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ABSTRACT: The synthesis of a series of novel hydrophilic and water-soluble neutral and cationic high
molecular weight poly(ferrocenylsilanes) is reported. The dichlorosilyl-bridged [1]ferrocenophane Fe(y-
CsH,),SiCl; (3) was reacted with various polyether alcohols in the presence of EtzN as an HCI acceptor
to afford the monomers Fe(-CsH,),Si(OR); (4: R = CH,CH,OCH3s; 5: R = CH,CH,OCH,CH,OCH35). Using
ambient temperature transition-metal catalyzed ring-opening polymerization of these monomers,
hydrophilic poly(ferrocenylsilanes) were obtained. Transition-metal catalyzed ring-opening polymerization
of the silicon-bridged [1]ferrocenophane Fe(;7-CsH.).SiMeCl (8) afforded the corresponding polymer [Fe-
(n-CsH4)2SiMeCl]n (9). Replacement of the chlorine substituents of 9 was achieved using (a) poly(ethylene
glycol) methyl ether, M, = 350, in the presence of EtsN to afford the poly(ferrocenylsilane) [Fe(-CsHa)-
SiMe(OCH,CH2)xOCHzsln (x ~ 8: 10a: Mj ~ 56 000; 10b: M, ~ 189 000) and (b) N,N-dimethylethano-
lamine to afford [Fe(;7-CsH4).SiMe(OCH,CH;NMe,)]» (11). Quaternization of polymer 11 with Mel or HCI
afforded the polyelectrolytes [Fe(y-CsH4).SiMe(OCH.CH,NMesl)], (12) and [Fe(n-CsHa).SiMe(OCH,CH,-
NMe,;HCI], (13). Poly(ferrocene) 10b dissolved in water to give a clear solution whereas 10a, 12, and 13
afford slightly cloudy solutions. Lower critical solution temperatures (LCST) for 10a and 10b were
determined to be 38 and 46 °C, respectively. Investigations by dynamic light scattering and centrifugation
experiments indicated the presence of aggregates. In the case of 12 the larger aggregates could be partially
broken up using mild ultrasonication but re-form over time. Clear solutions of the polymers 10a, 12, and

13 in water can be easily prepared by microfiltration techniques.

Introduction

Water-soluble polymers encompass a wide variety of
macromolecules, from biopolymers to synthetic poly-
mers, that are of great industrial and commercial
importance.! Although water-soluble organic polymers
have been widely studied, their inorganic counterparts
have been largely left unexplored.? Poly[bis(methoxy-
ethoxyethoxy)phosphazene] represents the most well-
known polymer of this class.® Several examples of water-
soluble poly(silanes) and poly(siloxanes) have also been
reported.* However, water-soluble polymers with transi-
tion elements in the main chain are rare. To our know-
ledge, the only previous report of a water-soluble ferro-
cene-based polymer is that from Neuse et al., in which
low molecular weight (ca. My = 2400) poly(ferrocenium)
salts were studied.®

Thermal ring-opening polymerization (ROP) of silicon-
bridged [1]ferrocenophanes 1 provides a convenient
route to high molecular weight (M, > 10%) poly(fer-
rocenes) 2 (Scheme 1).8 Ambient temperature transition-
metal catalyzed and anionic ROP routes to these
materials have subsequently been reported.”# Initially,
the substituents attached to silicon were limited to aryl
and alkyl groups. More recently, we described a general
route to polymerizable silicon-bridged [1]ferrocenophanes
with amino, alkoxy, and aryloxy substituents at silicon.®
The resulting poly(ferrocenylsilanes) are redox-active
and possess interacting metal atoms in the main chain.
Interest has also focused on their pyrolytic conversion
to magnetic ceramic materials (including nanostruc-
tures) and their semiconductive properties.®

To further diversify the properties accessible with
poly(ferrocenylsilanes), in this paper we report the
introduction of polyether or ionic substituents that can
impart hydrophilicity or water solubility to the resultant
organometallic polymer. These poly(ferrocenylsilanes)
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are of potential interest as electrode materials and as
redox-active polymeric electrolytes, in which the ionic
conductivity might be switched by oxidation of the iron
centers.1° Such materials are also of interest for mul-
tilayer self-assembly applications and for the prepara-
tion of micellar aggregates as preliminary results
indicate that ferrocene-based surfactants could poten-
tially be used as redox-active drug delivery agents.1!
Moreover, various water-soluble ferrocenium salts have
been shown to display anticancer activity.!?

Results and Discussion

Synthesis and NMR Characterization of the
Silicon-Bridged [1]Ferrocenophanes (4, 5). The
starting material, Fe(-CsH,).SiCl, (3), was prepared
by the method of Wrighton et al.1® The monomer was
synthesized in high yield (77%) as a moisture-sensitive,
red crystalline solid and was purified by vacuum
sublimation. Ferrocenophane 3 reacts under mild condi-
tions (25 °C, Et,0, 1.5—24 h) with various polyether
alcohols via nucleophilic substitution of the chlorine
substituents at silicon (Scheme 2). We have shown that
triethylamine must be present as a base in this reaction
in order to remove the liberated HCI which would
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otherwise add across the strained C—Si bond.® The new
polyether-substituted [1]ferrocenophanes, 4 and 5, were
obtained as dark red, viscous liquids.

The monomers were characterized by 'H, 2C, and
29Si NMR spectroscopy. The 'H NMR spectra of 4 and
5 showed two sets of resonances for the cyclopentadienyl
rings with correct integration ratios relative to the CH,
groups for the polyether substituents. The 13C NMR
spectra showed upfield shifts of the ipso carbons of the
cyclopentadienyl rings in the region of 40.0 ppm. This
is expected as analogous alkoxy-substituted [1]ferro-
cenophanes have been previously reported in which the
ipso carbons of the cyclopentadienyl rings were observed
in the region of 34—41 ppm.° These values are consistent
with the strain that has been shown to exist in silicon-
bridged [1]ferrocenophanes possessing alkyl and aryl
substituents.!* The 2°Si NMR spectra showed a single
resonance for monomers 4 and 5 at —34.1 and —34.0
ppm, respectively. These values are consistent with
analogues such as Fe(n-CsHy),Si(OCH,CH3z), which
possesses a corresponding resonance at —34.8 ppm.°

Transition-Metal Catalyzed ROP of the Silicon-
Bridged [1]Ferrocenophanes (4 and 5) and Char-
acterization of the Poly(ferrocenylsilanes) 6 and
7. The cyclic monomers 4 and 5 were dissolved in THF,
and Karstedt's catalyst (a platinum(0) complex) was
added. After 24 h at 25 °C, the monomers had under-
gone ROP to give viscous dark amber THF solutions of
the corresponding polymers 6 and 7 (Scheme 3). Pre-
cipitation into methanol (for 6) or hexanes (7) afforded
the corresponding poly(ferrocenylsilanes) 6 and 7 in
good yields (71—86%). The polymers obtained by transi-
tion-metal catalyzed ROP were characterized by H, 13C,
and 2°Si NMR spectroscopy. Polymer 6 possessed a
number-average molecular weight (My) of 235 400 and
a polydispersity index of 2.62 by gel-permeation chro-
matography. The corresponding values for polymer 7
were M, = 101 800 and PDI = 2.57. The 2°Si resonances
for 6 and 7 were detected at —19.4 and —20.8 ppm,
repectively, which are similar to the value of —20.9 ppm
for their analogue, [Fe(57-CsH4)2Si(OCH,CH3),],.° Both
the H and 3C NMR data for 6 and 7 were consistent
with the assigned structure.

Synthesis of the Water-Soluble Poly(ferrocenyl-
silane)s 10a, 10b, 12, and 13. The silicon-bridged [1]-
ferrocenophane 8 with methyl and chlorine substituents
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at silicon has been previously reported.> The monomer
(8) was obtained in high yield (82%) as a crystalline red
solid after vacuum sublimation of the crude product. A
sample of the monomer was dissolved in toluene, to
which were added catalytic amounts of PtCl,, to initiate
ROP of the monomer. The resulting polymer was
isolated by precipitation into hexanes.

Previously, substitution reactions were performed on
9 with organolithium reagents such as MeL.i, PhLi, and
LiC=C(CHj)4H.™ In all cases, complete substitution of
the chlorine substituents of the polymer was observed
by 29Si NMR after stirring for 24 h at 25 °C. In this
study, a convenient methodology for the substitution of
the chlorine substituents on 9 was discovered which
involved treatment with a polyether alcohol or ethano-
lamine in the presence of triethylamine to afford 10a,b
and 11, respectively (Scheme 4). The substituted poly-
mer 10a was isolated as an extremely viscous amber
fluid material, whereas 10b, the higher molecular
weight analogue (vide infra), was a gum. Both 10a and
10b were found to be readily soluble in solvents such
as water, methanol, THF, and benzene. Similarly, poly-
(ferrocenylsilane) 11 was isolated as an orange gum.
This species was dissolved in CH,CI, to which was
added 1 equiv of Mel as an alkylating agent. The solu-
tion was then heated to reflux to afford the water-solu-
ble polyelectrolyte 12 (Scheme 5). Poly(ferrocenylsilane)
11 was also dissolved in THF to which was added 1
equiv of a 1.0 M solution of HCI in Et,O to obtain the
protonated polymer 13. Polymer 13 was also found to
dissolve in water.

Characterization of the Poly(ferrocenylsilane)s
10a, b, 11, 12, and 13. Polymers 10a, 10b, and 11 were
characterized by 'H, 13C, and 2°Si NMR spectroscopy
as well as by gel-permeation chromatography using
polystyrene standards for column calibration. The poly-
mer 10a possessed a number-average molecular weight
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Figure 1. 'H NMR spectrum of 12 in d,-DMF.

of 56 000, with a polydispersity of 2.29. The higher
molecular weight analogue of 10a, polymer 10b, pos-
sessed a number-average molecular weight of 189 700
and polydispersity of 2.17. The 2°Si NMR for each
material showed one resonance at 3.7 ppm. This value
is consistent with its structural analogue, [Fe(1-CsHa)2-
SiMe(OCHs3)]n, which possesses a resonance at 4.6
ppm.1® The 13C Si—Me resonances for [Fe(y-CsHy)2-
SiMeCl], (9) and [Fe(;-CsH4).SiMe(OMe)], are found at
2.5 and —2.2 ppm, respectively, compared to —1.7 ppm
for 10a.1516 The 'H NMR spectra of 10a and 10b in C¢Dg
were consistent with the assigned structure and showed
the expected integration ratios.

The cationic poly(ferrocenylsilane) 12 was found to
be insoluble in most common organic solvents but was
only readily soluble in water and DMF and slightly
soluble in THF. IH NMR spectra were obtained for 12
in D,O; however, only the resonances corresponding to
the protons of the NMez and methylene groups were
visible. This suggested the presence of aggregates in
solution in which the poly(ferrocene) main chain was
rigidified. 'H, 13C, and 2°Si NMR spectra were thus
recorded in dz-DMF in order to observe the ferrocene
region of the polymer. In the 'H NMR spectrum (Figure
1), the Si—Me protons were visible at 0.78 ppm. A
singlet was observed at 3.45 ppm for the NMes groups
and broad multiplets for the two CH, groups at 3.52
and 3.89 ppm, respectively. The ferrocene region was
broad, spanning from 4.15 to 4.52 ppm. The 'H NMR
spectrum of 13 was also recorded in d7-DMF and was
analogous to that observed for 12, though most notably,
the resonances corresponding to the NMe; and N—CH,,
protons were shifted upfield; the NMe, and methylene
protons appear at 2.91 and 3.30 ppm, respectively. In
comparison to 12 and 13, the protons of the unquater-
nized NMe; group of 11 appeared at 2.31 ppm whereas
the protons of the N—CH> group were observed at 2.58
ppm. Because of the absence of the NMe, resonance at
2.31 ppm in the proton NMR spectra of 12 and 13, we
concluded that approximately 100% quaternization had
taken place. The 2°Si NMR data showed one peak at
5.6 ppm for 12, compared to 0.9 ppm for 13. The 3C
NMR spectra of 12 and 13 are consistent with the
proposed structures. The 'H, 13C, and 2°Si CP-MAS
NMR spectra of 12 were also recorded and supported
the solution NMR data. GPC data were not obtained
for 12 and 13 due to their limited solubilities in THF.

Properties of Aqueous Solutions of Polymers
10a, 10b, 12, and 13. The poly(ferrocenylsilanes) 10a
and 10b both dissolved readily in water and remain
stable in this solvent as observed by 'H NMR over a
period of months. Polymer 12 dissolves slowly in water
over a period of hours. However, solutions of 10a and
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Figure 2. *H NMR spectrum of polymer 10a in (a) C¢Ds and
(b) D,O.

12 in water appear slightly cloudy, with a similar
appearance to micellar solutions, whereas a solution of
10b in water is clear. Some water-soluble polymers,
such as poly(ethylene oxide) and poly(N-isopropylacryl-
amide), undergo a reversible phase separation above a
particular temperature, known as the lower critical
solution temperature (LCST). In particular, poly-
(ethylene oxide) displays a LCST near the boiling point
of water.? Solutions of 10a and 10b in water also
display lower critical solution temperatures due to the
presence of the oligo(ethylene glycol) side chains. LCST
values were determined by heating samples of 10a and
10b in a controlled temperature oil bath until they
began to precipitate from solution. This occurred at 38
and 46 °C, respectively. Previously, an aqueous solution
of a polysilane with methyl and oligo(oxyethylene)
groups displayed a LCST at 46 °C.“®¢ The 'H NMR
spectrum of 10a in D,O (Figure 2) showed only the
resonances corresponding to the D,O-soluble oligo-
(ethylene glycol) side group, as does the analogous
spectrum for 10b. When centrifuged, a solution of 10a
in water becomes clear amber while an orange precipi-
tate settles out of solution, whereas 10b remains
entirely soluble in water. In the case of 10a, analysis
by 'H NMR showed that both the resultant solute and
precipitate after centrifugation are the oligo(ethylene
glycol)-substituted polymer, therefore suggesting the
formation of aggregates of 10a in water. A clear solution
of 10a in water can also be obtained by microfiltration
(using a 0.2 um pore filter).

To further characterize aqueous solutions of the poly-
(ferrocenylsilanes) 10a, 10b, 12, and 13, dynamic light
scattering studies were performed. Samples of both 10a
and 10b in water were studied. In each case, the broad
size distribution was monitored. However, polymer 10a
possessed an average hydrodynamic diameter (D) of
290 nm whereas 10b possessed a Dy = 170 nm. Thus,
polymer 10a appears to aggregate to a larger extent
than polymer 10b.

The aggregation behavior of a sample of 12 in water
was also studied. Dynamic light scattering data showed
that aggregates form with Dy = 400 nm. However, the
size distribution was bimodal with the smaller fraction
with Dy = 50—100 nm. It was speculated that this
fraction might represent single polymer chains in solu-
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Figure 3. Dynamic light scattering analysis of 12: (A) original size distribution of a sample of 12 in H,O; (B) 15 min after

sonication; (C) 30 min after sonication.

tion, as this is a reasonable estimate of the hydrody-
namic diameter of 12. A sample of 12 was sonicated for
an hour in a 60 W sonication bath to investigate
whether it would be possible to break up the larger
aggregates and produce mainly single polymer chains
in solution. After mild sonication for 1 h it was found
that the size distribution more heavily favored the
proposed single chain fraction, but over time (ca. 30
min), the majority of polymer chains recombined to
again form aggregates (Figure 3). An aqueous solution
of poly(ferrocenylsilane) 13 was also studied by dynamic
light scattering, which showed that the polymer formed
aggregates with Dy = 150 nm.

Thermal Transition Behavior and Thermal Sta-
bility of Poly(ferrocenylsilanes) 6, 7, 10a, 10b, 11,
and 12. The poly(ferrocenylsilanes) 6, 7, 10a, and 10b
were investigated by differential scanning calorimetry
(DSC) in order to investigate their thermal transition
behavior. We previously found that for poly(ferrocenyl-
dialkylsilanes) possessing methyl or ethyl substituents
(2: R =R' = Me, R = R' = Et) the Ty values were 33
and 22 °C, respectively.®2.17 Incorporation of an oxygen
spacer into the side chain leads to lower T, values; poly-
(ferrocenylalkoxysilanes) with methoxy and ethoxy sub-
stituents possess Tq values of 19 and 0 °C, respectively.®
Therefore, the presence of the Si—O—C spacer increases
free volume, resulting in lower T4 values. It would thus
be expected that T4 values would continue to decrease
significantly as a function of the number of ether
linkages in the side chains. By DSC, polymers 10a and
10b possess Tg values of ca. —70 °C. This is the lowest
known Ty value for a substituted poly(ferrocenylsilane),
with the lowest previous value of —51 °C for the polymer
[Fe(r7-CsH4)2Si(OHex)]n.° No other thermal transitions
were observed for 10a or 10b. The DSC data for
polymers 6, 7, 10a, and 10b are summarized in Table
1. Thermogravimetric analysis (TGA) was also per-
formed on the poly(ferrocenylsilanes) at a heating rate
of 10 °C/min under Ny, and the data are listed in Table
2. The polymers 6, 7, and 11 underwent similar weight

Table 1. DSC Analysis for the Homopolymers (Scan Rate

10 °C/min)
sample T4(°C)
6 =31
7 —53
10a —69
10b —72

Table 2. TGA Data for Poly(ferrocenylsilanes) 6, 7, 10a,
10b, 11, and 12 (Scan Rate 10 °C/min) under N3

ceramic yield (%)

sample T10% (°C) Tso® (°C) at 900 °C
6 375 475 40
7 300 525 35
10a 250 425 18
10b 280 425 28
11 325 575 48
12 240 325 14

a8 Temperature at which the polymer sample has lost 10% of its
original mass. ® Temperature at which the polymer sample has
lost 50% of its initial mass.

loss whereas 10a and 10b appear slightly less thermally
stable. Poly(ferrocenylsilane)s 12, 10a, and 10b are the
least thermally stable of the polymers, with T at 240,
250, and 280 °C, respectively. All other polymers possess
a Tip greater than 300 °C.

Summary

A series of novel hydrophilic and water-soluble poly-
(ferrocenylsilanes) have been synthesized. Ring-opening
polymerization of monomers with hydrophilic side groups
and facile substitution of the chlorine substituents on
poly(ferrocene) 9 with organic water-soluble moieties
were used to prepare these materials. Both neutral and
cationic water-soluble poly(ferrocenylsilanes) were thus
studied and were shown to form aggregates in water
by dynamic light scattering methods. The type of
substitution method demonstrated for polymer 9 should
provide access to a wide range of functionalized poly-
(ferrocenylsilanes), and further work aimed at exploring
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these possibilities and applications of the materials is
in progress and will be reported subsequently.

Experimental Section

Materials. Tetrachlorosilane and trichloromethylsilane
were purchased from Aldrich, distilled, and stored over Linde
4 A molecular sieves. Diethylene glycol methyl ether, 2-meth-
oxyethanol, tetramethylethylenediamine (TMEDA), triethyl-
amine, N,N-dimethylethanolamine, and poly(ethylene glycol)
methyl ether (M, = 350) were purchased from Aldrich and
dried over sodium. All compounds except for poly(ethylene
glycol) methyl ether were distilled and stored over Linde 4 A
molecular sieves. Mel was purchased from Pfaltz and Bauer
Inc.andwas reacted with Na,S,Os until colorless. Dilithioferrocene-
TMEDA was synthesized following the method of Bishop et
al.*® A solution of HCI in Et,O (1.0 M) was purchased from
Aldrich and used as received. Karstedt's catalyst, a (divinyl-
tetramethyldisiloxane)platinum(0) complex in vinyl-termi-
nated poly(dimethylsiloxane), was purchased from Gelest Inc.
and was diluted with toluene prior to use.

Equipment. All reactions and manipulations were carried
out in either an inert-atmosphere glovebox or under an
atmosphere of prepurified nitrogen using Schlenk techniques.
IH NMR spectra were recorded using Varian Gemini 200 and
300 MHz instruments. **C NMR were recorded on a Varian
Unity 300 and a 400 MHz Varian Unity 400 spectrometer.
29Si NMR (79.5 MHz) were also recorded on the Varian Unity
400 spectrometer in a proton decoupled mode using DEPT
pulse sequence with 2Jsi-y = 6.7 Hz. *H NMR spectra were
referenced to residual protonated solvents, and 3C spectra
were referenced to the CgsDs signal at 128.0 ppm unless
otherwise noted. Solid-state 'H, 3C, and ?°Si NMR spectra
were recorded on a Bruker DSX 200 spectrometer. '"H NMR
spectra were obtained with a spinning rate of 9.5 MHz and a
recycle delay of 3 s. 33C NMR spectra were recorded with a
spinning rate of 5.5 MHz, a recycle delay of 4 s, and a typical
contact time of 2 ms. Solid-state 2°Si NMR were recorded using
a recycle delay of 10 s, a contact time of 5 ms, and a spinning
rate of 4 MHz. Molecular weight estimates were obtained via
gel-permeation chromatography (GPC) using a Waters Associ-
ates 2690 separations module equipped with a column heater,
Ultrastyragel columns with pore sizes of 103—105 A, in-line
degasser, 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 standards
purchased from American Polymer Standards were used for
calibration purposes. Elemental analyses were performed by
Quantitative Technologies Inc., Whitehouse, NJ. Mass spectra
data were obtained with a VG 70-250S mass spectrometer
operating in electron impact mode (El, 70 eV). The thermal
behavior of polymers 6, 7, 10a, 10b, and 12 was studied using
a Perkin-Elmer DSC-7 differential scanning calorimeter
equipped with a TAC 7 instrument controller. The melting
transitions for indium and cyclohexane were used as references
for calibration and were obtained at a heating rate of 10 °C/
min under nitrogen. Ty values are accurate within +5 °C.
Thermogravimetric analyses were performed at a heating rate
of 10 °C/min under N; using a Perkin-Elmer TGA and
thermogravimetric analyzer. Dynamic light scattering mea-
surements were performed on a wide angle light scattering
photometer from Brookhaven Instruments, using a 5 mW
vertically polarized He—Ne laser (633 nm, Spectra Physics
model) as the light source. Solutions of various concentrations
(2 g/L, 4 g/L) were prepared at room temperature in distilled
water. The distilled water was filtered with 0.2 um Gelman
PTFE filters. The cells were placed into the BI-200SM goni-
ometer (Brookhaven Instruments) and sat in a vat of thermo-
stated toluene which matched the refractive index of the glass
cell. The scattered light was monitored at an angle of 90° using
a Brookhaven photomultiplier unit and a BI-2030 AT digital
correlator with 136 data channels. Six delay channels were
used for establishing a baseline (correlation function at in-
finite time). Before analysis, data sets were checked for
interference from dust by comparing the measured and
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calculated baselines. For differences greater than 0.2%, the
data were discarded. The software used to analyze the data
was provided by Brookhaven Instruments Corp. Ultrasonica-
tion was performed using a 60 W bath, and samples were
sonicated for 1 h.

Synthesis of Fe(n-CsH.).SiCl; (3). This compound was
synthesized following the method of Wrighton et al.*® Yield:
15.2 g (77%).

Synthesis of Fe(ﬂ-C5H4)QSi(OCHchQOCHg)g (4) A211
mL (26.7 mmol) aliquot of CH;OCH,CH,OH was added to a
solution containing 3 (3.78 g, 13.4 mmol) and Et3N (18.7 mL,
134 mmol) in 400 mL of Et,O under N.. The reaction was
allowed to proceed with stirring for 1 h and filtered, and the
solvent was removed in vacuo to afford a dark red liquid (2.91
g, 60% vyield). 'TH NMR (C¢Ds, 300 MHz): 6 = 3.16 (s, 6H,
OCH3), 3.42 (t, 4H, CH20), 4.14 (t, 4H, SIOCHy), 4.31 (m, 4H,
Cp), 4.44 (m, 4H, Cp). 3C NMR (Cg¢Dg, 400 MHz): ¢ = 41.0
(ipso-Cp), 58.6 (SIOCH.), 62.2 (OCHs3), 73.9 (OCHy), 75.8 (Cp),
78.0 (Cp). 2°Si NMR (CgDs, 400 MH2z): 6 = —34.1. Anal. Calcd
for Ci6H2,FeO4Si: C, 53.0; H, 6.1. Found: C, 53.1; H, 6.0. MS
(El, 70 eV): m/z = 362 (M*, 100%).

Synthesis of Fe(T]-CsH4)28|(OCHchzoCHchzoCH3)z
(5). The alcohol HOCH,CH,OCH,CH,OCH; (0.84 mL, 7.1
mmol) was added to a solution of EtzN (4.92 mL, 35.3 mmol),
3 (1.00 g, 3.54 mmol), and 300 mL of Et,O under N,. The
solution was stirred for 2 h and filtered, and the solvent was
removed under vacuo to afford 5 as a viscous red material (1.25
g, 79% vyield). *H NMR (C¢Dg, 300 MHz): 6 = 3.22 (s, 6H,
OCH3), 3.48 (t, 4H, OCHy), 3.50 (t, 4H, OCHy), 3.56 (t, 4H,
OCHy), 3.78 (t, 4H, SIOCHy), 4.37 (m, 4H, Cp), 4.46 (m, 4H,
Cp). ¥C NMR (C¢Dgs, 300 MHz): 6 = 38.8 (ipso-Cp), 56.5
(SIOCHy), 60.2 (OCH3), 68.6, 70.1, and 70.4 (OCHy), 73.6 (Cp),
75.7 (Cp). 2Si NMR (CgDs, 400 MHz): 6 = —34.0. MS (EI,
eV): m/z = 450 (M*, 100%).

General Synthesis of Poly(ferrocenylsilanes) 6 and 7.
Polymers 6 and 7 were prepared analogously from monomers
4 and 5, respectively. Therefore, the general synthesis is
illustrated by that of 6.

Immediately following the synthesis of 4, (2.00 g, 5.43 mmol)
10 mL of THF was added as well as Karstedt's catalyst (0.20
mL, 0.0010 wt %). The polymerization reaction was left stirring
at room temperature overnight and the polymer then precipi-
tated into methanol. The solution was decanted and the
polymer dried in vacuo to afford 6 as an adhesive dark amber
gum (1.42 g, 71%). *H NMR (CsDs, 300 MHz): 6 = 3.22 (s,
6H, OCHs), 3.49 (t, 4H, CH,0), 4.15 (t, 4H, SiIOCH,), 4.53 (m,
4H, Cp), 4.69 (m, 4H, Cp). 3C NMR (CgDs, 300 MHz): ¢ =
58.9 (SIOCHy), 62.9 (OCHgs), 66.5 (ipso-Cp), 73.2 (Cp), 74.4
(CH;0), 74.8 (Cp). 2°Si NMR (C¢Ds, 400 MHz): 6 = —19.4.
Anal. Calcd for C46H22Fe04Si: C, 53.0; H, 6.1. Found: C, 53.0;
H, 6.2. GPC: M,, = 235 400, M,, = 616 500, PDI = 2.62.

For 7, an adhesive dark amber gum: vyield, 1.07 g, 86%. 'H
NMR (C¢Ds, 300 MHz): 6 = 3.20 (s, 6H, OCHs), 3.46 (t, 4H,
OCHy,), 3.62 (m, 8H, OCHy), 4.18 (t, 4H, SIOCH,), 4.54 (m, 4H,
Cp), 4.70 (m, 4H, Cp). **C NMR (C¢Dg, 400 MHz): 6 = 58.9
(SiIOCHy), 63.0 (OCHg), 66.4 (ipso-Cp), 70.9, 72.5, and 73.1
(OCHy), 73.2 (Cp), 74.7 (Cp). ?°Si NMR (CsDs, 400 MHz): 6 =
—20.8. GPC: M, = 101 800 M,, = 261 500. PDI = 2.57.

Synthesis of [Fe(5-CsH4).SiMeClI] (8). The monomer, 8,
was synthesized following the previously reported method.*®
Yield: 14.7 g (82%).

Synthesis of [Fe(n-CsH.).SiMeCl], (9). To a solution of
Fe(n-CsHa,).SiMeCl (1.00 g, 3.82 mmol) in toluene (25 mL) was
added a catalytic amount of PtCl, (2.0 mol %, 20 mg). This
solution was allowed to stir overnight. The polymer was then
precipitated into freshly distilled hexanes and dried in vacuo
overnight to obtain [Fe(7-CsH,4).SiMeCl], as an orange powder.

Synthesis of [Fe(n-CsH4).SiMe(OCH,CH,)OCHzs], (10).
Synthesis of 10a. Polymer 9 (1.00 g, 3.82 mmol) was dissolved
in toluene (100 mL), to which was added an excess of
triethylamine (5.30 mL, 38.0 mmol) and poly(ethylene glycol)
methyl ether, M, = 350 (1.33 g, 3.80 mmol). The solution was
stirred overnight and filtered, and excess triethylamine and
toluene were removed in vacuo. The product was washed with
hexanes and then ether to remove excess poly(ethylene glycol)



Macromolecules, Vol. 33, No. 1, 2000

methyl ether. The polymer 10a was recovered as a dark amber,
highly viscous material (1.85 g, 85% vyield). 'H NMR (CgDs,
300 MHz): 6 = 0.78 (s, 3H, CHg), 3.11 (s, 3H, OCHj3), 3.14—
3.70 (br, 32H, OCH,CH,), 3.89 (br, 2H, SiOCH,), 4.10—4.48
(br, 8H, Cp). 13C NMR (CgDs, 400 MHz): 6 = —1.7 (Si—CHy),
58.6—62.9 (OCH,CH,), 68.2 (ipso-Cp), 69.0—71.0 (OCH,CH,),
72.4—74.5 (OCH,CH, and Cp). ?°Si NMR (C¢Dsg, 400 MHZz): 6
= 3.7. GPC: M, = 56 000, M,, = 128 100, PDI = 2.29. The
higher molecular weight analogue (10b) was prepared simi-
larly and was isolated as an amber gum (1.21 g, 81%). *H NMR
(CsDs, 300 MHz): 6 = 0.77 (s, 3H, CHj3), 3.18 (s, 3H, OCH3),
3.30—3.60 (br, 32H, OCH,CHy), 3.90 (br, 2H, SiOCH,), 4.21—
4.52 (br, 8H, Cp). GPC: M, = 189 700, M,, = 411 200, PDI =
2.17.

Synthesis of [Fe(-CsH.).SiMe(OCH,CH>NMe,)], (11).
To a solution of 9 (0.50 g, 1.9 mmol) in 125 mL of toluene was
added 2.67 mL of EtzN (19.1 mmol) and 0.19 mL (1.9 mmol)
of HOCH,CH:;NMe.. The solution was stirred overnight, and
7.7 uL (0.29 mmol) of MeOH was added to the reaction mixture
to ensure full substitution of the chlorine atoms. The solution
was then filtered, excess EtsN and MeOH were removed in
vacuo, and the product was washed with ethanol and hexanes
to obtain 11 (0.45 g, 75%) as an orange gum. *H NMR (CsDs,
200 MHz): 6 = 0.46 (s, 3H, Si—CHs3), 2.18 (s, 6H, N(CHs),),
2.50 (br, 2H, N—CHy), 3.89 (br, 2H, SiOCH,), 4.22—4.48 (br,
8H, Cp). *H NMR (d;-DMF, 200 MHz): ¢ = 0.68 (s, 3H, Si—
CHgs), 2.31 (s, 6H, N(CH3)2), 2.58 (m, 2H, NCH,), 4.14—4.42
(10H, br, SIOCH; and Cp). 3C NMR (CsDs, 300 MHz): 6 =
0.0 (Si—CHj3), 46.2 (NMey), 61.9, 62.1, 69.7 (OCH,CH, and ipso-
Cp), 72.4—74.5 (Cp). 2Si NMR (d;-DMF, 400 MHz): 6 = 0.5.
GPC: M, = 22500, My, = 41 100, PDI = 1.83. Anal. Calcd for
CisH21FeNOSi: C, 57.2; H, 6.7; N, 4.5. Found: C, 57.0; H, 6.6;
N, 4.4.

Synthesis of [Fe(-CsH4).SiMe(OCH,CH>NMesl)]n (12).
Polymer 11 (0.20 g, 0.64 mmol) was dissolved in 15 mL of
CH_Cl,. To this solution was added 40.0 L (0.643 mmol) of
Mel. The reaction mixture was then refluxed overnight while
a yellow-orange polymer precipitated out of solution. The
CH_ClI; was evaporated in vacuo and the polymer washed with
THF and CH,CI; to afford 12 (0.25 g, 85% yield). 'H NMR (d+-
DMF, 200 MHz): 6 = 0.78 (s, 3H, Si—CHjs), 3.45 (s, 9H,
N(CHs3)3), 3.52 (s, 2H, N—CHy), 3.89 (s, 2H, SiOCHy), 4.15—
4.52 (br, 8H, Cp). C NMR (d;-DMF, 400 MHz): 6 = —3.2
(Si—CHgs), 53.0 (N(CH3)3), 57.1, 66.5, and 67.6 (OCH,CH, and
ipso-Cp), 71.4—73.4 (Cp). 2°Si NMR (d;-DMF, 400 MHz): ¢ =
5.6. CP-MAS BC NMR: 6 = —2.5 (Si—CHjs), 53.0 (N(CHa)s),
57.0 (NCHy), 67.0 (OCH; and Cp), 72.0 (Cp). Anal. Calcd for
Ci6H24FeNOSIL: C, 41.9 H, 5.3; N, 3.1. Found: C, 41.3; H, 5.3;
N, 2.6.

Synthesis of [Fe(n-CsH,),SiMe(OCH,CH,NMe,HCI)],
(13). Polymer 11 (0.20 g, 0.64 mmol) was dissolved in 15 mL
of THF. To this solution was added 0.63 mL (0.63 mmol) of
HCI in Et;O (1.0 M). An orange precipitate immediately
formed. The THF was decanted and the polymer washed with
THF and hexanes to afford 13 (0.19 g, 86% yield). *H NMR
(d7-DMF, 200 MHz): 6 = 0.70 (br, 3H, Si—CHj3), 2.91 (br, 6H,
N(CHs)2), 3.30 (br, 2H, NCHy>), 4.16—3.50 (br, 10H, SiOCH,
and Cp). *C NMR (d;-DMF, 400 MHz): 6 = —3.0 (Si—CHy3),
43.7 (N(CHs),H), 57.3 (NCH), 60.8 (OCHy), 68.3 (ipso-Cp),
71.5—74.6 (Cp). 2°Si NMR (d;-DMF, 400 MHz): 6 = 0.9.

Acknowledgment. We thank the Natural Sciences
and Engineering Research Council of Canada (NSERC)
for a Postgraduate Scholarship (1997-2001) for K.N.P-
B. In addition, .M. is grateful to NSERC for an E.W.R.
Steacie Fellowship (1997—1999) and the University of
Toronto for a McLean Fellowship (1997—2003). Special
thanks to Dr. Hiltrud Grondey and Kevin Kulbaba for
the solid-state NMR spectra as well as Raluca Barjo-
vanu and Jason Massey for dynamic light scattering
analysis and helpful discussions. Thanks are also due
to Mark MacLachlan for useful suggestions.

Poly(ferrocenylsilanes) 31

References and Notes

(1) Shalaby, S. W., Butler, G. B., McCormick, C. L., Eds. Water-
Soluble Polymers: Synthesis, Solution Properties and Ap-
plications; American Chemical Society: Washington, DC,
1991.

(2) (a) McCormick, C. L.; Bock, J.; Schultz, D. N. In Encyclopedia
of Polymer Science and Engineering; Mark, H. F., Bikales,
N. M., Overberger, C. G., Menges, G., Eds.; Wiley: New York,
1989; Vol. 17, p 730. (b) Reference 2a, p 757.

For example: (a) Allcock, H. R. In Inorganic and Organo-
metallic Polymers I1-Advanced Materials and Intermediates;
Wisian-Neilson, P., Allcock, H. R., Wynne, K. J., Eds.; ACS
Symposium Series 572; American Chemical Society: Wash-
ington, DC, 1994; Chapter 17, p 208. (b) Shriver, D. F;
Blonsky, P. M.; Austin, P.; Allcock, H. R. 3. Am. Chem. Soc.
1984, 106, 6854. (c) O’'Connor, S. J. M.; Ravikiran, R.; Allcock,
H. R. Macromolecules 1997, 30, 3184.

(4) (a) van Walree, C. A,; Cleij, T. J.; Zwikker, J. W.; Jenneskens,
L. W. Macromolecules 1995, 28, 8696. (b) Seki, T.; Tohnai,
A.; Tamaki, T.; Kaito, A. Macromolecules 1996, 29, 4813. (c)
Terunuma, D.; Nagumo, K.; Kamata, N.; Matsuoka, K.;
Kuzuhara, H. Chem. Lett. 1998, 681. (d) Lyons, L. J;
Southworth, B. A.; Stam, D.; Yuan, C.-H.; West, R. Solid State
lonics 1996, 91, 169. (e) Cleij, T. J.; Jenneskens, L. W_;
Kluijtmans, S. G. J. M. Adv. Mater. 1997, 9, 961.

(5) Khan, F. B. D.; Neuse, E. W. Macromolecules 1986, 19, 269.

(6) (a) Foucher, D. A,; Tang, B.-Z.; Manners, I. 3. Am. Chem.
Soc. 1992, 114, 6246. (b) Manners, I. Chem. Commun. 1999,
857.

(a) Rulkens, R.; Lough, A. J.; Manners, I. J. Am. Chem. Soc.
1994, 116, 797. (b) Rulkens, R.; Ni, Y.; Manners, I. J. Am.
Chem. Soc. 1994, 116, 12121. (c) Ni, Y.; Rulkens, R.; Manners,
1. J. Am. Chem. Soc. 1996, 118, 4102. (d) Ni, Y.; Rulkens, R;
Pudelski, J. K.; Manners, I. Macromol. Rapid Commun. 1995,
16, 2263. (e) Tanaka, M.; Reddy, N. P.; Yamashita, H. J.
Chem. Soc., Chem. Commun. 1995, 2263.

(8) For the work of others on ring-opened poly(ferrocenes) see:
(a) Brandt, P. F.; Rauchfuss, T. B. J. Am. Chem. Soc. 1992,
114, 1926. (b) Compton, D. L.; Brandt, P. F.; Rauchfuss, T.
B.; Rosenbaum, D. F.; Zukoski, C. F. Chem. Mater. 1995, 7,
2342. (c) Stanton, C. E.; Lee, T. R.; Grubbs, R. H.; Lewis, N.
S.; Pudelski, J. K.; Callstrom, M. R.; Erickson, M. S
McLaughlin, M. L. Macromolecules 1995, 28, 8713. (d)
Buretea, M. A.; Tilley, T. D. Organometallics 1997, 16, 1507.
(e) Pannell, K. H.; Dementiev, V. V.; Li, H.; Cervantes-Lee,
F.; Nguyen, M. T.; Diaz, A. F. Organometallics 1994, 13, 3644.
(f) Barlow, S.; Rohl, A. L.; Shi, S.; Freeman, C. M.; O’'Hare,
D. J. Am. Chem. Soc. 1996, 118, 7578. (g) Calleja, G.; Carre,
F.; Cerveau, G.; Corriu, R. J. P. C. R. Acad. Sci., Ser. II: Fas.
C—Chem. 1998, 4, 285.

(9) (a) Nguyen, P.; Lough, A. J.; Manners, I. Macromol. Rapid
Commun. 1997, 18, 953. (b) Nguyen, P.; Stojcevic, G.;
Kulbaba, K.; MacLachlan, M. J.; Liu, X.-H.; Lough, A. J,;
Manners, I. Macromolecules 1998, 31, 5977.

(10) Allcock, H. R.; Ravikiran, R.; O'Connor, S. J. M. Macromol-
ecules 1997, 30, 2092.

(11) (a) Decher, G. Science 1997, 277, 1232. (b) Takeoka, Y.; Aoki,
T.; Sanui, K.; Ogata, N.; Yokoyama, M.; Okano, T.; Sakurai,
Y.; Watanabe, M. J. Controlled Release 1995, 33, 79.

(12) Kopf-Maier, P.; Kopf-Maier, H.; Neuse, E. W. Angew. Chem.,
Int. Ed. Engl. 1984, 23, 456.

(13) Wrighton, M. S.; Palazzatto, M. C.; Bocarsly, A. B.; Bolts, J.
M.; Fischer, A. B.; Nadjo, L. J. Am. Chem. Soc. 1978, 100,
7264.

(14) Manners, I. Adv. Organomet. Chem. 1995, 37, 131.

(15) Zechel, D. L.; Hulzsch, K. C.; Rulkens, R.; Balaishis, D.; Ni,
Y.; Pudelski, J. K.; Lough, A. J.; Manners, |. Organometallics
1996, 15, 1972.

(16) Nguyen, P.; Stojcevic, G.; Manners, |I. Unpublished results.

(17) Foucher, D. A.; Ziembinski, R.; Tang, B.-Z.; Macdonald, P.
M.; Massey, J.; Jaeger, C. R.; Vancso, G. J.; Manners, I.
Macromolecules 1993, 26, 2878.

(18) Bishop, J. J.; Davison, A.; Katcher, M. L.; Lichtenburg, D.
W.; Merrill, R. E.; Smart, J. C. J. Organomet. Chem. 1971,
27, 241.

MA991350C

3

=

7

~



