (~06~17s) c161 (left) 
and 1 (C4Hg) 4 I (Mo&16Se2)C161 (right) in acetonitrile. 
Glassy carbon, platinum and Ag/Ag+ electrode in 0.1 M 
(CqHg)4NC104, scanning rate 100 mV/s 



1132 K. SAITO AND Y .  SASAKI 

Individual clusters in the single crystals may consist of a particular 
geometrical isomer, but orient irregularly in the lattices to result in 
disorder. Hence the Mo-capping ligand distances (Mo-Xc) are reckoned as 
weighed mean of seven Mo-X and one Mo-Y, or six Mo-X and two Mo-Y distances. 

It is remarkable to find that the distances MG-Mo, Mo-Xc and Mo-Clt do not 
differ much among the listed compounds, despite the fact that the kind of 
capping ligand and the oxidation state of Mo6 moiety are widely different. 
Most marked difference in properties among the compounds is seen in theredox 
behavior on electrodes. (Fig. 10, Table 7) Substitution of one chalcogenide 
for the capping halide brings about the decrease of oxidation potential by 
ca. 0.9 V, corresponding to ca. 80 kJ mol-1. The change due to the 
replacement of the terminal chlorides by bromides is very modest. (ca. 0.05V) 
In good contrast to the big difficulty with which [ (MogClg)C16] 2- (1.106 in 
12+ state) undergoes electron transfer reactions, the complexes with mixed 
capping ligand are not only oxidized with much lesser difficulty, but even 
the oxidized complexes give stable crystals to enable X-ray crystallography 
and cyclic voltammetry. 

This fact may be due to the nature of the Mo6 core. Not only (Mo6)l2+ but 
also (Mag) 14+ are diamagnetic, and only (Mag) 13+ species in tetrabutyl- 
ammonium salt gave ESR signals in chilled acetonitrile and methanol 
containing hydrogen chloride. The valence electrons in the Mo6 moiety should 
be very delocalized. Studies by ESR spectroscopy of the (Mag) 13+ complexes 
as well as of other diamagnetic complexes on irradiation with laser light 
will provide useful information. Even one or two capping halide ions by 
chalcogenide causes a marked difference in electron transfer reaction to 
approach the state of Chevrel type compounds with octachalcogenide capping 
ligands. 
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