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Polymers with skeletal transition-metal atoms are attractive
materials as a result of their novel electrical, optical, magnetic,
and chemical characteristics.2 We have previously reported the
preparation of the first examples of high molecular weight poly-
(ferrocenylsilanes) 1via the thermal ring-opening polymerization
(ROP) of strained, ring-tilted, silicon-bridged [1]ferrocenophanes
such as 2 at elevated temperatures.’> These polymers display
novel electrochemical properties which are indicative that the
iron atoms interact with one another, and several show evidence
for the formation of ordered structures in the solid state.*7 Studies
of well-defined short-chain oligomers would be expected to provide
additional understanding of the characteristics of these unusual
polymers, but such species are often very difficult to prepare and
crystallize for X-ray diffraction studies.
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To develop nonthermal ROP methods for [1]ferrocenophanes
which operate under milder conditions, we have explored the
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Figure 1. Molecular structure of 3 (x = 5).

reactions of anionic initiators with 2.8 In this paper we report
studies of the reaction of ferrocenyllithium, FcLi (Fc = Fe(y-
CsH,)(7-CsHs)), with 2, which yields either oligomeric or
polymeric products depending on the mole ratio of the reactants.®

Reaction of FcLil® with 2 (ca. 0.5-1:1, THF, 10 min, 0 °C)
followed by warming to room temperature and a hydrolytic workup
yielded a mixture of proton-terminated oligomeric products 3 (x
= 2-8). These were each successfully isolated after column
chromatography on alumina as amber powders and were char-
acterized by 2Si and 'H NMR and mass spectrometry.!!
Significantly, the correct integration ratio was observed for the
resonances arising from the silicon atoms (in the 2Si NMR) and
the SiMe, and the cyclopentadienyl groups (in the 'H NMR)
associated with the repeat units at the chain termini compared
to those in the chain interior. In addition, the mass spectrum of
each oligomer showed peaks assigned to a molecular ion and
logical fragmentation products.!!

We have been able to obtain crystals of the pentamer 3 (x =
5) for X-ray diffraction studies.!? The molecular structure is
shownin Figure 1 and provides intriguing insight into the probable
conformations of polymer chains in ordered samples of the high
polymer 1 (R = Me). The interior ferrocenylsilane repeat units
possess a trans planar, zigzag conformation with the adjacent
ferrocenyl groups oriented at ca. 110° relative to one another.
Interestingly, the ferrocenyl end groups are twisted in opposite
directions perpendicular to the plane of the interior. The sets of
two methyl groups at silicon on adjacent repeat units are oriented
in opposite directions (ca. 180°) from one another, whereas the
iron atoms in the interior are approximately collinear and are
separated by 6.913(5) A.

The oligomers 3 (x = 2-8) also provide excellent models for
the high polymer 1 (R = Me) with respect to electrochemical
properties.!? Cyclic voltammograms (CVs) of 1 (R = Me) show
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(12) Crystal structure data for 3 (x = 5): crystals from cyclohexane over
5 days, formula = CssHggFesSiy, FW = 1154.7, triclinic, space group Pl, a
=11.764(4),b = 11.850(2),and ¢ = 12.514(2) A, « = 94.85(2)°, 8 = 114.15-
(2)°, v = 117.66(2)°, V=1326.1(8) A%, Z=1,d = 1.446 g cm™3, T = 294
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isotropic thermal parameters, 305 variables) atoms using 3268 unique
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(13) Cyclic voltammetric data for 3 (x = 2-8), 0.5 g L-! in CH,Cl,/
CH;CN (1:1) relative to ferrocene Ey; = 0.00 V using 0.1 M [NBuy] {PF¢]
as supporting electrolyte. For 3 (x = 2): Ej;; = -0.01, 0.14 V (ratio 1:1).
For3 (x =3): E;;2=-0.03,0.23 V (2:1). For 3 (x =4): E;;; =-0.01,0.14,
0.26 V (2:1:1). For 3 (x = 5): E,;;=10.01,0.24 (3:2). For 3 (x =6): Ey;;
=-0.01,0.14,0.25 V (3:1:2). For3(x=7): Ey;; =-0.01,0.23 (4:3). For
3(x=8): E\;3=-0.01,0.13,0.23 V (4:1:3). Theredoxcoupleswerereversible
(as judged by equal cathodic and anodic peak currents) over the range of scan
rates studied (25-1000 mV s-!). The stoichiometries of the redox processes
are given by the relative areas of the waves which were established by
integration. For details of the electrochemical equipment, see ref Sc.
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Figure 2. Cyclic voltammograms of 3 (a) x = 5, (b) x = 4, and (¢) x
= 8 in CH,Cl/CH;CN at 250 mV s-!.

two oxidation waves separated by ca. 0.2 V, which has been
attributed to the presence of cooperative interactions between
the iron centers.3* Thus, the first oxidation is believed to occur
at alternating iron sites, and the subsequent oxidation at higher
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potentials involves the sites in between.!4 The electrochemistry
of the oligomers 3 (x = 2-8) is fully consistent with this picture
but differs significantly depending on whether the number of
repeat units is odd or even. Considering 3 (x = odd) first, the
CV of 3 (x = 3) showed two reversible oxidation waves of relative
intensity 2:1, which are assigned to oxidation of the two ferrocenyl
end groups followed by oxidation at the interior site. Under the
same conditions, 3 (x = 5) showed two waves with a ratio of 3:2
assigned to oxidation of the iron atoms of two end groups and the
middle repeat unit at the first potential and subsequent oxidation
of the two remaining ferrocenyl groups in between at the second
(Figure 2a). The “odd” oligomer 3 (x = 7) possessed a similar
two-wave CV, and the ratio of the waves was 4:3 as expected on
the basis of analogous arguments. The CV of the “even” oligomer
3 (x = 2) also showed two waves due to oxidation of one iron site
and then the other as previously reported.!S However, for 3 (x
= 4), the initial oxidation of two alternating iron sites yields an
oligomer which has two remaining sites which are inequivalent.
This leads to three waves for 3 (x = 4) in a 2:1:1 ratio (Figure
2b). For similar reasons, three waves are detected for 3 (x = 6)
in a ratio 3:1:2. As an even-numbered oligomer chain increases
in length, the central wave (due to the end group next to a single
oxidized ferrocene unit) decreases in intensity relative to the other
two. In the case of 3 (x = 8), three waves of relative intensity
4:1:3 would be expected. However, the central wave is already
virtually unresolvable at this chain length (Figure 2c). Clearly,
inview of the electrochemical properties of both the odd and even
oligomers, an infinite chain would be expected to possess two
waves of equal intensity, which is observed for the high polymer
1 (R = Me).

The formation of higher molecular weight polymers from the
reaction of FcLi with 2 might be anticipated at low initiator
concentrations. Indeed, reaction of FcLi with 2 in a 1:10 mole
ratio (THF, 1 h) followed by hydrolytic workup yielded a poly-
(ferrocenylsilane) as an amber powder with M,, = 9500 and M,
= 8000. This corresponds to the approximate formulation of 3
(x = ca. 29). These results indicate that polymers (albeit of
moderate molecular weight) as well as oligomers can be generated
by anionic ROP of 2.1¢ Further work is directed at investigating
other properties of the oligomers in detail and the ROP of 2 using
alternative anion-based initiator systems,
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