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High molecular weight polymers containing skeletal transition 
metal atoms are attracting increasing attention because of their 
interesting properties, but in general, synthetic routes to these 
materials are poorly developed.1,2 With this in mind, in 1992 
we reported3 the discovery that strained, ring-tilted silicon-
bridged [l]ferrocenophanes (e.g., 1) undergo thermal ring-
opening polymerization (TROP) to afford soluble, high molec
ular weight poly(ferrocenylsilanes) (e.g., 2).3-6 We have 
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subsequently extended this TROP methodology to [l]ferro-
cenophanes containing germanium and phosphorus in the bridge, 
and also to hydrocarbon-bridged [2]metallocenophanes.6-8 

Studies of the resulting transition metal-containing polymers 
have revealed that these materials possess a variety of interesting 
electrochemical, preceramic, morphological, and, when oxidized, 
magnetic properties.3_6,9_13 
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Although there has been considerable progress concerning 
the scope of the TROP route and the properties of the resulting 
polymeric materials, nothing has been reported regarding the 
mechanism of the polymerization reactions. In particular, the 
fundamental question of whether the TROP reactions proceed 
via cleavage of bonds between i/wo-cyclopentadienyl (Cp) 
carbon atoms and bridging atoms or, alternatively, via cleavage 
of metal—Cp bonds remains unresolved. A report14 that reaction 
of ferrocene and l,r-dimethylferrocene at 250 0C affords a 60% 
yield of methylferrocene suggests that a M-Cp cleavage TROP 
mechanism cannot be ruled out, especially since M-Cp bonding 
(and bridge—Cp, also) is possibly weakened in strained met-
allocenophanes. Indeed, considering the case of silicon-bridged 
[l]ferrocenophanes, the Fe-Cp bond energy of ferrocene (220 
kJ/mol) is considerably lower than the Si-C bond energy (318 
kJ/mol).15 Furthermore, we have recently observed facile, 
thermally induced M—(7t-hydrocarbon) bond cleavage in reac
tions of related silicon-bridged metalloarenophanes.16 In this 
paper, we report the first mechanistic studies of these TROP 
reactions. In particular, we describe studies of the TROP of a 
silicon-bridged [l]ferrocenophane (3) with unsymmetrically 
methylated cyclopentadienyl rings, which was designed to allow 
us to distinguish between a Si-Cp and an Fe-Cp bond cleavage 
mechanism.17 

We reasoned that if TROP of 3 proceeded through Si-CpH 

and Si-CpMe bond cleavage (CpH = C5H4, CpMe = C5Me4), 
then the resulting polymeric product 4 would contain three 
silicon environments (CpHSiCpH, CpHSiCpMe, and CpMeSiCpMe) 
but only a single iron environment (CpHFeCpMe). Conversely, 
if Fe-CpH and Fe-CpMe cleavage occurred, then 4 would 
contain a single silicon environment (CpHSiCpMe) but three iron 
environments (CpHFeCpH, CpHFeCpMe, and CpMeFeCpMe). We 
felt that the two cleavage possibilities would be unambiguously 
distinguished by using 1H, 13C, and 29Si NMR to probe the 
silicon environments of 4 and by using cyclic voltammetry to 
probe the iron environments of 4. 

TROP of 3 was smoothly effected by heating the compound 
in the melt at 150 0C in an evacuated, sealed Pyrex tube for 1 
h. The resulting orange, fibrous poly(ferrocenylsilane) 4, 
obtained in 63% yield, was completely soluble in THF and was 
found to be of high molecular weight (Mw = 3.4 x 105, Mn = 
2.3 x 105).18 
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Analysis of the microstructure of 4 by 1H NMR led to the 
detection of three broad resonances in the SiMe2 region in a 
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Figure 1. S i -Me region expansion of the 1H NMR spectrum (200 
MHz, C6D6) of 4. 
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Figure 2. Cyclic voltammogram of a 5 x 10~3 M CH2CI2 solution of 
4 which was also 0.1 M in [Bu<iN][PF6], obtained at room temperature 
at a scan rate of 250 mV/s. 

1:2:1 integral ratio centered at 0.98, 0.82, and 0.64 ppm, 
respectively (Figure 1). Similarly, 29Si NMR analysis of 4 gave 
three sets of resonances, in an ~1:2:1 intensity ratio, centered 
at -4 .05 , -6 .42, and -6.77 ppm, and 13C NMR also showed 
three sets of resonances in the SiMe2 region. These results 
clearly indicated the presence of three types of silicon environ
ments in 4 in a statistical ratio and therefore showed that TROP 
of 3 proceeds via nonselective cleavage of Si -Cp H and S i -
CpMe bonds. 

Analysis of 4 by cyclic voltammetry clearly confirmed that 
all of the iron atoms exist in a CpHFeCpMe environment. Cyclic 
voltammograms of a CH2CI2 solution of 4 showed two oxidation 
waves of equal intensity (£1/2 = —0.24 and —0.03 V) with 
shapes that were modified by electrode adsorption effects 
(Figure 2). This two-wave response is completely analogous 
to that previously reported for other poly(ferrocenylsilanes) and 
is consistent with initial oxidation at alternating iron sites along 
the polymer backbone, followed by subsequent oxidation, at a 
higher potential, of the iron centers in between.3,6'1' Thus, the 
cyclic voltammograms confirm the presence of only a single 
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type of iron environment in 4. Moreover, the observed £1/2 
value of —0.24 V found for the first oxidation wave is consistent 
with the presence of iron atoms in a CpHFeCpMe environment.19 

Given the high molecular weights of the poly(ferrocenylsi-
lanes) prepared via TROP, identification of the melt initiators 
is likely to be difficult since they are present in minute 
concentrations. However, additional experiments suggest that 
the bond cleavage during TROP of silicon-bridged [l]ferro-
cenophanes is not homolytic in nature. We obtained high 
molecular weight 2 via TROP of 1 in the presence of catalytic 
and stoichiometric quantities of radical trap butylated hydroxy-
toluene (BHT) with no observed rate inhibition. Indeed, TROP 
of 1 even proceeds smoothly in molten BHT (mp = 69-70 
0C). In all of these experiments, conversion was complete, and 
the only species observed other than 2 was unreacted BHT. 

Our BHT studies strongly suggest that TROP occurs via 
heterolytic cleavage of the S i -Cp bond rather than a homolytic 
process. Such cleavage might be initiated by minute traces of 
nucleophilic impurities such as water.20 Alternatively, thermal 
heterolytic cleavage might afford a small population of zwit-
terionic species with positive charge at silicon and negative 
charge at the cyclopentadienyl ring, which could then initiate 
chain propagation by attack on uncleaved Si—cyclopentadienyl 
bonds. Indeed, such a mechanism has been proposed for the 
TROP of silacyclobutanes and related species.21 

We are now extending our mechanistic investigations to other 
[I]- and [2]metallocenophanes. 
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