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ABSTRACT 

R e d u c t i v e  s u b s t i t u t i o n ,  t h e  p r o c e s s  whereby a h y d r o c a r b o n  
l i g a n d ,  u s u a l l y  a c y c l o p e n t a d i e n y l  g r o u p ,  i n  a t r a n s i t i o n  metal 
complex is r e p l a c e d  by a n o t h e r  u n s a t u r a t e d  h y d r o c a r b o n  w i t h  con- 
c o m i t a n t  m e t a l  r e d u c t i o n  h a s  been u t i l i z e d  t o  p r e p a r e  n o v e l  

complexes of C r o ,  Cr', Mn', CO' and N i o .  S i m i l a r l y ,  l i g a n d  
s u b s t i t u t i o n ,  d e f i n e d  more g e n e r a l l y  a s  r e p l a c e m e n t  of l i g a n d ( s )  
of a metal complex by a n  u n s a t u r a t e d  hydrocarbon but  w i t h  no 
change  i n  t h e  o x i d a t i o n  s t a t e  of t h e  m e t a l ,  h a s  r e s u l t e d  i n  t h e  
s y n t h e s i s  of a ser ies  of t e t r a p h e n y l b o r a t e  and s u b s t i t u t e d  
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SLOCUM ET AL. 358 

t e t r a p h e n y l b o r a t e  complexes of  Fe'', Mo', Cr ' ,  W', and Co'. These 
p r o c e d u r e s  and t h e  complexes d e r i v e d  t h e r e f r o m  a r e  c o n s i d e r e d  
models f o r  polymers i n c o r p o r a t i n g  a v a r i e t y  of novel  f e a t u r e s .  

INTRODUCTION 

Reduct ive  s u b s t i t u t i o n  and l i g a n d  s u b s t i t u t i o n  of  m e t a l l o -  

c e n e s  and r e l a t e d  compounds h a s  been s u c c e s s f u l  i n  t h e  s y n t h e s i s  

of  a wide v a r i e t y  of  new and unusual  n-complexes. R e d u c t i v e  

s u b s t i t u t i o n  is d e f i n e d  as t h e  p r o c e s s  whereby a hydrocarbon 

l i g a n d ,  u s u a l l y  a c y c l o p e n t a d i e n y l  group,  i n  a t r a n s i t i o n  metal 

complex is r e p l a c e d  by a new hydrocarbon l i g a n d  c o n t a i n i n g  a n  

a p p r o p r i a t e l y  d i f f e r e n t  number o f  n - e l e c t r o n s  so as t o  b r i n g  t h e  

new complex i n t o  c o n f o r m i t y  w i t h  t h e  E M  r u l e ;  an a d d i t i o n a l  

f e a t u r e  is t h a t  formal  r e d u c t i o n  of t h e  metal atom i n  t h e  new 

complex is  e f f e c t e d .  Ligand s u b s t i t u t i o n  is a r e l a t e d  p r o c e s s :  

one hydrocarbon 1 igand r e p l a c e s  a n o t h e r  hydrocarbon l i g a n d  or even  

non hydrocarbon l i g a n d  such as CO, h a l i d e ,  e t c . ,  bu t  w i t h  no 

accompanying r e d u c t i o n  of t h e  m e t a l .  As t h e  reducing  or d i s p l a c -  

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

r a d i c a l  an ion  or o t h e r  s u i t a b l y  s t r u c t u r e d  an ion  may be u s e d .  

The p r o c e d u r e s  f o r  t h e  s y n t h e s e s  of t h e s e  complexes can s e r v e  

as p r o t o t y p e s  f o r  t h e  n-complexat ion of d i e n e  and a r e n e  polymers  

by t r a n s i t i o n  m e t a l s .  It  is a n t i c i p a t e d  t h a t  t h e s e  polymers w i l l  

avoid  c e r t a i n  drawbacks of  t h e  more c o n v e n t i o n a l  method of  

a t tachment  of t r a n s i t i o n  m e t a l  c a t a l y s t s  t o  polymers ,  i . e . ,  

phosphine l i g a t i o n .  Phosphine  l i g a n d i n g  polymers are n o t o r i o u s  

f o r  t h e i r  tendency t o  " leak" t h e i r  complexed m e t a l s .  These new 

polymers  w i l l  be mul t ip ly-bonded t o  t h e  metal atom, u s u a l l y  by a n  

n4 o r  n6 l i g a t i o n ;  s a i d  m u l t i p l e - b o n d i n g  should  s i g n i f i c a n t l y  

d e c r e a s e  t h e  tendency for  t h e  metal  atoms t o  " leak".  It is a l s o  

a n t i c i p a t e d ,  based on t h e  model compounds s t u d i e d ,  t h a t  r e d u c t i v e  

s u b s t i t u t i o n  and l i g a n d  s u b s t i t u t i o n  w i l l  a f f o r d  s e v e r a l  new t y p e s  

of  o r g a n o m e t a l l i c  polymers. 
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~r-BONDED ORGANOMETALLIC POLYMERS 359 

A s  models for these polymers, a number of high molecular 

weight dienes and arenes have been used. These include terphenyl 

and related polyaromatic systems, the tetraphenylborate anion and 

substituted tetraphenylborate anions, fluorene, carbazole and 

tetracyclones (tetraphenylcyclopentadienones). 

REDUCTIVE SUBSTITUTION 

Reductive substitution of cobaltocene with the tetracyclone 

ligand and substituted tetracyclone ligands has afforded a series 

of C5H5C01(Q4-diene) complexes (equation 1). This reaction is 

envisioned 
Ph 

c o  t 
0 

Ph 

Ph Ph 

w 
Ph Co Ph (1) 

as proceeding an Q5+q1 rearrangement prior to complete disso- 

ciat ion and reductive displacement of the cyclopentadienyl ligand 

(equation 2 ) .  Our thinking is 

that all the reductive substitutions described in this section 

proceed this or a related mechanism. Substituted complexes of 

this class that have been prepared are bis-substituted at the 

p-positions of the 3- and 4- position phenyl groups (Table I). 
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360 SLOCUM ET AL. 

TABLE I 
(n5-Cyclopentadienyl )  (n 4 - t e t  r a c y c 1 o n e ) c o b a l t  Compounds 

P r e p a r e d  by t h e  Reduct ive  S u b s t i t u t i o n  of C o b a l t o c e n e a 9 b  

P a r a  3- and 4-  

p o s i t  i o n  s u b s t  i t u e n t  % Y i e l d  m.p. ( " c )  

-H 37 325-327 

-OCH3 22 .9  238-239 

-CH3 11.5 24 1-242 

-c 1 30.5 299-300 

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

mel ted  t o g e t h e r  wi th  no s o l v e n t  p r e s e n t .  

b A l l  compounds a r e  red c r y s t a l s  from CH2CL2/petroleum e t h e r .  

S t u d i e s  of t h e  e l e c t r o n i c  i n f l u e n c e  of t h e s e  remote s u b s t i t u e n t s  

on t h e  metal atom u s i n g  13C n m r ( l )  and mass s p e c t r o s c o p y  are i n  

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

s u b s t i t u e n t s  do not have much of an e f f e c t .  

Di reduct  i v e  b i s - s u b s t  i t u t  i o n  of n i c k e l o c e n e  ( e q u a t i o n  3 )  w i t h  

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

i n t r a c t a b l e  m a t e r i a l .  A second model d e r i v a t i v e  t h a t  h a s  been 

prepared  by t h i s  t e c h n i q u e  is bis -duroquinone  n i c k e l ,  but a t  

p r e s e n t  t h e  y i e l d  is  e x t r e m e l y  low. At tempts  t o  p r e p a r e  a mixed 

complex of t h e s e  two l i g a n d s  have f a i l e d .  

Q) n 

Diene Tetracyclone or Duroquinone 
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n-BONDED ORGANOMETALLIC POLYMERS 361 

Manganocene and chromocene upon r e d u c t i v e  s u b s t i t u t i o n  have 

a f f o r d e d  a series of polyphenyl  d e r i v a t i v e s  of  Mn , Cr ' ,  and 

C r o .  T h i s  p r o c e s s  is  i l l u s t r a t e d  w i t h  t e r p h e n y l  r a d i c a l  a n i o n  

f u n c t i o n i n g  as t h e  r e d u c i n g  l i g a n d  ( e q u a t i o n  4 ) .  

I 

@ M 

M =  Mn, Cr 

Ph 
THF,O' 

1 Hr 

Terphenylcyclopentadienylmanganese is an a i r - s t a b l e ,  h i g h  m e l t i n g  

s o l i d  whereas  t h e  ana logous  chromium d e r i v a t i v e ,  be ing  o n l y  a 

1 7 - e l e c t r o n  sys tem,  is not  a i r  s t a b l e .  Ir  and nmr e v i d e n c e  

i n d i c a t e  t h a t  complexa t ion  h a s  t a k e n  p l a c e  at t h e  c e n t r a l  r i n g  of  

t h e  t e r p h e n y l  moie ty .  0 t h e  r ar e n e c  yc 1 open t ad i e n  y lmang a n e  s e 

complexes t h a t  have been prepared  are l i s t e d  i n  T a b l e  IT, a l t h o u g h  

TABLE I1 

( Q5-C5H5 )Mn( Q6-ArH) D e r i v a t i v e s  

P r e p a r e d  by Reduct ive  S u b s t i t u t i o n  of Manganocene 

Arene m.p.('C d e c )  X Y i e l d  C o l o r  
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362 SLOCUM Er AL. 

t h e  ev idence  is not  as s t r o n g  t h a t  t h e  i n d i c a t e d  a r e n e  r i n g  is t h e  

one n-bonded t o  t h e  m e t a l  atom. 

An 1 8 - e l e c t r o n  b is - te rphenylchromium d e r i v a t i v e  h a s  r e s u l t e d  

from d i r e d u c t  i v e  b i s - s u b s t  i t u t  i o n  of chromocene where t h e  r a t i o  o f  

r a d i c a l  an ion  t o  m e t a l l o c e n e  w a s  2 : l .  T h i s  r e s u l t  coupled  w i t h  

t h e  r e s u l t s  of d i r e d u c t i v e  b i s - s u b s t  i t u t  i o n  i n  t h e  n i c k e l  series 

( e q u a t i o n  3 )  s u g g e s t s  t h a t  t h i s  p r o c e s s  may prove u s e f u l  i n  c r o s s -  

l i n k i n g  of c e r t a i n  t y p e s  of polymers .  

LIGAND SUBSTITUTION 

Ligand s u b s t i t u t i o n  is a p r o c e s s  whereby a hydrocarbon 

l i g a n d  or a- type l i g a n d s  such as CO or h a l o g e n  a r e  d i s p l a c e d  by 

a new hydrocarbon l i g a n d  but  w i t h o u t  accompanying r e d u c t i o n  of t h e  

metal atom of t h e  complex. S e v e r a l  n o t a b l e  sequences  i n c o r p o r -  

a t i n g  t h i s  p r o c e s s  have been c a r r i e d  o u t .  

Cyclopentadienylirondicarbonyl i o d i d e  upon t r e a t m e n t  w i t h  t h e  

b u l k y ,  n e g a t i v e l y  charged  t e t r a p h e n y l b o r a t e  an ion  produced a novel  

z w i t t e r i o n i c  o r g a n o m e t a l l i c  complex ( e q u a t i o n  5 ) .  I n  l i k e  manner 

/FP \ 
COCO I 

0 0  + NaBPh4 
Glyme 
Reflux 
72 Hr. 

Fe 

(0) 8 h 3  

a ser ies  of phenyl-subst  i t u t e d  t e t r a p h e n y l b o r a t e s  have been used 

t o  s y n t h e s i z e  a series of c o r r e s p o n d i n g l y  s u b s t i t u t e d  z w i t t e r i o n i c  

complexes (Table  111). 

M o d i f i c a t i o n  of t h i s  r o u t e  h a s  a l lowed p r e p a r a t i o n  of not  o n l y  t h e  

p a r e n t  complex but a l so  t h e  m e t h y l c y c l o p e n t a d i e n y l  d e r i v a t i v e  

( e q u a t i o n  6 ) .  
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a-BONDED ORGANOMETALLIC POLYMERS 363 

F H 3  

(CH3 CsH4)Fe(C0)2 2+Na BPh4 [ I -  I 2  _____, 
1,2 -DME 

A 

I r ,  mass s p e c t r a l ,  ‘H and 13C nmr d a t a  suppor t  

t h e  unusual  z w i t t e r i o n i c  s t r u c t u r e  i n  t h e s e  comp 

R e d u c t i v e  s u b s t i t u t i o n  of t h e  p a r e n t  i r o n  

p l e x  w i t h  manganocene gave a b i m e t a l l i c  compound 

(0) 8 h 3  

t h e  ass ignment  of 

e x e s .  

zwi t t er  i o n i c  com- 

i l l u s t r a t i n g  t h e  

f a c t  t h a t  t w o  c o n t i g u o u s  r i n g s  can be complexed ( e q u a t i o n  7 ) .  

T h i s  r e s u l t  a l s o  s u g g e s t s  

Fe + 

0 

t h a t  more t h a n  one t r a n s i t i o n  metal  may be i n c o r p o r a t e d  i n t o  a 

s u i t a b l e  polymer w i t h  t h i s  t e c h n i q u e .  

Group VI h e x a c a r b o n y l s  have been found t o  be s u s c e p t i b l e  t o  

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

ion .  E q u a t i o n  8 i l l u s t r a t e s  t h e  s y n t h e s i s  of a series of a r e n e  

me t a1 t r i c a r  bony 1 s . 
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364 SLOCUM ET AL.  

TABLE 111 

(Q 5 -Cyclopentadienyl)(n 6 -tetraarylborate)iron Complexes 

Prepared by Ligand Substitution of  

Cyc lopent ad ieny 1 irond icarbonyl iodide 

Aryl substituent X Yield m.p.("C dec) 

65 275-278 

p-CH3C6H4- 60 241-242 

W C H j  Cg Hq- 56 190-192 

p-CH30CgHq- 18 198-200 

'gH5- 

M (CO) 6 

M = Cr,Mo,W 

+ Na% Ph4@ 

'0 
M 

/ I \  co GO co 

6 
8 

J 

These molecules were isolated and characterized 

IS) 

s th ir 

tetraethylammonium salts. In addition to the usual ir and nmr 

characterization of these compounds, an x-ray structure of the 
molybdenum member of the series has been completed (2). 

It was desirable to demonstrate that at least one of these 

model compounds could function as a homogeneous catalyst. To this 

end the most soluble of the zwitterionic complexes was examined. 

This was prepared by a method analogous to the synthesis of the 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
5
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



IT-BONDED ORGANOMETALLIC POLYMERS 365 

iron compound (equation 5), i.e., cycloheptatrienyl molybdenumdi- 

carbonyl iodide was treated with sodium tetraphenylborate 

(equation 9). In addition 

/7\ 
COCO I 

0 0  
+ Na BPh4 

THF 

Reflux 
72 hr. 

_II, 
@ 0 

Mo 

0 
(91 

0 
BPhg 

to ir, 'H and 1 3 C  nmr data for this complex, and x-ray structural 

analysis has been obtained ( * ) .  I t s  visible spectrum was consis- 

tent with a significant amount of low-lying electron density on 

the metal atom while the x-ray diffraction study revealed that the 

molybdenum atom might well possess additional coordination 

sites. The anticipated result of these observations, namely, that 

this complex would promote reduction of olefins under mild 

conditions, has now been realized . ( 3 )  

Because of the interesting and potentially significant 

properties of this molybdenum complex, a series of analogues have 

been synthesized utilizing substituted tetraphenylborates. The 

fully characterized members of this series are recorded in 

Table IV. 

A tetraphenylborate derivative of cobalt had recently been 

prepared. Bis-(norbornadienecobalt dicarbonyl) was prepared by 

heating dicobaltoctacarbonyl with two equivalents of norborna- 

diene. This intermediate was treated with sodium tetraphenyl- 

borate (eauation 10) 

& 
( C O G  ) z  

0 0  + 2Na BPhq 

0 fph3 

(10) 
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SLOCUM ET AL.  366 

thereby producing a 45% yield of the zwitterionic cobalt com- 

plex. This compound is the least soluble of the tetraphenylborate 

complexes; as such W-visible and nmr spectra could not be 

obtained . 
Lastly, an intriguing series of complexes containing poly- 

nuclear aromatlc rings has been discovered ( 4 ) .  These are the 

group VI complexes of carbazole and fluorene. Preparation of the 

t ricarbonyl and tetraphenylborate members of these t w o  series are 

illustrated in equations 11 and 12, respectively. 

H 

0 
Isolated as N(CH2CH3) 4 Salts 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
5
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



a-BONDED ORGANOMETALLIC POLYMERS 367 

TABLE I V  

(n7-Cyclohept a t  r i e n y l )  ( #- t e  t raphenylbora te )MV1 Complexes 

Metal (M) A r y l  S u b s t i t u e n t  Y i e l d  (%) 

Mo H 

Mo p-CH3 
Mo m-CH3 

C r  H 

W H 

8 3  

11 

51 
-- 

m.p.('C d e c )  

318-320 

26 7 

283-284 

221-224 

180 

Thus complexes c o n t a i n i n g  N i o ,  Co', Fe", Mn', C r o ,  Cr',  Moo 

and 9 have been p r e p a r e d .  Most o f  t h e s e  materials p o s s e s s  h i g h  

t h e r m a l  and a i r  s t a b i l i t y .  One of t h e s e  complexes has  been demon- 

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

o l e f i n s .  A l l  of  t h e s e  r e s u l t s  a r e  e n c o u r a g i n g  i n  our  e f f o r t s  t o  

i n c o r p o r a t e  t h e s e  same i d e a s  i n t o  t h e  manufac ture  of t r a n s i t i o n  

metal complexed polymers. 
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