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ABSTRACT: The strained sila-[1]ferrocenophane monomer Fe(η-C5H3
tBu)2SiPh2 (5) was synthesized and

polymerized via thermal ring-opening polymerization (ROP) both in the melt and in solution to give the soluble
high-molecular-weight polyferrocenylsilane (PFS) [Fe(η-C5H3

tBu2)2SiPh2]n, 7 (Mn ) 5.2 × 104-1.7 × 106 Da,
PDI ) 1.38-1.99). Both monomer5 and polymer7 were structurally characterized by1H, 13C, and29Si NMR
spectroscopy and elemental analysis. The electronic structure and electrochemical properties of the monomer5
and the polymer7 were investigated by UV-vis spectroscopy and cyclic voltammetry. The oxidation potentials
were shifted to more negative values relative to non-methylated or methylated analogues, indicating that the
electron-donating effect of thetBu group is transmitted to the iron center. Polymer7 exhibited two reversible
redox waves with a redox coupling,∆E1/2, of 0.33 V, which is indicative of appreciable Fe‚‚‚Fe interactions
along the polymer backbone. The resiliency of7 toward the redox processes was probed by measuring the molecular
weights before photooxidation or chemical oxidation (with tetracyanoethylene (TCNE) or tris(4-bromophenyl)-
ammoniumyl hexachloroantimonate) and after subsequent reduction of the oxidized polymers to the neutral forms
by using bis(pentamethylcyclopentadienyl)iron(II). Significantly, unlike the previous studies of oxidized PFS
homopolymers, soluble polymeric salts were obtained even for a high degree of oxidation, and these were
characterized by UV-vis and IR spectroscopy. GPC measurements demonstrated the excellent redox resiliency
of polyferrocenylsilane7 to redox cycling as no appreciable decline in molecular weight was apparent for degrees
of oxidation of up to 50%.

Introduction

The interest in metal-containing polymers has grown rapidly
over the past decade due to their novel and useful characteristics
that may allow a plethora of diverse applications.1 Uses as
functional components in nonlinear optical (NLO) devices and
photocells,2,3 catalysts,4 redox-active gels,5 photonic crystals,6

nanostructured magnetic ceramics,7 or liquid crystals8 represent
several examples. In addition, incorporating transition metals
into self-organizing motifs such as block copolymers provides
possibilities for the formation of supramolecular materials with
novel properties.4,9

Polymetallocenes represent a well-established class of met-
allopolymers which are readily available via ring-opening
polymerization (ROP) routes.10 This method has been demon-
strated to be applicable to a wide variety of metallocenophanes
and related species to afford polymers incorporating different
metals (e.g., Fe, Ru, Cr, Ti) and spacer elements (e.g., B, Si,
Ge, Sn, P, S, Se, C2).11,12The physical and chemical properties
of polymetallocenes have been found to significantly depend
on the bridging element and side groups.1 Polyferrocenylsilanes
(PFSs)2, the most well-studied examples of these materials,
are accessible via thermal, transition-metal-catalyzed, anionic,

and photolytic ROP of silicon-bridged [1]ferrocenophanes1
(Scheme 1) as soluble materials with high molecular weights
(Mn > 105 Da).13,14

One of the most useful characteristics of PFS materials is
their redox activity arising from the FeII/FeIII couple. In contrast
to the case of polyvinylferrocene, cyclic voltammetry has shown
that PFSs exhibit two reversible redox waves of equal intensity.15

These waves have been attributed to the oxidation of alternating
iron centers at the first potential,1E1/2, followed by the oxidation
of the iron centers in between at a higher potential,2E1/2. Thus,
as one ferrocene unit in the polymer backbone is oxidized, the
neighboring centers become more difficult to oxidize, and
consequently, the two oxidation waves with redox coupling
∆E1/2 ) 2E1/2 - 1E1/2 are obtained. The separation of the two
waves,∆E1/2, represents an approximate but useful measure of
electronic interaction between iron centers in the polymer
backbone.16-18

The studies of oxidized PFSs performed to date have
demonstrated that these materials possess interesting properties.
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For example, the intrinsic conductivity of PFSs is very low (ca.
10-11 Ω-1 cm-1), but upon vapor-phase oxidative doping with
I2, the conductivity of the polymer films increases up to 8 orders
of magnitude relative to the unoxidized material.19 More recently
it has been shown20 that irradiation of thin films of PFS cast
from chloroform solution with UV light leads to photooxidation
of ferrocene centers in the polymer main chain and to a
considerable increase in conductivity. The photooxidized films
also display significant photoconductivity,21 a new characteristic
for PFS materials. Unfortunately, dramatic molecular weight
loss was detected after this photooxidation/reduction process.
On the other hand, even the treatment of PFSs such as2 (R )
R′ ) Me) with relatively mild nucleophilic species can lead to
significant cleavage when degrees of oxidation exceed ca. 10%.
This is likely a consequence of the appreciable lability of
ferrocenium centers and nucleophilically induced iron-cyclo-
pentadienyl (Fe-Cp) bond cleavage.22 Moreover, oxidized PFS
homopolymers have been found to be insoluble in nonnucleo-
philic organic solvents, which make these materials difficult to
process and study.

The introduction of bulky electron-donating substituents to
PFSs would be expected to afford materials with considerably
improved resiliency toward redox cycling by lowering oxidation
potentials, increasing Fe-Cp bond strength, and providing steric
protection against nucleophilic attack. In addition, the introduc-
tion of such substituents on a polymer backbone represents one
common approach to address potential insolubility problems.23a,24

In this paper we report the synthesis and properties of PFS
containing electron-donating and sterically demandingtert-butyl
substituents on the cyclopentadienyl ligands and an investigation
of their resiliency toward redox cycling.

Results and Discussion

Although the influence of the Si substituents on the properties
of PFS materials has been well-studied,25 the effect of substitu-
tion on the cyclopentadienyl (Cp) rings has been much less
explored. It has been shown26 that methylation of the Cp rings
affects the character of the iron center and offers an alternative
method for tuning electronic and optical properties of ferrocene-
based polymers. With an increasing number of electron-donating
methyl groups on the Cp rings, the oxidation potentials of
methylated PFSs are shifted to more negative values, affording
polymers which readily undergo electron-transfer reactions with
mild oxidants such as TCNE, in contrast to the un-methylated
analogues.

Trimethylsilyl substituents have also been successfully in-
troduced into the Cp ligands of ferrocenophane monomers and
ring-opened polymers.27 Significantly, despite the steric bulk
of Me3Si groups, the polymerizability of the corresponding sila-
[1]ferrocenophane was unaffected. However, Me3Si groups have

no significant effect on the oxidation potential of ferrocene units.
The introduction oftBu substituents was therefore explored due
to the potentially favorable combination of steric bulk and
electron-donating ability for improving redox resiliency.

1. Synthesis and Characterization of Fe(η-C5H3
tBu)2SiPh2

(5).The starting material, 1,1′-di-tert-butyl ferrocene Fe(η-C5H4
t-

Bu)2 (3), was synthesized following an adapted three-step
literature procedure.24 The preparation of thetBu-substituted
silicon-bridged ferrocenophane5 required the initial synthesis
of 1,1′-di-tert-butyl 3,3′-dilithioferrocene (4) by the reaction of
3 with nBuLi in hexanes or ether for 24 h at room temperature
in the presence ofN,N,N′,N′-tetramethylethylenediamine (TME-
DA) as catalyst. Following a similar procedure to that reported
by Compton and Rauchfuss24 for the preparation of Fe(η-C5H3

t-
Bu)2S3, the one-pot synthesis of Fe(η-C5H3

tBu)2SiPh2 (5) was
attempted by adding SiPh2Cl2 at -78 °C to the complex4
generated in situ (Scheme 2). However, we were unable to
isolate significant quantities of the desired product5 using this
method.

To allow a more controlled synthesis of5, the orange
precipitate4 resulting from reaction of3 with n-butyllithium
was isolated in 42% yield as a pyrophoric powder. Because of
the insolubility of4 in common deuterated solvents, character-
ization by1H NMR was not possible. The ratio of the dilithio
salt to TMEDA in complex4 was determined by reaction with
excess deuterated dimethylformamide (DMF), which led to the
ferrocene dialdehyde derivative6 and simultaneously released
TMEDA (Scheme 3). On the basis of the integration of the
signals corresponding to the-C(CH3) groups from6 and the
-CH3 groups from TMEDA in the1H NMR spectrum, it was
determined that two molecules of TMEDA were released from
one molecule of4 in reaction with DMF. The excess ofd7-
DMF served as a reference solvent for1H NMR analysis.

The synthesis of5 was achieved by adding SiPh2Cl2 at -78
°C to a slurry of a known amount of4 in ether, and5 was
isolated as a red-orange solid by low-temperature crystallization
from hexanes. Further purification may be achieved by sublima-
tion at 110-120°C under vacuum (0.01 mmHg). Unlike most
silicon-bridged [1]ferrocenophanes which are moisture sensi-
tive,28 5 is air-stable and does not react with water or methanol
in THF.

The identity of5 was confirmed by1H, 13C, and29Si NMR
in addition to mass spectrometry and elemental analysis. The
1H NMR spectrum showed one sharp singlet for thetBu protons,
three multiplet signals for the Cp rings, and two other multiplet
signals for phenyl protons. The13C NMR spectrum exhibited
11 singlets: four attributed to phenyl groups, two for thetBu
groups, and five distinct resonances for Cp ligand. The Cp
carbon atoms attached to thetBu groups gave rise to a downfield
resonance (112.20 ppm) relative to the conventional values of
chemical shifts for Cp carbons (60-80 ppm), whereas the

Scheme 2
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carbon atoms attached to Si (Cipso) displayed an upfield shift
(29.7 ppm) which is characteristic of strained [1]ferro-
cenophanes.23 Using CIGAR-HMBC spectroscopy,29 it was
possible to distinguish between the singlet of Cipso and that of
the quaternary carbon oftBu (30.0 ppm). The29Si NMR
spectrum of5 showed a single resonance at-9.3 ppm, which
indicated that the product consisted of a single ferrocenophane
isomer, as confirmed by crystallographic analysis (see below).

2. X-ray Crystallographic Analysis of 5. To further
characterize monomer5, single-crystal X-ray analysis was
performed. Suitable single crystals of5 for X-ray diffraction
were obtained from a hexane solution after several days at-35
°C. Two molecules were found in the asymmetric unit having
similar parameters. One molecule of hexane was found per four
molecules of5 in crystal lattice. The crystal structure confirmed
the identity of5 as a 3,3′-syn stereoisomer with a bent-sandwich
geometry and eclipsed Cp rings (Figure 1).

The tilt angleR between the two Cp rings of 18.81° and the
distorted tetrahedral geometry around the Si center (bond angle
C(1)-Si-C(6): 98.30°) indicate the presence of significant ring
strain which is comparable to that in the unsubstituted analogues
Fe(η-C5H4)2SiPh2, 5a (corresponding angles of 19.2° and 99.1°,
respectively)30 and methylated silicon-bridged [1]ferrocenophane,
5c (18.6° and 96.96°, respectively).31 These data prompted us
to conclude that neither the increased electron-donating effect
nor the bulkiness of thetBu substituents induces significant

structural changes in sila-[1]ferrocenophane molecules. Selected
bonds lengths and angles for5 are listed in Table 1.

3. UV-Vis and Cyclic Voltametry of [1]Ferrocenophane
5. We have investigated the electrochemical and electronic
properties of5 using cyclic voltammetry (CV) and UV-vis
spectroscopy, respectively. These results are compared to those
of 5a, 5b, and 5c, obtained under identical experimental
conditions.

The UV-vis spectrum of ferrocene and its derivatives has
been studied extensively32 and has led to the detection of six
bands. Most studies of ferrocene-containing species have
focused on band II at ca. 440 nm as in ferrocene itself, assigned
to spin-allowed d-d transitions because it is the most intense
in the visible region and well resolved. UV-vis data obtained
from analysis of THF solutions of5 indicated aλmax of this
band at 478 nm with a molar absorptivity of 275 L-1 mol cm-1.

Therefore, similar to the strained sila-[1]ferrocenophane with
methyl groups on the Cp rings5c31 and unsubtituted analogues
5a30 and5b,31 species5 displays a bathochromic shift for band
II accompanied by an increase of this band intensity relative to
the analogous nonbridged species of ferrocene and di-tert-
butylferrocene3. When compared to the unsubstituted analogue
5a, the presence of electron-donatingtBu groups yields a very
slight blue shift of band II in5. A similar blue shift was noted
for 5b and5cwhen Me groups are introduced to the Cp ligands.
When the Ph groups on the Si atom in5a are replaced by Me
groups (5b), a modest increase of extinction coefficient is
noticed. The same behavior is observed for5 and 5c having
electron-donating substituted Cp rings (Table 2).

Cyclic voltammetry was used in order to probe the electronic
effect of thetBu substituents on the iron center and the redox
reversibility of 5. The air and moisture stability of this
ferrocenophane significantly facilitated the cyclic voltammetry
(CV) studies. The CV trace of5 in methylene chloride showed
a reversible one-electron redox wave with anired/iox value close
to unity, which indicates that the redox reaction is reversible
on the CV time scale.33

Figure 1. ORTEP views of5 with thermal ellipsoids drawn at the
30% probability level. Hydrogen atoms have been omitted for clarity
(top). The projection of the structure5 showing the syn eclipsed
conformation of thetBu substituted Cp ligands (bottom).

Table 1. Summary of Key Structural Data for Ferrocenophane 5
(Bond Lengths in Å, Bond Angles in deg)

Si-C(1) 1.881(2) Si-C(6) 1.891(2)
Si-C(19) 1.867(2) Si-C(25) 1.858(2)
C3-C(11) 1.515(3) C(9)-C(15) 1.520(3)
Fe displacement, Å 0.198(2) Fe- - -Si 2.6645(6)
C(1)-Si-C(6) 98.30(9) tilt angle,R 18.81
Cp-Si/Cp,â 39.5(2) RC1-Fe-RC2,a δ 166.1(1)

a RC: ring centroid.

Table 2. UV-Vis Data for a Series of Ferrocenes and
Sila-[1]ferrocenophanesa

compound
λmax

(nm)
ε

(L-1 mol cm-1) ref

Fe(η-C5H5)2 440 100 32
Fe(η-C5H4Me)2 438 161 31
Fe(η-C5H4

tBu)2 (3) 441 160 this work
Fe(η-C5H3

tBu)2SiPh2 (5) 478 275 this work
Fe(η-C5H4)2SiPh2 (5a) 485 270 this work
Fe(η-C5H4)2SiMe2 (5b) 482 375 31
Fe(η-C5H3Me)2SiMe2 (5c) 476 372 31

a UV-vis data obtained for THF solutions.
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It has been shown that the presence of methyl substituents
in ferrocene34 and ferrocenophane derivatives31 reduces the half-
wave oxidation potential by 50-55 mV per methyl group. As
a tBu group has a greater electron-donating effect than a methyl
group, it was expected that the half-wave oxidation potential
of 5 would be shifted to more negative values when compared
to the analogous Cp methylated species5c. Indeed, the cyclic
voltammogram obtained from analysis of a methylene chloride
solution of5 showed a half-wave potential,E1/2, of -0.24 V vs
the ferrocene/ferrocenium ion couple, whereas a value of-0.10
V was found for5c.31 The cyclic voltammogram of3 acquired
under identical conditions showed a half-waveE1/2 value of
-0.30 V vs ferrocene/ferrocenium couple (Figure 2).35a This
indicates that the electronic effect of thetBu group is slightly
less effectively transmitted to the iron center in5 than in3. 35b

4. Thermal Analysis of 5.DSC is a valuable tool that can
be used to monitor the thermal ROP behavior of strained
ferrocenophanes in order to determine optimal reaction condi-
tions for bulk-scale thermal ROP. Generally, the DSC traces of
strained ferrocenophanes show sharp melt endotherms followed
by large broad exotherms assigned to the thermal ROP
reaction.23a,31DSC is also useful to probe the effect of monomer
structural changes on the ability to polymerize. Thus, it has been
shown that increasing the number of the methyl groups on Cp
from zero to eight in dimethylsila-[1]ferrocenophane induces a
higher value of onset temperature in thermal ROP but does not
significantly change the ROP enthalpy,-∆Hp (70-80 kJ
mol-1). However, a decrease in ROP enthalpy to-60 kJ mol-1

was observed for5a.23a

Under identical experimental conditions (10°C min-1 under
N2), DSC analysis was performed for5 (Figure 3). The DSC
trace for5 showed two sharp endothermic peaks (at 134 and
157 °C) followed by a broad exotherm. The endothermic peak
at 134°C was assigned to solvent (hexane) loss from the crystal
lattice since about 5% weight loss can be observed at this
temperature by TGA. As noted above, hexane was used for
recrystallization of5 and was found in the crystal lattice by
X-ray crystallographic analysis. The second endothermic peak
at 157 °C was attributed to the melting process, which was
immediately followed by a broad exotherm assigned to thermal
ROP with an onset temperature around 190-210 °C. The area
under the thermal ROP exotherm, representing-∆Hp, was
found to correspond to ca. 40 kJ mol-1, indicating a decrease
of monomer polymerizability presumably due to the bulkiness
of the tert-butyl and phenyl groups (Table 3). It is well-known
that the bulky substituents serve to stabilize the cyclic forms
relative to their ring-opened counterpart.36

5. Ring-Opening Polymerization of 5.Thermal ROP in
Melt. In a sealed evacuated glass tube,5 was heated for 3 h at
250 °C. The contents of the tube became more viscous and
finally immobile during this time.

The polyferrocenylsilane7 that resulted from thermal ROP
of 5 (Scheme 4) was isolated in 87% yield as a pink-orange
powder by dissolution in THF followed by precipitation into
methanol. In contrast to [Fe(η-C5H4)2SiPh2]n,23a the PFS7 is
soluble in common organic solvents (THF, CH2Cl2, C6H6,
toluene), allowing purification and complete characterization
by GPC,1H, 13C, and29Si NMR, and elemental analysis. A
slight lower value for carbon percentage was determined by
combustion methods compared with the calculated one. This is
likely due to the formation of thermally stable C-rich ceramics
on pyrolysis, which has ample precedent with PFS materials.7

A wide range of molecular weights and polydispersities (Mn

) 5.2× 104-1.7× 106 Da, PDI) 1.38-1.99) were obtained
by thermal ROP. The1H NMR spectrum of 7 showed
characteristic broadening of the resonance relative to those of
the monomer and slight changes in chemical shift. The1H NMR
spectrum of7 consists of three broad resonances due to Cp
protons (3.95-4.16 ppm), a broad resonance assigned to the
tBu groups at 1.16 ppm, and two broad resonances due to the
phenyl rings at 7.26 and 7.79 ppm. In the13C NMR spectrum
of 7, the upfield resonance for Cipso observed in the strained
monomer5 (29.7 ppm) shifted to more conventional values for
Cp carbons (br m 71.8 ppm). The29Si NMR spectrum consists
of a single resonance at-11.7 ppm shifted slightly upfield
compared to that of the monomer5 (-9.3 ppm).

Figure 2. Cyclic voltammogram of CH2Cl2 solution of 3 and 5 vs
ferrocene/ferrocenium ion couple (scan rate 100 mV/s). Figure 3. TGA trace (dotted line, scale left) and DSC thermogram

(continuous line, scale right) for5 obtained under N2 at 10°C min-1.

Table 3. Thermal Analysis Data for Silicon-Bridged
[1]Ferrocenophanes with Alkyl Groups on Cyclopentadienyl Rings

and Unsubstituted Analogues

compound Tm (°C) Tonset(°C)
-∆Hp

(kJ mol-1) ref

Fe(η-C5H3
tBu)2SiPh2 (5) 157 190 40 this work

Fe(η-C5H4)2SiPh2 (5a) 196 200 60 28
Fe(η-C5H4)2SiMe2 (5b) 98 107 80 25, 28
Fe(η-C5H3Me)2SiMe2 (5c) 113 122 73 25

Scheme 4
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Thermal ROP in Solution. Xylene and decahydronaphthalene
(Decalin) were considered as solvents for thermal ring-opening
polymerization of5 in solution. After refluxing a solution of5
in xylene (bp 137-140 °C) for 24 h, only unreacted monomer
was isolated. However, this is not surprising since the onset
temperature found by DSC (around 190°C) was not reached
in this case. Performing an identical experiment in Decalin (bp
189-191°C), high-molecular-weight polymer (Mn ) 9.1× 105;
PDI ) 1.4) was isolated in 50% yield. The lower conversion is
probably a result of the lower temperature used compared to
melt polymerization (250°C) and more dilute reaction condi-
tions. Bimodal GPC curves were observed in some cases, and
as in the case of thermal ROP in melt, molecular weights were
found to vary over a wide range from one experiment to another.
1H NMR analysis of the resulting polymer was consistent with
that of the polymer synthesized by thermal ROP in melt.

Attempted Transition Metal Catalyzed ROP of5. The po-
lymerization of [1]ferrocenophanes in the presence of RhI, Pt0,
Pd0, PdII, and PtII complexes as precatalyst has been extensively
studied.37 It was shown that the transition-metal-catalyzed ROP
of silicon-bridged [1]ferrocenophanes permits control of regio-
structure and also the molecular weight by using Et3SiH as a
capping agent. Furthermore, access to novel PFSs with graft,
star, and block architecture was possible using commercially
available Si-H functionality sources.38

We attempted ROP of5 using Karstedt’s catalyst (a (divi-
nyltetramethyldisiloxane)platinum(0) complex in xylenes), PtCl2,
and [Rh(1,5-cod)2]OTf under a wide variety of conditions. Only
low-molecular-weight oligomers were isolated in very low yield
(0-7%), although 1H NMR analysis of reaction mixture
indicated 95% conversion of the monomer into ring-opened
species based on the integration of the phenyl groups.

Attempted Anionic and Photolytic Anionic Ring-Opening
Polymerization (PROP) of5. Under mild conditions (25°C, in
THF) in the presence of anionic initiators such asnBuLi, highly
purified silicon-bridged [1]ferrocenophanes undergo ROP.39 This
allows the synthesis of polymers with controlled molecular
weights and narrow polydispersity. End-functionalized polymers
and the first block copolymers containing skeletal transition
metal atoms were also prepared via this method.40 More recently,
a new living ROP mechanism for sila-[1]ferrocenophanes
involving the Fe-Cp cleavage by the use of a moderately
nucleophilic initiator such as M[C5H4R] (where M) Li or Na
and R) tBu, Me, or H) under UV irradiation was discovered
in our group.41 The latter approach involves Fe-Cp bond
cleavage, and it is fundamentally different from living anionic
ROP, which involves Si-Cp cleavage induced by attack of an
organolithium species at Si. This method may represent an
alternative route for ROP of strained [1]ferrocenophanes with
strerically hindered Si-Cp bonds as is the case in5. However,
both attempted anionic and photolytic anionic ROP led only to
oligomeric species, which were isolated in poor yield (0-10%).
It is assumed that a mechanism involving a buildup of negative
charge on the Cp rings such as that in anionic or photolytic
anionic ROP may be less favored in the case of5 where the
tBu groups already endow increased electron density on the Cp
ligands.

6. Thermal Analysis of PFS 7.Thermal analysis of PFSs
has previously shown thatTg is strongly dependent on the side
groups at silicon.25 As well, a smooth increase ofTg with
increasing number of methyl substituents on the Cp ring has
been observed. DSC analysis of7 indicated a glass transition
with a small change in heat capacity and a temperature around
210°C. No melting transition was observed up to 350°C. The

high value ofTg (Figure 4) was expected considering the effect
of the rigid and bulky substituents such astert-butyl and phenyl
upon the polymer chain flexibility.

When heated under an inert atmosphere (N2), PFSs are stable
up to 350°C before they suffer weight loss to afford stable
Fe/Si/C ceramic materials at 600-1000°C. It was found that7
is thermally stable up to 320°C, with a subsequent rapid
degradation through 600°C. The ceramic yield at 1000°C was
about 25%. For comparative purposes, Table 4 summarizes the
temperatures corresponding to 10% (T10) and 50% (T50) weight
loss from TGA traces and glass transition temperature (Tg) data
for 7 and previously reported values for PFS obtained from5b
and5c.

7. UV-Vis and Cyclic Voltammetry of PFS 7. The
electron-donating effect of thetBu groups attached to each Cp
ring on the ferrocene units in polymer backbone was investigated
using cyclic voltammetry and UV-vis spectroscopy.

As with the corresponding monomer spectrum, our UV-vis
analysis of the polymer7 focused on band II (at 440 nm in
ferrocene). Analysis of PFS7 in THF solution revealed the
maximum absorption for this band at 460 nm with a molar
absorptivity of 210 L-1 mol cm-1, which is consistent with
previous findings showing that ROP of strained ferrocenophanes
results in a blue shift to values closer to that of ferrocene (440
nm).

The electrochemistry of PFSs is characterized by two
reversible redox waves with a peak separation in the range
0.20-0.25 V, depending slightly on the substituents present at
silicon. As previously shown,26 with increasing number of
methyl groups on the Cp rings, both first and second oxidation
waves shift to lower oxidation potentials without affecting the
wave separation.

The CV of7 (Figure 5) displayed the expected two reversible
oxidation waves with1E1/2 ) -0.32 V at the first wave and
2E1/2 ) 0.01 V at the second wave relative to the ferrocene/
ferrocenium ion couple. The electron-donating effect of thetBu
groups is transmitted to the iron center, and the separation
between the two waves,∆E1/2, of value 0.33 V for7 indicates
an Fe‚‚‚Fe interaction in the polymer backbone comparable with
that in biferrocene (0.34 V) where the ferrocene units are directly

Figure 4. DSC thermogram of7 obtained under N2 at 10°C min-1.

Table 4. Thermal Analysis Data for a Series of Polyferrocenylsilanes

polymer
Tg

a

(°C)
T10

b

(°C)
T50

b

(°C) ref

[Fe(η-C5H3
tBu)2SiPh2]n (7) 212 440 510 this work

[Fe(η-C5H3Me)2SiMe2]n 73 390 460 25
[Fe(η-C5H4)2SiMe2]n 33 430 520 25

a Obtained by DSC analysis at 10°C min-1 under N2. b Obtained by
TGA at 10°C min-1 under N2.
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linked. A similar effect was observed by Rauchfuss24 in poly-
(ferrocenylene persulfides) withtBu-substituted Cp rings where
the S-S spacers are as effective in promoting Fe‚‚‚Fe interac-
tions as a single SiR2 spacer in PFSs with no alkyl substituents
on the Cp rings. Table 5 lists the comparative values of the
half-wave potential and the redox coupling for a series of
polyferrocenes.

8. Photooxidation and Chemical Oxidation of PFS 7.As
shown by the electrochemical studies described above, the
electron-donating effect of thetBu groups on the Cp rings is
effectively transmitted to iron as the first wave oxidation
potential is shifted to more negative values. Next, we undertook
studies to test the resiliency of7 in photooxidation and chemical
oxidation processes.

(a) Photooxidation of PFS 7 in the Presence of Chloroform
Vapor. The preparation of the films, experimental conditions,
and UV-vis measurements were carried out in identical
conditions as previously reported20 for PFS derivatives. Fol-
lowing oxidation, bis(pentamethylcyclopentadienyl)iron(II), Fe-
(η-C5Me5)2, with a formal potential of-0.59 V in methylene
chloride vs ferrocene/ferrocenium couple,42 was used as a
convenient and clean reducing agent. The reactions are repre-
sented in Scheme 5.

As in previous work,20 the polymer degradation was quanti-
fied by the number of cleavages per chain,Nsc ) [Mn(before)/
Mn(after)- 1]. Unfortunately, using polymer7 in photooxida-
tion experiments affords no improvement toward polymer
degradation (Table 6). Neither the electron-donating effect nor
the steric hindrance of the bulkytBu groups led to the increased

stability of these materials during the photooxidation process.
These results suggest that the polymer chain cleavage upon
photooxidation is apparently induced by highly reactive chlo-
rinated photoproducts rather then redox instability of the
oxidized polymer (see Scheme 5), as was initially proposed.20

(b) Chemical Oxidation of PFS 7. The redox reactions
represented in Scheme 6 were studied with the aim of further
exploring the stability of the oxidized polymer7x+.

Reaction with Tetracyanoethylene.The low oxidation poten-
tial of the first redox wave in7 indicates that this polymer should
be easier to oxidize than Cp methylated analogues. Addition of
1.00 and 0.50 equiv of TCNE to solutions of PFS7 resulted in
darkening of the reaction mixtures. The half-wave oxidation
potential of TCNE,-0.21 V vs ferrocene/ferrocenium couple,
was determined by cyclic voltammetry in methylene chloride
solution under identical experimental conditions as for7 (see
Experimental Section). The reaction products were isolated by
precipitation in hexanes as pale-green materials. In each case,
the resulting polymeric salt7x+b was redissolved in CH2Cl2,
and UV-vis and FT-IR spectra were acquired. The optical
spectrum of untreated polymer7 showed the d-d transitions
band at 460 nm in CH2Cl2, whereas the UV-vis spectrum of
the product obtained with TCNE displayed an additional band
around 660 nm ascribed to the ligand-to-metal charge transfer
(LMCT) transition, characteristic of ferrocenium centers.43

However, the fraction of ferrocenium cations was roughly
estimated using the known extinction coefficients for ferrocene
and ferrocenium cation32 and was found to be much lower than
expected (about 10%). Incomplete oxidation is to be expected
considering the relatively closeE1/2 values of the first oxidation
wave of7 and that of TCNE.

IR spectroscopy has been proved to be very useful in
determining the oxidation state of many possible forms of TCNE
in its charge-transfer state.44 None of the characteristic bands
for [TCNE]-, [TCNE]2-, or [TCNE]22- were detected in the
IR spectrum of7x+b. Instead, a single-CtN vibration appeared
at 2199 cm-1, which has been also observed previously in
products derived from PFS oxidation with TCNE.14f,26 Inde-
pendent of the number of equivalents of TCNE added to PFS
7 (0.50 or 1.00), the IR spectrum of the residue remaining after
solvent removal indicates the presence of theν(CtN) charac-
teristic bands in neutral TCNE (2221 and 2259 cm-1) which,
in agreement with UV-vis spectroscopy findings, signaled the
incomplete oxidation reaction.

Figure 5. Cyclic voltammogram of CH2Cl2 solution of7 vs ferrocene/
ferrocenium ion couple (scan rate 100 mV/s).

Table 5. Redox-Coupling Values for a Series of
Ferrocene-Containing Polymersa

polymer

1E1/2

(V)

2E1/2

(V)
∆E1/2

(V) ref

[Fe(η-C5H3
tBu)2 SiPh2]n (5) -0.32 0.01 0.33 this work

[Fe(η-C5H3
tBu)2S2]n 0.64 0.93 0.29 24

[Fe(η-C5H3Me)2SiMe2]n -0.16 0.04 0.20 25
[Fe(η-C5H4)2SiMe2]n -0.03 0.17 0.20 25

a Data are obtained by analysis at 22°C of CH2Cl2 solutions and
referenced to the ferrocene/ferrocenium ion couple.

Scheme 5

Table 6. Molecular Weight Loss after One Photooxidation/Reduction
Cycle on PFSs Films

Mn, Da (PDI)

polymer
before

oxidationa
after

reductionb Nsc

[Fe(η-C5H4)2SiMe2]n 2.2× 105 (2.25) 2.1× 104 (1.89) 9c

[Fe(η-C5H3Me)2SiMe2]n 7.3× 104 (1.94) 1.2× 104 (2.25) 5c

[Fe(η-C5H3
tBu2)2SiPh2]n

(7)
3.1× 104 (2.28) 3.4× 103 (5.32) 8

a PFS films exposed to UV irradiation for 60 min in the presence of
CHCl3 vapor.b PFS film reduced with Fe(η-C5Me5)2 solution.c Reference
20.

Scheme 6
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Rereduction using Fe(η-C5Me5)2 as a reducing agent allowed
the isolation of a pink-orange material with the1H NMR and
UV-vis spectra identical with those of the pristine polymer.
GPC measurements before oxidation (Mn ) 6.2× 104 Da; PDI
) 1.35) and after rereduction (Mn ) 4.5× 104 Da; PDI) 1.42)
indicated no significant changes in molecular weight (Nsc <
1).

Reaction with Tris(4-bromophenyl)ammoniumyl Hexachlo-
roantimonate. Tris(4-bromophenyl)ammoniumyl hexachloro-
antimonate, [N(C6H4Br-4)3]+[SbCl6]- (Magic Blue), with a
formal oxidation potential of 0.70 V vs ferrocene/ferrocenium
ion couple in CH2Cl242 was chosen as a stronger one-electron
oxidant compared to TCNE. Although silver salts are widely
used as stoichiometric reagents in iron(II) oxidation, colloidal
silver is formed and difficult to remove. Triarylaminium radical
cations, on the other hand, are able to cleanly oxidize the
ferrocene derivatives as the byproduct resulting from electron-
transfer reaction, N(C6H4Br-4)3, is colorless, facilitating UV-
vis investigations on the oxidized products without further
purification.45

A series of oxidation reactions were performed for various
molar ratio,x, of added Magic Blue to monomeric units [Fe-
(η-C5H3

tBu)2SiPh2] in 7: 0.10, 0.25, 0.50, 0.75, and 1.00.
Considering the much higher oxidation potential of Magic Blue
than both the first and second oxidation waves of7, the molar
fraction of ferrocenium cations resulting from the oxidation
process was expected to be proportional to the molar ratio,x.
The solutions of the resulting polymeric salts,7x+c, remained
stable indefinitely, allowing accurate UV-vis investigations.
This represents a significant result as the other appreciably
oxidized PFS homopolymers reported to date were insoluble
in common organic solvents. The UV-vis spectrum of each
solution showed the expected d-d band at 460 nm and also a
LMCT band at 660 nm, indicating the presence of ferrocenium
centers. With increasing molar ratio of Magic Blue one
additional broad band developed in the electronic spectra of
7x+c at 1350 nm (Figure 6a). This new band observed in the
NIR region, which is observed in mixed-valence compounds,46

is assigned to intervalence charge transfer (IT) and represents
evidence for electron delocalization and considerable interaction
between the Fe(II) and Fe(III) centers.15b The intensity of the
LMCT band increased linearly with the amount of added
triarylaminium salt up to 0.5 mol equiv, demonstrating that the
fraction of ferrocenium ions formed is proportional to the
number of moles of the added oxidizing agent (Figure 6b). In
contrast, beyond 0.5 equiv of added oxidant, no significant
increase was observed in the LMCT band intensity. As the
oxidant should be fully capable of completely oxidizing7 based
on redox potentials, this suggests that polymer chain cleavage
may occur on attempted generation of a fraction of ferrocenium
centers higher than 0.5.

After rereduction using Fe(η-C5Me5)2, 1H NMR and UV-
vis spectra as well as GPC measurements were obtained for
the neutral polymers isolated by precipitation in methanol. In
all cases,1H NMR showed identical spectra to the pristine
unoxidized polymer7, and no LMCT band around 660 nm was
observed by UV-vis spectroscopy, suggesting complete con-
version of ferrocenium units to ferrocene moieties. GPC
measurements after one redox cycle using [N(C6H4Br-4)3]+-
[SbCl6]- as oxidant and Fe(η-C5Me5)2 as reductant indicated
good resiliency toward the redox cycle for a molar ratio,x, up
to 0.5 (see Table 7). However, considerable molecular weight
loss was observed forx values higher than 0.5, supporting the
assumption of polymer chain cleavage based on the optical

spectroscopy findings. It is worth noting that the counterion may
also play an important role in polymer degradation as [SbCl6]-

may be a source of SbCl5 or nucleophilic chloride ions which
could cleave the Fe(III)-Cp bonds as it has also been observed
in organic chemistry.47,48 In addition, hydrolysis of [SbCl6]-

by traces of moisture could generate HCl, which could also lead
to cleavage of Fe-Cp bonds.

Summary

Diphenylsila-[1]ferrocenophane5 with tBu substituents on
the Cp rings was successfully synthesized and completely
characterized. The corresponding high-molecular-weight PFS
7 was obtained by thermal ROP in the melt and in solution.
Unlike the diphenyl sila-PFS material without substituents on
the Cp ring, polymer7 is highly soluble in common organic
solvents, allowing complete characterization. The negative shift
of the first oxidation potential observed by cyclic voltammetry
indicated that the electron-donating effect of thetert-butyl
substituents is transmitted to the iron centers. Neither the
increased stability of the Fe-Cp bond due to thetert-butyl

Figure 6. (a) UV-vis spectra of7x+c in CH2Cl2 for various molar
ratios,x, of [N(C6H4Br-4)3]+[SbCl6]- as oxidizing agent. (b) Depen-
dence of absorbance of LMCT band on the molar ratio of the oxidizing
agent.

Table 7. Molecular Weight Loss of 7 after One Redox Cycle Using
Various Molar Ratios of Oxidizing Agent

Mn, Da (PDI)

x before oxidation after reduction Nsc

0.10 5.2× 104 (1.38) 4.3× 104 (1.41) 0
0.25 5.2× 104 (1.38) 2.9× 104 (1.31) <1
0.50 5.2× 104 (1.38) 1.6× 104 (1.44) 2

>0.75 5.2× 104 (1.38) 7.1× 103 (2.03)a 6-7

a TheMn value for a 0.75 molar ratio of added [N(C6H4Br-4)3]+[SbCl6]-

is given as a typical example.
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electron-donating effect nor the bulkiness of the substituents
could prevent polymer degradation during photooxidation. This
behavior, along with previous reported studies, prompted us to
conclude that molecular weight loss is induced by highly reactive
chlorinated photoproducts. Oxidation reactions using TCNE or
[N(C6H4Br-4)3]+[SbCl6]- led to soluble polymeric salts even
for high degrees of oxidation. The process was found to be
reversible by using Fe(η-C5Me5)2 as reductant and was moni-
tored spectroscopically. The presence of oxidized iron centers
in the polymer backbone gave rise to a band at 660 nm in the
UV-vis spectra. A broad IT band to much higher wavelength
(1300 nm) which signals a mixed-valence material also devel-
oped with increased molar ratio of [N(C6H4Br-4)3]+[SbCl6]-.
In was shown that good resiliency toward redox cycling is
achieved for7 for up to 0.5 mol equiv of added oxidant. On
the basis of the two-step oxidation process operating for PFS
materials, this indicates that in this study instability arises when
two nearest-neighbor ferrocenium sites are created. Further
improvements in the stability of oxidized PFS materials will
probably require the use of more inert counterions than [SbCl6]-

used in the present work.

Experimental Section

Materials. Most reactions and manipulations were carried out
under an atmosphere of prepurified nitrogen gas (BOC) using
common Schlenk techniques or an inert atmosphere glovebox (M-
Braun). Solvents were dried using a Grubbs-type solvent system49

or standard methods followed by distillation. The materials were
purchased from Aldrich except PtCl2, Karstedt’s catalyst, and Et3-
SiH purchased from Gelest Inc. In some cases the reagents were
purified by distillation. TCNE was sublimed in a vacuum prior to
use. 6,6-Dimethylfulvene andtBuC5H4Li were prepared according
to literature procedures.24

Equipment. 1H (400 MHz), 13C (100.5 MHz), and29Si (79.5
MHz) NMR spectra were recorded on a Varian Unity 400
spectrometer. The 2-D NMR spectrum was obtained using a Varian
Inova 500 spectrometer.1H and 13C resonances were referenced
internally to the deuterated solvent resonances, and29Si resonances
were referenced to SiMe4 resonances utilizing a normal pulse
sequence. Solid-state13C NMR spectra were recorded at 50 MHz,
and solid-state29Si NMR spectra (CP/MAS) were recorded at 79.5
MHz on a Bruker DSX 400 spectrometer, with Si(SiMe3)4 (-9.9
ppm referenced to TMS) as an external chemical shift reference.
Mass spectra were obtained with the use of a VG 70-250S mass
spectrometer operating in electron impact (EI) mode. Elemental
analyses were performed at the University of Toronto using a
Perkin-Elmer 2400 series C/H/N analyzer. Molecular weights were
determined by gel permeation chromatography (GPC) using a
Viscotek GPC MAX liquid chromatograph equipped with a
Viscotek triple detector array. The triple detector array consists of
a deflection refractometer, a four-capillary differential viscometer,
and a right angle laser light scattering detector (λ0 ) 670 nm). The
triple detector has been shown to provide absolute molecular weight
values for PFS homopolymers, and we assume that it provides
accurate value ofMw/Mn.50 Conventional calibration was also used,
and molecular weights were determined relative to polystyrene
standards purchased from American Polymer Standards. In both
cases, a flow rate of 1.0 mL/min was used with ACS grade
tetrahydrofuran as the eluent. Ultraviolet-visible spectra were
recorded using a Perkin-Elmer Lambda 900 UV-vis-NIR spec-
trometer. Polymer molar absorptivity was quoted per monomer
repeating unit. Infrared spectra were recorded using a Perkin-Elmer
Spectrum One FT-IR spectrometer. Photolysis of5 was performed
with a Philips 125 W high-pressure mercury arc lamp. A Pyrex
filter was placed inside the quartz immersion well to filter out
wavelengths below 310 nm. Thermal analysis of5 was performed
on a TA Instruments simultaneous DSC-TGA (SDT) Q600 at a
heating/cooling rate of 10°C min-1 under N2. DSC experiments
for polymer7 were performed on a TA Instruments DSC2920 at a

heating/cooling rate of 10°C min-1 under N2. Thermogravimetric
analysis of7 was performed at heating rate of 10°C min-1 under
N2 using a TA Instruments modulated thermogravimetric analyzer
Q500. Cyclic voltammetry was performed using an Epsilon EC
instrument equipped with an Au electrode and an Ag/AgCl reference
electrode. The working electrode, Au, was used in conjunction with
a Pt wire as counter electrode. Data are obtained by analysis at 22
°C of CH2Cl2 solutions with a concentration of 5× 10-3 M in
monomer or polymer and 0.1 M in [NBu4][PF6] at a scan rate of
100 mV/s. CH2Cl2 was previously dried over CaH2 and distilled.
[NBu4][PF6] was previously recrystallized from EtOH and vacuum-
dried. Ferrocene was added as internal standard at the end of the
experiments, and potentials are reported vs the ferrocene/ferro-
cenium (E ) 0.00 V).

Synthesis of 3. This procedure was adapted from that of
Rauchfuss.24 A 1 L Schlenk flask was charged with 30.00 g of
tBuCpLi (0.234 mmol) and dissolved in ca. 300 mL of dry THF.
Separately, about 200 mL of THF was added to 15.15 g of FeCl2,
98% purity (117 mmol), and the resulted suspension was transferred
over tBuCpLi solution at 0°C. The resulting brown-red suspension
was allowed to warm to room temperature and then refluxed for
12 h. After the removal of the THF, the dark brown residue was
diluted with ca. 100 mL of hexanes (LiCl insoluble) and filtered
through a 3-5 cm pad of silica gel. The evaporation of the solvent
gave a red oily product which1H NMR indicated to comprise3 as
the major product; 22.6 g (65%) of the highly pure product was
obtained by crystallization at-60 °C from a concentrated solution
in hexanes.

1H NMR (400 MHz, C6D6, 25 °C): δ 4.01 (m, 4H, Cp-H), 3.94
(m, 4H, Cp-H), 1.22 (s, 18 H, CCH3). 13C{1H} NMR (100.5 MHz,
C6D6, 25 °C): δ 101.2 (CptBu), 67.43, 65.0 (CpH), 31.5 (CCH3),
30.3 (CCH3).

Synthesis of 4.In a 500 mL Schlenk flask 22 g (0.074 mol) of
tBu2fc was dissolved in 250 mL of dry ether. 22.3 mL of TMEDA
(0.148 mmol) was then added via syringe. The solution was cooled
to 0 °C, and 92.5 mL ofnBuLi solution 1.6 M in hexanes were
added dropwise over 20 min. After removal of the ice bath, stirring
was continued for 24 h at room temperature. The red solution
darkened after a few minutes, and an orange precipitate was formed
after 24 h. The supernatant was decanted, and the orange solid was
washed with 3-4 portions of 100 mL of hexanes and dried under
vacuum. This gave 17 g of an orange, pyrophoric powder (42%
assuming two molecules of TMEDA in complex4).

Synthesis of 5.To a suspension of 3.8 g of4 (7.0 mmol) in 150
mL of dry diethyl ether neat distilled SiCl2Ph2 (1.6 mL, 10.0 mmol,
1.1 equiv) was added dropwise via syringe at-78 °C. The reaction
was allowed to warm to room temperature and continued for 3 h.
Ether was removed under reduced pressure, and the resulting dark
red viscous liquid was dissolved in 100 mL of hexanes. The
precipitated LiCl was removed by filtration through Celite on a
filter frit. The volume of the clear red solution was reduced to ca.
20 mL and kept at-60 °C overnight, resulting in deposition of a
red-orange precipitate. The supernatant was decanted, and the
product recrystallized from concentrated solution at-60 °C. To
achieve the purity requested by anionic ring-opening polymerization
when no spurious peaks appear in the1H NMR spectrum with
vertical scale increased 10 times relative to the CCH3 (s, 1.13 ppm)
peak, further purification was performed by sublimation under
vacuum (0.01 mmHg) at 100-120°C. 1.2 g (36%) of highly pure
product was isolated. Attempts to synthesize other silicon-bridged
[1]ferrocenophanes havingtBu-substituted Cp rings via the reaction
of 4 with RR′SiCl2 (R ) R′ ) Me; R ) Me, R′ ) Ph; R) Me, R′
) Cl) led to very low yields of pure products. These species were
not further studied.

1H NMR (400 MHz, C6D6, 25 °C): δ 8.12 (d,3JHH ) 8.1, 4 H,
ortho-Ph), 7.23-7.19 (m, 6 H,metaandpara-Ph), 4.33 (m, 2H,
Cp-H), 4.18 (m, 2H, Cp-H), 4.16 (m, 2H, Cp-H), 1.13 (s, 18H,
CCH3). 13C{1H} NMR (100.5 MHz, C6D6, 25°C): δ 135.40, 134.3,
130.2, 128.4 (-Ph), 112.3 (CptBu), 76.2, 75.4, 73.3 (CpH), 31.7
(CCH3), 30.0 (CCH3), 29.7 (ipso-Cp). 29Si{1H} NMR (79.4 MHz,
C6D6, 25 °C): δ -9.3. MS (70 eV, EI): m/z (%) 480 (14) [M+
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2]+, 479 (46) [M+ 1]+, 478 (100) [M]+, 463 (18) [M-CH3]+, 406
(17) [M-CH3-C(CH3)3]+, 57 (17) [C(CH3)3]+. HRMS (70 eV,
EI): calcd for C30H34

56FeSi 478.53246; found 478.2597. Anal.
Calcd for C30H34FeSi: C, 75.30; H, 7.16. Found: C, 75.01; H, 7.59;
mp 157°C (DSC). UV-vis (25°C, THF): λmax ) 478 nm,ε (L-1

mol cm-1) ) 275.
Synthesis of PFS 7. (i) Thermal ROP in Melt.150 mg (0.31

mmol) of 5 were flame-sealed in an evacuated (0.01 mmHg) glass
Pyrex tube and heated at 250°C for 3 h. The red melt became
more viscous and finally immobile. The tube content was dissolved
in THF, filtered, and then precipitated in methanol. The pink-orange
solid was reprecipitated (THF/methanol), collected by filtration, and
dried in vacuo to afford 130 mg of polymer (87% yield).

1H NMR (C6D6, 400 MHz, 25°C): δ 7.79 (br s, 4 H,ortho-
Ph), 7.26 (br s, 6 Hmetaandpara-Ph), 4.13 (br m, 4H, Cp-H),
3.96 (br s, 2H, Cp-H), 1,16 (br s, 18H, CCH3). Solid-state13C NMR
(50.3 MHz, 25°C): δ 136.7, 128.2 (br m,-Ph), 107.0 (br m,
CptBu), 71.8 (br m,Cp). Solid-state29Si NMR (79.5 MHz, spin
rate 8 kHz, 25°C): δ -11.7. GPC (triple detection):Mn ) 1.7×
106 Da, PDI (Mw/Mn) ) 1.37 (molecular weights vary in a wide
range from an experiment to another:Mn ) 1.7× 106-5.2× 104

Da, PDI) 1.37-1.99). Anal. Calcd C30H34FeSi: C, 75.31; H, 7.11.
Found: C, 73.52; H, 7.40. UV-vis (25 °C, THF): λmax ) 460
nm, ε (L-1 mol cm-1) ) 210.

(ii) Thermal ROP in Solution. A solution of 5 (150 mg, 0.31
mmol) in xylene (0.8 mL) was stirred at reflux (bp 137-140 °C).
After 24 h no polymerization was observed by1H NMR. A similar
experiment was carried out in decahydronaphthalene (Decalin; bp
189-191 °C). After 4 h of refluxing the reaction solution was
allowed to cool, and 75 mg (50%) of polymer was isolated by
precipitation in methanol followed by filtration. The1H NMR
spectrum is consistent with that of polymer7 obtained by thermal
ROP in melt. GPC (triple detection):Mn ) 9 × 105 Da, PDI (Mw/
Mn) ) 1.40.

Attempted Synthesis of PFS 7 Using Transition-Metal Ca-
talysis. The following standard procedure is typical. A solution of
5 (96 mg, 0.20 mmol) in toluene (1 mL) was treated with Karstedt’s
catalyst (1 mol %) at room temperature under stirring. The extent
of reaction was monitored by1H NMR spectroscopy, and 50%
monomer conversion was attained after 24 h. By raising the
temperature to 60°C, 95% monomer conversion was observed after
3 h by1H NMR spectroscopy. A pink-orange powder was isolated
in a poor yield (6%) by precipitation into methanol. A similar
procedure was used for the attempted ROP of5 under various
reaction conditions (concentration, solvent, temperature, catalyst).
Et3SiH was also used as capping agent in attempting the synthesis
of polymers with controlled molecular weight. Only oligomeric
species were isolated in yields varying from 0 to 10%. Besides,1H
NMR data were consistent with that of polymer7 obtained by
thermal ROP in melt. GPC (triple detection):Mn ) 3.0× 103 Da,
PDI ) 1.07.

Attempted Synthesis of PFS 7 by Anionic ROP.A solution
of 5 (120 mg, 0.25 mmol) in THF (0.5 mL) was treated at room
temperature withnBuLi (16 µL, 1.6 M in hexanes 0.025 mmol)
under vigorous stirring. After 2 h, the reaction was quenched with
a few drops of degassed water, and a pink-orange product was
isolated in poor yield (10%) by precipitation in methanol. Besides
characteristic1H NMR resonances found for7, nBu end groups
were also observed.

Selected1H NMR data: 1.33 (br m, 2H, SiCH2CH2CH2CH3),
1.26 (br m, 2H, SiCH2CH2CH2CH3), 1.07 (br m, 2H, SiCH2CH2-
CH2CH3), 0.88 (br m, 3H, SiCH2CH2CH2CH3. GPC (triple detec-
tion): Mn ) 2.0 × 103 Da, PDI ) 1.04.

Attempted Synthesis of PFS 7 by Photolytic ROP.A solution
of 5 (96 mg, 0.2 mmol) in THF (0.5 mL) was treated at room
temperature with 10µL of Li[C 5H4Me] 2 M solution in the absence
of light. The solution has been irradiated for 3 h with UV light
under stirring at 5°C and quenched with few drops of degassed
water. No product was isolated by precipitation in methanol. After
solvent removal, the1H NMR spectrum indicated the presence of
monomer as the major component.

Oxidation of PFS 7 with TCNE and Subsequent Treatment
with Bis(pentamethylcyclopentadienyl)iron(II). 10 mL solution
of TCNE in dichloromethane (14 mg, 0.11 mmol) was added with
stirring to 10 mL CH2Cl2 solution of PFS7 (48 mg, 0.10 mmol of
monomer units) withMn ) 6.2 × 104 Da and PDI ) 1.35
(determined by conventional GPC relative to polystyrene standards).
The reaction solution visibly darkened within 1 h, and the color
changed from red to brown. After 24 h, the reaction mixture was
split into two portions. The first portion was filtered, and a UV-
vis spectrum was acquired. The resulting pale-green solid obtained
by solvent removal was dried under vacuum and investigated by
UV-vis and FT-IR. The neutral polymer was recovered by treating
the second portion of the reaction mixture with an excess of Fe-
(η-C5Me5)2. After 2 h, the polymer solution was concentrated, and
a pink-orange product was isolated by precipitation in methanol.
This product was found to be identical to pristine polymer7 by 1H
NMR. A similar procedure was applied for a 0.5 molar ratio of
TCNE:monomer unit so that the reaction mixture had the same
concentration in monomer units. GPC (conventional calibration),
after reduction with Fe(η-C5Me5)2: Mn ) 4.5 × 104 Da, PDI )
1.42. UV-vis (25 °C, THF): λmax ) 460 nm, 660 nm. FT-IR (25
°C, Nujol), ν(CtN): 2199 (s), 2221 (s), 2259 cm-1 (s).

Oxidation of PFS 7 with Tris(4-bromophenyl)ammoniumyl
Hexachloroantimonate and Subsequent Treatment with Bis-
(pentamethylcyclopentadienyl)iron(II). The following standard
procedure for oxidation of 10 mol % of the ferrocene units in7 by
using a corresponding amount of [N(C6H4Br-4)3]+[SbCl6]- as a one
electron oxidant is typical. Similarly, a series of experiments
involving 0.25, 0.50, 0.75, and 1.00 mol equiv of [N(C6H4Br-4)3]+-
[SbCl6]- were carried out so that the reaction mixture had the same
concentration in monomer units. The red color of polymer solutions
changed within the first hour to light green or dark green depending
on the molar ratio of the added oxidizing agent.

1 mL of 5 × 10-3 M CH2Cl2 solution of [N(C6H4Br-4)3]+-
[SbCl6]- was added with stirring to 10 mL CH2Cl2 solutions of7
(24 mg, 0.05 mmol of monomer units) havingMn ) 5.2× 104 Da
and PDI ) 1.38 (determined by conventional GPC relative to
polystyrene standards). After 24 h no precipitate formation was
observed, and the UV-vis spectrum of the polymeric salt solution
was acquired. The reaction mixture was split into two portions.
The first was immediately concentrated, and the reaction product
was isolated by precipitation in hexane (the polymeric salt is soluble
in methanol). The resulting green material was washed with 2-3

Table 8. Crystal Data and Structure Refinement for 5

empirical formula C31.50 H37.50 Fe Si

formula weight 500.05
temp, K 150(1)
wavelength, Å 0.710 73
crystal system triclinic
space group P1h
a, Å 12.7472(2)
b, Å 13.0861(2)
c, Å 17.0006(3)
R, deg 81.869(1)
â, deg 74.488(1)
γ, deg 83.991(1)
Z 4
Fcalc, g cm-1 1.231
µ(Mo KR), mm-1 0.620
F(000) 1066
crystal size, mm3 0.26× 0.16× 0.04
θ range, deg 2.57-27.58
reflections collected 35505
independent reflections 12347 (Rint ) 0.0575)
absorption correction semiempirical from equivalents
max and min transmission coeff 0.977 and 0.925
GoF onF2 1.024
R1a (I > 2σ(I)) 0.0410
wR2b (all data) 0.1051
peak and hole, e‚Å-3 0.401 and-0.405

a R1 ) ∑||F0| - |Fc||/∑|F0|. b wR2 ) {∑[w(F0
2 - Fc

2)2]/∑[w(F0
2)2]}1/2.
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portions of 10 mL of hexanes, dried under vacuum, and redissolved
in CH2Cl2. A UV-vis spectrum of this solution showed the same
absorption bands as the spectrum recorded for the aliquot from
reaction mixture. The neutral polymer was recovered by treating
the second portion of reaction mixture with an excess of Fe(η-C5-
Me5)2. After 2 h, the polymer solution was concentrated, and a
pink-orange product was isolated by precipitation in methanol. This
product was found to be identical to pristine polymer7 by 1H NMR.
GPC (conventional calibration), after reduction with Fe(η-C5-
Me5)2: Mn ) 4.3 × 104 Da, PDI) 1.41. UV-vis (25 °C, THF):
λmax ) 460 nm, 660 nm, 1300 nm (for mol equiv higher than 0.25).

X-ray Crystallography. Single-crystal X-ray diffraction data
were collected using a Nonius Kappa-CCD diffractometer and
monochromated Mo KR radiation (λ ) 0.710 73 Å) and were
measured using a combination ofφ scans andω scans withκ offsets
to fill the Ewald sphere. The data were processed using the Denzo-
SMN package.51 The structure was solved and refined using
SHELXTL V6.152 for full-matrix least-squares refinement that was
based onF2. All H atoms were included in calculated positions
and allowed to refine in riding-motion approximation. Selected data
for investigated compound5 are given in Table 8. The supplemen-
tary crystallographic data for this paper can be obtained free of
charge via the Internet at www.ccdc.cam.ac.uk/conts/retrieving.html
(or from the Cambridge Crystallographic Data Centre,12 Union
Road, Cambridge CB2 1EZ, U.K.).
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