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Polymetallocenylenes-Recent Developments 

E.W. NEUSE 

Department of Chemistry, University of the Witwatersrand, 
Johannesburg 2001, Republic of South Africa 

ABSTRACT 

The polymetallocenylenes represent a class of macromole- 
cular compounds in which units of a metallocene complex 
are directly and difunctionally interconnected so as to 
constitute a linear chain. This chapter represents an 
account of recent progress in the synthesis and spectro- 
scopic characterization of the only two types of ply- 
metallocenylene known to this date, v i z .  poly-1,l'- 
ferrocenylene (obtained with Kn up to 10 OOO) and poly- 
I, 1 '-ruthenocenylene (obtained in the oligomer range) . 
In addition, the partial oxidation of poly-1,l'-ferro- 
cenylenes, which gives poly(1,l'-ferrocenylene-eo-l,l'- 
ferricenylene) structures possessing mixed-valence 
characteristics, is treated, and a discussion is 
presented of potential applications for these organo- 
metallic polymer types and expected future developments 
in the polymetallocenylene field. 

INTRODUCTION 

Scientific challenge and technological usefulness both have 

combined to place the metallocenes into a most privileged position 

within the realm of organometallic research, and one finds this well 

reflected in the abundance of publications in the chemical, physical 

and patent literature. Although the great majority of communi- 

cations deals with di-Q-cyclopentadienyliron or ferrocene, many 
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4 NEUSE 

ot.her metal locene t y p e s  less r e a d i l y  access ih le  than t h e  i r o n -  

o r q a n i c  pro to type  have d lso  i n  recent y e a r s  a t - t - racted much r e s e a r c h  

in t .c res t .  

I t  has long been rccoqnized t h a t  t h e  incor Iwrr i t ion  of meta l lo-  

cene u n i t s  i n t o  a polymeric backbone may g i v e  r i s e  t o  c e r t a i n  hulk 

p r o p e r t i e s  o r  combinat ions of p e r t i n e n t  chemical and p h y s i c a l  

f e d t u r e s  not found i n  t h e  non-polynieric con;pl ex.  Accordingly,  

t.he problem of meta l locene  polymeri z d t i o n  has rece ived  a p p r e c i a b l e  

at.t.cntion, and t h e  number of p u b l i c a t i o n s  i n  t h e  f i e l d  of meta l lo-  

cene-containing macromolecules most l i k e l y  exceeds t h a t  of a l l  

ot her communications on polymeric  organome t a 1 1 i c cornpounds . By 

f a r  t h e  l a r g e s t  p r o p o r t i o n  of polymeric inetal locenes i n v e s t i g a t e d  

over the  p a s t  twenty-odd y e a r s  comprises s t r u c t u r e s  c o n t a i n i n g  

o r g a n i c  connect ing scqments i n  d d d i t i o n  t o  tlrr inetal locene complex 

p r o p e r ,  t h e  l a t t e r  e i t h e r  being pendent o r  e lse  c o n s t i t u t i n g  

ri component of t h e  cha in .  Most of t h e s e  j n v e s t i g a t i o n s  were 

conductcd i n  t h e  1 9 6 C  - 1970 decade dnd have  beer1 thoroughly and 

c r i  t - i c a l l y  reviewed Ll], '1'11~ evLc!rnt prepondrr , i i i r r  of inet.allocrlre 

polymers c o n t a i n i n g  o r q a n i c  connect ing groups i s  e n t i r e l y  t r a c e a b l e  

t o  syr i the t ic  convenience. Count less  r e a c t i o n s  can he u t i l i z e d  i n  

metal loccnc polymer s y n t h e s i s  provided o n l y  t kmt s i i i t -able  

d e r i v a t i z a t i o n  of a mcta l locene  complex i s  accomplished through 

at tachment  of r e a c t i v e  f u n c t i o n a l  groups of t h e  f a m i l i a r  t y p e s  

~:onvent . ional ly  cmployed f u r  polyiiirrizat jail and capabie  of  undcr- 

yoing p a r t i a l  ( i n  po1yc:ondensation) o r  tot .a l  ( i n  p o l y a d d i t i o n )  

incorpora t ion  i n t o  t h e  growing cha in .  T h i s  s t r a t e g y  a l lows  t h e  

polymer chemist t o  p r e p a r c ,  and p u r i f y ,  t h c  rnonomer(s) i n  a s e p a r a t e  

o p e r a t i o n .  The sul-rsequent. po lymer iza t ion  w i l l  then be  brought  

&out e n t i r e l y  by r e a c t i o n  of t h e  f u n c t i o n a l  s i d e  groups ,  and t h e  

r i ie tdl locei i~ complex p r o p e r ,  a l though capablc  of e x e r t i n g  some 

s t r r i c  and e l e c t r o n i c  i n f  luencc on t h e s e  s i d e  group i n t e r a c t i o n s ,  

w i  11 n o t  i t s e l f  a c t i v e l y  p a r t i c i p a t e  i n  t h e  polynrer izat ion sequence. 

Wliereas t h e  s y n t h e t i c  problems a s s o c i a t e d  w i  t l i  this polymerixat.ion 

approach i n  g e n e r a l  arc reasonably manageable, t.he p r e p a r a t i v e  t a s k  
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POLYMETALLOCENYLENES 5 

of polycondensing metallocenes in such a fashion as to obtain 

linear chains composed of metallocene units directly joined to each 

other by single bonds without the interposit-ion of other bridqing 

groups has proved to be a truly fornidable one, requiring highly 

selected strategies and specialized laboratory techniques. 

A polymer thus generated by the direct interconnection of metallo- 

cene units, while correctly to be designated as a poly(metal1o- 

cenediyl), is commonly referred to as a polymetallocenylene. 

It is well at this point to examine in some detail the causes 

underlying the problems of polymetallocenylene synthesis. In the 

first place, there are severe restrictions in the number and kind 

of chemical approaches that lend themselves to the task of inter- 

connecting metallocene units directly and in high conversion, only 

the most efficacious types of aryl-aryl coupling mechanisms being 

applicable here. 

Secondly, one should remember that in metallocene polyconden- 

sation, just as in any other step-growth polymerization process, 

the number-average degree of polymerization, Xn, is strongly 

dependent on the extent of reaction, p, that is, the conversion 

along the polymerization reaction path, and quantit-ative relation- 

ships derived from simple statistical considerations allow us 

quite accurately to determine Xn as a function of p. 

illustration let us consider an experiment in which the desired 

synthetic step proceeds to 50% conversion. While, by ordinary 

standards, the level of conversion attained may be rated as high, 

the same extent of reaction brought about in an experimcnt involving 

a polycondensation (at balanced stoichiometry) is calculated to 

give Xn = 2, this rather trivial result indicating that a mere 

dimerization has been achieved. From the polymer chemist's view- 

point, such an experiment would, hence, be rated a total failure. 

Even a 90% conversion in the desired direction, highly respectable 

by the standards of non-polymer chemistry, is calculated to be 

insufficient for polymerization purposes, as, on a number-average 

basis, no more than ten monomer units are assembled in one product 

molecule. The conversion along the propagation path must indeed 

- 

- 
For 

- 
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6 

very appreciably exceed that of the last-named example if sati s- 

factory polymerization is to be accomplished, and the reaction t-ype 

chosen must proceed almost exclusively in the desired direct-ion, 

the extent. of concurrent side reactions being restricted t.o 

fractions of a percent. In addition, the side reactions that do 

occur concurrently must be of such a nature as not to interfere 

with polymerization nor to cause the participation of by-products 

in the propaqation sequence, as this would result in contamination 

of the polymeric end product. 

Thirdly, since a strictly linear propagatlon scheme requircs 

that exactly t.wo interconnecting bonds be generated for every 

metallocene complex involved (save the two terminal units), it is 

clear that, what-ever the coupling mechanism operative, it must 

ensure participation of no more and no less than two sites per 

complex. It is thus imperative that experimental condit-ions 

causing monofunctional or trifunctional behavior of a monomer unit 

in the feed or in the qrowing chain be meticulously avoided. 

Under typical conditions, the presence of a monofunctional (or 

monofunctionally reacting) compound in a concentration of only one 

mole percent may wcll reduce Xn to one-half of what it would have 

been in t.he absence of such an impurity. Conversely, the s ~ n e  

percentage of a trifunctionally reacting compound present in the 

feed suffices to cause appreciable crosslinking; in a polymerization 

proceeding to Xn >loo ,  in fact, the entire batch would turn 
substantially insoluble under these conditions. 

- 

- 

Although the two requirements of strict difunctionality and 

an extraordinarily high extent of reaction are not restricted to 

the synthesis of polymetallocenylenes but hold for a l l  step-growth 

polymerizations, they are notoriously difficult to fulfil for 

reactions involving the direct coupling of aromatic nuclei. Such 

coupling reactions typically utilize organolithium, -copper, 

-nickel, and -magnesium chemistry, all of which are to a variable 

extent afflicted with the evils of detrimental side reactions and 

deviations from the desired functionality through loss or 

alterations of sensitive substituents in intermediary stages. 
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POLYMETALLOCENYLENES 7 

In the light of the problems pointed out in the foregoing, it 

is not surprising to find that the number of literature reports 

dealing with polymetallocenylenes has until now remained 

conspicuously small in relation to the coverage of metallocene- 

containing polymers in which the metallocene units are interlinked 

by organic bridging groups. Well in accord with the absolute 

predominance of ferrocene chemistry in all metallocene research, 

the published topics in polymetallocenylene chemistry are almost 

exclusively concerned with the polyferrocenylenes. Little 

information is available on polymeric chain structures composed of 

ruthenocene units, and nothing is known about other polymetallo- 

cenylene types. 

The following sections will cover synthetic aspects of 

metallocene polymerization, as well as physical and chemical 

features of the known polymetallocenylenes. Concluding the 

chapter, an attempt will be made to delineate areas of promising 

research potential and point out future development trends in this 

challenging field of macromolecular chemistry. 

POLYMERIZATION REACTIONS 

As all polymers to be discussed in this chapter are derived 

from metallocenes of the dicydopentadienylmetal type, they can 

summarily be represented by the structure shown below, in which 

M stands for a transition metal of Group VIII, specifically Fe an6 

Ru. The centered position of the left-hand connecting bond in 

this formula indicates the possibility of homoannular (i.e. 1,2- 

or 1,3-type) or heteroannular (1,l'-type) substituent disposition. 

Although, as will be seen, almost all known polymetallocenylene 
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8 NEUSE 

s t r u c t u r e s  are of t h c  he te roannular  t y p e ,  s e v e r a l  t r i - ,  te t ra - ,  

and pentanuclear  compounds w i t h  M = Fr have been d e s c r i b e d  i n  which 

t h e  i n t e r n a l  u n i t s  a r e  homoannul a r l y  connected.  

POLYFERROCENYLENES 

Poly-1,l'-ferrocenylenes. - Following t h e  d iscovery  of f e r r o c e n e  i n  

1951, t h e  e x p l o r a t i o n  of t h e  b a s i c  s u b s t i t u t i o n  chemis t ry  or this 

pro to type  meta l locenc  progressed  a t  an e x t r a o r d i n a r i l y  r a p i d  pace ,  

and t h e  f i r s t  comprchensive covrrage  uf t h e  s u b j e c t  appeared a s  

e a r l y  a s  1965 i n  the form of a p r o f i c i e n t l y  w r i t t e n  book [%I. 
However, most of t h c  e a r l i e r  s t u d i e s  of f e r r o c e n e  s u b s t i t u t i o n  

behavior  involved t h e  at tachment  of o t h e r  groups t o  t h e  meta l locene  

complex, and l i t t l e  of t h e  chemistry explored  w d s  a p p l i c a b l e  t o  t.he 

problem of polymer iza t ion  by propagat ion  through d i r e c t  fe r rocene-  

fe r rocene  bond format ion .  S e e n  i n  t h i s  l i g h t , t h e  f i r s t  s y n t h e t i c  

approach toward polyfer rocenylcnes  r e p o r t e d  i n  19GO/lCJGl by t h e  

groups of Korshak and Nesineyanov[3] must be valued a s  a courageous 

p ioncer inq  e f f o r t ,  t - r igger ing  off, and s t i m u l a t i n g ,  t h e  g r e a t  many 

r e s e a r c h  effol-t.s siilssequently uridertdken i n  t h e  field. This type 

of fe r roccne  polymer iza t ion ,  a l thouqh l a s t l y  u n s u c c e s s f u l ,  p r e s e n t s  

an i n s t r u c t i v e  example of a polycoupl ing r e a c t i o n  t h e  outcome of 

which i s  d r a m a t i c a l l y  a f f e c t e d  by t h e  v a r i o u s  aforementioned 

requirements;  it w i l l ,  t h e r e f o r e ,  be d i s c u s s e d  h e r e  i n  somc 

d e t a i l  d e s p i t e  ample coverage i n  prev ious  reviews [l]. 

. - ___ ___ - .- -. - - 

I n  p r i n c i p l e  t h e  p r o c e s s ,  r e f e r r e d  t o  a s  a polyrecombinat ion,  

involves  t h e  step-growth p o l y m ~ r i z a t  i c m  of fe r rocene  v i a  f r c c -  

r a d i c a l  i n t e r m e d i a t e s  a t  c l e v a t e d  tempera tures  a s  sunlniarizcd i n  

scheme 1, and under s u i t a b l e  exper imenta l  c o n d i t i o n s  t h e  authors[3] 

ob ta ined  i n  5 - 16% y i e l d  s o l u b l e  polymers t o  which they  ass igned  

t h e  s t r u c t u r e  1 o f  poly(fcrrocene-l,l'-diyl) o r  p o l y - 1 , l ' - f e r r o -  
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POLYMETALLOCENYLENES 9 

cenylene .  Molecular masses were up t o  7000. On t h e  s u r f a c e  t h e  

r e a c t i o n  sequence looks s imple enough: f e r r o c e n e  monomer i n  t h e  

rrolten s ta te  ( tempera ture  > 2 0 0 ° )  i s  exposed t o  a s u i t a b l e  f r e e  

r a d i c a l  source ,  most t y p i c a l l y  t - -buty l  p e r o x i d e ,  whereupon i n t e r -  

mediary t -butoxy and methyl f r c c  r a d i c a l s ,  g e n e r a t e d  t h e r m o l y t i c a l l y  

from t h e  peroxide  ( e q s .  2 1 ,  e x t r a c t  a hydrogen atom from t h e  

l? (2'3) 

(CLI C - 0 .  .CH + CH COCH3 (2b)  

(CH ) C-O-O-C(CF ) -+ 2 ( C H  ) C-0 '  3 3  3 3  3 3  
C, 

3 3  3 3 

meta l locene  nuc leus ,  l c a v i n g  a f e r r o c e n y l  f r e e  r a d i c a l .  Two such 

meta l locenyl  r a d i c a l s  recombine i n  t h e  f i r s t  p ropagat ion  s t e p  t o  

y i e l d  b i f e r r o c e n e .  F u r t h e r  hydrogen e x t r a c t i o n  from t h i s  s p e c i e s ,  

fol lowed by recoinbination of t h e  r e s u l t i n g  b i f e r r o c e n y l  f r e e  r a d i c a l  

wi th  a f e r r o c e n y l  r a d i c a l ,  g i v e s  a t r i m e r ,  and wi th  i n c r e a s i n g l y  

l a r g e r  o l i g o f e r r o c e n y l e n e s  as s u b s t r a t e s  f o r  hydrogen e x t r a c t i o n ,  

and p a r t n e r s  f o r  recombinat ion,  t h e  u l t i m a t e  r e s u l t  expected i s  

t h e  formation of  long-chain polyfer rocenylenes .  The o v e r a l l  

polyrecombinat-ion r e a c t i o n  could t h u s  be d e p i c t e d  by scheme 3 

(, . I  = H ,  f e r r o c e n y l  o r  p o l y f e r r o c e n y l ) .  

I 

However, i n  view of what h a s  been s a d  i n i t i a l l y  regard ing  t h e  

c o n t r o l  of f u n c t i o n a l i t - y  and e x t e n t  of r e a c t i o n ,  doubts  must a r i s e  

a s  to t h e  p r a c t i c a b i l i t y  of a polymerizat.ion p r o c e s s  a s  impl ied  i n  

t h i s  scheme. F i r s t l y ,  as t h e  mono- and polynuclear  s u b s t r a t e s  
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o f f e r  more than  two s i tes  f o r  r e a c t i o n ,  one should ,  i n  an e a r l y  

s t a g e  of t h e  r e a c t i o n ,  expec t  a s u b s t i t u e n t  d i s p o s i t i o n  n o t  on ly  

of  t h e  ( s t e r i c a l l y  p r e f e r r e d )  h e t e r o a n n u l a r  t y p e ,  b u t  also of t h e  

two homoannular t y p e s :  i n  more advanced s t a g e s ,  one shou1.d 

a d d i t i o n a l l y  expect  t r i -  and p o l y s u b s t i t u t i o n ,  l e a d i n g  t o  t h e  

generat.ion of branches and, u l t i m a t e l y ,  c r o s s l i n k s .  Secondly,  a s  

a minimum of two pr imary f r e e  r a d i c a l s  R. are r e q u i r e d  f o r  t h e  

formation of  a s i n g l e  fe r rocene- fer rocene  bond, it s t a n d s  t o  

reason t h a t  t h e r e  should  be s i g n i f i c a n t  compet i t ive  p a r t i c i p a t i o n  

of nonferrocene-type compounds i n  t h e  propagat ion  r e d c t i o n .  N o t  

only would one expec t  t h e  primary f r e e  r a d i c a l s ,  

t o  engage i i i  a l k y l a t i o n  and a l k o x y l a t i o n  s i d e  r e a c t i o n s ,  b u t  a l s o  

such secondary p r o d u c t s  a s  ace tone ,  t - b u t a n o l ,  methane, and methyl 

t - b u t y l  e t h e r ,  d e r i v e d  from t h e  primary r a d i c a l s  by hydrogen 

cdpture  o r  through o t h e r  t r a n s f e r  r e a c t i o n s  ( e . g . ,  2 ( C H . )  C - 0 -  - 
CH COCH t CH -0-C(CH ) ) ,  must be  cons idered  as p o t e n t i a l  r e a c t i o n  

p a r t n e r s .  Even though t h e i r  e f f e c t i v e  c o n c e n t r a t i o n s  i n  t h e  

r e a c t i o n  m i x t u r e  w i l l  be very smal l  under proper  exper imenta l  

condi t.ions of r a p i d  d i s s i p a t i o n  and v a p o r i z a t i o n ,  hydroqen 

e x t r a c t i o n  from t h e s e  a l i p h a t i c  compounds w i l l  be s u f f i c i e n t l y  

favorcd  e n e r g e t i c a l l y  over  t h a t  from t h e  a romat ic  f e r r o c e n e  nuc leus  

t o  permi t  t h e  q e n e r a t i o n  of d e r i v e d  f r e e  r a d i c a l s  i n  i n s t a n t a n e o u s  

c o n c e n t r a t i o n s  h igh  enough t o  cause a l k y l  and a lkoxy  s u b s t i t u t i o n  

by recombinat ion wi th  f r e e  r a d i c a l  s i tes on f e r r o c e n e  or f e r r o -  

cenylene u n i t s  of t h e  growing cha in .  

'CH. and 'OC (CH3) 3 ,  
3 

3 3  

3 3  3 3 3  

These v a r i o u s  e x p e c t a t i o n s  were indeed borne out. i n  1 nt.er 

reir ivest igat ions[4,5J  by t h e  i d e n t i f i c a t i o n  of a number of 

d i a g n o s t i c a l l y  u s e f u l  nonpolymeric by-products .  Thus, t h e  t h r e e  

isomeric  t r i m e r s  ( 1 , Z - ,  1,3-, and 1,l'-diferrocenylfcrrocene) were 

i s o l a t e d  from low-molecular f r a c t i o n s ,  and l a r g e  q u a n t i t i e s  of 

i n s o l u b l e ,  c r o s s l i n k e d  material  (making up t h e  e n t i r e  product  b a t c h  

as conversions exceeded 90%) were c o l l e c t e d  i n  a d d i t i o n  t o  t h e  

9 - 2 7 %  of s o l u b l e ,  s u b s t a n t i a l l y  l i n e a r  p r o d u c t s ,  d t t e s t i n g  t o  both 

t h e  lack  of r e g i o s e l e c t i v i t y  i n  t h e  pr imary f r e e  r a d i c a l  a t t a c k  and 

t h e  p o t e n t i a l  p o l y f u n c t i o n a l i t y  e x h i b i t e d  by t h e  growing cha in  
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POLYMETALLOCENYLENES 11 

system. Moreover, methyl fe r rocene  and a methyla ted  b i f e r r o c e n e  

were d e t e c t e d  mass-spec t romet r ica l ly ,  and i n  r e p r e s e n t a t i v e  

experiments  bo th  d i fe r rocenylmethane  and fe r rocenylmethyl  t - b u t y l  

e t h e r  were s e p a r a t e d  and i d e n t i f i e d  a s  by-products ,  g i v i n g  c l e a r  

evidence f o r  t h e  a c t i v e  involvement of nonferrocene-type compounds 

d e r i v e d  from t h e  peroxide  r e a c t a n t .  I n  f u r t h e r  s u p p o r t  of  t h i s  

f ind ing ,  t h e  presence  of  methyl ,  meth inyl  and t-hut-yl s u b s t i t u e n t s  

as w e l l  as a l i p h a t i c  e t h e r  groups i n  t h e  soluble o l igomer ic  and 

polymeric  products  w a s  a s c e r t a i n e d  s p e c t r o s c o p i c a l l y ,  and micro- 

a n a l y t i c a l  r e s u l t s  agreed wi th  cha in  composi t ions such t h a t ,  on t h e  

average ,  1 - 2 a l i p h a t i c  C atoms were i n c o r p o r a t e d  for  every  

f e r r o c e n e  u n i t .  Taking i n t o  account  a l l  evidence p r e s e n t e d  i n  t h e  

l a t e r  s t u d i e s ,  onc i s  l e d  t o  conclude t h a t  t h e  recombinat ion 

p r o d u c t s ,  f a r  from possess ing  a polyfer rocenylene  s t r u c t u r e ,  were 

i n  f a c t  composed of fe r rocenylene  and s h o r t  po lyfer rocenylene  u n i t s  

b r idged  and s u b s t i t u t e d  by a v a r i e t y  of a l i p h a t i c  groups.  For 

reasons  of p o l y f u n c t i o n a l  s u b s t r a t e  behavior  and massive i n t e r -  

f e r e n c e  by s i d e  r e a c t i o n s ,  t h e  f e r r o c e n e  polyrecombinat ion t h u s  

proves  t o  be e n t i r e l y  u n s u i t a b l e  f o r  po lyfer rocenylene  p r e p a r a t i o n .  

There h a s  been no l a c k  of  a t t e m p t s  i n  t h e  subsequent  decade t o  

s y n t h e s i z e  I by o t h e r  methods designed t o  provide  an improved 

c o n t r o l  of  f u n c t i o n a l i t y ,  t h e s e  e f f o r t s  having i n  common t h e  use or 

co-use,  a s  monomers, o f  f e r r o c e n e  compounds w i t h  p r e i n t r o d u c e d  

d i f u n c t i o n a l i t y .  Thus, 1 , l ' - d i h a l o f e r r o c e n e s ,  i n  admixture  w i t h  

monohaloferrocenes,  were s u b j e c t e d  t o  t h e  c o n d i t i o n s  of  Ullmann 

coupl ing  i n  t h e  m e l t  phase ,  g i v i n g  o l igomer ic  I i n  h igh  y i e l d s  [6]. 

S i m i l a r  r e s u l t s  were o b t a i n e d  i n  experiments  comprising t h e  s e l f -  

condensat ion of ch loromercur i fe r rocenes  v i a  c h l o r o p a l l a d a t e d  i n t e r -  

media tes ,  t h e  l a t t e r  a r i s i n g  by palladium/mercury exchange i n  t h e  

presence  of  l i t h i u m  t e t r a c h l o r o p a l l a d a t e  1171. 

approach,  p o l y ( m e r c u r i f e r r o c e n e ) ,  i n  which f e r r o c e n e  u n i t s  a r e  

connected by mercury b r i d g e s ,  was demercurated thermally :8] o r  

w i t h  t h e  a i d  of  m e t a l l i c  s i l v e r E ) l r  thereby  y i e l d i n g  o l i g o -  and 

polynuclear  I .  I n  o t h e r  s t u d i e s ,  d i f u n c t i o n a l i t y  was i n t r o d u c e d  

i n  an i n t e r m e d i a t e  s t a g e ,  V i z .  through l i t h i a t i o n  o f  f e r r o c e n e ;  

In a d i f f e r e n t  
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12 NEUSE 

t h e  l i t  hi a t  i 0 1 1  mix ture ,  c o n t a i n i n g  both mono- mid d i l i t h i o f e r r o c e n e ,  

was allowed t.o undergo o l igomer iza t ion  by o x i d a t i v e  coupl ing i n  t h e  

preseiice ( J f  c:ohaltous ion [lo]. These e a r l  i c r  i n v e s t i g a t i o n s ,  most 

or wllicl l  11dvc. I r e r r l  thoroughly reviewed ilncl,  t . l icrctorc ,  w i l l  r e c e i v e  

no fur t l ie r  < i t  t e n t i o n  h e r e ,  a l l  s u f f e r e d  from v a r i o u s  d e f i c i e n c i e s  

t.o ' c l e a n l i n e s s '  of t h c  r e a c t i o n  and so  f a i l e d  t o  

proc!iir:e p 1 y f c r r o c e i i y l e n e s  i n  an a c c e p t a b l e  molccular  mass rCin~je  

and/or  f r e e  froin s t r u c t u r a l  imperfec t ions  brouyht  about  by 

d l k y l d t i c ~ r ~  o r  i n t roduct ion  of cyc lopentadicnyl  s u b s t i t u e n t s .  

Whrn, s r v e r a l  y e a r s  a f t e r  t h e  f i r s t *  descr ipt . ion of l i t h i a t e d  

ferrocrnex n l  i g u m r r i z a t i o n ,  a method f o r  t.he i s o l a t i o n  and 

p u r i f i c a t i o n  of 1 , l ' - d i l i t h i o f e r r o c e n e  was publ i shed  by Rausch 's  

group 1; 11, il renewed a t t a c k  was ventured on t .he knot ty  problem of  

fe r rocene  polymer iza t ion ,  aga in  u t i l i z i n g  t h e  o x i d a t i v e  coupl inq 

mechanism with cobal tous  ion  p a r t i c i p a t i o n  1121 . 
p r e p u r i t i c d  his-TMEDA complex of 1 , l ' - d i l i t h i o f e r r o c e n e  (TMEDA = 

N , N , N '  , N ' - t e t . r a m e t h y l e t h y l t ? n e r l i a m i n e )  , r i y o r o u s  e x c l u s i o n  of  

mois tur r  dnti oxygen, and removal of t h e  t r a c e s  of carbon d i o x i d e  

contaminat inq t h e  commercial g rade  of argon purging g a s  a l l  

combined t o  advantage i n  t h o s e  experinients t v  g i v e  r ise t o  l i n e a r  

oligomclric and polymeric 1 (scheme 4 ) .  Althouyh o v e r a l l  y i e l d s  

Use of t h e  

a L i . T M E D A  

I 

were only moderate ,  t h e  average degree ot polymer iza t ion  a t t a i n e d  

w a s  about  twice t h a t  of p r e v i o u s  c o u p l i i i g  p roducts  d e r i v e d  from 

l i t h i c i t e d  f e r r u c e n p s ,  ,inrl t h e  polymers wcrc: devoid of t h e  a l k y l  

and cyi:lo1wiit a t l i rnyl  s u b s t i t u t i o n  observed i n  t.hc p r e v i o u s  c a s e s .  

T I I  sc'.arcii f o r  ever  marc e f f i c i e n t  f c r r o c e n c  polymer iza t ion  

approaches, il major s y n t h e t i c  program, prompted by t h e s e  encouraginq 

r e s u l t - s ,  was i n i t i a t e d  t h r c e  yeal-s aqo i n  our  l a b o r a t o r y .  L a t e s t  

methods of a r y l - a r y l  coupl inq made a v a i l a b l e  i n  o r g a n i c  chemistry 
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POLYMETALLOCENYLENES 13 

were u t i l i z e d  i n  t .h is  program and s u i t a b l y  adapted t o  t h e  goal of 

d i f u n c t i o n a l  propagat ion .  

recourse  was made aga in  t o  preformed d i f u n c t i o n a l  f e r r o c e n e  

d e r i v a t i v e s ,  such a s  l , l ' - d i h a l i d e s ,  1 , l '  -h i  s -Grignard,  and 

l , l ' - b i s  (ch loromercur i )  f e r r o c e n e s ,  which were al lowed t-o homo-couple 

o r  c ross -couple  i n  t h e  presence  of v a r i o u s  r e c e n t l y  proposed 

c o - r e a c t a n t  o r  c a t a l y s t  systems. Table  1 summarizes r e a c t i o n  

v a r i a b l e s  and r e s u l t s  f o r  t h i s  series of  exper iments .  

In  t h e  f i r s t .  series of  experimentsL13], 

Althouqh, a s  t h e  t a b l e  shows, t h e  r e s u l t s  o f  t h e s e  e f f o r t s ,  by 

and l a r g e ,  tu rned  o u t  t o  be  r a t h e r  unpromising, they w i l l  b r i e f l y  

be d iscussed  i n  t h e  fo l lowing  so a s  t o  11igli-light some of the  b a s i c  

d i f f i c u l t i e s ,  i n  p a r t i c u l a r  those  a s s o c i a t e d  with d e l e t e r i o u s  s i d e  

r e a c t i o n s ,  t h a t  one must expect t o  encounter  i n  poly-coupl ing 

experiments .  

The s e l f c o u p l i n g  of  ch loromercur ia renes  i n  p o l a r  s o l v e n t s  

c a t a l y z e d  by chlororhodiumdicarbonyl  dimer h a s  r e c e n t l y  been added 

t o  t h e  p a l e t t e  of t h e  o r g a n i c  chemist  a s  a h i g h l y  e f f i c a c i o u s  a r y l -  

a r y l  coupl ing procedure ,  which i n  t h e  o r i g i n a t o r s '  hands[l4] gave 

dimer y i e l d s  a s  high a s  80 - 90%. S i m i l a r l y  high y i e l d s  were 

obt-dined i n  t h e  s e l f c o u p l i n g  of ch loromercur ia renes  i n  p y r i d i n e  

w i t h  m e t a l l i c  copper I n  t h e  presence  of p a l  l a d i u m ( 1 l )  c h l o r i d e  

c a t a l y s t  [is], t h i s  method r e p r e s e n t i n g  an improvement over  t h e  

e a r l i e r  c h l o r o p a l l a d a t e  p r o c e s s  which r e q u i r e d  f u l l  s to ich ionie t ry  

of t h e  pa l lad ium s a l t  [7]. 

bis(chloromercuri)ferrocene, f d i l e d  t o  q i v e  polymeric  I ;  only 

low-molecular ol igomers  were i s o l a t e d  i n  a d d i t i o n  t o  a p p r e c i a b l e  

q u a n t i t i e s  of unreac ted  his(chloromercuri)ferrocene, chloromercur i -  

f e r r o c e n e ,  u n s u b s t i t u t e d  f e r r o c e n e ,  and o t h e r  coupl ing  o r  degrad- 

a t i o n  products  ( e n t r i e s  1 and 2 ,  Table 1 ) .  C l e a r l y ,  both t h e  

observed low r e a c t i v i t y  of t h e  HgC1 group,  e n t a i l i n g  a low e x t e n t  

of r e d c t i o n ,  and t h e  s i g n i f i c a n t  degree o f  r e d u c t i v e  dernerc:iration, 

wi th  concomitant. lowering of monomer f u n c t i o n a l i t y ,  a r e  t h e  prime 

f a c t o r s  t o  be i m p l i c a t e d  i n  t h e  u t t e r l y  poor  polymer iza t ion  

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

Both methods, when a p p l i e d  t o  t h e  
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POLYMETALLOCENYLENES 17 

An e x c e l l e n t  method of a ry l -dry1  coupl ing ,  developed i n  t h e  

l a b o r a t o r i e s  of  McKillop and Taylor  [16], i n v o l v e s  h e a t i n g  of 

a ry l -Gr ignard  r e a g e n t s  wi th  1 . 5  molar e q u i v a l e n t s  of t h a l l i u m ( 1 )  

bromide i n  benzene. Representa t ive  b i a r y l  y i e l d s  a r e  i n  t h e  75 - 

99% range.  T h i s  method, when a p p l i e d  t o  t h e  1 , l ' - b i s - G r i g n a r d  

complex of f e r r o c e n e  ( e n t r y  3)  , gave- ol igomer 1 i n  a p p r e c i a b l y  h i g h e r  

y i e l d s  than determined i n  t h e  t W C J  p receding  e n t r i e s ;  however, t h e  

degree of polymer iza t ion  remained comparat ively low d e s p i t e  r i g o r o u s  

e x c l u s i o n  of mois ture ,  and,  a s  b c f o r e .  l a r g e  q u a n t i t i e s  of  f e r r o -  

cene were i s o l a t e d .  This  ind ica t .es  t h a t  demeta la t ion ,  probably 

a s  d e t h a l l a t i o n  from in te rmediary  f e r r o c e n y l t h d l l i u m  s p e c i e s ,  

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

of f u n c t i o n a l i t y .  

Aryl h a l i d e s ,  a s  was shown i n  t h e  l a b o r a t o r i e s  of Semmel- 

hack ~ 7 , 1 0 ] ,  Kumada [lc1-?1? , Kende 11221 and others . ,  undergo l l iyhly 

c f f i c i e n t  r e d u c t i v e  s e l f - c o u p l i n g  under mild condi . t ions i n  dimethyl-  

formamide i n  t h e  presence of  s t o i  c h i o m e t r i c  o r  near -s to ich i .omet r ic ,  

and even c a t a l y t i c ,  q u a n t i t i e s  of l igand-coord ina ted  n i c k e l ( 0 )  

s p e c i e s .  When 1 , l ' - d i h a l o f e r r o c e n e s  were t r c a t e d  wi th  s t o i c h i o -  

m e t r i c  amounts of e i t h e r  b i s ( l ,5 -cyc looc tad icne)n icke l (O)  o r  

t e t r a k i s  ( t r iphenylphosphine)  n i c k e l  ( 0 )  a t  40  - 60° i n  D M F ,  o n l y  

o l igomer ic  I w a s  i so la t -ed  i n  l o w  y i e l d s  i n  a d d i t i o n  t o  l a r g e  

percentages  of  monohaloferrocene, f e r r o c e n e ,  and degraded m a t e r i a l  

( e n t r i e s  4 and 5 ) ,  t h e  o v e r a l l  formation of  t h e s e  by-products b e i n g  

enhanced through use of more f o r c i n g  exper imenta l  c o n d i t i o n s ,  such 

a s  h igher  tempera tures .  S l i g h t  i n c r e a s e s  i n  both y i e l d  dnd degree  

of po lymer iza t ion  were achieve? ( e n L r i e s  G and 7 )  when t h e  n i c k e l  

s p e c i e s  w d s  p repared  i n  s i t u  a s  t.ris ( t r iphenylphosphine)  n i c k e l  ( 0 )  

from d i c h l o r o b i s  ( t r iphenylphosphine)  n i c k e l  (IT) dnd z i n c ,  e i t h e r  i n  

stoichiometric[ZZ] o r  i n  c a t a l y t i c  q u a n t i t i e s r 2 l ] ,  e x c e s s  z i n c  i n  

t h e  l a t t e r  c a s e  r e g e n e r a t i n g  t h e  c a t a l y t i c a l l y  a c t i v e  N i ( o )  complex. 

Again, however, t h e  presence  of f e r r o c e n e  and monohaloferrocene was 

e s t a b l i s h e d  i n  t h e  f i r , a l  p roducts .  I t  i s  c l e a r  from t h e s e  f i n d i n g s  

t h a t  r e d u c t i v e  dehalogendt ion by low- o r  zero-va len t  n i c k e l  reduces  
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18 NEUSE 

the monomer functionality even more drastically than was observed 

in the thallium-promoted Grignard coupling reactions. 

Next, attention was turned to reactions utilizing mechanisms 

of cross-coupling between aryl halides and aryl-Grignard or arylzinc 

compounds. Much information published in recent years is available 

on aryl-aryl coupling of this type, catalyzed or promoted by 

miscellaneous transition metal complexes, and in several instances 

reported coupling yields have been well in excess of 8 0 8 .  When 

applied to the system 1,1'-dihaloferrocene/l,1'-bis(bromomagnesio)- 

ferrocene, this approach gave rather variable results. For 

example, manganese (11) salts or catalysts [23] caused reductive 

dehalogenation of the halide by the Grignard reagent to be the 

principal process and so proved totally useless for the purpose. 

On the other hand, dihalodiphosphinenickel(I1) compounds, as 

exemplified by dichloro-1,3-propylenebis(diphenylphosphine)nickel 

[19,20], were found to be reasonably efficacious catalysts in this 

type of reaction (entry 8 ) ,  although defunctionalization at both 

reactants and concomitant suppression of chain growth was still 

observable. Use of the analogous dihalodiphosphine palladium 

complexes [ZO] as catalysts gave very similar results (entry 9 ) .  

The nickel chelate, bis (acetylacetonato) nickel (11) [24], catalyzing 

the coupling of 1,l'-diiodoferrocene with the bis-Grignard 

derivative of ferrocene, proved less satisfactory, the sluggishness 

of the coupling reaction allowing defunctionalizing side reactions 

to become predominant (entry 10). A moderately efficient, albeit 

experimentally cumbersome, coupling process proved to be the 

reaction of 1,l'-bis(ch1orozinc)ferrocene (from 1,l'-dilithio- 

ferrocene and zinc chloride) with 1,l'-diiodoferrocene in tetra- 

hydrofuran solution in the presence of tetrakis(tripheny1phosphine)- 

nickel(0) or the corresponding zero-valent palladium complex 

(entries 11 and 1 2 ) ,  using the method of Negishi [ 2 5 ] .  

of coupling products were paired especially in the palladium complex- 

catalyzed experiments with higher average degrees of polymerization 

than in most of the preceding entries. 

Good yields 
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POLYMETALLOCENYLENES 19 

All oligo- and polyferrocenylene products prepared in this 

final series of experiments (Table 1) essentially conformed to 

structure I. The higher-molecular fractions, however, were found 

to be contaminated to a variable extent with non-extractable 

organic (1 - 5 % )  and inorganic (0.01 - 0 . 5 % )  impurities stemming 

from the catalyst systems, from the functional groups, or from 

degraded metallocene. Surveying the entire series of experiments 

one is led to conclude that, in view of both the observed 

contamination and the generally unsatisfactory degrees of 

polymerization attained, these selected types of coupling reaction, 

much as they should receive recognition as outstandingly useful 

synthetic tools in the organic chemistry of nonpolymeric compounds, 

fail to lend themselves to the preparation of polymetallocenylenes. 

Neither are they sufficiently 'clean' in the sense of earlier 

discussions in this chapter to preclude competition by such side 

reactions as demetalation, dehalogenation, and metallocene or 

catalyst degradation, nor do they proceed at rates fast enough 

relative to such other reactions to prevent their active 

participation in, and interference with, the propagation sequence. 

One finds this failure visibly reflected in the structural imper- 

fections of the polymeric products, the low extents of reaction, and 

and the low degrees of polymerization resulting from stoichiometric 

imbalances. 

The second series of experiments, summarized in Table 2, was 

based on organocopper chemistry. As most copper-organic compounds 

are conveniently prepared from lithium-organic precursors, 

1,l'-bis(1ithio-TMEDAIferrocene (again prepared and purified in the 

solid state [ll] ) served as the principal starting material through- 

out this experimental series. While the straightfcrward oxidative 

couplinq of the lithiated ferrocene with copper(I1) halide, conducted 

over a wide range of temperatures, concentrations, and solvent 

polarity (entry l), did not lead to marked improvemects over the 

results of Table 1, the required high copper ion concentrations 

causing excessive ferrocene halogenation, dimer cyclization ( v ide  

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



T
A

B
L

E
 

2 
SY

N
T

H
E

SI
S 

O
F 

PC
L

Y
FE

PR
O

C
E

N
Y

L
E

K
E

S 
4X

O
M

 
D

IL
IT

H
IA

T
E

C
 

FE
R

R
O

C
EN

E 
N

 
0
 

E
n

tr
y

d
 

R
e

a
g

e
n

ts
 

(I
c

la
rl

ty
) 

S
o

lv
en

t?
 

T
im

e
, 

O
v

e
ra

ll
 

En
 o

f 
p

ro
- 

S
ta

rt
in

s
 r

n
tl

s.
 

re
c

c
v

e
re

a
 

R
e

f.
 

T
em

p.
 

C
o

u
p

li
n

g
 

(l
il

c
t 

fr
a

c
- 

o
r

 b
y

-p
ro

d
u

c
ts

 
is

o
la

te
d

 
Y

ie
ld

, 
tC

 
ti

o
n

s
 ~

i
t
t
.
 

xn
> 

5
d

.e
 

*L
i 

.T
YE

DA
 

C
uC

12
 

D
B

E
 

3 
t.

, 
-7

2'
; 

2
5

- 
4

2
 

1
1
0
0
 

(2
6

%
) 

C
h

;o
ri

n
a

te
d

 
fe

rr
c

c
e

c
e

s
 

2
7

 

+i
.T
KE
DA
 

If
 

3 
h

, 
25

-:
 

2
0

0
0

 
(6

%
) 

a
n

d
 o

li
q

o
fe

rr
o

c
e

n
y

ie
K

e
s

, 
1

6
 h

, 
11

0'
 

fe
rr

o
c

e
n

e
 

(
3

0
 - 

5
0

%
) ;
 

0.0
1 f

e
rr

a
c

e
n

o
p

h
a

n
e

 
5 

- 
10

5)
 

lo
. i

O
1 

(0
.2

1
j 

C
U

C
12

 
D

PE
/T

H
F 

2
2

 h
, 

25
" 

4
5

- 
5

5
 

1
3

0
0

 
(1

3
%

) 
A

s
 

a
b

o
v

e
 

(2
0

 -
 

3
0

?
l;

 
2

7
 

(1
:3

) 
3

4
0

0
 

(2
1

 I 
cO

.0
3 

f 
e

rr
o

c
e

n
o

p
h

a
n

e
 

(5
 -

 1
C

%
) 

(0
.3

0
1

 

C
uC

12
 

D
IO

/H
x 

3,
5 

h
. 

2
3

0
 

7
0

-
 7

5
 

1
1
0
0
 

(1
2

%
) 

F
e

rr
o

c
e

n
e

 
(1

0
 -

 2
04

1 
26

 
1

3
:2

) 
1

5
 h

. 
5

0
 

3
9

0
0

 
(1

.5
%

) 
e

L
1

 
.T

M
ED

A
 

+
L

~
.T

P
.E

D
A

 
@

-I
 

3
h

 
h

 

:0
.0

6
4

) 
(0

.0
4

2
1

 l
fl
.0
20
1 

- 
G

H
E

IT
B

F 
2 

h
, 

oG
; 

8
5

- 
8

8
 

1
6

5
0

 
1

3
1

%
) 

F
e

rr
o

c
e

n
e

 
1

1
 - 

4
2

) 
3

0
 

(1
:1
1 

2
0

 h
. 

25
' 

3
6

0
0

 
(1

6
%

) 
9

L
l

 
'T

V
E

D
A

 

b
i 

@
-

L
~

.
T

V
E

D
A

 
(0

.2
9

1
 

aO
n

ly
 

o
n

e
 r

e
p

re
s

e
n

ta
ti

v
e

 e
x

p
t 

(o
ut

 o
f 

a
t 

le
a

s
t 

th
re

e
 e

x
p

ts
.c

o
n

d
u

c
te

d
 

a
t 

v
a

ri
e

d
 m

o
la

ri
ty

 a
n

d
 

re
a

c
ti

c
n

 t
im

e)
 

is
 

li
s

te
d

 

p
e

r 
e

n
tr

y
. 

bD
BE

 =
 

d
i-

n
-b

u
ty

l 
e

th
e

r:
 

DH
E 

=
 

1
,2

-a
im

e
tt

o
x

y
e

th
a

n
e

; 
T

li
F

 
=

 
te

tr
a

h
y

d
ro

f.
x

a
n

; 
D

IO
 =

 
d

io
x

a
n

; 
Hx

 =
 

h
e

x
a

n
e

. 

'R
an

ge
 

o
f 

y
ie

ld
s

 o
f 

li
n

e
a

r 
m

a
te

ri
a

l 
fr

o
m

 d
if

fe
re

n
t 

e
x

p
e

ri
m

e
n

ts
. 

C
o

n
te

n
t,

 i
n

 p
e

rc
e

n
t 

c
f 

to
ta

l 
li

n
e

a
r 

c
o

u
p

ii
n

g
 p

ro
d

u
c

t,
 

is
 g

iv
e

n
 

i
n

 p
a

re
n

th
e

s
e

s
. 

fo
r 

C
1

-c
o

n
ta

in
in

g
 

p
ro

d
u

c
ts

),
 

o
li

g
o

x
e

rs
 a

n
d

 p
o

ly
m

e
rs

 w
er

e 
s

e
p

a
ra

te
d

 b
y 

fr
a

c
ti

o
n

a
ti

c
g

 p
re

c
ip

it
a

ti
c

n
 w

it
h

 h
e

x
a

x
e

. 

e
A

ll
 

c
ru

d
e

 p
ro

d
u

c
ts

 w
e

re
 t

re
a

te
l 

w
it

h
 V

it
ri

d
e

 r
e

d
u

c
in

g
 

a
c

e
n

t 
f

o
r

 d
e

h
a

lo
g

e
n

a
ti

c
n

 
(i

n
e

ff
ic

ie
n

t 

fS
ir

n
il

a
r 

re
s

u
lt

s
 

i
n

 D
N

E
 
c

r 
D

M
E

/B
z;

 

C
u

I 
(C

u
:L

i 
=

 
0.

51
 

o
r 

in
 D

IO
/T

H
F.

 

c
a

ta
ly

s
ts

. 
H

ig
h

e
r 

r
o

l
e

c
~

l
a

r
 

m
a

ss
e

s 
[u

p
 t

o
 6

20
C

 
fo

r 
1

st
 

fr
a

c
tl

o
r.

:.
 

b
u

t 
p

o
o

r 
c

o
~

p
o

s
it

ic
n

 an
d

 
u

p
 

to
 1

0
%

 fe
rr

o
c

e
n

e
 r

e
c

o
v

e
ry

, 

i
n

 C
B

E 
a

t 
2

5
 -

 1
10

'. 

a
n

a
lo

g
o

u
s 

re
s

u
lt

s
 w

it
h

 C
u

B
r2

. 

iS
ir

?
il

a
r 

re
s

u
lt

s
 

i
n

 D
IO

/D
M

E
. 

'L
ci

ie
r 

y
ie

ld
 r

a
n

g
e

 i
n

 D
B

E
. 

'S
im

il
a

r 
re

s
u

lt
s

 w
it

h
 

S
li

g
h

tl
y

 h
ig

h
e

r 
y

ie
ld

s
 w

it
h

 F
a(

O
1

 
or

 
C

u
(1

1
 
(-

10
-3

M)
 

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



POLYMETALLOCENYLENES 21 

infru), and product  contaminat ion with copper ,promis ing  r e s u l t s  were 

o b t a i n e d  i n  experiments  i n  which t h e  molar e q u i v a l e n t  of  c o p p e r ( I 1 )  

h a l i d e  was ha lved  ( e n t r y  2 )  c 2 7 1 .  

t h e  organol i th ium s i t e s  t o  undergo o x i d a t i v e  coupl ing  w i t h  

polyfer rocenylene  formation (eq .  5a ;  A r  = 'i f e r r o c e n y l e n e ) ,  and 

f o r  t h e  r e s u l t a n t  cuprous i o n  t o  s u f f e r  t r a n s m e t a l a t i o n  wi th  t h e  

T h i s  a l lowed f o r  a f r a c t i o n  of  

A r L i  + Cu2+ - 4 A r - A r  + Cu+ + Li+ ( 5 4  

remaining organol i th ium f u n c t i o n s  i n  t h e  r e a c t i o n  mixture  t o  g i v e  

fe r rocenylenecopper  ( I )  s p e c i e s  (eq.  5b) . Rais ing  t h e  r e a c t i o n  

+ 
A r L i  + Cu+ - ArCu + L i  (5b)  

temperature  t h e n  brought  about  thermal  coupl ing  of t h e  organocopper 

i n t e r m e d i a t e s  w i t h  g e n e r a t i o n  of  I (eq.  5 c ) .  The o l i g o -  and 

n 
ArCu - ' i A r - A r  + Cu(0)  ( 5 c )  

p o l y f e r r o c e n y l e n e s  t h u s  prepared  i n  45 - 55% y i e l d ,  a l though 

s u b s t a n t i a l l y  of t y p e  I ,  s t i l l  conta ined  trace q u a n t i t i e s  of copper  

i n  a d d i t i o n  t o  s e v e r a l  p e r c e n t  of  halogen p r e s e n t  as h a l i d e  end 

groups ,  e f f e c t i v e l y  s topping  cha in  growth. Furthermore,  irrespec- 

t i v e  o f  s u b s t r a t e  c o n c e n t r a t i o n ,  c o n s i d e r a b l e  p o r t i o n s  of  dimer 

i n t e r m e d i a t e s  underwent i n t e r n a l  c y c l i z a t i o n  t o  [O.O] ferrocenophane.  

The o p t i m i z a t i o n  of  ferrocenophane formation (scheme 6 )  under 

(-26%) (-20% ) 

c o n d i t i o n s  of  p u r e l y  thermal  coupl ing  of f e r r o c e n y l e n e c o p p e r ( 1 )  

s p e c i e s  [ 2 7 ] ,  t h e  l a t t e r  g e n e r a t e d  i n  s i t u  from l , l ' - b i s  ( l i t h i o -  

TMEDA)ferrocene and two molar e q u i v a l e n t s  of  Cu(1)  sa l t ,  s u g g e s t s  
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22 NEUSE 

t h a t  aggregated organocopper ( T )  complexes appearing ds i n t e r m e d i a t e s  

i n  t h e  pulycondensat ion of t h e  d i l i t h i o f e r r o c e n e  complex under 

c o n d i t i o n s  of h igh  r e l a t i v e  copper  ion c o n c e n t r a t i o n s  may a c t  a s  

templat.rs. Depcndiny on s t e r - i c  f a c t o r s  and t h e  degree  of 

assoc ia t . i an  and s o l v a t i o n ,  t h e s e  may decompose ei tkier  v7:2 i n t e r n a l  

o r  i!id i n t e r m o l e c u l a r  C-C bond format ion ,  t h u s  e n t d i l i n g  e i t h e r  

c y c l i z a t  i on o r  polymcr iza t ion .  

With high i n s t a n t a n e o u s  copper i o n  c o n c e n t r a t i o n s  e s t a b l i s h e d  

as t h e  p r i n c i p a l  cause of p r e f e r e n t i a l  ferroceriophant. format ion ,  

subsequent  experiments  were conducted under c o n d i t i o n s  of  organo- 

cul ' ra te  intermediacy [28] . Organocuprates ,  more c o p p e r - d e f i c i e n t  

than organocopper compounds and i n  t h e  s i m p l e s t  form of  t h e  g e n e r a l  

s t r u c t u r e  rR,CuLi], 

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

oryariic chemistry[29] , t h e i r  r e a c t i v i t y  p o s s i b l y  d e r i v i n g  from t h e  

coopera t ive  i n t e r p l a y  of t h e  two copper atoms i n  t h e  d imer ic  

complex. They are c o n v e n i e n t . 1 ~  g e n e r a t e d  i n  ::ft?( from organol i th ium 

compound and copper (T) c a t i o n  (cq. 7 ) .  Coupling may proceed e i t h e r  

have i n  r e c e n t  y e a r s  come t o  p l a y  an - ,)' 

4 R L i  + 2Cu' - [R2CuLi I2  ( 7 )  

w i t h  o x i d a t i v e  a s s i s t a n c e  by such o t h e r  r e a c t a n t s  as copper  (11) 

c a t i o n  o r  molecular  oxygen (eq. 8a)  o r  through n u c l e o p h i l i c  a t t a c k  

(Ua) 
ILOl 

rR2cuLi-j, ___t 2R-R + 2cu+ + 2 ~ i +  - 

rR2CuLi-j2 + 2 R ' I  - 2 R - R '  t 2RCu + 2 L i I  (8b)  - 
on organohal ide  (eq. 8b;  R,R' = a l k y 1 , a r y l ) .  

Both r e a c t i o n  types  were u t i l i z e d  f o r  fe r rocene  polymer iza t ion  

Whereas t h e  former was found t o  ( R , R '  = $ l , l ' - f e r r o c e n y l e n e )  r28]. 

be u n s u i t a b l e  because of o x i d a t i v e  s i d e  r e a c t i o n s  and/or  o x i d a n t  

i n c o r p o r a t i o n ,  t h e  l a t t e r  proved h ighly  e f f i c a c e o u s ,  a f f o r d i n g  1 i n  

70  - 7 5 %  y i e l d .  The  r e a c t i o n  mixtures  i n  t h e s e  experiments  were 

u l t i m a t e l y  hea ted  t o  50° i n  o r d e r  t o  b r i n g  about  f u l l  u t i l i z a t i o n ,  

through thermal coupl ing ,  of t h e  organocopper s p e c i e s  g e n e r a t e d  
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POLYMETALLOCENYLENES 23 

(eq. 8b) along T;:ith coupling product. A representative experiment, 

in which the cuprous salt needed (eq. 7) was prepared ? ? I  s,i'tu from 

C u C l  (Cu:Li 0.15), is summarized in entry 3. 2 
Althouqh, under these conditions, internal cyclization was 

negligible, the products I still were not entirely free from copper 

contamination. Attention was, therefore, focussed on the problem 

of direct solution condensation of the dilithioferrocene complex 

with diiodoferrocene (scheme 9) [30] . This polycondensation 

reaction, in the simplest mechanistic sense representing an aromatic 

nucleophilic substitution process, in initial experiments gave low 

p and Xn values resulting from use of insufficiently polar solvents 

and inadequately purified organolithium monomer. Later experi- 

ments, performed in di-n-butyl ether under considerably refined 

experimental conditions at ultimate temperatures of 50 - looo, 
furnished polyferrocenylenes in excellent yields and degrees of 

polymerization. The polymers were marred, however, by the inclu- 

sion of (deprotonated) TMEDA chelating agent, as evidenced i n t e r  
a z i a  by low (0.2 - 0.5%) nitrogen contents; in addition, they showed 

an unusual aging behavior, manifested in the loss of initial 

solubility after several months of storage. The reaction condit- 

ions which, after much experimenting, were ultimately found to be 

optimal for clean and efficient propagation called for the use of 

strongly coordinating ether solvents, such as THF and DME, at 

temperatures not substantially exceeding 25O (entry 4). 

ferrocene-ferrocene coupling yields thus amounted to 85 - 88%.  

The oligo- and polyferrocenylenes I were of the highest purity yet 

achieved and contained no detectable quantities of c0.q ferroceno- 
phane, The molecular mass of the top fraction (15 - 20% of total) 
reached the 3500 - 4500 range, although it was not possible even 

under the most rigorously controlled conditions entirely to suppress 

demetalation and dehaloyenation, evidenced by the regeneration of 

up t.o 4% ferrocene and the comparatively large proportion of oligo- 

meric material formed. Use of much higher temperatures in these 

experiments proved counterproductive; while bringing about minor 

- 

Overall 
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24  NEUSE 

- 
f u r t h e r  i n c r e a s e s  i n  X,,, t h i s  i n v a r i a b l y  l e d  t o  i n t e r f e r e n c e  by 

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

i d e a l  s t r u c t u r e  I .  

Othe r  e f f o r t s  f u r t h e r  t o  enhance t h e  Gn c e i l i n g  i n  t h e s e  

organolithium-organohalide c o u p l i n g  r e a c t i o n s  i n c l u d e d  c a t a l y s i s  

by P d ( 0 )  and Cu(1). Although p r e l i m i n a r y  f i n d i n g s  s u g g e s t  t h a t  

minor  a d d i t i o n a l  m o l e c u l a r  mass i n c r e a s e s  may b e  b r o u g h t  a b o u t  by 

such t r a n s i t i o n  metal c a t a l y s i s ,  tne e f f e c t s  are  n o t  v e r y  p ronounced  

[34, arid c o n s i d e r a b l e  r e f i n e m e n t  of t h i s  approach  i s  needed i f  

s i g n i f i c a n t  improveinents are  t o  r e s u l t  . 
In summary, t h e  e x p e r i e n c e  emanat ing from t h e  t w o  se r ies  of 

e x p e r i m e n t s  c o v e r e d  i n  T a b l e s  1 and 2 shows t h a t  t h e  prime r e q u i r e -  

m e r i t s  o f  h i g h e s t  p r o d u c t  p u r i t y  <%rid < I  maximal e x t e n t  o f  r e a c t i o n ,  

p ,  concomi tan t  w i t h  h i g h e s t  p o s s i b l e  xrl ,  are  n o t  i n  q e n e r a l  m u t u a l l y  

c o m p a t i b l e .  

t h e  r e a c t i o n  t o  t.he r i g h t - h a n d  s i d e  t-hrough t h e  exped iency  of h i g h e r  

t e m p e r a t u r e s  w i l l  a l m o s t  i n v a r i a b l y  r e s u l t  i n  an enhanced  e x t e n t  of 

d e s t - r u c t i v e  s i d e  r e a c t i o n s  and c o n c o m i t a n t  p a r t i c i p a t i o n  of c a t a l y s t  

components o r  by -p roduc t s  i n  t h e  p r o p a g a t i o n  sequence  w i t h  

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

p r o d u c t s  t o  s t r u c t u r e  I .  A c c o r d i n g l y ,  a compromise s o l u t i o n  must 

be found  i n  which t h e  t w o  r e q u i r e m e n t s  o f  p r o d u c t  p u r i t y  and  h i g h  

m o l c c u l a r  mass are  p r o p e r l y  b a l a n c e d .  I n  t h e  e x p e r i m e n t  of e n t r y  

All e f f o r t s  t o  i n c r e a s e  p ,  and  t h u s  xn ,  by ' p u s h i n g '  
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POLYMETALLOCENYLENES 25 

4, Table 2, the conditions of which quite obviously are the most. 

favorable developed to this date for the synthesis of polyferro- 

cenylenes, this compromise is clearly evident. 

Poly-1,2-ferrocenylenes.- Only a single investigation has been 

communicated the aim of which was the synthesis of oligoferro- 

cenylenes comprising internal ferrocene units joined in a 1,2-disub- 

stitution pattern. 

involved the mixed Ullmann coupling of iodoferrocene and 1,2-diiodo- 

ferrocene (or, less favorably, the homo-coupling of solely the 

diiodo monomer) in the presence of activated copper in the melt at 

150°. 

GOo (appreciably l ess  in the homo-coupling reactions), consisted for 

the most part of hiferrocene formed by selfcondensation of iodo- 

ferrocene. As even in the homo-coupling of the diiodo compound 

some 20 - 30% of total coupling product constituted biferrocene, 
it is obvious that appreciable dehalogenation occurred in these 

Ullmann reactions, rendering the process unsuitable for polymer- 

ization purposes. The remaining oligomers, isolated in 0.4 - 4% 

combined yield in addition to the dimer, were 1,2-terferrocene 

(11, n = 3 ) ,  the two (meso- and ( d , l - )  1,2-quaterferrocenes (11, 

n = 4), and several 1,2-quinqueferrocene isomers (11, n = 5 ) .  

This project, studied by Rausch e t  n l .  [31], 

The product mixtures, obtained in combined yields of 50 - 

Although the organolithium-organohalide polycondensation 

process and other polycoupling reactions utilized for the prepara- 

tion of I could, in principle, be used as well for  the synthesis 

of higher-molecular 11, this has not so far been attempted. 

No polyferrocenylenes containing ferrocene-1,3-diyl internal 

units have to this date been reported, undoubtedly for lack of 
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26 NEUSE 

readily available stdrting materials, such as 1,3-dihaloferrocenes 

and derived 1,3-dili thio compounds. 

POLYRUTRENOCENY1,ENES 

The rut-henocenc (di-n-cyclopentadienylruthenium) and osmoccne 

(di-r--cyclapentaclienylosmium) complexes, together with ferroccnc, 

represent L h r  iron-group metallocencs, whose physical and chcmica 1 

properties show much mutual resemblance because of the similarity 

of their molecular structures and valence electron systems. A s  

a consequrnce, one should expect a similar behavior in polymcr- 

ization reactions O i i i  the various approaches outlined above for 1. 

However, with ring electron density markedly decreasing in the 

order f errocenc > ruthenocene > osmocene, one may predict an 

increasing propensity for reaction with nucleophiles i 11 this order 

and, hence, an increasing reactivity in coupling processes in which 

the metallocene is used as the dihalo derivative. On the other 

hand, decreasinq nucleophilicity may be anticipated, again i.n the 

order given, for the metallocene employed as the dilithio derivative. 

although, most likely for reasons of high costs, no work has been 

done in the field of osmocene polymerization, limited data arc 

available on ruthcnocene polymerization ki~havior. 

The first, cursory report on ruthenocene ol igomerization, 

dating back to 1970, and devoid of experimental details, pointed 

out the feasibility of preparation of Liruthenocene and higher 

homologs by Ullmann coupling of mono- and 1 ,l'-diiodoruthenoccne 1321  . 
A thorough study of this reaction in our laboratory[13] has confir- 

med that the coupling of haloruthenocenes i n  the melt phase proceeds 

indeed readily dnd iii high overall yields as shown in scheme 10, yiv- 

ing bi-, ter-, dnd quaterruthenocene (111, n = 2 - 4 ) ,  as well as 

little higher-~iioleculdr material (entry 1, Table 3). 

, .  

I11 
( n  = 2 - 4 )  
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In  o r d e r  t.o main ta in  m e l t  c o n d i t i o n s  throughout  t h e  r e a c t i o n  it is 

necessary  t o  work wi th  a mixture  of mono- and dihdloijen<ited rutherio- 

cene,  as the iisc of t h e  d i h a l i d e  a l o n e  l e a d s  t o  premdLure s o l i d i -  

f i c a t i o n  of t h e  m e l t  and concomitant low coupl ing  e f f i c i e n c y .  

Another drawback i s  t h e  occurrence  of ample deha logenat ion ,  

r e s u l t i n g  i n  t h e  q e n e r a t i o n  of ruthenocene.  The method as such i s ,  

t h e r e f o r e ,  n o t  r e a d i l y  a p p l i c a b l e  t o  t h e  p r e p a r a t i o n  of h igher -  

molecular  111. 

S u r p r i s i n g l y ,  t h e  d i r e c t  s o l u t i o n  corideiisdt ion of 1.1 ' - d i l i t h i o -  

rutheriocene ( c h e l a t e d  with TMEDA) with 1 , l ' - d i i o d o f e r r o c e n e  ( e n t r y  

2 ,  Table  3 )  under t h e  exper imenta l  c o n d i t i o n s  so s u c c e s s f u l l y  

employed i n  Lhe analogous f e r r o c e n e  polymer1 zat-ion ( e n t r y  4 ,  Table  

2 ) ,  tu rned  o u t  t o  he of l i t t l e  u s e ,  a f f o r d i n g  no more than  408 of 

l a r g e l y  o l iqomer ic  111. C a t a l y s i s  by v a r i o u s  t - r a n s i t i o n  meta ls  

o r  t h e i r  l o w -  o x i d a t i o n - s t a t e  s a l t s  caused n o  improvement.s k33.341. 

S i m i l a r l y  i n e f f i c i e n t  proved t c ,  be t h e  coupl ing  of rut.henocenylene- 

c u p r a t e  with di iodoruthenocene according t o  eq.  8b ( R  = 4 rutheno- 

c e n y l e n e ) ,  which gave predominant ly  o l igomer ic  I'IT (n = 2 - 5 )  i n  

a d d i t i o n  t o  l e s s  than 5% of liigher-niolecular coinpouiids (Piltry 3 ,  

Table 3 ) .  One i s  l e d  t o  conclude from t h e s e  f i n d i n g s  that. t h e  

r .e ta la ted  ruthcnocene complex p o s s e s s e s  i n s u f f  i c i r n t  n i i c l e o p h i l i c i t y  

f o r  t h e s e  types  o f  coupl ing r e a c t i o n  t o  proceed e f f i  cac io i i s ly .  

On the  o t h e r  harid,  t h e  combined o x i d a t i v e  and t.hcrma1 coupl ing ,  i n  

DBE solut . ion,  of TMEDA-chelated d i l i t h i o r u t h e n o c e n e  i n  t h e  presence  

of copLier(T1) c h l o r i d e  (eq.  5 ,  A r  = 5 ruthenocenylenc)  [35] a f f o r d e d  

coupl ing products  i n  h igher  y i e l d s  (70%)  than  r e a l i z e d  i n  t.he 

corresponding d i l i t h i o f e r r o c e n e  polymer iza t ion ,  a l though,  a g a i n ,  

t h e  degrees  of polymer iza t ion  a t t a i n e d  were low, t h e  major p o r t i o n  

of I11 br ing  i n  t h e  oligomer range.  I n  a d d i t i o n ,  a s  a r e s u l t  of 

end group c h l o r i n a t i o n  by t h e  c u p r i c  i o n  r e a g e n t ,  t h e  p r o d u c t s  were 

found t o  c o n t a i n  up t o  5% C 1  r e s i s t i n g  a l l  a t t e m p t s  d t  removal by 

r e d u c t i v e  t - rcatment ,  and only by e l a b o r a t e  s e p a r a t i o n  techniques  

was i t  p o s s i b l e  t o  i s o l a t e  t h e  c h l o r i n e - f r e e  ol igomers  111, 

n = 2 - 4 .  
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POLYMETALLOCENYLENES 29 

A s  shown by t h e  t a b u l a t e d  d a t a ,  t h e  r e s u l t s  o b t a i n e d  t o - d a t e  

i n  ruthenocene polymer iza t ion  are by no means s a t i s f a c t o r y ,  and 

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

PROPERTIES AND USES 

Consider ing t h e  s t a t e  of  in fancy  i n  which polymeta l locenylene  

r e s e a r c h  i s  found t o  be a t  t h i s  t i m e ,  t h e  p a u c i t y  of p r o p e r t y  and 

performance d a t a  i n  t h e  l i t e r a t u r e  should  come a s  no s u r p r i s e .  

I n  f a c t ,  wi th  j u s t  one y e a r  e l a p s e d  s i n c e  p u b l i c a t i o n  of  t h e  more 

p r a c t i c a b l e  f e r r o c e n e  polymer iza t ion  procedures  E7,28,30] , one can 

h a r d l y  expec t  t o  f i n d  anyth ing  more t h a n  s imple p r o p e r t y  d e s c r i p t i o n s  

and most c e r t a i n l y  no r e c o r d s  o f  completed development and 

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

mation p r e s e n t e d  i n  t h i s  s e c t i o n  t o  be comparat ively heavy on poly-  

m e r  c h a r a c t i z a t i o n  d a t a  b u t  very l i g h t  indeed  on t h e  q u e s t i o n  of 

j u s t  what p r e c i s e l y  t h e s e  polymeta l locenylenes  can o f f e r  i n  terms 

of s c i e n t i f i c  and t e c h n o l o g i c a l  use .  Furthermore,  s i n c e  v i r t u a l l y  

a l l  t h a t  i s  known about  po lymeta l locenylenes  r e f e r s  t o  t h e  f e r r o c e n e  

polymers ,  one can only  s p e c u l a t e  a t  t h i s  t i m e  on t h e  p o s s i b l e  use of  

polymers d e r i v e d  from o t h e r  t r a n s i t i o n  meta l  complexes. 

POLYFERRCCENYLENES 

P h y s i c a l  Propert&.- All o l i g o -  and p o l y f e r r o c e n y l e n e s ,  i r r e s p e c t i v e  

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

high-melt ing s o l i d s  ranging i n  c o l o r  from orange-yellow o r  l i g h t  

oranqe i n  t h e  low-molecular-mass reg ion  t o  orange-tan,  tan-brown, 

and,  u l t i m a t e l y ,  dark brown i n  t h e  reg ion  of h i g h e r  molecular  masses. 

A l l  i n d i v i d u a l  homologs o r  f r a c t i o n s  a r e  t o  a vary ing  e x t e n t  s o l u b l e  

i n  ha locarbons ,  a romat ic  hydrocarbons,  and a number of  d i p o l a r ,  

a p r o t i c  s o l v e n t s .  While t h e  low-molecular members show a d i s t i n c t  

s a t u r a t i o n  l i m i t ,  reasonably high f o r  t h e  dimer and t h e  t r imers ,  

y e t  low o r  very l o w  f o r  t h e  homologs w i t h  n = 4 - 6 ,  t h e  h igher -  
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30 NEUSE 

molecular  f r a c t i o n s  (of t h e  only  known polymer type  I) p o s s e s s  

e x c e l l e n t  s o l u b i l i t y  i n  t h e s e  s o l v e n t s  and may be  p r e c i p i t a t e d  from 

s o l u t i o n  by such non-solvents  as methanol o r  hexane. Polymorphism, 

mani fes ted  i n  d i f f e r e n c e s  of t h e  X-ray powder diagrams and,  

o c c a s i o n a l l y ,  i n  t h e  mel t ing  behavior ,  h a s  been n o t i c e d  wi th  

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

homologs as w e l l .  The i n d i v i d u a l  o l i g o f e r r o c e n y l e n e s  are charac-  

t e r i z e d  by d i s t i n c t  mel t ing  p o i n t s ,  wi th  h i g h e s t  v a l u e s  shown by 

t h e  members wi th  n = 4 - 6 ;  a t a b u l a t i o n  of  m.p. d a t a  for  t h e  

known oligorners i s  g iven  i n  Table  4.  

'TAH1.E 1 MELTING- FO!NTS AND SELECYEI) EI.ECTRONIC ABSORPTION NAXINA 
or  n o m i  OLIGOFERRCCENYLENI.S~ ~- 

~ ~ ~ ~ , n m  ( c .  M-' &'I~ c, c 
Compound Mb M . p . ,  C 

Bltcrrocene 170 238 - 2 4 0  2 2 3 1 2 2 9 0 0 )  263(61001 300(4BW1 4 5 6 1 3 2 0 1  
( I ,  / I  = 2 )  295 142501 4501 3001 

:.?-Terferrocene 554 202 - 204= - 
( r i ,  n = JI 2 9 5 ( 3 0 0 3 1  449(2601 

I ,  3-Tcrf erroccnr 2% - 2 0 0  - 
301 I41701 455 13751 

I .  I'-'l.erferrace"e 229 ~ 2 3 0  126 (202fXII 267 1 6 4 ~ ~ )  305 l55oO) 450 1480) 
11,  n = 3) 302 15250) 454 1430) 

1.2-quaterferroc~iie. 738 374 - 176 - 
mezo (11, II = 41 

1.7-Quaterferrocene. 2 5 0  - 753  - 
d.1 I l l ,  ri = 41 

l.I'-Quatcrferrocenr 2 7 9  - 281 i ~ a ( 1 7 9 ~ 1  ? 7 0 1 7 9 ( ~ )  3081~000) 460(590) 
11, n = 4 1  

'mta collectcd from rPfs. 5 , 6 , 7 . : 0 , 2 7 . 3 0 . J 1 .  

y m l y  highest m.p .  c i iv rn .  

b ~ y  mass spectrmetry. 

I ,2-dichlaroethane (?.be. ethanol for second- 

r-w data). Pixst column' Larid s y s t * . m  x, XI in ferrocene: second column; band 

system vTI. VIII in terrocrne; Lt i Irr l  c - o l u m n :  band system VI in feiroccrie; 

fcnlrtlm column: band system IV in fcrrocene; band system designations by McGlynn's 

n ~ t , ~ t ~ o n  l r r f .  3 7 ) .  ePolymorph meltins at 187 - 189O. 
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POLYMETALLOCENYLENES 31 

The higher-molecular oligomers and polymers, available only as 

polydisperse fractions (i.e. mixtures of homologs) for the hetero- 

annular type I, are characterized by broad melting ranges (Table 5 ) ;  

the melting temperatures pass through a minimum for fractions with 

major heptamer/octomer contents and exceed the 350 0 level at Xn > 2 0 [ 3 0 ] .  

The exceptional heat resistance of the ferrocene unit has 

prompted extensive work, mostly under government contracts, directed 

toward the use of ferrocene-containing polymers in high-temperature 

and ablative applications[l] . 
focussed on the thermal stability behavior of polymeric I [8]. 

polymer, prepared by demercuration of poly(mercuriferrocenylene), 

when subjected to the thermogravimetric analysis test under argon, 

gave a respectable thermogram, indicating relative residual weights 

of 98, 85, and 7 5 % ,  respectively, at 400, 600, and 8W0. 

trast, a sample of a polyrecombination product synthesized by 

Korshak's process[3] and in the same molecular mass range of 2500 - 
3000 showed markedly inferior thermostability, giving residual 

weights of about 70% at 50O0 and some 65% at 600 . 
metric analysis data on more recently synthesized poly-1,l'-ferro- 

However, only a single study has 

The 

In con- 

0 No thermogravi- 

TABLE 5 MELTING RANGES AtlU SELECTED ELECTRONIC ABSORPTION 

FLAXiHR OF FRACTIOIIATED POLY-I ,l'-FLPROCENYLENESa 

1 9 9 W  > 350 220(178001 >69(6600) 308151001 46116501 

2 7 X x )  > 350 
3 5 8 W  > 3 5 0  228ilWWl 270176001 30915900) 46016101 

4 4700 > 3 5 0  221 270(76001 3C9 156001 4601650) 

5 3200 230 - 750 228(1Y4001 270(80331 310I58001 460(6101 

0 2903 215 -230 228(188001 269174001 309154001 46116001 

7 2100 165 -180 2291i84001 26917300) 309154001 4611580) 

R IH5O 140- 150 22n(in~ooi 26917500) 309(5500) 4601580) 

9 1 K J O  135 - 141 2271110331 27017ooOl 30815700~  46116201 

10 1100 205 -215 2281181001 26017900) 308164001 4611590) 

almta from ref. 3 0 .  bBy vdpor pressure oamometry. 'In 1.2-dlchloro- 

ethane .  nand system notdtion as i n  Table  4 .  
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32 NEUSE 

cenylenes have a s  y e t  been r e p o r t e d ,  b u t  t h e r e  i s  no reason  t o  

p r e d i c t  any s i g n i f i c a n t  f u r t h e r  improvements over  t h e  r e s u l t s  

ob ta ined  on t h e  demercurat ion product[8], as  t h e  polTymer sample 

i n v e s t i g a t e d  was of high q u a l i t y  and i n  an acceptab ly  h igh  molecular  

mass range. I t  should be added a t  t h i s  p o i n t  t h a t  t h e  thermo- 

O z i d a t i W  s t a b i l i t y  of poly-1,l'-ferrocenylene, a s  determined by 

thermogravimetr ic  a n a l y s i s  i n  a i r ,  is very markedly lower than  t h e  

thermal  s t a b i l i t y  i n  t h e  absence of oxygen. C a t a s t r o p h i c  breakdown 

of t h e  molecule occurs  i n  t h e  v i c i n i t y  of 500°, and t h i s  o x i d a t i v e  

deqrada t ion  i s  probably s e l f - c a t a l y z e d .  

The t w o  cyc lopentadienyl  (Cp) r i n g  l i g a n d s  i n  f e r r o c e n e ,  des-  
-1 p i t e  an exceedingly low b a r r i e r  to  i n t e r n a l  r o t a t i o n  ( - 3 . 7  kJ mol ), 

assume a p r e f e r e n t i a l  conformation both i n  t h e  g a s  phase and i n  t h e  

c r y s t a l .  Although, f o r  many y e a r s ,  t h i s  was b e l i e v e d  t o  be t h e  

s taggered  (Dsd)  t y p e ,  it was more r e c e n t l y  e s t a b l i s h e d  [36] by e l e c -  

t r o n  d i f f r a c t i o n  and X-ray s t u d i e s  t h a t  t h e  gas-phase e q u i l i b r i u m  

conformation i s  e c l i p s e d  (D 1 ,  and even i n  t h e  s o l i d  s t a t e  below 

t h e  A-point t r a n s i t i o n  a t  1 6 4 K  t h e  r e l a t i v e  r i n g  o r i e n t a t i o n  t e n d s  

more toward t h e  e c l i p s e d  than  t h e  s t a g g e r e d  conformat iona l  a r range-  

ment, whereas a t  room temperature  r o t a t i o n a l  d i s o r d e r  p r e v a i l s ,  

a l lowing  n e i t h e r  a U 

of t r a d i t i o n  and convenience, t h e  s t a g g e r e d  conforination i s  s t i l l  

be ing  used i n  t h e  l i t e r a t u r e ,  i n c l u d i n g  t h e  p r e s e n t  c h a p t e r . )  The 

dimer,  i n  t h e  c r y s t a l l i n e  s t a t e ,  l i k e w i s e  p r e f e r s  a more e c l i p s e d  

than  s taggered  e q u i l i b r i u m  conformation [ 3 7 ] ,  and i n  t h e  1 , l ' - t r i m e r  

one f i n d s  both t h e  e c l i p s e d  ( o u t e r  u n i t s )  arid t h e  s t a g g e r e d  ( c e n t r a l  

u n i t )  conformation[38]. 

two compounds a r e  s u b s t a n t i a l l y  c o p l a n a r ,  forming fu lva lene- type  

l i g a n d  b r i d g e s .  A l e s s e r  e x t e n t  of  coplar ia r i ty  bet-ween d i r e c t l y  

j o i n e d  r i n g s  can be i n f e r r e d  from nmr d a t a  f o r  t h e  t w o  homoannular 

t r i m e r s ,  no tab ly  t h e  s t e r i c a l l y  crowded l , 2 - t e r f e r r u c e n e  (11, n = 3 )  

[5,31,39], a l though c o r r o b o r a t i n g  s t r u c t u r e  d e t e r m i n a t i o n s  have y e t  

t o  be  performed, and t h e  q u e s t i o n  of r e l a t i v e  r i n g  o r i e n t a t i o n  

remains an open one.  N o  X-ray d i f f r a c t i o n  d a t a  a r e  a v a i l a b l e  for  

5h 

nor a D5h symmetry assignment .  (For reasons  
Sd 

The d i r e c t l y  connected C p  r i n g s  i n  t h e s e  
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POLYMETALLOCENYLENES 33 

the higher-molecular oligorners of I and 11. It is safe to assune, 

however, that there will not be a given equilibrium conformation 

for each unit, and rotational disorder may even prevail throughout 

the enti re chain. 

A s  appears predictable from steric considerations, the 

ferrocene units in the dimer crystal assume a mutually transoid 

conformation. The same pattern holds for the 1,l'-trimer, and 

one may expect a preference for similar transoid arrangements of 

adjacent units in the higher-molecular homologs of both I and 11, 

albeit doubtlessly associated with increased disorder in the high- 

molecular-mass ranges as a consequence of greater randomness of 

chain conformation. 

There is no tilting of the rings in ferrocene, nor has such 

tilt been observed in biferrocenc, and from the insensitivity to 

molecular mass changes of the chemical shift difference between a 

and B proton signals in the NMR spectra of the low-molecular 
oligomers of I (where such signals can still be distinguished) one 

may conclude that ring tilting is insignificant as well in polymeric 

I[27]. 

in oligomers or polymers of the homoannularly interlinked types, 

the second ring of each unit along the chain remaining unsubstituted 

and unconstrained. 

There is also no a priori reason for assuming tilt effects 

Various spectroscopic techniques lend themselves to the charac- 

terization of oligo- and/or polyferrocenylenes, including mass 

spectrometry, solution NMR and electronic absorption spectroscopy, 

as well as infrared and M6ssbauer spectroscopy. 

Mass spectrometry has been applied to characterize some oligo- 

ferrocenylenes of structures I and 11. While all oligomers have 

in common with the parent complex, ferrocene, a pronounced resist- 

ance to fragmentation as reflected in relatively high intensities 

of the parent ion peak and the corresponding doubly charged signal, 

this fragmentation resistance is more pronouncedly shown by the 1,2- 

type oligorners than by the 1,l'-type counterparts. Thus,  for the 

trimer as well as the two tetramers of I1 the parent ion peak 
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r e p r e s e n t s  t h e  base  peak, and t h e  r e l a t i v e  p a r e n t  ion ahundance 

f o r  t h e  meso pentamer i s  s t i l l  79% of t h e  i o n  a t  m / e  738 r e p r e s e n t -  

ing t h e  base peak Pl]. I n  t h e  analoqous s e r i e s  of  I ,  i n  c o n t r a s t ,  

r e p o r t s  from t h e  same l a b o r a t o r y  Eb] 

pentamer t o  g i v e ,  r e s p e c t i v e l y ,  6 1  and 6% p a r e n t  ion  peak i n t e n s i t y  

( r e l a t i v e  t o  m / e  368) .  An i n t e r e s t i n g  f e a t u r e  of  t h e  spectrum of 

t h e  1 ,Z- t r imer  (IT, n = 3 )  is t h e  i s o t o p i c  abundance d i s t r i b u t i o n  

i n  t h e  rn/e 550  - 5 5 3  reg ion  c h a r a c t e r i s t i c  of l , ? - t r i f e r r o c e n y l e n e s  

genera ted  from t h e  tr imer by expuls ion  of  2 H and subsequent  

c y c l i z a t i o n .  An analogous p r o c e s s  involv ing  loss of 2 H from one 

of t h e  pentameric  isomers is a s t r o n g  poss ib i l i ty [31] .  

i n d i c a t e  t h e  t e t r a m e r  and 

'H NMR spec t roscopy,  whi le  a h i g h l y  valued t o o l  i n  t h e  i d e n t i -  

f i c a t i o n  of lower homologs (n  = 2 , 3 , 4 )  o f  bo th  homo- and h e t e r o -  

a n n u l a r l y  i n t e r l i n k e d  o l i g o f e r r o c e n y l e n e s  [5,10,31,39], i s  of l i t t l e  

u s e  f o r  t h e  c h a r a c t e r i z a t i o n  of higher-molecular  f r a c t i o n s .  A t  

degrees  of po lymer iza t ion  h i g h e r  t h a n  5 - 6 ,  t h e  i n d i v i d u a l  p r o t o n  

s i g n a l s  coa lesce  t-o a broad m u l t i p l e t  showing a maximum near  

6 = 4 ppm (benzene-d ) ,  t h e  l a t t e r  being i n s e n s i t i v e  i n  p o s i t i o n  

to f u r t h e r  molecular  mass i n c r e a s e s .  As Xn exceeds 2 0 ,  t h e  s i g n a l  

becomes f e a t u r e l e s s  and undergoes minor a d d i t i o n a l  broadening as 

a r e s u l t  of  enhanced conformational  p r o b a b i l i t i e s ,  and no s t r u c t u r a l  

in format ion  can be ext . racted from i t  [30 ]  . 

6 - 

Considerably b e t t e r  u s e  for  s t r u c t u r a l  e l u c i d a t i o n  of both  

lowcr- and higher-molecular  p o l y f e r r o c e n y l e n e s  h a s  been made of 

e l e c t r o n i c  absorp t ion  spec t roscopy.  The spectrum of t h e  f e r r o c e n e  

p a r e n t  complex h a s  been e x t e n s i v e l y  d i s c u s s e d ,  and t r a n s i t i o n  

dssignments have been made, t h e  papers  by McGlynn's and G r a y ' s  

groups being r e p r e s e n t a t i v e  [40] . 
c o e f f i c i e n t s  f o r  a number of i n d i v i d u a l  o l i g o f e r r o c e n y l e n e s  and 

a s e r i e s  of f r a c t i o n s  of poly-1,l'-ferrocenylenes a r e  l i s t e d  i n  

Tables  4 and 5 ,  t h e  e x t i n c t i o n  c o e f f i c i e n t s  having been c a l c u l a t e d  

p e r  f e r r o c e n e  u n i t  f o r  ready comparison. The polymer samples 

used f o r  record ing  t h e  d a t a  i n  Table  5 and t h o s e  t o  fo l low i n  t h i s  

s e c t i o n  were obta ined  a s  p e r  e n t r y  4 ,  Table  2 .  

Thc maxima and e x t i n c t i o n  
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POLYMETALLOCENYLENES 35 

The marked hatho- and hyperchromic s h i f t s  a p p a r e n t  f o r  a l l  

l i s t e d  bands i n  t h e  spectrum of b i f e r r o c e n e  r e l a t i v e  t o  f e r r o c e n e  

a r e  a r e f l e c t i o n  of t h e  conjugat ion  achieved  between t h e  two 

d i r e c t l y  j o i n e d ,  e s s e n t i a l l y  coplanar  C p  r i n g s .  However, on 

comparing t h e  spectrum of  b i f e r r o c e n e  wi th  t h a t  of  t h e  next  h i g h e r  

h e t e r o a n n u l a r  homolog, 1 , l ' - t e r f e r r o c e n e ,  one n o t i c e s  b u t  minor 

f u r t h e r  red  s h i f t s  and i n t e n s i t y  i n c r e a s e s [ l 0 , 2 d ,  and a s  t h e  degree  

of polymer iza t ion  exceeds 4 both  and E remain a l t o g e t h e r  

c o n s t a n t  w i t h i n  experimental  e r r o r  l i m i t s  up t o  t h e  h i g h e s t  M n  

va lue  (-10 000) determined.  Confirming t h e  long-known b a r r i e r  

f u n c t i o n  of t h e  metal  center  wi th  r e s p e c t  t o  t h e  t r a n s m i s s i o n  of 

resonance f r o m  one r i n g  t o  t h e  o t h e r  i n  t h e  f e r r o c e n e  complex, 

t h e s e  f i n d i n g s  a r e  c l e a r  evidence of t h e  l a c k  o f  s i g n i f i c a n t  

e l e c t r o n i c  d e l o c a l i z a t i o n  along t h e  polymer cha in  i n  t h e  h e t e r o -  

annular  po lyfer rocenylene  and so  accord w e l l  wi th  t h e  observed 

f a i l u r e  of  t h i s  polymer t y p e  t o  conduct  an e lec t r ica l  c u r r e n t  

( d . c .  c o n d u c t i v i t y  p = Ohm-' cm-') [41]. I t  i s  i n f o r m a t i v e  

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

w i t h  those  f o r  t h e  two homoannular c o u n t e r p a r t s .  Whereas 1 , 3 - t e r -  

f e r r o c e n e  g i v e s  v i r t u a l l y  t h e  same and E values  a s  shown by 

1 . 1 ' - t e r f e r r o c e n e ,  t h e  p a t t e r n  of  1 , 2 - t e r f e r r o c e n e ,  more c l o s e l y  

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

t o  coplanar  a l ignment  of t h e  t h r e e  d i r e c t l y  j o i n e d  C p  r i n g s  i n  t h e  

molecule[S]. 

f e r r o c e n y l e n e s  a r e  u n s u i t a b l e  as models for  t h e  s t u d y  of  conju- 

g a t i o n  e f f e c t s  a long polymer cha ins .  The reduced s t e r i c  h indrance  

t o  coplanar  a l ignment  i n  poly-1 ,3- fe r rocenylenes  would seem t o  

s u g g e s t  t h i s  polymer type t o  e x h i b i t  a v e r y  high e x t e n t  of  conju- 

g a t i o n  i n  cha in  d i r e c t i o n  a s  no metal  b a r r i e r s  i n t e r r u p t i n g  e l e c -  

t r o n i c  charge d e l o c a l i z a t i o n  along t h e  backbone are i n t e r p o s e d .  

However, t h e  f a i l u r e  o f  1 , 3 - t e r f e r r o c e n e  to show enhanced batho-  

and hyperchromic s h i f t s  r e l a t i v e  t o  t h e  1 , l ' - i s o m e r  i n d i c a t e s  - 

and t h i s  is supported by molecular  models, as w e l l  a s  by NMR d a t a  - 

t h a t  even a 1 , 3 - s u b s t i t u e n t  d i s p o s i t i o n  does n o t  p e r m i t  unper turbed  

max - 

2 0  

max 

T h i s  i n  t u r n  permits t h e  conclus ion  tha t  poly- l ,2 -  
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36 NEUSE 

coplanar i  t y  of t h e  Cp r i n g s  involved i n  u n i t .  i n t e r c o n n e c t i o n  [39] ~ 

Accordingly,  i t  appears  d o u b t f u l  whether d s i g n i f i c a n t l y  extended 

domain of- conjugat ion  can e v e r  be brought  &out i n  a polymer 

composed of 1 ,3- fe r rocenylene  u n i t s ,  

The i n f r a r e d  absorp t ion  f c a t u r e s  of homo- and he teroannular  

o l i g o f e r r o c e n y l e n e s  have been amply described[5,6b,10,31,34,39], 

and assignments  of all fundamentals ,  ske le t .a l  v i b r a t i o n s ,  and modes 

of the C-C bond connect ing a d j a c e n t  f e r r o c e n e  u n i t s  have r e c e n t l y  

been proposed, based on t h e  assumption t h d t  t h e  local-symmetry 

concept  i s  v a l i d  f o r  t h e  sandwich-type meta l locenes  r30] . 
from fer rocene  t o  h i  f e r r o c e n e  and higher-molecular  liomologs of 1, 

one f i n d s  comparat ively l i t t l e  change i n  t h e  o v e r a l l  a b s o r p t i o n  

p a t t e r n ,  except  t h a t ,  as a r e s u l t  of changing from l o c a l  po in t -  

group symmetry C of t h e  u n s u b s t i t u t e d  C p  r i n g  t o  C of t h e  mono- 

s u b s t i t u t e d  r i n g ,  some degeneracy of f r e q u e n c i e s  i s  l i f t e d ,  and 2 1  

I R -  and/or  Raman-active r i n g - v i b r a t i o n a l  modes are expec ted  i n  

a d d i t i o n  to s k e l e t a l  modes and v i b r a t i o n a l  modes involv ing  t h e  

fe r rocene- fer rocenc  bond. While iriany of t-hese absorb  a t  f requen-  

c i e s  more o r  l e s s  c o i n c i d e n t  wi th  t h o s e  of  t h e  p e r t i n e n t  f e r r o c e n e  

EundLunentals, o t h e r s  g i v e  rise t o  new barids, noteworthy being t h e  
-1 ' s u b s t i t u t i o n '  band n e a r  1030 c m  CH in-  

p l a n e  trending mode with admixed a sytri. r i n g - b r e a t h i  ng component 

and C-C s t r e t c h i n g  of t h e  fe r rocene- fer rocer ie  connect ing bond) . 
In addi t - ion,  i n  v i o l a t i o n  of  t h e  ' 9 , 1 0 - ~  r u l e '  of Roscnblum[42], 

which s t a t e s  t h a t  t h e  c o n t r i b u t i o n  t o  t h e  t w o  stroncj f e r r o c e n e  bdnds 

a t  1000 and 1100 cm-l vanishes  f o r  a Cp r i n g  a s  i t  s u f f e r s  s u b s t i -  

t u t i o n ,  b i f e r r o c e n e  absorbs nedr  1000 and 1100 cm-' I n  i n t e n s i t i e s  

much h igher  than expected f o r  t h e  ' l o s s '  of  one u n s u b c t i t u t e d  r i n g  

p e r  u n i t ,  t h e  reason being t h a t  new a b s o r p t i o n s  appear  p r e c i s e l y  a t  

t h e s e  p o s i t i o n s  as a r e s u l t  of s u b s t i t u t i o n  by another  f e r r o c e n e  

u n i t .  The same observa t ion  i s  made wi th  a l l  o t h e r  o l i g o -  and 

polyfer rocenylenes .  A s  Rosenblum's r u l e  h a s  proved widely u s a b l e  

f o r  q u a n t i t a t i v e  de te rmina t ions  of  t h e  c o n t e n t s  of s u b s t i t u t e d  r i n g s  

i n  fe r rocene  compounds [43] , i t s  breakdown i n  polyfer rocenylene  

chemistry r e p r e s e n t s  a r e g r e t t d b l e  r e s t r i c t i o n  of t h e  d i a g n o s t i c  

In  going 

5v 2v 

(ass iyned  601 t o  an  a 1 
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POLYMETALLOCENYLENES 37 

tools available to the researcher for confirmation of the inherent 

substituent patterns in homo- and heteroannularly joined polyferro- 

cenylenes. 

A s  the IR spectra of low- and high-molecular I are compared, 

a striking insensitivity of band positions and multiplicities to 

increases in chain length is noticed (Fig. l), this being a mani- 

festation of the absence of vibrational coupling between adjacent 

recurring units and, hence, of the lack of significant vibrational 

interaction between the pair of ring ligands in the ferrocene 

complex. The observed behavior is well in accord with experience 

in the vibrational spectroscopy of non-polymeric ferrocene com- 

pounds, which are characterized by a similar lack of vibrational 

F I G U R E  1 Infrared spectra (KBr pellet) of poly-l,~'-ferroceny~enes; 
- - 

a: fraction of I, M, = 550; b: fraction of 1, Mn = 1600; 

c: fraction of I, Mn = 4100 
- 
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38 NEUSE 

coupl ing  between t h e  two Cp  r i n g s .  I t  i s  of  i n t e r e s t  t o  n o t e  t h a t  

t h e  l a c k  of p o s i t i o n a l  s h i f t s  i n  higher-molecular  I a lso a p p l i e s  

t o  t h e  s k e l e t a l  i n f r a r e d  and Raman a b s o r p t i o n s  a t  485 c m  (esym. 

r i n g - i r o n  t i l t i n g  and s t r e t c h i n g )  and 310 c m  (syrn. r i n g - i r o n  

s t r e t c h i n g ) ,  r e s p e c t i v e l y ,  which i n d i c a t e s  t h a t  he te roannular - type  

polymer iza t ion  of  t h e  f e r r o c e n e  nuc leus  e n t a i l s  no c o n s t r a i n t s  i n  

l i g a n d  t i l t i n g  o r  meta l - l igand  s t r e t c h i n g  motions.  

-1 

-1 

Mgssbauer spec t roscopy,  while inconvenient  or a l t o g e t h e r  

imprac t icable  f o r  t h e  i n v e s t i g a t i o n  of most o t h e r  meta l locenes ,  h a s  

proved inva luable  f o r  t h e  e l u c i d a t i o n  of s t r u c t u r a l  and e l e c t r o n i c  

f e a t u r e s  i n  f e r r o c e n e  compounds[44] . Both f e r r o c e n e  and b i f e r r o -  

cene g i v e  s p e c t r a  v i r t u a l l y  i d e n t i c a l  i n  chemical  s h i f t  (6 )  and 

q u a d r u p l e  s p l i t t i n g  ( A E q ) ,  and one f i n d s  this i d e i i t i t y  v i r t u a l l y  

r e t a i n e d  as one goes  t o  t h e  h e t e r o a n n u l a r  tr imer and, t h e n c e ,  t o  

higher-molecular  I ( F i g .  2 ) .  Typica l  Mdssbauer parameters  f o r  

s e l e c t e d  o l iqomer ic  and polymeric  f r a c t i o n s  of I a r e  conta ined  i n  

Table  6. The l a c k  of 

t r o n  d e n s i t y  a t  t h e  metal c e n t e r  p e r m i t s  t h e  conclus ion  t h a t  t h e r e  

is l i t t l e  or no d - e l e c t r o n  i n t e r a c t i o n  between a d j a c e n t  f e r r o c e n e  

u n i t s ,  a s  such i n t e r - u n i t  d e l o c a l i z a t i o n  involv ing  d - e l e c t r o n  

d e n s i t y  would c e r t a i n l y  a f f e c t  t h e  s-electron charge d i s t r i b u t i o n  

a t  Fe because of changes i n  s c r e e n i n g .  

dependence of 6 and,  hence,  of t h e  s -e lec-  

The  conclus ion  of l a c k i n g  i n t e r - u n i t  d - e l e c t r o n  d e l o c a l i z a t i o n  

i n  polymeric  I ,  w e l l  i n  agreement w i t h  t h e  e l e c t r o n i c  spectral  

behavior ,  finc’s suppor t  i n  t h e  i n t e n s i t i v i t y  t o  of  t h e  quadru- 

p o l e  s p l i t t i n g  and ,  t h u s ,  of t h e  e lec t r ic  f i e l d  g r a d i e n t  a t  t h e  

i r o n  nucleus.  I n  t h e  a x i a l l y  symmetric f e r r o c e n e  molecule t h e  

e lec t r ic  f i c l d  g r a d i e n t ,  -eq, i s  e n t i r e l y  d e f i n e d  hy eq = V z z ,  Vzz 

being t h e  z component of t h e  e lec t r ic  f i e l d  g r a d i e n t  t e n s o r .  The 

magnitude and s i g n  of V i n  f e r r o c e n e  i s  p r i m a r i l y  d i c t a t e d  by t h e  

compounded e f f e c t  of t h e  two d and f o u r  d e l e c t r o n s  occupying t h e  

t h e  e s s e n t i a l l y  non-bonding, m e t a l - l o c a l i z e d  a and e o r b i t a l s ,  

r e s p e c t i v e l y .  Therefore ,  i n  I ,  n 2 2 ,  t h e  i n t e r - u n i t  o v e r l a p  of 

e o r b i t a l s  with consequent d e l o c a l i z a t i o n  should  l e a d  t o  enhanced 

Z Z  

i2 

l g  2q 

2g 
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0, 
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5 9L.0 

92.0 

: 90.0 

0 

- 
5 

Y 

FIGURE 2 .  MGssbauer spectra ( 5 7 C 0  (Rh) ; 77K) of poly-1,l'-ferrocen- 

ylenes; top: biferrocene; center: 1,l'-terferrocenyl; 

bottom: fraction of I, Mn = 2 5 0 0 .  
- 

TRBLL h M&SBAUER_PRRRHETERS FOR SOME 

CLGO- ANU POLYFEKRCCENYUNES~ 

rompound 

0.51 2.34 0.29 45 Bifcrrriurnyl 
11. " = 2 1  0 .52 2.37 46 

_____-.-_. 
..... ~ . . ,  

11. " = 21 

,ole Width 

. . - I  0.29 45 
0.52 2.37 46 

l,l'-Telferrocenyl 0.53 2.32 0.34 45 
11. " - 31 

Ol~qo-l,1'-fPrroce"yl~"e 0.53 2.33 0.29 0 5  
11, n 51 

Poiy-:.i'-ferrucrnyiPoe 0.53 2.14 0.10 45 
( 1 ,  n 3 101 

Poly-1 ,1 '-fcrrocenylcne 0.53 2.34 0.26 45 
(I. r. = 15) 

= A r  77 - 18K. A 1 1  Isomer shIftS re-referenced to metallic Iron 

57C0(Cr) in ref. 46. 57ColRh) source in ref. 45. 
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e o r b i t a l  d i f f u s i v e n e s s  and, hence,  because of t h e  p r o p o r t i o n a l i t y  

uf V t o  c : r  :' ( r  = d i s t a n c e  between e l e c t r o n  and jron n u c l e u s ) ,  t o  

a s i g r i i f i c a n t  decrease  of V (C ) and coricomitant reduct ion  of 

A E q .  Another p i e c e  of in format ion  t o  be ga ined  from t h e  o b s e r v a t i o n  

of  lack ing  molecular  mass dependence of AEq c o n c ~ r n s  t.he d i s t a n c e  

between t h e  cent - ra l  i r o n  atom and t h e  Cp l iga i ids .  Roth 15 and AEq 

have been fourid [47] t o  be c r i t i c a l l y  dependent on the meta l - r ing  

d i s t a n c e  i n  f r r r o c e n e  compounds. The constancy of AEq a s  t h e  

degree of p o l y i w r i z a t i o n  increaser ; ,  t h e r e f o r e ,  iridi ccltes t h a t  t h e r e  

i s  no s i g n i f i c a n t  change i n  the i r o n - r i n g  d i s t a n c e  i n  higher-mole- 

c u l a r  I r e l d t i v e  t o  t h e  dimer o r ,  i n  f a c t ,  f e r r o c c n e  i t s e l f .  

T h i s  f i n d i n g  iiidy prove import.ant. i n  view of t h e  i n p o s s i b i l i t y  uf 

c o l l e c t i n g  X-rdy d i f  f r a c t i o n  dnt-a from t h e  polymeric  m d t e r i a l .  

-3 2g 

z z  

z z  2rJ 

Concluding t h e  d i s c u s s i o n  of p h y s i c a l  p r o p e r t i e s ,  a comment i s  

due on t h e  magrietic behavior  of ~oly-1,l'-ferrocenylcnes. In  view 

of t h e  lack o f  i n t e r - u n i t  e l e c t r o n i c  i n t e r a c t i o n  alonq the 

chain  i n  t h i s  polymer t y p e ,  p a i r e d  with an Fe-Fe d i s t a n c e  expected 

t o  be t o o  l a r g e  ( 5 . 1  8 i n  a t r a n s o i d  Conformation) t o  a l low f o r  

d i r e c t  iiietdl-riietal bond formation and an t i fc r roniag i ie t ic  coupl ing ,  

one would a n t i c i p a t e  diamagnet ic  behavior  i n  both  low- and high- 

molecular  1. For poly-1,l'-fcrrocenylenes prepdred by t h e  organo- 

l i thium/orr~driohdl ide coupl ing  r o u t e  ( e n t r y  4 ,  TdblZ 2 )  , s u s c e p t i -  

b i l i t y  measurements conducted i n  o u r  l a b o r a t o r y  have indeed 

e s t a b l i s h e d  diaiiiagnetism up t o  t h e  M n  ranrje of about 5 0 0 0 .  

molecular  f r d c t  i n n s  showed f e e b l e  paramagnetisni; ~ i l i i i ~ s t  c e r t a i n l y  

however, t h i s  was due t o  paramagnet ic  contaminants ,  sucli as  t r a c e s  

of adsorbed F e 3 +  i o n  o r  ferr iceniui i i  s i t es  g e n e r a t . 4  by i n a d v e r t e n t  

o x i d a t i o n  of  f e r r o c e n e  u n i t s  (~oidL, . f , i f r l a )  and unremovable from t h e  

polymeric m a t e r i a l  by :onvent i o n s l  e x t r a c t i o n  o r  reducing r e p r e c i -  

p i t a t i o n  t redtnient .  I t  should  be added t h a t ,  acjain because of  

contaminat ion,  p o l y f e r r o c e n y l e n e s  prepared by o t h e r  n:etnods were 

found t o  tend  more toward t h e  paramagnet ic  s i d e  than  d i d  t h o s e  of 

e n t r y  4 ,  T a h l f  2 .  Thus, polymers s y n t h e s i z e d  by o x i d a t i v e  and 

thermal  coupl ing of  ferrocenylenecopper  o r  -cuprd t r  species proved 

Higher- 
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POLYMETALLOCENYLENES 4 1  

t o  be weakly paramagnet ic  down t o  in v a l u e s  of about  3000, and 

polymers from o t h e r  p r e p a r a t i o n s ,  “.g. those  summarized i n  Table  1, 

r e t a i n e d  f e e b l e  paramagnetism down t o  hn 1500 - 2500. 

paramagnetism r e p o r t e d  i n  e a r l y  communications[3] f o r  Korshak’s  

polyrecombinat ion p r o d u c t s  c o n t a i n i n g  o l i g o f e r r o c e n y l c n e  segments 

i n  t h e  chain ( v i d e  s u p r a )  m u s t  l i k e w i s e  be t r a c e d  t o  magnet ic  

i m p u r i t i e s  g e n e r a t e d  under t h e  harsh  r e a c t i o n  c o n d i t i o n s  [48] ; 

indeed ,  recombinat ion polymers s y n t h e s i z e d  i n  our  l a b o r a t o r y  and 

r i g o r o u s l y  p u r i f i e d  were found t o  be diamagnet ic  up t o  in-2000, 

and only f a i n t l y  paramagnet ic  i n  h i g h e r  molecular-mass ranges.  

I n  swimdry, a t  t h e  p r e s e n t  s t a t e  of knowledge i n  t h e  f i e l d ,  i t  

appears  s a f e  t o  s t a t e  t h a t  poly-1,l’-ferrocenylenes, ?:f devoid of 

m e t a l l i c  o r  metal  i o n  i m p u r i t i e s ,  a r e  diamagnet ic  a t  least  through-  

o u t  t h e  molecular  mass range so f a r  a t t a i n e d  e x p e r i m e n t a l l y ,  and 

t h e r e  i s  no a prior+ reason f o r  p r e d i c t i n g  paramagnet ic  behavior  

f o r  higher-molecular-mass polymers s t i l l  t o  bc s y n t h e s i z e d .  

The s t r o n g  

Chemical P r o p e r t i e s . -  The chemical  behavior  of p o l y f e r r o c e n y l e n e s  

can mani fes t  i . t s e l f  by r e a c t i o n s  t h a t  may occur  e i t h e r  a t  t h e  r i n g  

l i g a n d s  o r  a t  t h e  c e n t r a l  metal  atom. I n  t h e  former c a s e ,  r i n g  

s u b s t i t u t i o n  i s  t h e  g e n e r a l  r e s u l t ,  whereas, i n  t h e  l a t t e r  c a s e ,  

i r o n  p r o t o n a t i o n  o r  o x i d a t i o n  can t y p i c a l l y  be v i s u a l i z e d .  I n  

a d d i t i o n ,  l i g a n d  exchange, which proceeds  r e a d i l y  i n  f c r r o c e n e  

compounds under s u i t a b l e  c o n d i t i o n s ,  must be cons idered  a s  a 

p o s s i b l e  r e a c t i o n  course i n  polyfer rocenylenes .  S ince  a f e r r o c e n e  

u n i t ,  i n  t h e  p r o c e s s  of undergoing s u b s t i t u t i o n  by a n o t h e r  f e r r o c e n e  

group,  g a i n s  i n  r i n g  b a s i c i t y  because of  t h e  s u b s t i t u e n t ’ s  powerful  

e l e c t r o n  donor a c t i o n ,  t h e  i n t e r n a l  u n i t s  i n  polymeric  I ,  a l l  

f lanked  by f e r r o c e n e  neighbor  u n i t s ,  should  be a t  least  as suscep-  

t i b l e  a s  f e r r o c e n e  i t s e l f  t o  c l e c t r o p h i l i c  a t t a c k ,  e . g .  i n  a l k y l -  

a t i o n  or a c y l d t i o n ,  a l though reduced s te r ic  a c c e s s i b i l i t y  of r e a c -  

tion s i t e s  i n  t h e  polymeric  s u b s t r a t e  w i l l  by n e c e s s i t y  have a rate- 

r e t a r d i n g  e f f e c t .  Proneness  t o  n u c l e o p h i l i c  a t t a c k ,  o n  t h e  o t h e r  

hand, should be  lessened  i n  t h e  polymer r e l a t i v e  t o  t h e  monomeric 
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complcx. These p r e d i c t i o n s  have not  so f a r  been p u t  to t h e  t e s t .  

Only h i f c r r o c e n c  h a s  been a c e t y l a t e d ,  b u t  no polymer d c y l d t i o n  or ,  

i n  fact.,  any o t h e r  chemistry a f f e c t i n g  t h e  r i n g  l i g a n d s  i n  polymeric  

I has  t.o t h i s  d a t e  been i n v e s t i g a t e d ,  a l though t h i s  t a s k  offers  

enormous cha l lenge  wi th  r e s p e c t  t o  both  t h e  chemical approaches 

involved and t h e  p r o p e r t i e s  thereby  t o  be ga ined .  

The s i t u a t i o n  i s  d i f f e r e n t  wi th  r e g a r d  t o  t h e  chemis t ry  i n v o l -  

ving t.he metal  c e n t e r ,  t h e  t o p i c  of h i q h e s t  c u r r e n t  p r i o r i t y  i n  

research  being t h e  change of metal o x i d a t i o n  s t a t e  i n  oli.go- and 

poly-1,l'-ferrocenylenes brought  about  i n  s u i t a b l e  o x i d a t i v e  

environments. The reason f o r  t h e  s p e c i a l  r e s e a r c h  i n t e r e s t  i n  

this t o p i c  c;ln be t r a c e d  t o  t h e  mixed-valence p r o p e r t i e s  expected 

i n  a p a r t i a l l y  oxid ized  polyfer rocenylene .  The mixed-valence 

phenomenon, s t a t e d  i n  s i m p l i f i e d  te rms ,  can  be observed i n  a mole- 

c u l a r  e n t i t y  comprising two o r  more at.oms of  a p a r t i c u l a r  element 

( g e n e r a l l y  3 t r a n s i t i o n  meta l )  c h a r a c t e r i z e d  by d i f f e r e n t  o x i d a t i o n  

s t a t e s  ( ' v a l e n c i e s ' )  and i n  reasonable  proximi ty  t o  each o t h e r  t o  

al low d weak mutual e l e c t r o n i c  i n t e r a c t i o n .  In  such A system t h e  

v a l e n c i e s ,  a l though l o c a l i z e d  ( t r a p p e d )  i n  t h e  ground s t a t e ,  can 

undergo exchange between t h e  two ( o r  more) s i tes  by an o p t i c a l l y  

induced in t ramoleculdr  e l e c t r o n  t r a n s f e r  r e q u i r i n g  a comparat ively 

small  expendi ture  of energy.  T h i s  exchange, r e f e r r e d  t o  a s  i n t e r -  

valence t r a n s f e r ,  mani fes t s  i t s e l f  i n  a broad a b s o r p t i o n  hand 

t y p i c a l l y  i n  t h e  n e a r - i n f r a r e d ;  it leads t o  a r e v e r s a l  of t h e  

oxidat.ioii s t a t e s  such t h a t  immediately a f t e r  completed e l e c t r o n  

t r a n s f e r  t h e  donor c e n t e r ' s  c o o r d i n a t i o n  sphere  p o s s e s s e s  t h e  

v i b r a t i o n a l  c o o r d i n a t e s  of t h e  a c c e p t o r  c e n t e r ,  and U k t .  uersu. 
The model proposed by flush b9] h a s  proven i n v a l u a b l e  f o r  t h e  demon- 

s t r a t i o n  and understanding of i n t e r v a l e n c e  t r a n s f e r  phenomena, and 

t h e  groups of Hush, Day, and Tauber49-512 may be c i t e d  as t h e  f o r e -  

most p ioneers  i n  t h e  f a s c i n a t i n g  f i e l d  of mixed-valence p h y s i c s  and 

chemistry,  which h a s  i n  r e c e n t  y e a r s  become a f o c a l  p o i n t  of  

r e s e a r c h  a c t i v i t i e s  on account  of i t s  impor tan t  r a m i f i c a t i o n s  i n t o  

q u e s t i o n s  involv ing  c a t a l y t i c  and h i o l o q i c a l  e l e c t r o n  t r a n s f e r  

processes .  While no d e t a i l s  can be p r e s e n t e d  h e r e ,  t h e  r e a d e r  is 
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POLYMETALLOCENYLENES 4 3  

r e f e r r e d  t o  t h e  many p r o f i c i e n t  a r t i c l e s  and reviews t h a t  have s i n c e  

appeared i n  p r i n t  on p e r t i n e n t  a s p e c t s  of t h e  mixed-valence pheno- 

menon [52-551. 

Because of t h e  s i m i l a r i t y  i n  l i g a n d  environment i n  both  f e r r o -  

cene and i ts  one-e lec t ron  o x i d a t i o n  p r o d u c t ,  t h e  f e r r i c e n i u m  c a t i o n ,  

it s t a n d s  t o  reason t h a t  a system made up of two o r  more a d j a c e n t  

f e r r o c e n e  u n i t s  and p a r t i a l l y  o x i d i z e d  so as t o  g i v e  rise t o  a 

sequence of i r o n  c e n t e r s  w i t h  d i s c r e t e ,  weakly i n t e r a c t i n g  h i g h e r  

( F e ( I I 1 ) )  and lower ( F e ( I 1 ) )  o x i d a t i o n  s ta tes  should  lend i t s e l f  

e x c e p t i o n a l l y  w e l l  t o  t h e  s tudy  of  t h e  mixed-valence problem. 

I n  t h e  b i f e r r o c e n e  monocation, Fc-Fc' (Fc = f e r r o c e n y l ,  FC' = 

f e r r i c e n y l ) ,  p repared  from t h e  n e u t r a l  complex by p a r t i a l  o x i d a t i o n  

t : i t l i  p-benzoquinone, i o d i n e ,  o r  o t h e r  o x i d a n t s  (scheme 11) and 

Fe FC 

(Fc-Fc) (Fc -Fc+ ) 

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

e t c . ,  such mixed-valence behavior  h a s  indeed been e s t a b l i s h e d  i n  

exper imenta l  e f f o r t s  executed  m o s t  p a i n s t a k i n g l y  and on a broad 

f r o n t  by Cowan e t  a % . [ 5 2 , 5 6 , 5 7 ]  and,  subsequent ly ,  by t h e  groups of 

Hendrickson[55,58] , Neyer c53,59] , and o t h e r s .  The e l e c t r o p h y s i c a l  

and s p e c t r o s c o p i c  d a t a  o b t a i n e d  on t h e  c a t i o n  are c l e a r  ev idence  of 

a system wi th  t rapped  v a l e n c e s ,  t h e  t w o  o x i d a t i o n  s t a t e s  be ing  

l o c a l i z e d ,  i n  t h e  t i m e  s c a l e  of t h e  c h a r a c t e r i z a t i o n  techniques  used,  

each one on a given u n i t .  

cenophane monocation, which r e p r e s e n t s  an ' average-va lence '  system 

w i t h  e q u a l  charge  on both u n i t s ,  i s  on r e c o r d E 6 1  . )  

(The c o n t r a s t i n g  behavior  of [O.O]ferro- 

The c a t i o n  
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44 NEUSE 

possesses  d ( s m r e w t i d t  ariiori-cle~ier~clent) niagnrt ic;  momcnt. (11 = 2 . 2  

U . M . )  s i m i l d r  t o  t t i d t  or t:,onoriuclear Eerricetiirini i o n ,  and ,  as  i n  

t h e  l a t t e r ,  h i g h l y  a n i s o t r o p i c  c j  values a r e  d e r i v r d  troni t.he ESR 

spectrum. I n  c o n t r a s t  t o  t h e  ferriceniurri SLPCI P>, I i i r  I ~ I  l luclear  

Yc-Fc' g i v c s  a wel l -def ined  spectrurn T 'J), 2 0 K  L>rcause of i n c r e a s e d  

LSH r e l a x a t i o n  t ime r e s u l t i n g  from d i s t o r t e d  syrnniptry i n  t h a t  c a t i o n  

and  consequent i n c r e a z e  i n  t h c  s p l i t t i n g  between tllr t w o  Krar:ers 

d o u b l e t s  d r i s i r i l j  from t h e  2E 

'The c a t i o n ' s  e l e c t r o c o n d u c t i v i t y ,  0 

f i v e  o r d e r s  of maqnitude h i g h e r  t h i n  t h a t  wf fe r r iceniu tn  ion (excegt -  

i n g  t h e  ferriccnium-TCNQ- ; a l t ,  which i s  even umre l ~ i y l i l y  (.x>Iiclucti tlg 

because of anion p a r t i c i p a t i o n )  C57.I. 

i n g l y  t h a t  mixed valence provides  a b e t t e r  pat:11 f o r  e l e c t r o n i c  

conduction thari w o u l d  be found i n  a system simply composed of non- 

i n te rac t i r ig  fe r rocene  and fe r r iccnlum u n i t s .  The MBssbauer scan 

r e p r e s e n t s  a superposi  t i o n  of t h e  t.wo quadrupolc-sp I it- d o u b l e t s  

L'ertaiiiing t o  tlie fer-ricpnium ( o u t e r  ilc)iiblet,, AEq - 2 .  I - 2 . 3  llml s ) 

aiid ferrocerie (irtrier dwulrleL, A E q  = 0 . 3  - 0 . 4  nini s ) p3rt.s of t h e  

coi~i~ioiti~d. Wlii le i n  most cases r e p o r t e d  ~ A I P  two douti 1 et.5 appear  i n  

approximately e c ~ u d l  i n t e n s i t y  wlieri r e c n r d r ~ l  a t  77 K ,  some anomalies 

Iidve 1:eeri observed iiedr 300 K ,  w l r e r e  Clie i nner <loub I c t ,  a p p a r e n t l y  

through cont r ibu t io i i  by a third, narruw dOUkJlFt, a r i s i n g  a t  t h i s  

h ig l ' e r  temperature ,  possesses  a h iyher  in t~ens i t .y  t.han the o u t e r  one.  

'I'lie o r i g i n  o f  t h e  cont r i l ju t i i ig  rrsrinarice I S  not. c l e a r .  It2 has  

been speculaLed t h a t  t h i s  newly appearing cloul-,let reprcsent .s  a n  

dveraye-valerrce s i q i i a l  arid t h u s  inc!i c a t e s  th; l t  t he e lec t - ron  

excliaiige iiltr hetwerii t h e  twc) I ron nilclei may approach lo7 - 108 

s a 1  the  h igher  tempera ture ,  lradinq to p a r t i a l  o x i d a t i o n - s t a t e  

avt.raging w i t h i n  t.he t i m e  s c a l e  of t h e  M6ssbaucr cxperiment  [55,57b] . 
Mzsshauer d a t a  obta ined  ky apply inq  an e x t e r n a l  lo r iq i tud ina l  maqnetic 

f i e l d  /&I] seem t o  i n d i c a t e  t h a t  t h e  lone e l e c t r o n  dt t l ic.  F e ( 1 1 1 )  s i t e  

i s  riot m e t a l - l o c a l i z e d ,  a s  had p r e v i o u s l y  bccn a c c c p t c d ,  but r a t h e r  

uccupies  a prrtdoniinaiitly l igand-based o r b i t a l ,  c .g .  a '11 o r b i t a l  of 

t .hr  fulvalei ie  b r i d g i n g  l i g a n d .  This  could  indtLi4 L'rovi ile ri  

conceivable  p a t h  f o r  thermal  e l e c t r o n  e x c h c ~ n ~ ~ e  dncl  higli- t eniperature 

eft 

ground-s ta te  confir~uratiu11[57c] . 
29 

2 10-' Ohm-' em-' , i s  some 
2 0  

' l ' l i is  deiiicnlst rat e s  c:onvinc- 

- 1  

-1 

-1 
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POLYMETALLOCENYLENES 4 5  

d e l o c a l i z a t i o n .  F u r t h e r  a t t e n t i o n  should  be p a i d  t o  t h i s  impor tan t  

q u e s t i o n .  The most s t - r i k i n y  s p e c t r o s c o p i c  f e a t u r e  of t h e  d i n u c l e a r  

c a t i o n  i s  observed i n  t h e  n e a r - i n f r a r e d  a b s o r p t i o n  spectrum, recorded 

on s o l u t i o n s  i n  p o l a r  s o l v e n t s .  The spectrum d i s p l a y s  an i n t e r -  

va lence  t r a n s f e r  band a t  about  1900 nm f o r  t h e  p r o c e s s  Fc+-Fc --+ 

Fc-Fc', and from both  t h e  frequency and width a t  h a l f  h e i g h t  of  t h i s  

band one i s  i n  a p o s i t i o n  t o  c a l c u l a t e  t h e  i n t e r a c t i o n  parameter  c1 

i n  t h e  s i r rp l i f  i e d  wave f u n c t i o n  of t h e  mixed-valence c a t i o n  [52,59] . 
The va lue  deri.ved, i n  t h e  o r d e r  of  lo-', i s  i n  agreement with t h e  

weak- in te rac t ion- type  mixed-valence case expected f o r  t h e  monocation. 

In  a d d i t i o n  t o  t h e  mono-oxidized b i f e r r o c e n e ,  t h e  f u l l y  o x i d i z e d  
+ +  

s p e c i e s ,  Fe -Fe , has  a l s o  been i s o l a t e d  and s p e c t r o s c o p i c a l l y  

c h a r a c t e r i z e d F j 5 , 5 7 4 .  

charge i n  t h i s  d i c a t i o n ,  t h e  c o n d i t i o n s  f o r  mixed-valence behavior  

no longer  o b t a i n ,  and,  accord ingly ,  no i n t e r v a l e n c e  t r a n s f e r  barid 

i s  observed.  

With each u n i t  c a r r y i n g  a f u l l  p o s i t i v e  

I n  an e x c e l l e n t  follow-on s t u d y ,  f e r r o c e n e  and t h e  t h r e e  

ol igomers  I ,  n = 2 - 4 ,  were inves t igaCed electrochemically[54]. 

Eeveral  p a r t i a l l y  o r  f u l l y  ox id ized  s p e c i e s  were g e n e r a t e d  from t h e  

n e u t r a l  compounds a t  c o n t r o l l e d  p o t e n t i a l s ,  a l though no p r o d u c t s  

were p h y s i c a l l y  i s o l a t e d .  Hal f-wave p o t e n t i a l s  ( U e Y S U : ;  S C E )  d e t e r -  

mined f o r  t h e  v a r i o u s  o x i d a t i o n  s t a g e s  by c y c l i c  vo l tamct ry  i n  

d ic l i loroniethar ie /acetoni t r i le  a r e  c o l l e c t e d  i n  Table  7 .  

I t  i s  seen  t h a t  s e p a r a t e ,  d i5cre t .e  waves a r i s e  a t  i n c r e a s i n g l y  

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

o x i d a t i o n ,  a t t e s t i n g  t o  t h e  d i s c r e t e n e s s  of  each o x i d a t i o n  s t a t e  

s i t e  and t o  t h e  weak i n t e r a c t i o n  between them. A l s o  apparent  i s  

t h e  i n c r e a s i n g l y  s t r o n g e r  e l e c t r o s t a t i c  r e p u l s i o n  t h a t  m u s t  tie over-  

come with each new F e ( I I 1 )  s i t e  in t roduced .  Another t r e n d  of  

s i g n i f i c a n c e  i s  t h e  s teady  s h i f t  of EL t o  more n e g a t i v e  v a l u e s  a s  

one goes from f e r r o c e n e  t o  t h e  dimer,  tr imer,  arid t e t r a m e r .  Well 

i n  accord with t h e  s t a b i l i z i n g  e f f e c t  on a fe r r icenium u n i t  e x e r t e d  

by each added e lec t ron-donat ing  f e r r o c e n e  group,  t h e  t r e n d  s u g y e s t s  

t h a t  t h e  p r o p e n s i t y  f o r  mono-oxidation i n c r e a s e s  s t e a d i l y ,  a l b e i t  
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46 NEUSE 

in decreasing increments, as n grows from 1 to 4 and, thence, to 

higher values. A long chain of I, in fact, may suffer mono-oxid- 

ation spontaneously and with profound effects on the solubility in 

nonpolar solvents. 

The partial oxidation of the oligomers with n > 2  in certain 

instances provides more than one possibility of positioning the 

ferricenium unit(s) in the chain, and oxidation state isomerism 

may thus result. uncertainties in the unit sequence arc reflected 

in the bracket denotation used in the table. Although one may 

predict certain arrangements to be energetically favored over others, 

the energy differences are not large; from electrochemical arguments, 

for example, the difference in free energy between the two dicationic 

isomers derived from terferrocene, Fc+-Fc-Fc+ and Fc -Fc -Fc, has 

been estimated to be as small as 11.5 kJ mol-'[54], the first-men- 

tiuiieci isonier being the more stable one for obvious electrostatic 

reasons. 

+ +  
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POLYMETALLOCENYLENES 47 

Table 8 contains the intervalence transfer band maxima measured 

in the same study on the electrochemically obtained salt solutions 

(entries 1 - 4, column A ) .  Preliminary absorption data for the 

same mono- and dications obtained in the author's laboratory by 

chemical oxidation of the neutral parent compounds have been juxta- 

posed in the table for comparison (column B). Because of the broad 

band structure, error limits for X are high, and this must be 

taken into account in any comparative evaluation. Excepting the 

entry 2 ,  the tabulation shows the expected trend of intervalence 

transfer energies, although significant quantitative differences 

between the two series of results in columns A and B can be observed. 

Thus, the transition in the trinuclear dication (entry 3 ) ,  being 

unsymmetrical and leading to a higher-energetic isomer, should, and 

max 
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48 NEUSE 

does,  q i v e  a maximum s h i f t e d  t o  s h o r t e r  wavelength i n  r e l a t i o n  t o  

t h e  monocat ion 's  band ( e n t r y  2 ) .  The l a t t e r ,  perhaps f o r  reasons  

of unsymmetric t r a n s i t i o n ,  t u r n s  out  t o  be a t  s l i g h t l y  h igher  

energy than t h e  t l inuc lear  monocat ion 's  maximum i f  column B d a t a  are 

cons idered .  l n c x p l i c a b l y ,  however, t h e  r e v c r s e  h o l d s  f o r  t h e  v a l u e s  

cf co111mn A .  I n  t h e  t e t r a n u c l e a r  d i c a t i o n  ( e n t r y  4 )  t h e  e n e r y e t i c  

demand f o r  t h e  d e p i c t e d  t r a n s i t i o n  should  bc s i m i l a r  to  t h a t  i n  

t e r f e r r o c e n e  monocation, drid t h e  va lues  l i s t e d  i n  column B indeed 

a r e  close,  whereas, a g a i n ,  t h e  d a t a  of column A do n o t  conform. 

With the chemical o x i d a t i o n  work still i n  p r o g r e s s  and t h e  f i n d i n g s  

s u b j e c t  t o  c o r r c c t i o n ,  it j.s too  e a r l y  t o  draw s i g n i f i c a n t  conclus ions  

from these  comparative o b s e r v a t i o n s .  

Extending t h e  i n v e s t i g a t i o n s  d i s c u s s e d  i n  t h e  foregoing ,  work 

i s  proqressir ig  i n  t h e  a u t h o r ' s  l a b o r a t o r y  towards t h e  g o a l  of 

prepar ing  p a r t i a l  o x i d a t i o n  products  of I ,  I I  :' 4 .  The chemical 

o x i d a t i o n  uE polymeric  1 as exempl i f ied  i n  t h e  segment s t r u c t u r e  

of scheme 1 2  f o r  t h e  c a s e  of an e x a c t l y  h a l f - o x i d i z e d  p o l y c a t i o n ,  

while  s t r a i g h t f o r w a r d  i r i  ~ i s i n c i p l t . ,  presents ext . raord inary  p r a c t i c a l  

d i f f i c u l t i e s  a r i s i n y  from (i) poor s o l u b i l i t y  or a b s o l u t e  i n s o l u b i -  

l i t y  of most of t h e  p o l y s a l t s  formed, ( i i)  extreme s e n s i t i v i t y  of  

t h e  h iqher -oxid i ied  p o l y c a t i o n s  in t h e  d i s s n l v e d  s ta te  t o  i m p u r i t i e s  

capable  of a c t j  ng as r e d u c t a n t s  arid t h u s  caus ing  u n c o n t r o l l a b l e  

dccrcases  i n  ferr iceniurn ~ o r ~ t e r i f s ,  ( i i i )  i i i ab i l i  t y  of most o x i d i z i n g  

s y s t e m s  t o  provide  r i g o r o u s  s t o i c h i o m e t r i c  c o n t r o l  of t h e  o x i d d t i o n  

p r o c c s s ,  and consequent v a r i a t i o n s  i n  t h e  dcgrce of o x i d a t i o n  

a t t a i n e d ,  and ( i v )  p o l y s a l t  res i s t . ance  t o  combustion, caus ing  

problems i n  t h e  elemental  a n a l y s i s  r e q u i r e d  f o r  a c c u r a t e  s t r u c t u r a l  

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



POLYMETALLOCENYLENES 4 9  

+ 
d e f i n i t i o n .  For example, such convent iona l  o x j d a n t s  a s  H 0 /O 

C e  , tc t racyanoquinorl imethanc,  and d ich lorodicyanoquinone ,  which 

have becn s u c c e s s f u l l y  employed f o r  t h e  o x i d a t i o n  of b i f e r r o c c n e  

[55-583 or s h o r t  o l igofer rocPnylene  segments i n  polyrecombinat ion 

p r o d u c t s  of  f e r r o c e n e  1:61], have proved t o  be e n t i r e l y  u se l e s s  

for  polyfer roccnylene  oxidat.ion because of  unreproducib lc  degrees  

o f  o x i d a t i o n  achieved and/or product  i n s o l u b i l i t y .  The only  

system so f a r  found t o  be moderately e f f i c a c i o u s  i s  H 0'1 

i;-benzoqiiinone, a p p l i e d  by adding HBF and p-benzoquinonc t o  t h e  

THF o r  benzene solut . ion of t h e  n e u t r a l  p a r e n t  polymer. Whi le, 

a g a i n ,  g i v i n g  r a t h e r  unreproducih le  d e g r e e s  of o x i d a t i o n  a s  a 

consequence of i t s  p r o p e n s i t y  f o r  undergoing both  one-e lec t ron  

and two-electron r e d u c t i o n ,  t h i s  o x i d a n t  f u r n i s h e s  p o l y s a l t s  

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

as a c e t o n i t r i l e  o r  ni t romethane.  P o l y s a l t s  so prepared  t e n d  t o  

remain s o l u h l e  f o r  a p e r i o d  of 24-28h, p e r m i t t i n g  ana ly t . ica1  o r  

s p e c t r o s c o p i c  de te rmina t ion  of d e s i r e d  s o l u t i o n  p r o p e r t i e s  w i t h i n  

t h e  l i m i t e d  t ime span.  Once i n s o l u b l e ,  t h e  p o l y s a l t s  can no longer  

be r e s o l u b i l i z e d  wi thout  concomitant d e s t r u c t i o n .  As no s i g n i f i -  

c a n t  d i f f e r e n c e s  i n  e lementa l  composition and s p e c t r o s c o p i c  s o l i d -  

s ta te  p r o p e r t i e s  have so  f a r  been observed between p r o d u c t s  p r i o r  

t o ,  and a f t e r ,  t h e  loss of  s o l u b i l i t y ,  one may s p e c u l a t e  t h a t  t h i s  

p e c u l i a r  ' a g i n q '  c h a r a c t e r i s t i c  i s  brought  about  by packing 

d i f f e r e n c e s  i n  t h e  lat.t .ice, periiaps ds a r e s u l t  of g r a d u a l  s o l v e n t  

d i f f u s i o n  from t h e  p r e c i p i t a t e d  c rudr  s a l t .  S t r u c t u r a l  a n a l y s e s  

of p o l y s a l t s  s u f f i c i e n t l y  low-molecular t o  provide  a reasonable  

degree  of  c r y s t a l l i n i t y  may h e l p  t o  shed some l i g h t  on t h i s  problem. 

3 2 '  4 1  

3 

4 

Pre l iminary  c h a r a c t o r i z a t  ion so f a r  performed on t h e  poly  ( f e r r o -  

cenylenc-co-ferricenylene) p o l y s a l t s  prepared  i n  d i f f e r e n t  Fc/Fc+ 

r a t i o s  and a t  v a r i o u s  x l e v e l s  i n c l u d e s  Mgssbauer and e l e c t r o n i c  

a b s o r p t i o n  spec t roscopy.  Whereas e lementa l  a n a l y s i s ,  f o r  reasons  

p o i n t e d  o u t  above,  has  proved inadequate  f o r  r e l i a b l e  d e t e r m i n a t i o n s  

of t h e  fe r r icenium c o n t e n t s ,  Mgssbauer spec t roscopy i s  well s u i t a b l e  

f o r  t h i s  purpose,  s i n c e  t h e  r e c o i l l e s s  f r a c t i o n s  of both  t h e  

n 
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50 NEUSE 

fcrrocene and the ferricenium moieties are sufficiently similar to 

pcrmit direct signal area coniparison at 77K.  (At much higher 

tcmperatures, anomalies arise as earlier reported for t.he dinuclear 

c a w  [55,57b] . )  The 6 and AEq parameters determined for a large 

number of polycations possessing molecular masses of 1000 - 5000 

and ferricenium contents of 35  - 60%,  dlthough showing Some scdCter 
-1 

from sample Lo sample, are in the ranges of & = 0 . 5 0  - 0 . 5 7  mm s , 
AEq = 2.20 - 2.47 mm s , for the outer (ferrocene) doublet and of 
6 = 0.51 - 0..50 mm s , AEq = 0.39 - 0.46 mm s , for the inner 
(ferricenium) doublet. They are not substantially different from 

the corresponding values for the ferrocenylferricenium cation 

[45,46,581 (Fig. 3 ) .  It thus appears that dt least within the 

range of ferricenium contents so far investigated, there is no 

x -dependent shift toward higher or lower values of either 6 or 

-1 

-1 -1 

~ :co.o 

78.0 

96.0 
a 

rn 
F 91.0 

2 92.3 
h 

t 

Y 200.0 

.YY.O 
5 9R.G 

; 97.0 
96.0 
35.0 

5 a 9 L . O  
t 

_1 

U 

FIGURE 3 .  Mgssbauer spectra ("Co (Rh) ; 77K) of partially oxidized 

di- and polynuclear 1; top: ferrocenylferricenium 

tetrafluoroborate; bottom: poly(ferroceny1ene- 

ferricenylene tetrafluoroborate) . 
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POLYMETALLOCENYLENES 51 

AEq and,  hence,  l i t t l e  or no change i n  s - e l e c t r o n  d e n s i t y  and 

e l e c t r i c  f i e l d  g r a d i e n t  a t  t h e  i r o n  n u c l e i  of  t h e  i n d i v i d u a l  Fc 

and Fc u n i t s .  T h i s  s u g g e s t s  t h a t  t h e  e x t e n t  of  e l e c t r o n i c  

i n t e r a c t i o n  between a d j a c e n t  u n i t s ,  and,  t h u s ,  t h e  mixed-valence 

b e h a v i o r ,  i s  n o t  s i g n i f i c a n t l y  a l t e r e d  as t h e  fe r rocenylene-  

f e r r i c e n y l e n e  system becomes r e p e t i t i v e l y  l i n k e d  i n t o  a l i n e a r  

c h a i n  of  h i g h e r  molecular  m a s s .  

+ 

The i n t e r v a l e n c e  t r a n s f e r  band maxima determined f o r  a 

number of f r a c t i o n s  of p a r t i a l l y  o x i d i z e d  I are i n  q u a l i t a t i v e  

agreement with t h i s  i n f e r e n c e .  The bands a r e  d i s t i n c t l y  broader  

than observed wi th  t h e  d i n u c l e a r  c a t i o n  a s  a consequence of  t h e  

s imultaneous occurrence  of  many n e a r l y  i s o e n e r g e t i c  t r a n s i t i o n s .  

As seen from t h e  exemplifying A v a l u e s  l i s t e d  i n  Table  8 
max 

( e n t r i e s  5 - 8 ) ,  t h e r e  i s  no molecular-mass dependence of  t h e  

i n t e r v a l e n c e  t r a n s f e r  energy w i t h i n  t h e  range ,  n 10 - 25, and,  

i n  accord with e x p e c t a t i o n ,  t h e  e n e r g e t i c  demand i s  lowered as t h e  

degree  of  o x i d a t i o n  d e c r e a s e s  s u f f i c i e n t l y  below t h e  50%-leve l  t o  

p e r m i t  t h e  random occurrence  of  t w o  a d j a c e n t  uncharged u n i t s  i n  

t h e  cha in  (cf. e n t r i e s  7 , 8  Us. 5 , 6 ) .  However, t h e  compara t ive ly  

h i g h  wavelength range of 1800 - 1850 nm i n  which t h e s e  bands are 

observed i s  somewhat p u z z l i n g .  The t r a n s i t i o n s  i n  e n t r i e s  5 and 

6 ,  f o r  example, should not  be  favored  e n e r g e t i c a l l y  over  t h a t  i n  

e n t r y  3 and,  hence,  should g i v e  r i s e  t o  maxima c l o s e r  t o  1650 nm. 

T h i s  apparent  i n c o n s i s t e n c y  r e q u i r e s  f u r t h e r  s t u d y ,  a l though a 

p o s s i b l e  e x p l a n a t i o n  may be found simply i n  g r e a t e r  exper imenta l  

d i f f i c u l . t i e s  experienced i n  d i s s o l v i n g  t h e  polymer r a p i d l y  and 

y e t  completely a n a e r o b i c a l l y ,  which i n  t u r n  may have l e d  t o  

e f f e c t i v e l y  lowered fe r r icenium c o n t e n t s  of  t h e  s o l u t i o n s  i n v e s t i -  

g a t e d .  

The few d a t a  p r e s e n t e d  i n  t h i s  s e c t i o n ,  a l though r a t h e r  

t e n t a t i v e  and incomplete  as  t h e  exper imecta l  program c o n t i n u e s ,  

s u f f i c e  t o  permi t  t h e  p r e d i c t i o n  t h a t  p o l v s a l t s  composed essen-  

t i a l l y  o f  a l t e r n a t i n g  Fc and Fc' u n i t s  (scheme 1 2 )  and compris ing 

e l e c t r o n i c a l l y  balanced a n i o n s  w i l l  n o t  e x h i b i t  e l e c t r o p h y s i c a l  

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



NEUSE 

proprrt-.ies s u b s t a n t i a l l y  d i f f e r e n t  from t h o s e  of t h c  s imple 

dinuc1Par  fe r rocenyl fer r iceniuni  sa l ts  p r o v i o u s l y  i n v e s t i g a t e d  

152-5uj . 
t o  be  o u t  of t h o  q u e s t i o n ,  a s  do any major changes i n  t h e  magnetic 

p r o p e r t i e s  and ESR parameters  t h a t  would point. t o  cnhanced 

e l e c t r o n i c  d e l o c a l i z a t i o n  along t h e  p o l y c a t i o n ' s  c h a i n .  While, t o  

t h i s  d a t e ,  no informat ion  on s t r u c t u r e s  wi th  very  much h igher  o r  

lower fe r r icenium c o n t e n t s  h a s  bcen made a v a i l a b l e ,  s u r p r i s e  

f i n d i n g s  with r e s p e c t  t o  t h e  e l e c t r o p h y s i c a l  behavior  of such 

s t r u c t u r e s  arc. q u i t e  i i n l  i k e l y .  

S p e c i f i c a l l y ,  i n c r e a s e s  i n  e l e c t r o c o n d u c t i v i t y  appear  

P o t e n t i a l  Uses.- In  view of t h e  l i m i t e d  dcconiplishments made u n t i l  

now i n  t h e  s y n t h e s i s  of pure  p o l y f e r r o c e n y l e n e s  of h igh  molecular  

mass, t h e  absence of a p p l i c a t i o n  and performance r r p o r t s  i n  t h e  

l i t e r a t u r e  i s  not  unexpected. In  t h e  f o l l o w i n g ,  an a t t e m p t  w i l l  

be made, based on known a p p l i c a t i o n s  of f e r r o c e n e  i t s e l f ,  t o  p o i n t  

ou t  p o t e n t i a l  use a r e a s  f o r  t h e  polymer. Only some of t h e  more 

r e c e n t  l i t e r a t - u r c  sources  f o r  f r r r o c e n e  a p p l i c a t i o n s  w i l l  g e n e r a l l y  

be c i t e d  i n  t h i s  c o n t e x t ,  a l though e a r l i e r  s o u r c e s ,  most of t h c s c  

w e l l  reviewed !1,2 , G ~ J ,  w i l l  o c c a s i o n a l l y  be quoted i f  p a r t i c u l a r l y  

s i g n i f i c a n t .  In  t h e  m a j o r i t y  of u s e  a r e a s  d i s c u s s r d  below, t h c  

p r i n c i p a l  advantage of employing t h e  polymcr i n  p1 nce of f e r r o c e n e  

proper  l i e s  i n  t h e  f i rm anchoring and immobil izat ion of t h e  a c t i v e  

m e t a l  s i t e  thereby  achieved.  Tlie  p a r e n t  complex i s  h i g h l y  v o l a t i l e  

and t e n d s  t o  migra te  and evapora te  from polymeric  and o t h e r  sub- 

s t r a t e s  i n t o  which it i s  compounded, lead ing  t o  r a p i d  d e p l e t i o n  of 

metal  content-s ,  e s p e c i a l l y  a t  e l e v a t e d  tempera tures .  

The e x c e l l e n t  h e a t  r e s i s t a n c e  of t h e  ferrocei ie  complcx, p a i r e d  

with outs tanding  s t a b i l i t y  under t h e  impact of high-energy u l t r a -  

v i o l e t  r a d i a t i o n  a s  encountered o u t s i d e  t h e  t e r r e s t r i a l  atmosphere, 

has  prompted much resedrch  o n  fe r rocenc-conta in ing  space  v e h i c l e  

c o a t i n g s  and r c l a t e d  composi t ions [63] .  A t  t h e  low g a s  d e n s i t i e s  

observed i n  t h e  upper atmosphere or i n  outer space ,  t h e  q u e s t i o n  

of r e t a i n i n g  t h e  metal locene i n  t h e  framework of t h e  c o a t i n g  i s  a 

p a r t i c u l a r l y  p r e s s i n g  one,  and use of high-molecular  p o l y f e r r o -  
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POLYMETALLOCENYLENES 53 

cenylenes  should  c o n t r i b u t e  s i g n i f i c a n t l y  t o  an enhanced i n t e g r i t y  

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

A f e a t u r e  of  c o n s i d e r a b l e  importance i n  connec t ion  wi th  t h e  

well-known f u n c t i o n i n g  of t h e  f e r r o c e n e  complex a s  a burn ing  r a t e  

a c c e l e r a t o r  and combustion c a t a l y s t  is t h e  metal atom's a b i l i t y  t o  

e x i s t  i n  two d i f f e r e n t  o x i d a t i o n  s t a t e s  and t h u s  ac t  as an e f f i c i e n t  

e l e c t r o n  t r a n s f e r  a g e n t .  I n  many a r e a s  of combustion c a t a l y s i s  

u n t i l  now r e s e r v e d  f o r  f e r r o c e n e  o r  some of  i t s  d e r i v a t i v e s ,  

e . g .  i n  f u e l s  ( i n c l u d i n g  h y p e r g o l i c  o n e s ) ,  pyro technic  composi t ions ,  

and s o l i d  r o c k e t  p r o p e l l a n t s  (:64], use o f  po lyfer rocenylene  should ,  

for  t h e  aforementioned reason ,  o f f e r  p a r t i c u l a r  advantage.  The 

same argument h o l d s  f o r  t h e  use of  po lyfer rocenylene  i n  p l a c e  of 

f e r r o c e n e  a s  an a d d i t i v e  i n  c a b l e  i n s u l a t i n g  materials t o  reduce 

d i e l e c t r i c  breakdown 1.651, a s  a h e a t -  and l i g h t - s t a b i l i z i n g  compo- 

n e n t  i n  numerous polymeric m a t e r i a l s  1:66], a s  an a d d i t i v e  e x e r t i n g  

a p h o t o - s e n s i t i z i n g  e f f e c t  i n  polymers or i n  photographic  composi- 

t i o n s  and o t h e r  l i g h t - s e n s i t i v e  reproduct ion  materials [67] ,  and 

as  a c o n s t i t u e n t  of epoxy r e s i n s ,  p o l y ( v i n y 1  c h l o r i d e )  (PVC), poly-  

ure thane ,  and o t h e r  p l a s t i c s  t o  improve f i r e  r e s i s t a n c e  and f lame 

r e t a r d a n c e  [68] .  

i n t e r e s t  i n  m a t e r i a l s  technology,  no tab ly  i n  a i r c r a f t  and automo- 

t i v e  i n t e r i o r  d e s i g n i n g ,  a s  w e l l  a s  i n  h i g h - r i s e  b u i l d i n g  and 

f a c t o r y  c o n s t r u c t i o n .  Int imat-ely connected with t h i s  q u e s t i o n  of 

f lame r e t a r d a n c e  i s  t h e  problem of smoke suppress ion .  Smoke and 

fumes developed i n  an enclosed  f i r e  l o c a t i o n  t e n d  t o  pose more 

s e r i o u s  hazards  t o  l i f e  than open f i r e s ,  and s u c c e s s f u l  suppress ion  

of smoke e v o l u t i o n  from burning o r g a n i c  m a t t e r ,  n o t a b l y  p l a s t i c s  

and r i g i d  foam i n s u l a t i n g  m a t e r i a l s ,  i s  t h e r e f o r e  f r e q u e n t l y  a 

v i t a l  design f e a t u r e .  The e f f i c a c y  of f e r r o c e n e  i n  suppress ing  

or i n h i b i t i n g  smoke development i n  PVC and o t h e r  polymeric  

m a t e r i a l s  is on r e c o r d  [69], and t h e  USE of polymeric  I i n  l i e u  

of fe r rocene  is a suggested approach. A r e l a t e d  problem concerns  

t h e  l i b e r a t i o n  of HC1 dur ing  t h e  combustion of PVC-type materials 

w i t h  sometimes dramat ic  consequences. Ferrocene h a s  been t e s t e d  

s u c c e s s f u l l y  a s  an a d d i t i v e  suppress ing  H C 1  e v o l u t i o n  [ 70 ] ,  and,  

The last-named t o p i c  i s  o f  h i g h e s t  c u r r e n t  
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54 NEUSE 

a g a i n ,  t h e  polymeric  product ,  uridble 1.0 d i t f u s e  and m i g r a t e  o u t  

of t h e  Pvc composi t ion,  should show an even b e t t e r  performance 

than t h e  monomer. 

Other a p p l i c a t i o n s  i n  which t.he s u b s t i t u t i o n  of p o l y f e r r o -  

cenylenes f o r  t h e  monomer s h o u l d  o f f e r  d i s t i n c t  advantages i n c l u d e  

u s e  i n  r a d i a t i o n  res is t  composi t ions and semiconductor devices  

[71], i n  c u t t i n g  f l u i d s  t o  enhance t h e  d u r a h i l i t - y  of c u t t i n g  t o o l s  

1721, i n  pr t ro leum d i s t i l l a t e s  f o r  t h e  removal of  u n s a t u r a t e d  

i n g r e d i e n t s  [73] , as s y n e r q i s t s  f o r  i n s e c t i c i d e s  and a c a r i c i d e s  

[74], a s  a co-ini t i a t o r  of t h e  f r e e - r a d i c a l  po lymer iza t ion  of  methyl  

methacry la te  11751 , a s  a cur ing  d c c e l e r a t o r  i n  u n s a t u r a t e d  p o l y e s t e r -  

p o l y a c r y l a t e s  [7b], and as a hardening a g e n t  f o r  o l i g o a c r y l a t e s  on 

cadmium s u r f a c e s  [77]. 

cene and i t s  proneness  t o  complexation with e l e c t r o n  a c c e p t o r s ,  a 

p a r t i c u l a r  cha l lenge  should be found i n  t h e  use of  p o l y f e r r o c e n y l e n e s  

a s  polymeric charge t r a n s f e r  complexes and,  i n  t h e  p a r t i a l l y  o x i d i z e d  

s t a t e ,  a s  e l e c t r o n  exchange r e s i n s  and i n  c e r t a i n  e l e c t r o p h y s i c a l  

a p p l i c a t i o n s  where t h e  magnetic and mixed-valence c h a r a c t e r i s t i c s  

a r e  of  i n t e r e s t .  A c a s e  i n  p o i n t  i s  t h e  c r e a t i o n  of s u r f a c e -  

a t t a c h e d  e l e c t r o d c t i v e  f e r r o c e n e  c e n t e r s  on g r a p h i t e  o r  p la t inum 

e l e c t r o d e s ,  a s  w e l l  as  on semiconduct ing,  s i l i c o n - b a s e d  photo- 

e l e c t r o d e s  of grea tes t .  c u r r e n t  i n t e r e s t  i n  photoe lec t rochemica l  

energy conversion p r o j e c t s  [78i. 

be d e p o s i t e d  r e d d i l y  from s o l u t i o n s  of tlie n e u t r a l  m a t e r i a l .  Once 

d e p o s i t e d ,  t h e  c o a t i n g  may be p a r t i a l l y  o x i d i z e d ,  whereupon i t  w i l l  

lose i t s  s o l u b i l i t y  not  only i n  nonpolar  s o l v e n t s  b u t ,  a f t e r  some 

' a g i n q '  time, also i n  such p o l d r  s o l v e n t s  a s  ni t romethane o r  ace to-  

n i t r i l e ;  t h i s  should r e s u l t  i n  e f f e c t - i v f  immobil izat ion on t h e  

e l e c t r o d e  s u r f a c e .  

I n  view of t h e  ready o x i d i z a b i l i t y  of f e r r o -  

Polyfer rocenylenes  can  probably 

A d i s c u s s i o n  of p o t e n t i a l  po lyfer rocenylene  a p p l i c a t i o n s  would 

be incomplete without  cover ing  t h e  impor tan t  f i e l d  of medica l  and 

medicinal  use.  Many f e r r o c e n e  d e r i v a t i v e s  have been developed,  i n  

some cases  with c o n s i d e r a b l e  s u c c e s s ,  as h e m a t i n i c s ,  a n t i b i o t i c s ,  

haptens  and a n t i n e o p l a s t i c  a g e n t s ,  a s  s p e c i f i c  enzyme i n h i b i t o r s ,  

t agging  agents  and labels i n  v a r i o u s  fornis, as a pharmacon promoting 
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POLYMETALLOCENYLENES 55 

31 
l i v e r  r e g e n e r a t i o n ,  and f o r  conversion i n t o  t h e  gamma-emitting Fe 

r a d i o n u c l i d e  t o  be used i n  n u c l e a r  medicine [79]. Hydrophi l ic  

behavior  i n  t h e  o x i d i z e d  s t a t e  and low t o x i c i t y  both  combine t o  

r e n d e r  t h e  f e r r o c e n e  complex a ready s u k s t r a t e  f o r  medic ina l  

a p p l i c a t i o n s .  However, i ts r a p i d  metabolism i n  t h e  l i v i n g  organism 

p r e s e n t s  a c o n s i d e r a b l e  d isadvantage  i n  most of i t s  p h y s i o l o g i c a l  

and pharmacological  f u n c t i o n s ,  and replacement  by a polymeric  

s t r u c t u r e  i s  l i k e l y  t o  r e t a r d  t h e  metabol ic  p r o c e s s  i n  a d d i t i o n  t o  

p r e v e n t i n g  unduly f a s t  removal from t h e  s i t e  of a c t i o n  through 

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

i n  hapten and o t h e r  chemoimmunological, a s  w e l l  as l a b e l i n g  and 

rad iochemica l  a p p l i c a t i o n s .  

POLYRUTHENOCENYLENE 

Only t h e  h e t e r o a n n u l a r l y  i n t e r - l i n k e d  compounds 111 w i l l  be  

t r e a t e d  i n  t h i s  s e c t i o n ,  no homoannular isomers  b e i n g  known, and 

t h e  d i s c u s s i o n  w i l l  be r e s t r i c t e d  by n e c e s s i t y  t o  t h e  o l igomer ic  

homologs prepared  u n t i l  now. 

P h y s i c a l  P r o p e r t i e s . -  The oligo-1,l'-ruthenocenylenes 111 are 

c o l o r l e s s  or cream-colored s o l i d s .  The dimer and tr imer both  

c r y s t a l l i z e  a s  w e l l  developed n e e d l e s  and,  l i k e  t h e  tetramer, 

p o s s e s s  mel t ing  p o i n t s  below 300° (Table  9 ) .  

w i t h  n > 4 have n o t  so f a r  been s e p a r a t e d  a s  pure  compounds, one 

may expec t  t h e i r  mel t ing  p o i n t s  t o  show a s i m i l a r  t r e n d  as 

observed i n  t h e  f e r r o c e n e  polymer s e r i e s ,  i n c r e a s i n g  beyond 3OO0 

a t  n = 4 - 6; h i g h e r  f r a c t i o n s ,  as r e p r e s e n t e d  by e n t r y  4 of  t h e  

t a b l e ,  be ing  p o l y d i s p e r s e ,  should show a d i p  i n  t h e  mel t ing  p o i n t -  

t empera ture  r e l a t i o n s h i p ,  fol lowed by a s t e a d y  i n c r e a s e  beyond 

350° as degrees  of  po lymer iza t ion  of  15 - 2 0  are exceeded. 

s o l u b i l i t y  behavior  of t h e  o l igomer ic  ruthenocenes i s  s i m i l a r  t o  

t h a t  of t h e  corresponding f e r r o c e n e  a n a l o g s ,  a l though t h e  l o w -  

molecular  members of t h e  s e r i e s  a r e  c h a r a c t e r i z e d  by lower 

s a t u r a t i o n  l i m i t s .  High-molecular 111, n o t  a s  y e t  s y n t h e s i z e d ,  

Although homologs 

The 

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



56 NEUSE 

should possess excellent. solubility in aromatic solvents dnd 

halocarkons. 

While nc therwostahi 1 i ty t.estiny nil5 been performed owing 

to the unavailability of higher-molecular material, it is safe to 

predict, on the basis of comparative thermogravimetric analysis 

data reported for methylcnc-bridged ruthenocene polymers ( P O I ,  that 

high-mo1ecuIFir fractions of I11 will be superior in heat resistance 

even to the polyferrocenylcnes. 

The ruthenocene crystal is pentagonal prismatic (D ) ,  i.a. 5h 
the ring conformation i s  eclipsed, and the barrier to internal 

rotation is slightly higher than in ferrocene [Sl]. No X-ray 

structure data are available as yet on any crystalline oligomer; 

yet steric considerations suggest a transoid conformation with 

respect to the two metallocene units in the solid dinier, as in  

hiferrocenc, and the higher oligomers and polymers most likely are 

arranged in preclooiinantly t.ransoid conformations as well. Prelimi- 

nary spectroscopic evidence (v idf!  i n f ' r w )  agrees with an essentially 

coplanar alignment of the fulvalene-t.ypc bridging ligands in d11 

oligomeric sariples investigated (Table 9 ) .  There is no spectro- 

scopic evidence for tilting of the Cp rings in oligomeric 111, and 

no tilting is expected i n  compounds of higher molecular mass. 

The spectroscopic da ta  collected until now are few; with both 

mass spectrometry and NMH spectroscopy, as in the fcrrocene series, 

found to be of little u s e  i n  the hiqhcr polymeric range, the only 

major techniques employed are electronic and infrared absorption 

spectroscopy. The electronic spectrum of the ruthenocene parent 

complex has been described and analyzed, the aforementioned two 

papers being typical r40] ; it resembles closely the ferrocene 

spectrum, although all pertinent transition energies are higher, 

and the maxima appedr correspondingly shifted to lower wavelengths. 

The electronic spectra [13,33,35] of 111, n = 2 - 4, similar to the 

ruthenocenc spectrum, exhibit the characteristic liyand-field band 

near 320 nm due to the two d-cl transitions, a' - el' and 

e' --r e" and the two charge-transfer bands in the UV region near 
1 1 

2 1' 
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POLYMETALLOCENYLENES 57 

250  and 26.5 nm, corresponding t o  t h e  band systems V ,  I V  and I1 i n  

Gray ' s  n o t a t i o n  (4.1. 

with  E,  a g a i n ,  c a l c u l a t e d  p e r  meta l locene  u n i t .  Much a s  i n  t h e  

f e r r o c e n e  series, t h e  UV bands s u f f e r  a p p r e c i a b l e  r e d  s h i f t s  and 

i n t e n s i t y  i n c r e a s e s  a s  t h e  ruthenocene molecule  d i m e r i z e s ,  t h i s  

being t h e  r e s u l t  of  t h e  i n t r o d u c t i o n  of  t h e  f u l v a l e n e  l i g a n d  b r i d g -  

i n g  t h e  two metal atoms. The t r e n d  becomes much less pronounced as 

one goes from t h e  dimer t o  t h e  t r i m e r ,  and only smal l  a d d i t i o n a l  

s h i f t s  i n  t h e  i n d i c a t e d  d i r e c t i o n  can be observed i n  t h e  tetramer. 

The d a t a  o b t a i n e d  on t h e  oligomer f r a c t i o n  ( e n t r y  4 ,  T a b l e  9 )  s u g g e s t  

t h a t  no f u r t h e r  s h i f t s  occur  a s  n exceeds 4 - 5. (For  t h e  seeming 

f a i l u r e  of t h e  l i g a n d - f i e l d  band maximum t o  fo l low t h e  o v e r a l l  t r e n d  

of bathochromic s h i f t s ,  see [33] . )  It  appears  from t h e s e  r e s u l t s  

t h a t  t h e  two Cp r i n g s  c o n s t i t u t i n g  each f u l v a l e n e - t y p e  l i g a n d  a r e  

s u b s t a n t i a l l y  coplanar .  I t  i s ,  fur thermore ,  a p p a r e n t  t h a t  t h e  

c e n t r a l  metal  atom i n  ruthenocene i s  n o t  capable  of t r a n s m i t t i n g  

s i g n i f i c a n t  e l e c t r o n i c  e f f e c t s  from one Cp r i n g  t o  t h e  o t h e r ;  

a c c o r d i n g l y ,  e l e c t r o n i c  i n t e r a c t i o n  between a d j a c e n t  1 , l ' - r u t h e n o -  

cenylcne u n i t s  i n  I11 i s  e s s e n t i a l l y  l i m i t e d  t o  d e l o c a l i z a t i o n  V i a  

t h e  f u l v a l e n e  b r i d g e .  Hence, no s i g n i f i c a n t  e x t e n t  o f  e l e c t r o n i c  

charge d e l o c a l i z a t i o n  along t h e  polymer c h a i n  of I11 is  i n d i c a t e d  

by t h e  UV d a t a .  The s i t u a t i o n  i s  t h u s ,  n o t  unexpectedly i n  view 

of t h e  s i m i l a r  e l e c t r o n i c  s t r u c t u r e  and bonding c h a r a c t e r i s t i c s ,  

q u i t e  comparable wi th  t h a t  i n  t h e  f e r r o c e n e  polymer ser ies  I ,  and 

one may s a f e l y  p r e d i c t  t h a t  t h i s  l a c k  of  e l e c t r o n i c  i n t e r - u n i t  

i n t e r a c t i o n  w i l l  f i n d  conf i rmat ion  i n  t h e  99Ru Mksbauer  s p e c t r a ,  

t h e  diamagnet ic  behavior  and t h e  e l e c t r i c a l  i n s u l a t i o n  c h a r a c t e r i s -  

t i c s  y e t  t o  be determined on polymeric  111. 

The t h r e e  maxima a r e  l i s t e d  i n  T a b l e  9 ,  

The v i b r a t i o n a l  spectrum of ruthenocene h a s  been t r e a t e d  

e x t e n s i v e l y  [ 8 2 ] .  

independent  v i b r a t i o n a l  behavior  of  each Cp r i n g ,  t h e  r i n g -  

v i b r a t i o n a l  fundamentals  a r e  observed a t  p o s i t i o n s  close t o ,  o r  

c o i n c i d e n t  wi th ,  t h o s e  i n  t h e  f e r r o c e n e  spectrum. Qui to  accord ing-  

l y ,  one f i n d s  [33] t h e  I R  s p e c t r a  (4000 - 500 cm-') of b i ru theno-  

As would be  expected from t h e  p r a c t i c a l l y  
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NEUSE 

cene and t h e  h i g h e r  homologs t o  be s t r i k i n g l y  s imi l a r  t o  t h e  

s p e c t r a  of t h e  corrpsponding f e r r o c e n e  o l igomers  d i s c u s s e d  i n  a 

previous  s e c t i o n ,  showing t h e  c h a r a c t e r i s t i c  s u b s t i t u t i o n  band i n  

t h e  v i c i n i t y  of 1030 an-' and t h e  a b s o r p t i o n s  n e a r  1000 and 1100 

cm The o n l y  s i g n i f i -  

c a n t  d i f f e r e n c e s ,  r e l a t i v e  t o  t h e  f e r r o c e n e  c o u n t e r p a r t s ,  appear  i n  
-1 t h e  reg ion  of t-he unsymmctric s k e l e t a l  v i b r a t i o n s  below 500 c m  

where, as  i n  t h e  spectrum of  ruthenocene i t s e l f ,  s h i f t s  t o  lower 

f r e q u e n c i e s  a r e  observed.  C h a r d c t e r i s t i c s l l y ,  and,  a g a i n ,  as i n  

t h e  c a s e  of 'I, t t h c r e  a r c  no moleculdr-mass-dependent band s h i f t s  

over  t h e  en t - i re  4000 - 250 crn r e g i o n ,  a t t e s t i n g  t o  t h e  absence 

of s i g n i f i c a n t  v i b r a t i o n a l  i n t e r a c t i o n  between ne ighbor ing  rutheno-  

cene u n i t s ,  as  well as t o  t h e  lack  of any c o n s t r a i n t s  i n  t h e  l i g a n d  

t i l t i n g  and meta l - l igand  s t r e t c h i n g  modes a s  n i n c r e a s e s  beyond 

2 - 3 .  

-1 , t h e  l a t t e r  i n v a l i d a t i n q  t h e  ' 9 , l O - p  r u l e ' .  

-1 

Chemical Properties-. - 'The ruthenocene complex, whi le  o f f e r i n g  

c e r t a i n  p a r a l l e l s  with f e r r o c e n e  i n  i ts  chemical  behavior  

a number of f e a t u r e s  i n  which i t  d i f f e r s  markedly. Thus, reduced 

e l e c t r o n i c  charge i n  t h e  (J carbon o r b i t a l s  of t h e  Cp r i n g s  r e l a t i v e  

t o  f e r r o c e n e  l e a d s  t o  decreased  r i n g  b a s i c i t y  with concomitant ly  

[ 2 ! ,  shows 
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POLYMETALLOCENYLENES 59 

diminished reactivity towards electrophiles. As a consequence, 

electrophilic ring substitution is disfavored, and nucleophilic 

substitution favored, in relation to ferrocene. In contrast, the 

metal basicity is greater in ruthenocene than in the iron congener; 

therefore, ruthenium protonation and other electrophilic metal 

substitution reactions are facilitated. None of these reaction 

types have been 'tried out' as yet on oligomeric 111. 

The difference between the two metallocenes is particularly 

striking in the central metal's oxidation/reduction behavior. 

Whereas ferrocene suffers one-step, one-electron oxidation to the 

Fc+ cation regardless of the oxidation method employed, the 

ruthenium complex is capable of undergoing both one-step, one- 

electron and one-step, two-electron oxidation reactions depending 

on the oxidative environment [83]. 

electron, giving rise to the generation of the ruthenicenium 

monocation, is brought about photooxidatively in the presence of 

halocarbons. The same result is obtained electrochemically at the 

dropping mercury electrode. The polarographically determined half- 

wave potential is less positive than that of the Fc/Fc+ system, 

indicating a greater propensity for oxidation in the ruthenocene case. 

Quite in contrast, if ruthenocene oxidation is accomplished 

chemically (2.g.  by iodine, FeC13, or H O+/p-benzoquinone) or electro- 

chemically at the platinum electrode, one finds a greater resistance 

to oxidation than in the iron complex, the half-wave potential 

having more than doubled ( i . 2 .  increased toward more positive values), 

and the product is the ruthenicenium dication with formal Ru(IV), 

generated irreversibly by a two-electron step. Whether the rutheno- 

cene nucleus suffers oxidation more, or less, readily than the ferro- 

cene complex thus depends critically on the oxidation method 

employed. Although no work has been performed in the area of 

oligoruthenocenylene oxidation, this research field should offer 

high rewards in view of the unusual oxidation/reduction behavior of 

the monomer. For example, the controlled, reversible one-electron 

oxidation (at the dropping mercury electrode) of a fraction of the 

Thus, reversible loss of one 
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ruthenocene u n i t s  i n  a polynuclear  compound can he expected t o  

f u r n i s h  mixed-valence s a l t s  d s  i n  t h e  analogous f e r r o c e n e  polymer 

cdse, altiiough, i n  t h e  l i g h t  of t h c  decreased  donor power of t h e  

ruthenocene system i n  r e l a t i o n  t o  f e r r o c e n e ,  t h e r e  is less l i k e l i -  

hood of a t r e n d  of i n c r e a s i n g  e a s e  of monooxidaCiori i n  t h e  poly-  

ruthenocenylene cha in  as n grows beyond t.he v a l u e  of 2 .  E l e c t r o -  

chemical t r e a t m e n t  a t  t h e  plat inum e l e c t r o d e  may l e a d  t o  two- 

e l e c t r o n  oxidat.ion a s  i n  t.he mononuclear compound, a l though perhaps 

with enhanced rcvcrs ib i1 i t .y  i n  t h e  polymer s y s t e m .  On t h e  o t h e r  

hand, t h e  m i l d l y  electron-withdr<lwing e f f e c t  of a d j a c e n t  ruthenocene 

u n i t s  may r a i s e  t.he p o t e n t i a l  for  t h e  two-e lec t ron  o x i d a t i o n  s t e p  

s u f f i c i e n t l y  t o  render  one-e lec t ron  o x i d d t i o n  more f a v o r a b l e ,  i n  

c l e a r  d e p a r t u r e  from t h e  mononuclear case .  Another c h a l l e n g i n g  

t - a s k  t o  explore  concerns the polymer behavior  under condi t ions of 

chemical o x i d a t i o n .  T h u s ,  i t  should L e  of i n t e r e s t  t o  f i n d  o u t  

whether t h e  mode of o x i d a t i o n  can be changed t o  t h d t  of one- 

e l e c t r o n  o x i d a t i o n  i f  a ruthenocene u n i t  t i e d  i n t o  a c h a i n  i s  

t - reated with chemical o x i d a n t s  ( i n c l u d i n g  t h e  f e r r i c e n i u m  c a t i o n )  

possess ing  a rerlox potent . ia1 i n t e r m e d i a t e  hetween t h e  p o t e n t i a l s  of 

t.h e r u t h  enocene / rii then i c e  n i um monoc a t ion and r u t h  enocene/ r u theni  - 
cenium d i c a t i o n  systems.  With a c c e s s  t o  t h e  metal c e n t e r  l i k e l y  t o  

be c u r t d i  led in r~ polymeric  s u b s t r d t e ,  t h e  s imultdneous a v a i l a b i l i t y  

d t  t h e  r e a c t i o n  s i t e  of Lwo one-e lec t ron- type  o x i d a n t  molecules  may 

no longer  be a s s u r e d ,  and t h e  mechanism of chemical  o x i d a t i o n  could  

conceivdhly be d l t e r e d  so as  t o  f a c i l i t a t e  t h e  kind of one-e lec t ron  

o x i d a t i o n  s t e p  observed a t  t h e  dropping mercury e l e c t r o d c .  T h i s  

would, of course ,  a l s o  r e s u l t  i n  d change of magnetic p r o p e r t i e s ,  

a s  the di c a t i o n  of rutheriocene i s  d iamagnet ic ,  whereas one-e lec t ron  

o x i d a t  i un  en ta  i Is paramagnet ic  behavior  . 

P o t e n t i d l  Use.- A s  only pre l iminary  communications r e g a r d i n g  

o l igomer ic  111, and no r e p o r t s  on polymeric  111, have u n t l l  now 

become a v a i l a b l e ,  t h e r e  i s  l i t t l e  reason t o  d i s c u s s  major  use a r e a s  

a t  t h i s  p o i n t .  The high c o s t  of t h e  p a r e n t  COmplCX, n o t  e x a c t l y  

___-__ 
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POLYMETALLOCENYLENES 61 

conducive to large-scale development and evaluation work, will 

doubtlessly have a retarding effect on application research. 

However, specialty fields may well call for the use of polyrutheno- 

cenylenes where costs are no primary consideration. The combined 

heat and radiation resistance of ruthenocene, superior even to that 

of ferrocene, should, for example, warrant the development of space 

vehicle or instrument coatings containing polyruthenocenylene. The 

parent complex shows low-temperature phosphorescence and is an 

efficient triplet wencher, use of which could be made in polymer 

applications. The most outstanding potential for investigation, 

however, is offered in nuclear medicine, where excellent groundwork 

involving the use of labeled ruthenocene derivatives has been 

performed by Wenzel, the foremost researcher in this field [84]. 

The lo3Ru radionuclide is both a B (0.21 MeV) and a y emitter 

(0.50 MeV) with a useful half-life of 40 d. The L3 emission lends 

itself to whole-body autoradiography, and the Y emission can be 
utilized for the labeling of ruthenium compounds applied as pharmaca 

or for diagnostic purposes. Accordingly, ruthenocene compounds 

labeled with lo3Ru have found extensive use in nuclear-medical 

research, e . g .  for the study of organ distribution and, most 

recently, for the labeling of cytostatic drugs used as inhibitors 

of tumor growth. These findings suggest challenging possibilities 

for macromolecular, labeled ruthenocenes. The introduction of the 

'03Ru nuclide into oligo- and polynuclear I11 can possibly be 

accomplished with reasonable efficiency through thermal exchange 

with ' 03RuC1 

ruthenocene compounds [ 8 q .  

by Wenzel's method developed for the labeling of 3 

SUMMARY AND CONCLUSIONS 

Only two types of polymetallocenylene have been synthesized 

until now: poly-1,l'-ferrocenylene and poly-1,l'-ruthenocenylene. 

Of the many reaction paths toward polyferrocenylene investigated 
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62 NEUSE 

in recent years, including various coupling reactions involving 

organo-magnesium, -zinc, and -copper intermediates, the direct, 

low-temperature polycoupling reaction of 1,l'-dilithioferrocene 

with 1,l'-diiodoferrocene has proved its superiority over other 

approaches, giving soluble, linear poly-1,l'-ferrocenylene in yields 

of ca 85% and with molecular masses of up to 4000 (10 000 upon 

subfractionation). The polymer gives IR and NMR spectra indicative 

of the absence of molecular-mass-dependent inter-unit vibrational 

and ring-current interactions, and the same insensitivity to mole- 

cular mass changes (at ? > 4) of the electronic charge transfer and 

d-d transitions is apparent from the electronic absorption spectra, 

suggesting insignificant electronic charge delocalization along the 

polymer chain. The Mgssbauer spectra, yielding virtually identical 

chemical shift and quadrupole splitting parameters irrespective of 

the degree o f  polymerization, suggest the absence of inter-unit d - 

and d -electron delocalization, thus confirming the electronic 

absorption data. In accord with this spectroscopic behavior, the 

polymer, within the molecular mass range investigated, does not 

conduct an electrical current and in the low-molecular-mass region 

is diamagnetic, although feeble paramagnetism, presumably due to 

impurities, has been determined on higher-molecular samples. 

Partial oxidation of oligo- and poly-1,l'-ferrocenylenes, difficult 

to control by chemical means and probably very much easier to 

accomplish electrochemically, gives rise to the formation of poly- 

salts containing cationic sites in t h e  chain; these polysalts 

accordingly exhibit weak-interaction-type, mixed-valence behavior, 

showing the typical intervalence transfer absorption in the near- 

infrared. However, significant electronic or magnetic interaction 

along the backbone of these poly(1,l'-ferrocenylene-cO-l,l'-ferri- 

cenylene) structures is not indicated by the spectral data at hand, 

and electro-conduction properties are not expected. 

?2 

Very much less than in the ferrocene polymer case is known 

about the second polymetallocenylene type, V i a .  poly-1,l'-rutheno- 

cenylene. Only oligomeric compounds or fractions have been obtained 
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POLYMETALLOCENYLENES 

to this date, the most successful synthetic approach involving the 

combined oxidative and thermal coupling of TMEDA-chelated 1,l'- 

dilithioruthenocene. Preliminary spectroscopic findings demonstrate 

the same lack of inter-unit vibrational and electronic interaction 

as observed in the ferrocene polymer series, and there is no reason 

to expect changes in spectroscopic and electronic properties as 

higher-molecular-mass ranges will be made available. Novel electro- 

physical behavior might, however, be expected in partially oxidized 

polyruthenocenylenes, where, depending on the oxidation method 

employed, monocationic or dicationic sites may appear in the chain. 

The areas of potential use for both polyferrocenylene and 

polyruthenocenylene are quite diversified and range from radiation 

and heat protection, stabilization or sensitization functions, 

polymerization initiation and combustion catalysis to flame retar- 

dance and smoke suppression as well as a multitude of medical or 

biological applications. Whereas costs are not a major considera- 

tion with the polymers derived from the inexpensive iron complex, 

the price of ruthenocene is too high to allow for the economic 

utilization of the polyruthenocenylenes in many a technological 

field, and, hence, applications will be restricted to specialty 

areas where particular benefits can be achieved with polymer use in 

very small quantities or at low concentrations, such as in cataly- 

tic or certain medical applications. No major use can he foreseen 

for the analogous polyosmocenylenes, should these ever be 

synthesized, as their cost situation is even more precarious than 

that of the polyruthenocenylenes. 

It need not be emphasized that the molecular mass ranges 

presently reached for polyferrocenylene, not to mention those for 

polyruthenocenylene, leave much to be desired, since many applica- 

tions require mechanical properties attainable only at a minimum 

molecular mass of 2 5 0 0 0  - 30000, and even the most painstaking 
subfractionation of currently available bulk polymer will not pro- 

vide such material economically. On the other hand, it appears 

doubtful whether the presently available synthetic methods of 
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64 NEUSE 

aryl-aryl coupling leave room for much improvement in the ferrocene 

step-growth polymerization with respect to the overall deqree of 

polymerization. Although further experimental refinements can be 

expected, the major drawback inherent in all the types of coupling 

reaction so far utilized, v i z .  defunctionalization with concomitant 
depression of p and x 
in this respect. As long as organolithium, Grignard, or organocopper 

compounds are used as monomers, either directly or prepared in s i tu ,  

it is obvious that the problem of loss of difunctionality owing to 

existing equilibria with mono- and unsubstituted (and, occasionally, 

higher substituted) parent compounds must be accepted even if the 

most. stringent experimental conditions to ensure absence of impuri- 

ties are observed. Therefore, in addition to investigations of 

catalytically useful additives in the heretofore practiced coupling 

reactions, in an effort to enhance the polycondensation rates rela- 

tive to side reactions, it will be necessary to search for entirely 

different monomers or monomer pairs, each compound having two non- 

equilibrating functional substituents capable of fast reaction in 

the propagation sequence and yet sufficiently unreactive with sol- 

vents, catalysts or other components to retain its difunctionality 

throughout the polymerization reaction. Dihalogenat.ed metallocenes 

might be suitable as monomers of this type, to be subjected, for 

example, to solution polycondensation by the Ullmann coupling 

technique with the aid of a recently developed copper reagent 

possessing improved activity [ 86 ] ,  although even t-hen some loss of 

functional groups through reductive dehalogenation may not be 

avoidable. 

clearly sets a limit to what can be achieved n' 

A different approach, potentially useful not only for poly- 

ferrocenylene preparation but also for the synthesis of other 

polymetallocenylenes, could utilize the preformed fulvalene dianion 

as the ligand-forming monomer, propagation proceeding through 

double-complexation with metal cation, M2'. 

fulvalene dianion generation from cyclopentadienide c56,87) is 

unsuitable for clean propagation because of the prominent occurrence 

While the method of 
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POLYMETALLOCENYLENES 65 

of s i d e  r e a c t i o n s ,  such a s  l igand  d i m e r i z a t i o n  and d i e n e  polymeriza- 

t i o n ,  t h e  g e n e r a t i o n  of t h e  d i a n i o n  through 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 r0.Olferrocenophane - -  

f e a s i b l e ,  provided t h a t  t h e  s o l u b i l i t y  problem with t h i s  compound 

can  be overcome. A t  t h e  p r e s e n t  s t a t e  of  knowledge, i n  f a c t ,  t h i s  

procedure can be  judged t o  provide  t h e  o n l y  conce ivable  s y n t h e t i c  

a c c e s s  t o  such o t h e r  meta l locene  polymers a s  polycobal tocenylene  

o r  po lynicke locenylene ,  which cannot  be prepared by t h e  coupl ing  

procedures  used f o r  polyferrocenyLcne s y n t h e s i s  as  t h e  p a r e n t  

meta l locenes  have so f a r  n e i t h e r  been s u c c e s s f u l l y  l i t h i a t e d  nor 

been found themselves  t o  s u f f e r  a c l e a n  s u b s t i t u t i o n  by organo- 

l i t h i u m  r e a g e n t s .  Polycobal tocenylene i s  of p o t e n t i a l  i n t e r e s t  i n  

t h e  p a r t i a l l y  or f u l l y  oxid ized  forms. Both types  of polymer should  

p o s s e s s  p r o p e r t i e s  r e q u i r e d  i n  c e r t a i n  p o l y e l e c t r o l y t e  and membrane 

a p p l i c a t i o n s .  I n  a d d i t i o n ,  t h e  p a r t i a l l y  oxid ized  material  should 

provide  mixed-valence f e a t u r e s ,  and t h e  f u l l y  o x i d i z e d  product ,  t o  

judge from t h e  c o n s i d e r a b l e  s t a b i l i z a t i o n  achieved i n  t h e  c o b a l t o -  

cene system on loss of t h e  unpai red ,  high-energy va lence  e l e c t r o n ,  

can  be expected t o  possess  e x t r a o r d i n a r i l y  h igh  thermo-oxidat ive 

(and,  presumably, r a d i a t i v e )  s t a b i l i t y ,  being f a r  s u p e r i o r  i n  t h i s  

r e s p e c t  t o  any o t h e r  meta l locene  polymer t y p e  t h a t  can  be v i s u a l i z e d .  

by E l  Murr 's  procedure D O ]  might  be 

I n  summary, t h e  foregoing  s e c t i o n s  show t h a t ,  whi le  some 

promising e n t r i e s  i n t o  polymetal locenylene chemis t ry  have been made, 

o n l y  p o l y - 1 , l ' - f e r r o c e n y l e n e  and i t s  p a r t i a l  o x i d a t i o n  products  

have been s u b j e c t e d  t o  major e x p l o r a t i o n .  Some r a t h e r  formidable  

experimental  h u r d l e s  remain t o  be overcome i f  both p o l y f e r r o c e n y l e n e  

and polyruthenocenylene a r e  t o  be o b t a i n e d  i n  a mechanica l ly  u s e f u l  

molccular  m a s s  range of 2 5 0 0 0  - 30000, and new s y n t h e t i c  s t r a t e g i e s  

w i l l  have t o  be designed f o r  t h e  p r e p a r a t i o n  of polymers d e r i v e d  

from o t h e r  t r a n s i t i o n  metal  complexes. There can be no doubt ,  

however, t h a t  t h e  s y n t h e t i c  a s p e c t s  and a p p l i c a t i o n  goals both  

provide  c h a l l e n g e  enough t o  render  f u r t h e r  chemical and p h y s i c a l  

r e s e a r c h  i n  t h e  f i e l d  a h i g h l y  rewarding t a s k .  
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