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The incorporation of transition metals into the main
chain of polymers is attracting attention as a means of
generating materials with unusual and useful chemical
and physical properties.1,2 Ferrocene-based polymers
are of considerable interest in this regard but, until
recently, high molecular weight examples have been
very rare.3-5 We have previously described the synthe-
sis of high molecular weight linear poly(ferrocenes) such
as the poly(ferrocenylsilane) 2 (Mn > 105) via the

thermal ring-opening polymerization of strained met-
allocenophane monomers such as 1.5 Materials such as
2 have attracted recent attention as a result of their
intriguing physical properties.6-8 As the cross-linking
of polymers is necessary for the improvement of me-
chanical properties, thermal stability, and ceramic
yields and is crucial for many applications (e.g. for poly-
(ferrocenes), the formation of redox-active gels9), a
convenient means of cross-linking materials such as 2
is very desirable. In this paper we report that difunc-
tional spirocyclic [1]ferrocenophanes function as conve-
nient cross-linking agents for polymers such as 2 via
ring-opening copolymerization reactions.
Very few studies of spirocyclic [1]ferrocenophanes

have been previously reported in the literature.10-13 We
prepared the spirocyclic [1]silaferrocenophane 3 by a

modification of the original method reported by Osborne
and Whiteley12 which involved the reaction of 2 equiv
of dilithioferrocene-tetramethylethylenediamine (fcLi2‚
TMEDA) with tetrachlorosilane.14 Our yield of this
potential cross-linking agent was ca. 56%, a considerable
improvement over that reported previously (7 and
17%).12,13 We also prepared the novel red crystalline
spirocyclic carbosilane-[1]ferrocenophane 4 in 71%
yield via the reaction of fcLi2‚TMEDA with an excess
of the dichlorosilacyclobutane Cl2Si(CH2)3.14
Both 3 and 4 were characterized by 1H, 13C, and 29Si

NMR and mass spectrometry which afforded data
consistent with the previously assigned structure of 315
and that for the new compound 4.16 Because of the
complete absence of any crystallographic data on spi-

rocyclic [1]ferrocenophanes, single-crystal X-ray diffrac-
tion studies were perfomed on each compound. The
molecular structures of 3 and 4 are shown in Figure
1.17,18 The molecules of each compound are highly
strained, as indicated by the tilt angles between the
planes of the cyclopentadienyl (Cp) ligands of 19.4(2)°
(in 3) and 20.61(8)°(in 4) which are similar to the value
in 1 (20.8(5)°).6 Significant structural distortions from
planarity are also detected at the ipso carbon atoms of
the Cp ligands bonded to silicon where the angles
between the planes of the Cp ligands and the C(Cp)-Si
bonds are 39.4-39.7° and 37.6° in 3 and 4, respectively.
The carbosilane ring in 4 is also clearly very strained
with skeletal C-Si-C, C-C-Si, and C-C-C bond
angles of 81.10(8), 86.4(1), and 102.6(1)°, respectively.
Interestingly, the puckering of this ring, 20.6(2)°, is
significantly less than that of the silacyclobutane de-
rivative of bis(benzene)vanadium (23°)19 and 4-sila-3,3-
spiroheptane, (CH2)3Si(CH2)3, (30(2)° by electron dif-
fraction20).
In order to probe the ROP behavior of 3 and 4 each

compound was initially studied by differential scanning
calorimetry (DSC). A DSC thermogram of 3 showed no
melt endotherm, but two exothermic transitions were
detected with onsets at 175 and 270 °C, respectively. A
DSC thermogram of 4 displayed a melt at 92 °C followed
immediately by an exotherm with two peaks. In
contrast, a DSC thermogram of 1 shows a melt and a
single ROP exotherm (onset ) 130 °C). The presence
of two exotherms for 3 and 4 suggested that the two
rings present in each compound may open sequentially.
When 3 was heated in a sealed evacuated Pyrex tube

at 320 °C for 30 min, the tube contents changed color
slightly from orange-red to orange-brown. The resulting
material was completely insoluble in THF and did not
swell, which is consistent with the formation of a highly
cross-linked polymer. Furthermore, the material formed

Figure 1. (Top) 50% probability thermal ellipsoid drawing
of 3. Selected interatomic distances (Å) and angles (deg): Si-
C1 ) 1.874(3), Si-C6 ) 1.871(3), Fe1-Si ) 2.6572(5), C1-
Si-C6 ) 98.5(1). (Bottom) 50% probability thermal ellipsoid
drawing of 4. Selected interatomic distances (Å) and angles
(deg): Si-C1 ) 1.884(2), Si-C6 ) 1.883(2), Fe-Si )
2.7113(5), C1-Si-C6 ) 95.83(6).
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was amorphous by wide-angle X-ray scattering (WAXS).
Compound 4 became viscous then rapidly immobile
when heated at 100-120 ˚C for 50 min. Again, the
polymeric product was insoluble in THF and did not
swell.
Despite the substantial temperature difference be-

tween the ROP onset temperature for 3 (270 °C) and 1
(130-150 °C), the two monomers were found to suc-
cessfully copolymerize. Thus, when 1 and e15 mol %
of 3 were heated at 100 °C, a homogeneous solution of
3 in the melt of 1was formed. The monomers were then
polymerized at 300-320 °C for 2 h, forming red-brown
polymers 5 that were insoluble in THF but were

observed to readily swell, forming orange gels. As 4
undergoes ROP at a similar temperature to 1, this
species appeared ideal for controlled thermal copolym-
erization experiments. By using 2, 5, 10, and 15 mol %
of 4 polymers 6a-6d were prepared at 140-180 °C.
After stirring at room temperature in THF under N2
for 16 h, the resulting insoluble polymers were recovered
by suction filtration in air. The remaining solvent was
removed under vacuum to afford orange-red powders.
These materials were characterized by DSC, and their
cross-linked nature was probed by swelling experiments.
The homopolymer 2 possesses a Tg at 33 °C, and
annealed samples, which are crystalline byWAXS, show
a Tm at 122 °C.6 In contrast, DSC of 6a-6d showed no
evidence for melt transitions. Polymers 6a and 6b
showed a broad Tg at 38-40 °C, and no Tg was observed

for polymers 6c,d. This behavior is consistent with
cross-linked structures for 6a-6d in which ordered
interchain packing is disrupted. Swelling experiments
were performed in THF (Table 1). The results indicated
that the cross-link density could be successfully con-
trolled by altering the mole ratio of 1 and the spirocyclic
cross-linking agent.
We have also carried out preliminary experiments on

the transition metal catalyzed copolymerization of 1
with 3 or 4 at ambient and elevated (60 °C) tempera-
tures. However, no reaction was detected when 3 was
treated with small quantitities of PtCl2 in CH2Cl2 or
C6D6 or Karstedt’s catalyst in C6D6, conditions under
which ROP of 1 to afford 2 is readily observed.21,22
Consistent with this, reaction of a mixture of 1 and 3
with either Pt catalyst afforded a polymer product which
was soluble in THF and was indistinguishable from 2
spectroscopically. Compound 4, on the other hand,
underwent homopolymerization with catalytic quanti-
ties of Pt(0), in the form of either Karstedt’s catalyst or
Pt(1,5-COD)2, to give yellow, insoluble material. In
addition, when ca. 10 mol % 4 was combined with 1 and
a catalytic amount of Karstedt’s catalyst in toluene,
gelation was observed after about 30 min. The physical
properties of this cross-linked polymer are under inves-
tigation.
In summary, we have shown that spirocyclic [1]-

ferrocenophanes function as convenient cross-linking
agents for poly(ferrocenes) via thermal ring-opening
copolymerization reactions. The use of 4 in transition
metal catalyzed copolymerizations also appears promis-
ing. Further studies of these reactions and products
(including the use of small amounts of 3 and 4 to afford
soluble, branched poly(ferrocene) materials) are in
progress.
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