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Summary: The cationic ring-opening polymerization of
cyclic pentacoodinate sila[1]ferrocenophanes was carried
out in dichloromethane to give poly(ferrocenylsilanes)
having pentacoordinate silicon moieties in the polymer
backbone. The silyl cation gave the best results as an
initiator for the polymerization, affording pentacoordi-
nate poly(ferrocenylsilane) (Mw is 9.0 × 103) in high
yields.

Poly(ferrocenylsilanes), which have a backbone con-
sisting of alternating ferrocene and organosilane units,
are attracting considerable interest as materials with
new and potentially useful properties.1 The electronic
structure of silicon-containing polymers can be affected
by the coordination number and valence state of the
silicon atoms.2 For example, we have recently reported
that the incorporation of pentacoordinate silicon moi-
eties into the backbone of oligosilanes dramatically
reduces the excitation energies of the Si-Si bonds.3
Although incorporation of hypervalent silicon moieties
into polymer structures is expected to alter the elec-
tronic properties of the polymers, the synthesis of poly-
(ferrocenylsilanes) containing hypercoordinate silicon in
the polymer backbone has not been realized yet.4 We
report herein the synthesis and characterization of the
pentacoordinate sila[1]ferrocenophane 1 as a monomer
and its ring-opening polymerization (ROP) promoted by
silyl cation catalyst 3 (Scheme 1).

The reaction of dilithioferrocene with (chloromethyl)-
trichlorosilane in the presence of TMEDA (tetrameth-
ylethylenediamine) in ether afforded the tetracoordi-
nate silicon-bridged [1]ferrocenophane 4 in 43% yield
after recrystallization from hexane (-20 °C) (Scheme
2). The structure of 4 was confirmed by a single-crystal

X-ray diffraction study (Figure 1).5 Treatment of 4
with N-methyl-N-(trimethylsilyl)acetamide in hexane at
room temperature gave the pentacoordinate silicon-
bridged [1]ferrocenophane 1 in 89% yield.3a Dark red
crystals of 1 suitable for X-ray diffraction were pre-
pared by recrystallization from dichloromethane (-40
°C).6
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The X-ray analysis of compound 1 revealed an almost
ideal trigonal-bipyramidal (TBP) structure (Figure 2).7,8

The TBP character of the silicon atom of 1 is markedly
high; the %TBPe value for 1 estimated from the three
equatorial-to-equatorial angles (C(1)-Si-C(6), C(6)-
Si-C(11), and C(1)-Si-C(11)) is 98%.9 The Si-Cl bond
length (2.264(4) Å) and the Si-O distance (1.920(6) Å)
are typical for [3 + 2] TBP coordination.7

The C(Cp)-Si-C(Cp) bond angle of 95.6(4)° in the
pentacoordinate sila[1]ferrocenophane 1 is significantly

smaller than that in the tetracoordinate sila[1]ferro-
cenophane 4 (99.1(1)°), and concomitantly, the Fe- - -Si
distance in 1 is longer than that in 4 (1, 2.708(3) Å;
4, 2.631(1) Å). The ipso-C-Si bonds of 1 (C(1)-Si )
1.878(9) Å, C(6)-Si ) 1.891(9) Å) are considerably
longer than those of 4 (C(4)-Si ) 1.856(3) Å, C(9)-Si
) 1.864(3) Å), suggesting that the ipso-C-Si bonds of
the pentacoordinate sila[1]ferrocenophane 1 are weaker
than those of the tetracoordinate sila[1]ferrocenophane
4. In fact, the ipso-C-Si bonds of 1 are easily cleaved
to initiate ring-opening polymerization in the presence
of the silyl cation catalyst 3, whereas 4 is virtually inert
under the same reaction conditions.

The interesting feature of the 13C NMR spectrum of
1 is that the ipso-C(Cp) resonance in 1 is shifted strongly
downfield in comparison with that in 4 (1, δ 47.5; 4, δ
31.4 in CD2Cl2),10 which is indeed at lower field than
for any silicon-bridged [1]ferrocenophane investigated
to date.4a

The 29Si NMR spectra of 1 showed that the chemical
shift of the pentacoordinate silicon atom (-69.7 ppm in
CD2Cl2) is shifted markedly upfield by ca. 70 ppm from
that of the tetracoordinate sila[1]ferrocenophane 4
(-0.29 ppm), supporting the high pentacoordinate char-
acter of the silicon atom in 1.11

When monomer 1 was allowed to react with a cata-
lytic amount of silylium salt 312 (1.0 mol %) in dichlo-
romethane, cationic ring-opening polymerization took
place at room temperature to furnish the corresponding
polymer 2 (Scheme 1). To the best of our knowledge,
cationic ring-opening polymerization of sila[1]ferro-
cenophanes is extremely rare,13 while these compounds
have been reported to smoothly undergo thermal or
anionic ring-opening polymerization.1 1H NMR monitor-
ing of the reaction showed that the completion of the
polymerization needed a period of 14 days. The use of
other Lewis acid catalysts such as trimethylsilyl triflate,
iodotrimethylsilane, and BF3‚OEt2 under the same
reaction conditions was less effective, leading to sluggish
reaction. Dissolution of crude polymer in dichloromethane
followed by precipitation with dry hexane afforded the
analytically pure poly(ferrocenylsilane) 2 as an orange
solid in 53% yield.14 This material is highly soluble in
dichloromethane and THF.
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Figure 1. X-ray structure of 4. Selected interatomic dis-
tances (Å), bond lengths (Å), and angles (deg): Fe(1)- - -Si(1)
) 2.631(1); Si(1)-C(9) ) 1.864(3), Si(1)-C(4) ) 1.865(3),
Si(1)-C(11) ) 1.860(3), Si(1)-Cl(1) ) 2.052(1); C(4)-Si(1)-
C(9) ) 99.1(1), C(1-5)//C(6-10) ) 19.08.

Figure 2. X-ray structure of 1. Selected interatomic dis-
tances (Å), bond lengths (Å), and angles (deg): Fe(1)- - -Si(1)
) 2.708(3); Si(1)-C(1) ) 1.878(9), Si(1)-C(6) ) 1.891(9),
Si(1)-C(11) ) 1.905(9), Si(1)-Cl(1) ) 2.264(4), Si(1)-O(1)
) 1.920(6); C(1)-Si(1)-C(6) ) 95.6(4), C(1)-Si(1)-C(11)
) 126.7(4), C(6)-Si(1)-C(11) ) 137.2(4), Cl(1)-Si(1)-O(1)
) 167.9(2), Cl(1)-Si(1)-C(1) ) 97.2(3), Cl(1)-Si(1)-C(6)
) 96.2(3), Cl(1)-Si(1)-C(11) ) 85.7(3); C(1-5)//C(6-10)
) 20.29.
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in dichloromethane. Refractive index increment mea-
surements were performed at five different polymer
concentrations in CH2Cl2 at 20 °C, and a value of dn/dc
) 0.152 was obtained. The Mw and the second virial
coefficient A2 were determined from the Rayleigh-
Debye equation, where values of Mw ) 9.0 × 103 and
A2 ) 1.16 × 10-3 mol cm2 g-2 were obtained. The 29Si
NMR spectra of polymer 2 displayed two peaks at
-57.31 and -59.78 ppm in CD2Cl2, indicating the high
pentacoordinate character of the silicon atoms involved
in 2.

The pentacoodinate sila[1]ferrocenophane 1 exhibits
metal d-d HOMO-LUMO type transitions at 430 nm
(ε ) 233 cm-1 M-1) and at 320 nm (ε ) 389 cm-1 M-1),
which have been assigned to overlapping 1A1g f 1E2g
and 1A1g f a1E1g transitions and a 1A1g f b1E1g
transition, respectively.15 By analogy with the UV
spectral assignments for 1, the absorption of the pen-
tacoordinate polymer 2 in the 300-600 nm region can
be considered to arise from electronic transitions with
HOMO-LUMO character. The pentacoordinate polymer
2 exhibits overlapping 1A1g f 1E2g and 1A1g f a1E1g
transitions at 400-500 nm, which are only slightly
different from those of the monomer 1. In contrast, the
1A1g f b1E1g transition of the polymer 2 at 330 nm
experiences a slight bathochromic shift and markedly
increases in intensity in comparison to that of the
monomer 1 (2, λ ) 330 nm, ε ) 1305 cm-1 M-1; 1, λ )
320 nm, ε ) 389 cm-1 M-1). This spectral change seems
to reflect the change of the electronic structure provided
by the cationic ring-opening polymerization. Thus, po-
lymerization of 1 has been found to strengthen the
oscillator strength of the 1A1g f b1E1g d-d transition
in the ferrocene moiety.

A detailed comparison of the UV spectrum of the
pentacoordinate polymer 2 with that of tetracoordinate
silicon-containing poly(ferrocenylsilanes) such as [Fe-
(η-C5H4)2Si(n-Hex)2]n (5)16 reveals an appreciable dif-
ference in spectral properties between pentacoordinate
and tetracoordinate polymers. Polymer 5 exhibits a 1A1g
f b1E1g, d-d transition at 330-340 nm as an extremely
weak absorption, which could not be accurately resolved
as a weak shoulder peak.16 In contrast, the same
electronic transition of the pentacoordinate polymer 2
appears at λ ) 330 nm as a relatively intense absorption
(ε ) 1305 cm-1 M-1). It is probable that the appearance
of the intense absorption in the near-UV region is due
to the electronic perturbation provided by the incorpora-
tion of pentacoordinate silicon moieties into the polymer
backbones. However, the precise mechanism of this
electronic perturbation is not clear at the present stage.
Currently, we are studying the electronic properties of
various types of hypercoordinate poly(ferrocenylsilanes)
as well as the synthesis of hypercoordinate sila[1]-
ferrocenophanes.
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