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ABSTRACT: A novel and convenient route to the first poly(ferrocenylsilanes) with alkoxy and aryloxy
substituents at silicon is reported. The reaction sequence involves (i) unexpectedly facile and clean halogen
replacement at the bridging atom of a readily accessible dichlorosilyl-bridged [1]ferrocenophane Fe(z-
CsH.),2SiCl; (3) by OR groups via reactions with aliphatic alcohols and phenols in the presence of an HCI
acceptor and (ii) thermal or transition metal-catalyzed ring-opening polymerization of the new [1]-
ferrocenophanes of structure Fe(y-CsH,),Si(OR); (4). This allows the preparation of high molecular weight
poly(ferrocenylsilanes) [Fe(r-CsHa4).Si(OR).]n with side group substituents such as short chain alkoxy
groups (5a—5b, R = OMe, OEt), fluorinated ethoxy groups (5¢, R = OCH,CF3), long chain alkoxy groups
(5d—5g, R = OBu, OHex, OCi,Hzs, OCigHs7), and aryloxy substituents (5h, 5i, and 5k, R = OPh,
OPh-p-Bu, OPh-p-'Bu, OPh-p-Ph) at silicon. The molecular structures of the [1]ferrocenophane monomers
4a and 4j have been studied by single-crystal X-ray diffraction, and these species possess strained
structures with tilt angles between the planes of the cyclopentadienyl ligands of 18—19°. The new poly-
(ferrocenylsilanes) possess a wide range of glass transition temperatures (T, = —51° (5e) to 97 °C (5k))
and the materials with long chain (OC;, (5f) or OCis (59)) alkoxy groups crystallize and exhibit melt
transitions (Tr,) at —30 and +32 °C, respectively. Wide-angle X-ray scattering studies of 5g suggest a
lamellar structure with interdigitated side groups. Cyclic voltammetry studies of the selected poly-
(ferrocenylsilanes) 5a and 5i show the characteristic two-wave pattern for poly(ferrocenes) with interacting
iron atoms with a redox coupling AE = ca. 0.22 V.

5977

Introduction

Polymers containing transition metals in the main
chain are attracting growing attention as processable
materials with novel physical (e.g., redox, magnetic,
electrical) and chemical (e.g., catalytic and preceramic)
properties.2 Until recently, the development of this
area has been hindered by the lack of viable synthetic
routes to these materials.2 The recent discovery of a
thermal ring-opening polymerization (ROP) route to
poly(ferrocenes) from strained metallocenophanes 1
(Scheme 1) provided facile access to high molecular
weight metallocene-based polymers 2 with interacting
metal atoms.3~6 Subsequently, the anionic and transi-
tion metal-catalyzed ROP of [1]ferrocenophanes at
ambient temperature has also been reported, which
permits access to polymers with controlled architectures
including block and graft copolymers.”~1° Recent at-
tention has focused on detailed studies of the interesting
properties of the resulting poly(metallocenes) including
their electrochemical, charge transport, electrochromic,
and morphological (e.g., liquid crystalline) properties
and their function as precursors to spin-aligned mag-
netic materials (including nanostructures) via oxidation
or pyrolysis.411-15

At present, the substituents in most strained metal-
locenophanes and their corresponding ring-opened poly-
mers are mainly limited to alkyl or aryl side groups.*
The introduction of other types of substituents is
therefore desirable and would be expected to further
diversify the range of properties accessible with these
materials.’® In this paper we report a facile and
versatile route to silicon-bridged [1]ferrocenophanes
that possess alkoxy and aryloxy substituents at silicon
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and the successful ROP of these species to yield the first
examples of poly(ferrocenylsilanes) with these side
groups.t’

Results and Discussion

Synthesis and NMR Characterization of the
Silicon-Bridged [1]Ferrocenophanes with Alkoxy
and Aryloxy Substituents at Silicon (4a—4k). The
starting material was the red, crystalline dichloro-
substituted silicon-bridged [1]ferrocenophane 3, which
is readily prepared in 80—90% vyield via the reaction of
Fe(n-CsHa4Li)2> TMEDA with SiCls, a route originally
reported by Wrighton et al.l® Although 3 is rather
moisture sensitive, it can be conveniently stored prior
to use under a dry, inert atmosphere for months without
decomposition. Under mild conditions 3 reacts readily
(25 °C, Et,0, 3 h) with various aliphatic and aromatic
alcohols in the presence of excess triethylamine via a
facile nucleophilic substitution of chlorine at the bridg-
ing silicon atom (Scheme 2). The new alkoxy- or
aryloxy-substituted ferrocenophanes, 4a—4k, were iso-
lated in 46—91% yields as orange-red crystalline solids
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by either vacuum sublimation (4a, 4b) or recrystalliza-
tion (4c, 4f—4k) of the crude reaction products. Com-
pounds 4d and 4e were obtained as dark red liquids
from the hexane extractions of the crude mixtures that
contained >98% of the desired product; the contami-
nants (<2%) were essentially the ring-opened species,
arising from additions of the OH group across the
strained Si—C bond.’® The presence of triethylamine
was found to be essential as a base to remove HCI
generated in the reaction mixtrue and therefore prevent
competing ring-opening reactions in the synthesis of the
new alkoxy and aryloxy [1]silaferrocenophanes (4a—4k).

Compounds 4a—4k were characterized by H, 13C, and
29Si as well as °F (for 4c) NMR spectroscopy and GC/
MS (for 4a, 4b, and 4g) as well as MS (for 4c—4f and
4h—4k) which provided data consistent with the as-
signed structures. The 13C NMR spectra of 4a—4k
showed characteristic high-field shifts for the ipso-
cyclopentadienyl carbon atoms bonded to silicon in the
region of 34—41 ppm, consistent with the strained cyclic
structure of [1]ferrocenophanes as observed previously
for the alkyl and aryl analogues.* The 2°Si NMR spectra
were found to be quite sensitive to the nature of the
substituents showing singlet resonances for the alkoxy
compounds 4a—4g in the region of —29 to —35 ppm,
downfield from the aryloxy derivatives in which the
corresponding resonances ranged from —38 to —41 ppm.
The 'H NMR spectra of 4a—4k showed two distinct sets
of resonances for o and 8 hydrogens of the cyclopenta-
dienyl ring and the expected resonances for the alkoxy
and aryloxy substituents attached to silicon in the
correct integrated ratio. For the trifluoroethoxy deriva-
tive (4c), 1°F NMR showed the expected triplet ((Jnr =
8.4 Hz) at 6 56.3 ppm relative to CFCl3 in CDCls.
Representative compounds (4a, 4b, and 4g) were chosen
for GC/MS analyses; in all cases the resulting chro-
matograms showed only one peak with the correspond-
ing molecular ions detected as the most abundant
species. The remaining monomers (4c—4f and 4h—4k)
were analyzed using MS and showed the molecular ion
as the most abundant peak.

X-ray Diffraction Studies of 4a and 4j. To study
the strain present in these new [1]ferrocenophanes,
single-crystal X-ray diffraction studies were performed
for a selected alkoxy (4a, R = OMe) and aryloxy (4j, R
= OPhNO.,) substituted species. Dark red crystals of
4a suitable for X-ray diffraction studies were obtained
from a high vacuum sublimation of the crude material
(25 °C, 3 x 1073 mmHg). For 4j recrystallization from
dichloromethane/hexanes (1:1) was used. The molecular
structures of 4a and 4j are shown in Figures 1 and 2,
respectively. A summary of cell constants and data
collection parameters are included in Table 1. Com-
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Figure 1. Molecular Structure of Fe(n-CsHa4).Si(OMe), (4a)
using 50% probability thermal ellipsoids.

Figure 2. Molecular Structure of Fe(-CsH.).Si(OPhNO,); (4j)
using 50% probability thermal ellipsoids.

Table 1. Crystal Data and Structure Refinement for 4a

and 4j

4a 4j
empirical formula C12H14FeO,Si CaoH16FeN206SI
formula wt 274.17 488.31
space group Pbca Pbca
a(h) 9.890(1) 16.494(6)
b (A) 10.369(1) 14.722(4)
c(A) 22.379(1) 16.832(4)
V (A3) 2294.9(5) 4087(2)
V4 8 8
Deatea (Mg/md) 1.587 1.587
cryst size (mm) 0.55 x 0.39 x 0.33 0.48 x 0.35 x 0.31
6 range (deg) 2.75—-26.99 2.72-27.01
absorption coeff (mm~1) 1.398 0.841
F(000) 1136 2000
data/params 2504/148 4428/289
goodness of fit 1.051 1.004
Ry [1 > 20(1)] 0.0272 0.0460
wWR; (all data) 0.0784 0.1320

parative data for the present structures and other
reported silicon-bridged [1]ferrocenophanes are tabu-
lated in Table 2. In all cases the cyclopentadienyl rings
are virtually planar with the mean deviations in the
range of 0.001—0.005 A from the weighted least squares
planes containing C(1)—C(5) and C(6)—C(10) and are
essentially eclipsed with the staggering angles of only
1.3(3)°and 0.4(4)° for 4a and 4j, respectively. The tilt
angles of the planes of the cyclopentadienyl ligands with
respect to one another are 18.6(1)° and 18.6(2)° for 4a
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Figure 3. DSC thermograms for the silicon-bridged [1]-
ferrocenophanes 4g and 4h.

Table 2. Comparison of Important Structural Features
of Ferrocenophanes 1a, 3, 4a, and 4j

la 3 4a 4j

ring tilt o (deg) 20.8(5)  19.2(4) 18.6(1)  18.6(2)
Cp—SilCpp(deg)  37.0(6)  40.7(5) 40.0(2) 41.0(2)
Cp—Fe—Cp, 6 (deg) 164.74(8) 166.5(2) 166.4(1) 166.5(1)
C1—Si—Cs, 0 (deg)  95.7(4)  100.9(2) 99.36(8) 100.49(14)
Fe displacement (A) 0.2164(11) 0.194(4) 0.194(2) 0.193(3)

X—=Si—X, (deg) 114.8(6) 111.1(1) 113.32(8) 109.52(12)
Fe- - -Si dist (A) 2.690(3) 2.588(1) 2.6307(6) 2.6078(11)
ref 20 18 this work this work

and 4j, respectively. These ring-tilt angles are compa-
rable to other silicon-bridged analogues such as the
SiCl,-bridged species 3 (19.2(4)°)!8 but are slightly less
than in the SiMey-bridged species 1a (20.8(5)°).# The
values for the angle, 3, between the planes of the
cyclopentadienyl ligands and the C(ipso)—Si bonds are
40.0(2)° for 4a and 41.0(2)° for 4j, indicating large
distortions from planarity at the ipso carbon atoms.
These values are comparable to that of the dichloro
derivative 3 (40.7(5)°) and are larger than the dimethyl
analogue 1a (37.0(6)°). The Cipso—Si—Cipso bond angles
for the [1]ferrocenophanes (3, 4a, and 4j) are in the
range of 99—101° and are significantly larger than that
of the dimethyl derivative 1a (95.7(4)°). The exocyclic
X—=Si—X bond angles for 4a (113.32(8)°) and 4j
(209.52(12)°) are comparable to 3 (111.1(1)°). We have
previously noted the significant shortening of the
Fe- - -Si distance in 3 (2.588(1) A) in comparison to the
dimethyl analogue 1a (2.690(3) A). Similar bond-
shortening effects were observed for 4a (2.6307(6) A)
and 4j (2.6078(11) A).

Thermal and Transition Metal-Catalyzed ROP
of [1]Ferrocenophanes. (a) Thermal ROP. To
probe the ROP behavior of 4a—4k each compound was
initially studied by differential scanning calorimetry
(DSC) at a heating rate of 10 °C/min under N,. The
DSC thermograms for 4g and 4h are shown in Figure
3; in each case (except for 4j, vide infra) a sharp melting
endotherm was detected followed by a broad exotherm
associated with the ROP process. The onset tempera-
tures ranged from 156 to 241 °C for the [1]ferro-
cenophanes containing alkoxy substituents at silicon
4a—4g. The corresponding onset temperature for ROP
for the aryloxy derivatives (4h—4i and 4k) was found
to increase upon incorporation of substituents at the
para position on the phenyl ring in the order 4h (212
°C) < 4i (232 °C) < 4k (263 °C) (Table 3). Compound
4j was found to behave quite differently, showing a melt
endotherm at 171 °C followed immediately by a rapid
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Figure 4. DSC thermogram of compound 4j.
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decomposition exotherm at ca. 183 °C with a AHgec Of
—338 kJ/mol (Figure 4). Larger scale thermal ROP
reactions for 4a—4i and 4k were performed in sealed,
evacuated glass tubes at elevated temperatures.

(b) PtCl,-Catalyzed ROP of Monomers 4a—4i and
4k. The cyclic monomers, 4a—4i and 4k, which form
dark red solutions in THF, were found to undergo
transition metal-catalyzed ROP with PtCl; at 25 °C in
3 h to give viscous, light orange solutions (Scheme 3).
Precipitation into methanol (hexanes can also be used
for 5a) afforded the corresponding poly(ferrocenyl-
silanes) 5a—5i and 5k in good isolated yields (65—88%).

(c) Structural Characterization of the Poly-
(ferrocenylsilanes) 5a—5i and 5k. Polymers 5a—5f
were obtained as orange-red gums, whereas 5g—>5i and
5k were isolated as amber fibrous solids. The poly-
(ferrocenes) were soluble in common organic solvents
such as THF, benzene (except for 5c), and chloroform.
The new polymers possessed high number average
molecular weights (M) of ca. 105 by gel permeation
chromatography (GPC) using polystyrene standards
(Table 4).

Poly(ferrocenylsilanes) 5a—5i and 5k were structur-
ally characterized by solution *H, 13C, and 2°Si as well
as 1°F (for 5c) NMR spectroscopy, and by elemental
analysis for 5a and 5h. The 2°Si NMR (Table 4)
resonances are in the range of 6 —13.8 to —20.9 ppm
for the alkoxy polymers 5a—5g and —23.8 to —24.8 ppm
for the aryloxy derivatives 5h, 5i, and 5k. These values
are shifted downfield (ca. 14 ppm for 5a—5g and 17 ppm
for 5h, 5i, and 5K) relative to those of the corresponding
strained silicon-bridged [1]ferrocenophane precursors (6
= —29.0 to —40.8 ppm). This is in contrast to the alkyl
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Table 3. Melting Onsets and Thermal ROP Onsets for

4a—4k
R mp (°C) thermal ROP onset (°C)

OMe (4a) 34 194
OEt (4b) 38 173
OCH,CF3 (4c) 56 200
OBu (4d) 156
OHex (4e) 241
O(CH3)11CH3 (4f) 39 212
O(CH2)17CH3 (4g) 63 197
OPh (4h) 83 212
OCgHa-p-'Bu (4i) 111 232
OCsH4-p-NO2 (4) 171

OCgHa-p-Ph (4k) 127 263

Table 4. 2°Si NMR Spectroscopic, Molecular Weight,
Glass, and Melt Transition Data for
Poly(ferrocenylsilanes) 5a—5i and 5k

R 6%Sia 105M,»  M.®  PDI Ty (Tm)/°C
OMe (5a) -17.2 29 15x10° 1.9 19
OEt (5b) —209 81 38x10° 2.1 0
OCH.CF; (5¢c)  —13.8¢ 26  2.2x 105 1.2 16
OBu (5d) —20.9 83 39x10° 21  —43
OHex (5€) —205 22 09x10° 24  —51

O(CH2)11CH3 (5f) —20.4 4.7
O(CH2)17CH3 (5g) —20.5 5.0

1.9x 105 25  (—30)
23 x 105 2.2 (32)°

OCgHs (5h) —242 45 23 x10° 2.0 54
OCeH4p-Bu (5i) —24.8 37 1.9x10° 1.9 89
OCeH4-p-Ph (5k) —23.8 1.3 54 x10° 2.4 97

a CgDg as solvent. ? Determined by GPC in THF using polysty-
rene standards °Ty was not detected for polymers 5f and 5g.
d CDCl; as solvent.

analogues in which 2°Si NMR resonances for the poly-
mers were found to be shifted upfield relative to the
corresponding strained monomers. Similarly, the 2C
NMR ipso carbon resonances of polymers 5a—5i and 5k
showed a downfield shift to more conventional values
of 63—67 ppm compared to those of the monomers 4a—
4i and 4k (37—41 ppm). The 'H NMR spectra of 5a—
5i and 5k were consistent with the assigned structures
and showed the expected integration ratios. The 1°F
NMR spectrum of 5¢ showed a broad signal at 6 56.2
ppm relative to CFCl; in CDCls.

(d) Thermal Transition Behavior and Morphol-
ogy of Poly(ferrocenylsilanes) 5a—5i and 5k. To
examine the conformational flexibility of the new poly-
(ferrocenylsilanes) 5a—5i and 5Kk, their thermal transi-
tion behavior was investigated by differential scanning
calorimetry (DSC). The glass transition temperatures
(Ty) determined for 5a—5i and 5k are compiled in Table
4. As expected, the T4 values decrease as the length of
the organic side group increases from 19 °C for 5a (R =
OMe) to 0 °C for 5b (R = OEt) to —43 °C for 5d (R =
OBu) and to —51 °C for 5e (R = OHex). It is of
significant interest to compare the Ty values of these
new poly(ferrocenylalkoxysilanes) to those of the alkyl
derivatives 2a (33 °C, R = Me), 2b (22 °C, R = Et), 2c
(3 °C, R = Bu), and 2d (—26 °C, R = Hex). Itis clear
that incorporation of a flexible Si—O spacer into the
polymer side chain results in a significant lowering of
the polymer glass transition temperatures. Replacing
methyl groups in 5b for CF3 substituents as in 5¢ (R =
OCHCF3) raised the T4 value from 0 to 16 °C. Side
chain crystallization was observed when long alkoxy
substituents were present in polymers 5f (R = OC12H25)
and 5g (R = OCigH37). Thus, DSC thermograms of
these materials (Figure 5) exhibited sharp melting endo-
therms (Tn's) at —30 °C for 5f and 32 °C for 5g on the
heating scan, and recrystallization at —37 °C for 5f and
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Figure 5. DSC thermograms of polymers 5f and 5g.
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27 °C for 5g on the cooling scan. No apparent glass
transitions were observed for 5f and 5g.

As expected, higher Ty values were observed for the
aryloxy derivatives 5h (54 °C), 5i (89 °C), and 5k (97
°C) due to the steric bulk and rigidity of the phenyl
moiety. In addition, a noticeable improvement in
solubility was found for 5h, which dissolved readily in
THF, compared to the diphenyl analogue, 2e, which is
insoluble.

The morphology of polymers 5g, 5i, and 5k were
further investigated by a wide-angle X-ray scattering
(WAXS) study and polarizing microscopy. Polymers 5i
and 5k were amorphous by WAXS. On the other hand,
polymer 5g proved to be semicrystalline; a diffractogram
of 5g is shown in Figure 6. In addition to low-intensity,
broad amorphous halos, sharp peaks were observed at
d spacings of 29.5, 14.7, and 4.13 A. The first two peaks
are consistent with the (100) and (200) reflections of a
lamellar structure with 29.5 A separation between the
planes. Furthermore, there are weak, but sharp, dif-
fraction peaks near 9.7 and 7.4 A d spacing, which may
be assigned to the (300) and (400) reflections, respec-
tively. Given that the fully extended length of a
saturated hydrocarbon chain with 18 C atoms is 24.3
A2 the alkoxy chains in the microcrystalline regions
are significantly interdigitated. The sharp WAXS peak
near 4.13 A is attributed to diffraction from the crystal-
lized side chains.

The crystalline behavior of polymer 5g was further
investigated by a combination of DSC and polarized
optical microscopy (POM). On heating, polymer 5g
melted at 32 °C, and this was observed by both DSC
and POM. Following melting, no light transmission was
observed, which indicated that an isotropic melt had
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Figure 7. Crystalline phase of polymer 5g at 24 °C under a
polarizing optical microscope.

2,00 A

-600.0  -400.0 -200.0 0.0 mV 200.0 400.0 600.0

Figure 8. Cyclic voltammogram of polymer 5a referenced to
the ferrocene/ferrocenium ion couple at E = 0.00 mV.

formed. On cooling, the corresponding recrystallization
was observed at 26 °C. The crystalline phase of polymer
5g via POM is shown in Figure 7.

(e) Cyclic Voltammetry of Poly(ferrocenylsi-
lanes) 5a and 5i. Poly(ferrocenylsilanes) with alkyl or
aryl side groups at silicon exhibit characteristic two-
wave cyclic voltammograms due to the presence of
interacting metal atoms.®*!a This leads to initial
oxidation at alternating iron sites followed by oxidation
of those in between at a higher potential. To investigate
whether the presence of alkoxy or aryloxy substituents
significantly influences this behavior, the representative
polymers 5a and 5i were studied. A cyclic voltammo-
gram of 5a in CH,CI; at a scan rate of 250 mV s ! is
shown in Figure 8. Two reversible one-electron waves
were observed at E;, = 0.01 and 0.23 V (AE = 0.22 V).
Similar results were found for 5i with E;, = —0.01 and
+0.21 V (AE = 0.22 V). These results are comparable
with the two oxidation waves present in dialkyl-
substituted poly(ferrocenylsilanes) reported previously
(AE = 0.21-0.27 V).3411a
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Summary

We have demonstrated a convenient and versatile
synthetic route to a series of new alkoxy and aryloxy
silicon-bridged [1]ferrocenophanes via a facile chlorine
substitution reaction at the bridging atom of a readily
available SiCl,-bridged [1]ferrocenophane precursor.
Thermal and transition metal-catalyzed ring-opening
polymerization of these species provided access to a
range of new poly(ferrocenylsilane) materials. By vary-
ing the side groups attached to silicon, elastomers with
Ty values as low as —51 °C or glassy polymers with Ty
values as high as 97 °C have been obtained. Polymers
that exhibit side chain crystallization can also be
accessed via the incorporation of long alkoxy substitu-
ents at silicon. Cyclic voltammetry showed that the
metal—metal interactions are similar to those in poly-
(ferrocenylalkyl/arylsilanes). Further work focuses on
the extension of the scope of this reaction to the related
unsymmetric systems containing different substituents
at silicon and detailed studies of the material properties
and applications of these new poly(ferrocenes).

Experimental Section

Materials. Triethylamine, diethyl ether, THF, toluene,
methanol, ethanol, 2,2,2-trifluoroethanol, n-butanol, and 1-dode-
canol were purchased from Aldrich and were dried over sodium
and distilled before use. 1-Octadecanol, phenol, 4-tert-
butylphenol, 4-nitrophenol, and 4-phenylphenol were pur-
chased and used as received from Aldrich.

Equipment. All reactions were carried out under an
atmosphere of prepurified nitrogen using either Schlenk
techniques or an inert-atmosphere glovebox, except for the
purification of the polymers, which was carried out in air.
Solvents were dried by standard methods, distilled, and stored
under nitrogen over activated molecular sieves. Spectra (400
MHz 'H NMR, 100.5 MHz 2C NMR, 79.5 MHz ?°Si NMR, and
376.4 MHz °*F NMR) were recorded on a Varian Unity 400
spectrometer. GC/MS analyses were performed on a Hewlett-
Packard 5890/5971 MSD instrument equipped with a fused
silica column (30 m x 0.25 mm x 0.25 mm, cross-linked 5%
phenylmethyl silicone). The following conditions were used:
injector, 120 °C; detector, 280 °C; oven temperature ramped
from 70 to 200 °C at 10 °C/min using helium as the carrier
gas. Molecular weights were estimated by gel permeation
chromatography (GPC) using a Waters Associates liquid
chromatograph equipped with a Model 510 HPLC pump, a
Model U6K injector, Ultrastyragel columns with pore sizes of
103—-105 A, and a differential refractometer. A flow rate of
1.0 mL/min was used, and the eluent was a solution of 0.1%
tetra-n-butylammonium bromide in THF. Polystyrene stan-
dards purchased from American Polymer Standards were used
for calibration purposes.

A Perkin-Elmer DSC-7 differential scanning calorimeter
equipped with a TAC 7 instrument controller was used to
study the thermal behavior. The thermograms were calibrated
with the melting transitions of decane and indium and were
obtained at a heating rate of 10 °C/min under nitrogen.

Powder X-ray diffraction data were obtained on a Siemens
D5000 diffractometer using Ni-filtered Cu Ka (4 = 1.541 78
A) radiation. The sample was scanned at step widths of 0.02°
with 1.0 s/step in the range of 3—40° 26. Cyclic voltammetry
of 5a and 5i was carried out using a PAR Model 273
potentiostat with a Pt working electrode and an Ag wire
reference electrode in a Luggin capillary. All potentials are
relative to the ferrocene/ferrocenium ion couple at 0.00 V,
which was used as an internal reference. A 2 x 1073 M
polymer solution in freshly distilled CH.Cl, with 0.1 M
tetrabutylammonium hexafluorophosphate as the supporting
electrolyte was used and the analyses were carried out under
prepurified N. Polarizing optical microscopy of 5g was carried
out with a polarizing microscope equipped with a Mettler FP82
hot stage and FP80 central processor.
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General Synthesis of the Silicon-Bridged [1]Ferro-
cenophanes 4a—4k. The dichlorosilylferrocenophane 3 was
prepared by a method reported by Wrighton from the reaction
of dilithioferrocene:TMEDA and SiCl,.*® The general synthesis
of 4a—4k is illustrated (vide infra) by the synthesis of 4a from
the reaction of 3 and the appropriate alcohol in the presence
of excess EtsN. In all cases the alcohols were used as neat
liquids or in solid form and the reaction was allowed to stir at
room temperature for 3 h; then the solvent was removed in
vacuo. Compounds 4a and 4b were purified by vacuum
sublimation (25 °C, 3 x 10-8 mmHg); compounds 4d and 4e
were pure by 'H NMR analysis and were used in the ring-
opening polymerization experiments without further purifica-
tion. Recrystallization at —30 °C was used to purify the
following compounds: 4c and 4f—4i from hexanes, 4j from
toluene, and 4k from dichloromethane/hexanes (1:1).

Synthesis of Monomer 4a. CH3;OH (0.20 mL, 4.9 mmol)
was added dropwise via a syringe to a solution containing 3
(700 mg, 2.4 mmol) and EtzN (5.6 mL, 39 mmol) in 70 mL of
Et,O under N,. The reaction was allowed to stir at room
temperature for 3 h, and then the solvent was removed in
vacuo. The crude product was taken up in 50 mL of hexanes
and filtered through Celite to afford a clear orange solution.
Hexanes was removed in vacuo, and 4a was obtained as red
crystals (420 mg, 62% yield) by sublimation under vacuum (3
x 107% mmHg).

For 4a: red-orange crystals; yield 62%; *H NMR (CsDs, 400
MHz) 6 3.63 (s, 6H, OCHg), 4.14 (m, 4H, Cp), 4.40 (m, 4H, Cp)
ppm; 13C NMR (C¢Ds, 400 MHZz), 6 39.7 (ipso-Cp), 50.2 (OCH3),
75.2 (Cp), 77.9 (Cp) ppm; 2°Si NMR (CsDsg, 400 MHz) 6 —31.0
ppm; GC/MS (El, 70 eV) m/z (%) 274 (M, 100).

For 4b: red-orange crystals; yield 78%; 'H NMR (C¢D¢) 0
1.26 (t, 2Jpn = 7 Hz, 6H, CH3), 4.02 (g, 3Jun = 7 Hz, 4H, OCH,),
4.17 (m, 4H, Cp), 4.43 (m, 4H, Cp) ppm; ¥C NMR (CgDs) 6
18.4 (CHg), 40.0 (ipso-Cp), 58.2 (OCHy), 75.1 (Cp), 77.5 (Cp)
ppm; 2°Si NMR (CgDs) 6 —34.8 ppm; GC/MS (EI, 70 eV) m/z
(%) 302 (M*, 100).

For 4c: red-orange crystals; yield 51%; 'H NMR (C¢Dg) 0
3.88 (q, 3Jur = 8.5 Hz, 4H, OCH,CF3), 3.96 (m, 4H, Cp), 4.33
(m, 4H, Cp) ppm; ¥C NMR (C¢D¢) 6 37.1 (ipso-Cp), 60.3 (q,
2Jce = 36.3 Hz, OCHy), 75.2 (Cp), 79.0 (Cp), 124.5 (g, *Jce =
274.9 Hz, CF3) ppm; 2°Si NMR (CgDs) 6 —29.0 ppm; °F NMR
(CDCl3) 6 56.3 (t, 3Jue = 8.4 Hz, CF3) ppm; MS (El, 70 eV)
m/z (%) 410 (M™, 100).

For 4d: red liquid; yield 84%; *H NMR (CsDg) 6 0.90 (t, *Jun
= 7.3 Hz, 6H, CH3), 1.42 (m, 4H, CH,), 1.66 (m, 4H, CH,), 4.04
(t, ®3Jun = 6.5 Hz, 4H, OCH,), 4.20 (m, 4H, Cp), 4.40 (m, 4H,
Cp) ppm; 13C NMR (Cst) 014.2 (CH3), 19.6 (CHz), 35.3 (CHz),
41.3 (ipso-Cp), 62.5 (OCHy), 75.8 (Cp), 78.1 (Cp); ?°Si NMR
(CsDg) 6 —34.7 ppm; MS (EI, 70 eV) m/z (%) 358 (M*, 100).

For 4e: red liquid; yield 91%; *H NMR (CsDg) 6 0.88 (t, 2Jpn
= 7.9 Hz, 6H, CHs), 1.27 (br m, 8H, CH,), 1.42 (m, 4H, CH,),
1.71 (M, 3Jun = 7.1 Hz, 4H, CH,), 4.07 (t, 3Jun = 6.6 Hz, 4H,
OCHy), 4.22 (m, 4H, Cp), 4.45 (m, 4H, Cp) ppm; *C NMR
(CsDs) 0 14.3 (CHg), 23.1 (CH,), 26.0 (CHy), 32.0 (CH,), 33.2
(CH,), 41.2 (ipso-Cp), 62.8 (OCHy,), 75.7 (Cp), 78.0 (Cp); 2°Si
NMR (CsDg) 6 —34.7 ppm; MS (EI, 70 eV) m/z (%): 414 (M,
100).

For 4f. red-orange solid; yield 71%; *H NMR (C¢Dg) 6 0.92
(t, 3Jpn = 6.8 Hz, 6H, CH3), 1.31 (br m, 32H, CH,), 1.48 (m,
4H, CHy), 1.77 (m, 3Jun = 7.1 Hz, 4H, CHy), 4.13 (t, 3Jun =
6.6 Hz, 4H, OCHy), 4.25 (m, 4H, Cp), 4.45 (m, 4H, Cp) ppm;
3C NMR (CgDs) 6 14.4 (CHs), 23.1 (CHy), 26.4 (CH,), 29.8
(CH,), 29.9 (CH,), 30.1 (CH,), 30.2 (CH,), 32.3 (CH,), 33.2
(CHy), 41.2 (ipso-Cp), 62.9 (OCHy,), 75.7 (Cp), 78.0 (Cp); %°Si
NMR (CeDg) 6 —34.7 ppm; MS (El, 70 eV) m/z (%) 582 (M*,
100).

For 4g: red-orange solid; yield 87%; *H NMR (CsDg) 6 0.92
(t, SJHH = 6.2 Hz, 6H, CH3), 1.36 (br m, 56H, CHz), 1.49 (m,
4H, CHy), 1.77 (m, 3Jun = 7.0 Hz, 4H, CHy), 4.12 (t, 3Jun =
6.4 Hz, 4H, OCHy), 4.24 (m, 4H, Cp), 4.45 (m, 4H, Cp) ppm;
BC NMR (CgDs) 6 14.3 (CHs), 23.1 (CHy), 26.4 (CH,), 29.8
(CHy), 29.9 (CH,), 30.2 (CH,), 32.3 (CH,), 33.2 (CHy>), 41.3 (ipso-
Cp), 62.9 (OCHy), 75.8 (Cp), 78.0 (Cp); °Si NMR (CsDg) 6 —34.6
ppm; GC/MS (El, 70 eV) m/z (%) 750 (M*, 100).
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For 4h: red-orange solid; yield 77%; *H NMR (CgDs) 6 4.15
(m, 4H, Cp), 4.35 (m, 4H, Cp), 6.83 (m, 2H, para phenyl H),
7.05 (m, 4H, meta phenyl H), 7.30 (m, 4H, ortho phenyl H)
ppm; 3C NMR (C¢Dg) 0 38.1 (ipso-Cp), 75.1 (Cp), 78.4 (Cp),
120.1 (para phenyl), 122.8 (meta phenyl), 129.8 (ortho phenyl),
153.2 (ipso phenyl) ppm; 2°Si NMR (CgDg) 6 —40.8 ppm; MS
(El, 70 eV) m/z (%) 398 (M*, 100).

For 4i: red-orange solid; yield 78%; *H NMR (CsDs) 6 1.18
(s, 18H, CH3), 4.23 (m, 4H, Cp), 4.36 (m, 4H, Cp), 7.15 (m, 4H,
phenyl H), 7.35 (m, 4H, phenyl H); 1*C NMR (CgD¢) 0 31.6
(CHg), 34.3 (C(CHj3)3), 38.4 (ipso-Cp), 75.2 (Cp), 76.6 (Cp), 119.4
(phenyl CH), 126.5 (phenyl CH), 145.3 (ipso phenyl), 150.9
(ipso phenyl) ppm; 2°Si NMR (CsDs) 6 —40.8 ppm; MS (EI, 70
eV) m/z (%) 510 (M*, 100).

For 4j: red-orange solid; yield 46%; *H NMR (CDClIs) 6 4.22
(m, 4H, Cp), 4.71 (m, 4H, Cp), 7.33 (m, 4H, phenyl H), 8.24
(m, 4H, phenyl H); 3C NMR (CDCl3) 6 34.9 (ipso-Cp), 74.7
(Cp), 79.3 (Cp), 120.2 (phenyl CH), 126.0 (phenyl CH), 143.2
(ipso phenyl), 158.2 (ipso phenyl) ppm; 2°Si NMR (CDCI;) 6
—38.2 ppm; MS (El, 70 eV) m/z (%) 488 (M*, 100).

For 4k: red-orange solid; yield 52%; *H NMR (C¢Ds) 6 4.23
(m, 4H, Cp), 4.39 (m, 4H, Cp), 7.15 (m, 8H, phenyl H), 7.39
(m, 10H, phenyl H) ppm; 3C NMR (C¢Ds) ¢ 38.3 (ipso-Cp),
75.6 (Cp), 78.9 (Cp), 120.8 (phenyl CH), 127.1 (phenyl CH),
127.2 (phenyl CH), 128.8 (phenyl CH), 129.0 (phenyl CH),
136.3 (ipso phenyl), 140.9 (ipso phenyl), 153.3 (ipso phenyl)
ppm; 2°Si NMR (CgDg) 6 —39.9 ppm; MS (EI, 70 eV) m/z (%)
550 (M, 100).

General Synthesis of Poly(ferrocenylsilanes) 5a—5i,
5k. Polymers 5a—5i and 5k were prepared similarly, and the
general synthesis is illustrated by that of 5a. To a solution of
4a (130 mg, 0.47 mmol) in 10 mL of THF under N, was added
PtCl, (5 mg, 0.02 mmol). The polymerization reaction was
essentially complete after 3 h; however, it was left stirring at
room temperature overnight (18 h) and then precipitated into
either hexanes or methanol (100 mL). The solution was
decanted and dried in vacuo to give 5a as an amber gum (110
mg, 85% yield).

For polymers 5b—5i and 5k, methanol was used in the
precipitation step.

For 5a: amber gum; yield 85%; *H NMR (C¢Ds, 400 MHZz)
0 3.65 (s, 6H, OCHg), 4.43 (m, 4H, Cp), 4.55 (m, 4H, Cp) ppm;
13C NMR (CgDs, 400 MHz) 6 51.1 (OCHs), 66.4 (ipso-Cp), 73.0
(Cp), 74.7 (Cp) ppm; 2°Si NMR (CgDs, 400 MHz) 6 —17.2 ppm.
Anal. Calcd for Ci,H14FeO,Si: C, 52.57; H, 5.15. Found: C,
51.80; H, 4.94.

For 5b: amber gum; yield 83%; *H NMR (C¢D¢) 6 1.20 (t,
3Jun = 7 Hz, 6H, CHa), 3.90 (g, 3Jun = 7 Hz, 4H, OCH,), 4.37
(m, 4H, Cp), 4.50 (m, 4H, Cp) ppm; *¥C NMR (Ce¢Ds) 6 19.1
(CH3), 59.1 (OCHy), 67.1 (ipso-Cp), 73.1 (Cp), 74.7 (Cp) ppm;
29Si NMR (CgDs) 6 —20.9 ppm.

For 5¢c: amber gum; yield 75%; *H NMR (CDClI3) 6 4.04 (br
m, 4H, OCH,), 4.16 (m, 4H, Cp), 4.39 (m, 4H, Cp) ppm; 3C
NMR (CDCl3) 6 61.6 (g, 2Jce = 35.9 Hz, OCHy;), 62.8 (ipso-
Cp), 73.5 (Cp), 74.1 (Cp), 124.5 (q, *Jcr = 278.9 Hz, CF3) ppm;
29Si NMR (CDCl3) 6 —13.8 ppm; **F NMR (CDCl;) 6 56.2 (br
m, CF3) ppm.

For 5d: reddish gum; yield 88%; *H NMR (CsDs) 6 0.99 (t,
8Jun = 7.1 Hz, 6H, CH3), 1.54 (m, 3Juyy = 7.3 Hz, 4H, CH,),
1.70 (m, 3Juy = 7.0 Hz, 4H, CHy), 4.02 (t, 3Jun = 6.4 Hz, 4H,
OCHy), 4.49 (m, 4H, Cp), 4.65 (m, 4H, Cp) ppm; ¥C NMR
(CsDs) 6 14.3 (CHg), 19.7 (CHy), 35.5 (CHy), 63.2 (OCH,), 67.1
(ipso-Cp), 73.0 (Cp), 74.6 (Cp); °Si NMR (CsDg) 6 —20.9 ppm.

For 5e: reddish gum; yield 65%; *H NMR (CsDs) 6 0.96 (m,
6H, CHg), 1.37 (br m, 8H, CHy), 1.53 (m, 4H, CH,), 1.74 (m,
4H, CH,), 4.05 (t, 3Jpun = 6.2 Hz, 4H, OCH,), 4.52 (m, 4H, Cp),
4.68 (m, 4H, Cp) ppm; *C NMR (CsDg) 6 14.4 (CHs), 23.2 (CHy),
26.1 (CH,), 32.1 (CHy), 33.3 (CHy), 63.4 (OCHy), 67.0 (ipso-
Cp), 73.0 (Cp), 74.5 (Cp); 2°Si NMR (CsDs) 6 —20.5 ppm.

For 5f: reddish gum; yield 75%; *H NMR (CsDs) 0 0.97 (t,
3Jun = 6.2 Hz, 6H, CHg), 1.36 (br m, 32H, CH,), 1.60 (m, 4H,
CHy), 1.81 (m, 3Jun = 7.0 Hz, 4H, CH,), 3.90 (t, 3Jun = 6.1 Hz,
4H, OCHy), 4.54 (m, 4H, Cp), 4.69 (m, 4H, Cp) ppm; *C NMR
(CsDs) 0 14.4 (CH3), 23.2 (CHy), 26.5 (CH>), 29.9 (CH,), 30.0
(CHy), 30.1 (CHy), 30.2 (CH,), 30.3 (CHy), 32.4 (CH,), 33.3
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(CHy), 63.5 (OCHy), 66.9 (ipso-Cp), 73.0 (Cp), 74.5 (Cp); *°Si
NMR (CsDs) 6 —20.4 ppm.

For 5g: amber fibrous solid; yield 70%; *H NMR (C¢Dsg) 0
0.99 (brs, 6H, CHg), 1.40 (br s, 56H, CHy), 1.61 (br s, 4H, CH)),
1.82 (br s, 4H, CHy), 4.10 (br s, 4H, OCH,), 4.53 (m, 4H, Cp),
4.69 (m, 4H, Cp) ppm; *C NMR (C¢Ds) 6 14.4 (CHa), 23.1 (CHy),
26.6 (CHy), 29.8 (CH,), 30.3 (CH,), 32.4 (CH,), 33.5 (CH,), 63.5
(OCHy), 67.0 (ipso-Cp), 73.0 (Cp), 74.5 (Cp); 2°Si NMR (CsDg)
0 —20.5 ppm. Semicrystalline by WAXS.

For 5h: amber powder; yield 80%; *H NMR (CgDs) 6 4.09
(m, 4H, Cp), 4.21 (m, 4H, Cp), 6.97 (m, 6H, para + meta phenyl
H), 7.19 (m, 4H, ortho phenyl H) ppm; *C NMR (CsDs) ¢ 64.8
(ipso-Cp), 72.9 (Cp), 74.4 (Cp), 119.9 (para phenyl), 122.0 (meta
phenyl), 129.4 (ortho phenyl), 154.1 (ipso phenyl) ppm; 2°Si
NMR (C¢Ds) 6 —24.2 ppm. Anal. Calcd for Cy;H1sFeO,Si: C,
66.34; H, 4.55. Found: C, 64.83; H, 4.46.

For 5i: amber fibrous solid; yield 85%; 'H NMR (CsDg) 0
1.21 (s, 18H, CHg), 4.44 (m, 4H, Cp), 4.45 (m, 4H, Cp), 7.16
(m, 4H, phenyl H), 7.35 (m, 4H, phenyl H); 13C NMR (C¢Ds) 6
31.8 (CHg), 34.3 (C(CHs)3), 66.0 (ipso-Cp), 73.6 (Cp), 75.1 (Cp),
119.9 (phenyl CH), 126.7 (phenyl CH), 144.7 (ipso phenyl),
152.7 (ipso phenyl) ppm; 2°Si NMR (C¢Ds) 0 —24.8 ppm.
Amorphous by WAXS.

For 5k: amber fibrous powder; yield 85%; 'H NMR (C¢D¢)
0 4.5 (br s, 8H, Cp), 7.09 (m, 8H, phenyl H), 7.32 (m, 10H,
phenyl H) ppm; 3C NMR (CsDs) 6 65.7 (ipso-Cp), 73.7 (Cp),
75.2 (Cp), 120.8 (phenyl CH), 127.1 (phenyl CH), 127.2 (phenyl
CH), 128.8 (phenyl CH), 129.0 (phenyl CH), 136.3 (ipso phenyl
CH), 140.9 (ipso phenyl), 153.3 (ipso phenyl) ppm; 2°Si NMR
(CeDs) 6 —23.8 ppm. Amorphous by WAXS.

X-ray Structure Determination Technique. Crystals
of 4a and 4j were mounted on a glass fiber and coated with
epoxy glue. Intensity data for both compounds were collected
on an Enraf-Nonius CAD-4 diffractometer at 173 K, using
graphite-monochromated Mo Ka. radiation (1 = 0.710 73 A).
The w—26 scan technique was applied with variable scan
speeds. For each structure, the intensities of three standard
reflections were measured every 2 h and corrections were
applied when necessary. The data were corrected for Lorentz
and polarization effects, and empirical absorption corrections
were applied to each data set. The structures were solved by
direct methods. Non-hydrogen atoms were refined anisotro-
pically by full-matrix least-squares methods to minimize Y w(F,
— F¢)?, where w! = ¢*(F) + g(F)>. Hydrogen atoms were
included in calculated positions (C—H 0.96 A). Crystal data,
data collection, and least-squares parameters are listed in
Table 1. All calculations were performed and graphics created
using SHELXTL PC on a PC-486.
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