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’ INTRODUCTION

During the past 2 decades metal-containing polymers have
attracted considerable scientific attention because of their unique
geometries, physicochemical characteristics, and great potential
as functional materials.1�5 Among these metallopolymers, sili-
con-based ferrocenyl polymers were found to exhibit useful pro-
perties including redox and catalytic activity and magnetic and
optical responses, as well as good thermal stability and solubility.5�8

In addition, silicon-containing ferrocenyl polymers have signifi-
cant applications as precursors to functional magnetic ceramics,9

conducting materials,10 and electrode modifiers7,11 and also as
electrochemical biosensors.12

A challenging synthetic target is the possibility to integrate
different, selected, organometallic centers in predetermined sites
of the silicon-based polymer structure. The presence of two or
more, different metal centers within the samemacromolecule can
profoundly affect both the physical properties and the reactivity
of the resulting polymeric system. Although synthetic methods
for silicon-containing homometallic polymers arewell developed,6�8

synthetic efforts for the construction of silicon-based polymers

having two or more different organotransition metal moieties are
limited, and only a few attempts have been made in this direction
so far. Manners et al. have reported interesting well-defined
heterometallic polyferrocenylsilanes containing pendant cobalt,
molybdenum and nickel organometallic units, which were pre-
pared by complexation of the CtC bonds of acetylide substi-
tuted polyferrocenylsilanes with Co2(CO)8, {Mo(η5-C5H5)-
(CO)2}2, and {Ni(η5-C5H5)(CO)}2 units, respectively.

13 Very
recently, the same group has also prepared remarkable examples
of silicon-containing heterobimetallic block copolymers with
ferrocene and cobaltocenium units in the main-chain by an appealing
photocontrolled ring-opening polymerization process of strained sila-
[1]ferrocenophane and cobaltocenophane monomers.14 In addition
to silicon-based heterometallic polymers, well-defined carbosilane
dendrimers containing different organotransition metal moieties
within the same dendritic molecule have also been synthesized.15,16
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ABSTRACT:Novel highly functionalized polysiloxanes have been
synthesized, which bear small pendant dendritic wedges containing
two different redox-active organometallic moieties, namely the
electron-donating ferrocenyl group and the electron withdrawing
(η6-aryl)tricarbonylchromium entity. Hydrosilylations of vinylsilyl-
functionalized (CH2dCH)MePhSiFc (1) and allylsilyl-terminated
dendron (CH2dCHCH2)PhSi[(CH2)2MePhSiFc]2 (3), with the
Si�H-containing polysiloxane backbones (Me3SiO)(MeSiHO)n-
(Me2SiO)m(SiMe3) (n = 30�35%, m = 65�70%), and
(Me3SiO)(MeSiHO)n(SiMe3) (n ∼ 35) successfully afforded
the novel siloxane-based copolymers 8 and 9 and homopolysi-
loxanes 10 and 11 possessing appended organometallic dendritic side chains. Thermal treatment of 8with Cr(CO)6 and reaction of
10 with (CH3CN)3Cr(CO)3 further increased metal density of the polymers affording polysiloxanes 12 and 13 carrying (η5-
C5H4)Fe(η

5-C5H5) and (η6-C6H5)Cr(CO)3 moieties hanging from their polysiloxane chain. Similar reactions, starting from
1,1,3,3-tetramethyldisiloxane and phenyltris(dimethylsiloxy)silane, were also a convenient way to prepare the corresponding homo
and heterometallic model compounds [MePhFcSi(CH2)2Me2Si]2O (5), [{(η6-C6H5)Cr(CO)3}MeFcSi(CH2)2Me2Si]2O (6),
and PhSi[OMe2Si(CH2)2MePhSiFc]3 (7). These model compounds and the metallopolysiloxanes were characterized by IR,
multinuclear NMR spectroscopies and mass spectrometry. Thermogravimetric analysis (TGA) established that dendronized
polysiloxanes 9 and 11, with ferrocenyl dendrons derived from 3, possess higher thermal stability than parent ferrocenyl
polysiloxanes 8 and 10. Ferrocenyl dendronized polysiloxanes 9 and 11 yield ceramic products, which have been characterized
by SEM and EDX microanalyses. Solution electrochemical studies showed that all the ferrocenyl units present in polysiloxanes
8�13 are electrochemically independent. Ferrocenyl polysiloxanes 8�11, deposited electroactive films onto electrode surfaces.
Their well-defined and persistent redox waves are characteristic of electrochemically stable, surface-confined reversible redox
couples.
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In the last years, we have been exploring routes for the
construction of new families of redox-active organometallic
dendritic and polymeric structures.7,15,17 In this context, our
long-standing interest in siloxane-based organometallic polymers
and in silicon-based organometallic dendrimers, naturally led us
to the investigation of novel dendronized polymers in which
ferrocenyl-containing dendritic building-blocks are grafted onto
multifunctional, flexible poly(methylsiloxane) backbones. Den-
dronized polymers merge concepts of dendrimers and linear
polymers, as they are composed of a linear polymer backbone to
which dendrons of increasing size (i.e., generations) are appended.18

This exclusive architecture makes dendronized polymers unique
macromolecules and interesting candidates for a variety of nano-
scale applications, such as molecular wires, self-adaptative mate-
rials and functional scaffolds for catalysis.18 The combination of
the unique architectural features of dendritic molecules together
with the electroactivity of the ferrocene entity and the well-
known remarkable features and properties of poly(methylsiloxanes)
(such as chemical stability, thermal and thermo-oxidative stabi-
lity, dynamic flexibility, high permeability to gases and low
toxicity),19 is an attractive strategy for controlling the physical
and redox properties of the resulting hybrid macromolecules.
In spite of the fact that a variety of dendronized polymers has
been synthesized and numerous metallodendrimers have been
reported,20 only very few studies have addressed the synthesis of
dendronized polymers containing organotransition metallic
moieties.21 In this context, Manners and co-workers have re-
ported noteworthy organometallic silicon-containing dendro-
nized polymers, which were constructed by the macromolecular
reaction of a reactive poly(ferrocenylchloromethylsilane) back-
bone and dendrons with a focal hydroxy group.21a Likewise, Astruc
et al. have recently prepared interesting ferrocenyl-containing
dendronized polymers by the AIBN-initiated radical polymerization
of ferrocenyl-functionalized styrenic dendrons.21b

With these considerations in mind, as the first step toward
developing ferrocenyl-containing dendronized polysiloxanes,
some years agowe prepared polysiloxanes containing small pendant
electroactive wedges possessing electronically communicated
ferrocenyl moieties.7a In this work, we extend our effort in the
area of siloxane-based redox-active organometallic macromole-
cules. Herein, we report full details on the synthesis via hydro-
silylation chemistry, characterization, thermal behavior, and
redox properties of a series of new polysiloxanes functionalized
with small appended dendritic wedges containing both electron-
donor ferrocenyl units and electron-acceptor (η6-aryl)tricarbo-
nylchromium fragments, and we compare their properties with
those of closely related siloxane-bridged model compounds.

’RESULTS AND DISCUSSION

Synthesis and Characterization of Siloxane-Bridged Model
Compounds 5�7.The synthesis of the targeted poly{ferrocenyl}-
poly{(η6-C6H5)Cr(CO)3} siloxane-based dendronized materials
implies, as first step, the preparation of suitable olefin-substituted
dendritic fragments with desired organometallic functionalities that
will subsequently be grafted to Si�H-containing reactive poly-
siloxane backbones by means of hydrosilylation reactions. Hy-
drosilylation is one of the most important reactions to form
Si�C bonds in organosilicon chemistry,22 although its use for
the introduction of organometallic moieties into macromolecular
structures has beenmuch less explored. Some noteworthy examples
of ferrocenyl-containing silicon-based polymers prepared via

hydrosilylation reactions have been reported by Pannell et al.,8e,23a

Manners et al.,23b Sheridan et al.,23c Frey et al.,8d and M€uller
et al.8i and by our own group.7a�d

The key molecules from which we chose to construct homo
and heterometallic polysiloxane materials were ferrocenyl-
methylphenylvinylsilane 1, and first generation bis(ferrocenyl)
dendron 3. These starting molecules were successfully synthe-
sized, as shown in Scheme 1, through the combination of several
reactions, namely: (i) low temperature salt metathesis reaction
between monolithioferrocene with methylphenylvinylchlorosi-
lane, (ii) Karstedt's catalyzed hydrosilylation of 1 with phenyl-
chlorosilane, and (iii) alkenylation reaction of the chlorosilane
functionality of intermediate compound 2 with allylmagnesium
bromide.15a Both ferrocenyl compounds, 1 and 3, bear a single
reactive focal CdC functionality, making further building of
macromolecular structures by hydrosilylation possible, as well as
additionally providing a phenyl binding site for potential co-
ordination of a different organotransitionmetal fragment in addi-
tion to ferrocene.
Before preparing the targeted polysiloxanes bearing ferrocenyl

and (η6-aryl)Cr(CO)3 moieties pendant to their backbones,
well-defined siloxane-bridged homo and heterometallic model
compounds were synthesized, in order to determine whether a
similar strategy might provide access to heterometallic polysilox-
anes and allow to understand the properties of this class of
materials more thoroughly. In this way, the reactivity of the vinyl
group in 1 toward a Si�H-difunctional disiloxane was, at first,
studied as a model reaction, as it is outlined in Scheme 2.
Hydrosilylation of 1 with 1,1,3,3-tetramethyldisiloxane, in to-
luene solution and in the presence of Karstedt's catalyst, occurred

Scheme 1. Synthesis of Si�Olefin and Si�Phenyl Bifunc-
tionalized Ferrocenyl Compounds

Scheme 2. Synthetic Routes for the Preparation of Disilox-
ane Model Compounds 5 and 6
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effectively with full conversion of the olefinic group after 4 h, at
45 �C. This reaction afforded the desired bimetallic 5, containing
silicon-bridged ferrocenyl and phenyl groups linked through the
Si�O�Si chain. Purification of the resulting hydrosilylated pro-
duct was effected by column chromatography on silica, resulting
in bimetallic disiloxane-bridged model compound [MePhFcSi-
(CH2)2Me2Si]2O (5) (Fc = (η5-C5H4)Fe(η

5-C5H5)), which
was isolated as an air stable, highly pure orange product, in 89%
yield. 1H and 13C NMR spectral data of 5 (see below) suggested
the regiospecific formation of the β-isomer since evidence for the
formation of the α-isomer was not detected.
For the synthesis of heterometallic model compound [{(η6-

C6H5)Cr(CO)3}MeFcSi(CH2)2Me2Si]2O (6) two synthetic
approaches can be envisaged (paths A and B in Scheme 2).
The first attempt to obtain 6 (path B, bottom) proceeded via
hydrosilylation of the previously prepared vinylsilyl-functionalized
heterobimetallic compound 415a with the bifunctional silylhy-
dride, [Me2SiH]2O. In sharp contrast to ferrocenylmethylphe-
nylvinylsilane 1, all attempts to graft by hydrosilylation reac-
tion, the Cr(CO)3 complexed vinylsilane 4 failed in large
measure, as only trace quantities of the desired heterometallic 6
were obtained. The poor reactivity of the Si�CHdCH2 group in
heterobimetallic 4, as compared to the closely related homo-
metallic 1, in all probability reflects the presence of tricarbonyl-
chromium fragment in 4, which induced electron-deficiency in
the phenyl rings bound to the Si�vinyl group and decreased the
effectiveness of hydrosilylation with Si�H functionalized mole-
cules.24 In view of these results, for further synthetic studies, this
path to 6 and related Cr(CO)3-containing poly(methylsiloxanes)
did not seem very promising and was therefore abandoned. The
π-coordinating ability of the two electron-rich phenyl rings in 5
toward transition metals represented an alternative synthetic
access to the targeted mixed ferrocenyl-chromium molecule 6
(Scheme 2, path A, top). For this purpose, we reacted bimetallic 5
with chromium hexacarbonyl in the donor medium n-dibutyl
ether/THF, which after appropriate purification afforded the
desired doubly η6-complexed heterotetrametallic disiloxane 6 in
reasonable yield.25

We were then interested in testing the hydrosilylation reactiv-
ity of vinylsilane 1 toward phenyltris(dimethylsiloxy)silane. The
choice of this derivative was intentional since it contains three
reactive Si�H groups that permit chemical modifications, and
branched siloxane units, which make it a useful building block for
the synthesis of more complex siloxy-type molecules. We have
found that hydrosilylation of 1 with the trifunctional PhSi-
[OSiMe2H]3, under the same experimental conditions as those

used for the formation of 5, was a successful process and afforded
the hydrosilylated, T-shaped compound 7 (Scheme 3). Once
separated, compound 7, which contains three ferrocenyl moieties
and four noncoordinated arene rings, was isolated as a crystalline
yellow-orange solid. Freshly obtained, three-arm compound 7
was sufficiently soluble in CH2Cl2, THF, and CDCl3, which
enabled us to purify the compound by column chromatography,
and to characterize it by IR and 1H, 13C and 29Si NMR spectro-
scopies and mass spectrometry (see below). However, the com-
pound became insoluble after being dried during a long period
under vacuum and stored during several weeks under argon,
possibly due to the formation of supramolecular aggregates.
Because of this insolubility, further reactions of trisferrocenyl
derivative 7 with Cr(CO)6, in order to obtain the corresponding
heterometallic derivatives, are precluded.
The structural identities of novel siloxane-bridged compounds

5�7 were unambiguously supported by spectroscopic data and
elemental analysis. The 1H NMR spectra of 5, 6, and 7 revealed
the formation of the desired products, as the integrated ratio of all
different groups is in accord with the structural composition. All
compounds show the pattern of resonances centered at about δ
4.0�4.1 and δ 4.1�4.5 ppm, characteristic of the unsubstituted and
substituted cyclopentadienyl ligands in the ferrocenyl moieties.
In the 1H NMR spectrum of heterometallic fully metalated

disiloxane 6, the complete η6-coordination of the Cr(CO)3
moieties to the two phenyl rings in 5 was confirmed by the
absence of resonances in the range 7.3�7.5 ppm, in which the
aryl resonances of noncoordinated 5 are observed, and by the
existence of new signals of complexed arene protons between δ
5.1 and 5.5 ppm (see Figure 1, parts A and B). In addition,
resonances at ca. ∼ 233 ppm due to the carbonyl carbon atoms
were observed in the 13C NMR spectra of 6. For the doubly η6-
complexed heterotetrametallic compound 6, additional evidence
for coordination of theCr(CO)3 group to the phenyl rings included
the presence of the two strong CO stretching vibrations at 1967
and 1889 cm�1 in the IR spectra, related to the A1 and E vibration
modes of the Cr(CO)3 tripod. Likewise, the IR spectra of 5�7

Scheme 3. Synthesis of T-Shaped Si�Phenyl Bearing
Trisferrocenyl Compound 7

Figure 1. Comparison of the 1H NMR spectra (in CDCl3): (A) bis-
ferrocenyl disiloxane model compound 5; (B) heterometallic disiloxane
model compound 6; (C) ferrocenyl copolymer 8; (D) Cr(CO)3-con-
taining ferrocenyl copolymer 12.



7997 dx.doi.org/10.1021/ma201748d |Macromolecules 2011, 44, 7994–8007

Macromolecules ARTICLE

exhibit strong stretching vibrations, characteristic of Si�O�Si
siloxane linkages near 1036�1132 cm�1.
As expected, 29Si NMR spectra of 5�7 exhibit two signals in

each compound corresponding to two different types of silicon
environments present in the molecules. The signals at δ = �5.1
ppm (for 5), �1.5 ppm (for 6) and �5.3 ppm (for 7) were
assigned to the outer silicon atoms bridging the ferrocenyl and
phenyl units, and the resonances shifted downfield at δ = 8.1
ppm (for 5), 8.3 ppm (for 6), and 9.6 ppm (for 7) were attributed
to the innerD-type silicon atom in the Si�O�Si bridge. Trimetallic
7 exhibits an additional signal at δ =�77.7 ppm characteristic of a
trifunctional T silicon atom with a phenyl substituent.26,27

Mass spectrometry provided further evidence for the forma-
tion of the new polymetallic systems. Thus, fast atom bombard-
ment (FAB) mass spectrum for bisferrocenyl disiloxane 5 gave

the molecular ion atm/z 798.1 as dominant peak, as well as some
informative fragmentation peaks (Figure 2A). Likewise, in the
FAB mass spectrum of 6, peaks attributable to characteristic
consecutive losses of Cr(CO)3 and 2Cr(CO)3 units were
detected, in addition to the peak corresponding to the molecular
ion M+ at m/z 1069.9. Evidence of the targeted tris(ferrocenyl)-
siloxane 7 was also provided by the MALDI�TOFmass spectrum
(Figure 2B) which revealed a peak at m/z = 1327.2, correspond-
ing to the molecular ion M+. The insets in parts A and B of
Figure 2 reveal that the agreement between the experimental and
calculated isotopic patterns is excellent.
Synthesis and Characterization of Homo- and Heterome-

tallic Polysiloxanes 8�13. The next task in the present study
was to construct novel dendronized polymethylsiloxanes with
both ferrocene and (η6-aryl)tricarbonylchromium moieties, using
the wedge-shaped dendritic fragments 1 and 3. These starting
ferrocenyl-containing derivatives bear a single reactive CHd
CH2 functionality to be grafted to the poly(hydrosiloxane)
chains, without cross-linking during the grafting reaction. To
this end, Karstedt-catalyzed reactions were carried out between
the commercially available Si�H-polyfunctionalized copolymer
(Me3SiO)(MeSiHO)n(Me2SiO)m(SiMe3) (n = 30�35%, m =
65�70%), and poly(methylhydrosiloxane), (Me3SiO)(MeSiHO)n-
(SiMe3) (n∼35), and the olefin-substituted compounds 1 and 3,
in toluene solutions (Scheme 4). Completion of these reactions
was easily monitored by in situ 1H NMR due to the disappear-
ance of the Si�H resonance near δ 4.7 ppm, and IR spectroscopy
by following the disappearance of the sharp ν(Si�H) band, near
2170 cm�1. These hydrosilylation reactions were not as facile as
those occurred in the case of model compound 5 and thus,
additional forcing conditions (temperatures around 100 �C and
overnight reactions) were required to achieve complete conver-
sion of the Si�H functionalities in the polysiloxane backbones.
Purification of resulting hydrosilylated polysiloxane products

8�11 was effected by repeated dissolutions of the reaction
product in dichloromethane and precipitation in ethanol or
hexane. The final compounds containing pendant dendritic side
chains with ferrocenyl units linked to phenyl rings by a bridging
silicon atom were isolated as air-stable orange-brown tacky oily
materials which harden on standing. The obtained polysiloxanes
8�11 were soluble in common organic solvents such as THF,
CH2Cl2, CHCl3 and toluene. Dendronized polysiloxanes 9 and
11 form amber free-standing films when cast from dichloro-
methane or THF solutions.
Structural characterization of the ferrocenyl-containing di-

methylsiloxane copolymers 8 and 9 and ferrocenyl homopolysi-
loxanes 10 and 11 was achieved by IR, 1H, 13C, and 29Si NMR
spectroscopies and MALDI�TOF mass spectroscopy. 1H NMR
spectra of 8�11 are similar to those of model compound 5, but
showing broad resonances (for the phenyl, ferrocenyl, methylene
and methyl groups attached to silicon atoms), typical for poly-
mers due to the slower motion of the protons. No unreacted
Si�H bonds were present in polymers 8�11, as indicated by 1H
NMR and IR spectroscopies suggesting full functionalization of
the Si�H groups in the siloxane backbone (see, for instance,
Figure 1C). In all cases 1H and 13C NMR spectroscopy of the
hydrosilylated polysiloxanes show that the hydrosilylation reac-
tion yields preferentially β addition products although a negli-
gible proportion of α addition products is observed in the case of
ferrocenyl polysiloxane 9. Two-dimensional heteronuclear NMR
experiments have been used for the complete assignment of
these polysiloxane systems. For instance, the {1H�29Si}HMBC

Figure 2. Mass spectra: (A) disiloxane model compound 5 (FAB);
(B) tris(ferrocenyl)siloxane 7 (MALDI�TOF); (C) ferrocenyl dimethylsi-
loxane copolymer 8 (MALDI�TOF). The insets show the calculated
(a) and experimental (b) isotopic patterns.
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(heteronuclear multiple-bond correlation), when setting the
corresponding parameter according to the coupling constant
(d = 1/2 J), allows to identify the resonances of the minority
silicon atoms. Particularly, in the case of the {1H�29Si} HMBC
spectrum of copolymer 8 (Figure 3), for an established value of
d = 50 ms that corresponds with a 7 Hz coupling constant, a
resonance corresponding to minority, M-type, silicon nuclei near
9.0 ppm can be observed, corresponding to the O�Si(CH3)3
terminal units.26 This peak does not appear in the monodimen-
sional 29Si NMR experiment, because these nuclei are in low
proportion in the polymer chain. The resonances of the silicon
atoms adjacent to ferrocenyl units, the D-type silicon atoms and
the silicon attached to the CH2 groups appeared in the expected
regions.27

One of the most valuable tools for the characterization of
polysiloxanes is MALDI�TOF, which provides a means to
estimate molecular weight averages and molecular weight dis-
tributions and to determine the structure and terminal groups of
a polymer sample.28,29 TheMALDI�TOF of copolymer 8 in the
mass range belowm/z 5000 (Figure 2C) shows five major sets of
peaks, each of them with a Gaussian shape, corresponding to
oligomers that possess 4�8 organometallic wedges, pendant to
themain Si�O�Si chain. In these sets, the peaks with the highest
intensity are observed at m/z 1634.5, 2026.5, 2640.5, 3106.7,
3646.7, and 4186.8. Each of these peaks is accompanied by
several other peaks, equally spaced at 74 mass units apart, which
corresponds to the mass of theMe2SiO repeat unit. The number-
average molecular weight (Mn), the weight-average molecular

Scheme 4. Synthetic Route to Polysiloxanes with Pendant Redox-Active DendriticWedges Containing Si-Bridged Ferrocenyl and
Phenyl Units

Figure 3. {1H�29Si}HMBC spectrum (CDCl3, 300 MHz) of 8 at d = 50 ms (left). Projections of {1H�29Si}HMBC experiments at different d values
(right).
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weight (Mw) and the PDI = Mw/Mn can be derived from the
MALDI�TOF,28 resulting in values of Mn = 2934.3, Mw =
2950.9, and PDI (Mw/Mn) = 1.06. Although peaks at higherm/z
values are not observed in this spectrum, the existence of higher
molecular weight species cannot be ruled out, since the MAL-
DI�TOF technique tends to show considerable molecular
weight discrimination for polydisperse samples.29 Unfortunately,
analysis of second generation dendronized polysiloxane 9 and of
homopolysiloxanes 10 and 11 proved to be unsuccessful under
all tested conditions.
In view of the heterometallic model compound 6 reaction

results, for the synthesis of the novel siloxane-based poly-
{ferrocenyl}-poly{(η6-Cr(CO)3} dendronized molecules, we
have used the route in which hydrosilylation of the Si�
CHdCH2 focal group with polyfunctional siloxane was per-
formed before the coordination of phenyl ligands to Cr(CO)3.
Thermal treatment of parent copolymer 8 with Cr(CO)6
afforded the heterometallic copolymer 12 (Scheme 5). The
thermal displacement of CO in the Cr(CO)6 by the phenyl rings
of copolymer 8 was not as facile as with bimetallic model
compound 5 andmore forcing conditions (longer reaction times,
about 96 h) were required in order to achieve a reasonable degree
of η6-coordination of the Cr(CO)3 entity to the phenyl rings.
Figure 1 also shows the 1H NMR spectra of Cr(CO)3�

containing copolymer 12 (Figure 1D) and its precursor ferroce-
nyl copolymer 8 (Figure 1C), together with the 1HNMR spectra
of disiloxane model compounds 5 and 6. Similar to heterote-
trametallic model 6, in the 1HNMR spectrum of 12, the aromatic
proton peaks of the phenyl units η6-coordinated to Cr(CO)3
moieties appeared as a set of peaks around δ 5.0�5.6 ppm. In
addition, resonances at around δ 7.3�7.6 ppm are observed
corresponding to aromatic protons of the phenyl units noncom-
plexed to Cr(CO)3 moieties. As determined by calculation from
integration ratio of the protons of the complexed arene ring and

those of the uncomplexed aryl moieties, copolymer 12 appears to
consist approximately of 63% chromium-coordinated phenyl and
of 37% uncoordinated phenyl units. In addition, in the IR spectra
of Cr(CO)3�containing copolymer 12, very strong vibration
bands typical of ν(CtO) carbonyl absorptions emerge at 1967
and 1890 cm�1, which indicates that the integration of the
Cr(CO)3 metallic species into the Si�O�Si polymer structure
has taken place.
Thermal synthetic procedure with Cr(CO)6 has also been

attempted for obtaining heterometallic homopolysiloxane 13
depicted in Scheme 5, using ferrocenyl homopolysiloxane 10
as precursor. Unfortunately, this method presented several
problems because of the high temperatures and extremely long
reaction periods, which apparently caused noticeable decompo-
sition. Furthermore, NMR andMS data indicated that during the
complexation reaction of the Cr(CO)3 group to the phenyl rings,
a competitive siloxane-chain scission reaction took place, result-
ing that the most highly Cr(CO)3-complexed polysiloxanes were
generated with a sacrifice in the molecular weight. Probably, the
progressive degradation of the polysiloxane chain, during the
course of the Cr(CO)3-complexation reaction, was due to�Si�
O�Si� chain scission caused by Cr(CO)6 or a chromium
containing material derived from it.30 In addition, the formation
of insoluble decomposition products made difficult the purifica-
tion and characterization of this heterometallic product. These
observations led us to try an alternative synthetic route, which
involved synthesis of the derivative (MeCN)3Cr(CO)3 and sub-
sequent reaction with polymer 10. This method has an important
advantage because the intermediate (MeCN)3Cr(CO)3 reacts
at lower temperature with arene rings, thus avoiding possible
cleavage of the polysiloxane backbone. In our hands, the direct
reaction of a solution in THF of the tris(acetonitrile)crhomium
derivative with another THF solution containing homopolymer
10 afforded the desired heterometallic homopolymer 13

Scheme 5. Synthetic Route to Polysiloxanes with Pendant Silicon-Bridged (η5-C5H4)Fe(η
5-C5H5) and (η6-C6H5)Cr(CO)3

Moieties
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(Scheme5), which shows in the IR spectrum the expectedν(CtO)
bands at 1964 and 1885 cm�1. In this case, 1H NMR spectroscopy
indicated that polysiloxane 13 was constituted, approximately, of
65%Cr(CO)3-coordinated phenyl units versus 35% uncoordinated
phenyl groups. After the appropriate work-up, the desired hetero-
metallic polysiloxanes 12 and 13 were isolated as yellowish tacky
oils. Both products are air and moisture unstable and after several
hours in solution yield a green residue, presumably as consequence
of the Cr(0) centers oxidation.
Thermal Stability of Ferrocenyl Dendronized Polysilox-

anes. The thermal properties of the ferrocene-containing poly-
methysiloxanes were evaluated by thermogravimetric analysis
(TGA) under nitrogen. The thermal stability and degradation
behavior of polysiloxanes 8�11 are strongly dependent on the
size of the ferrocenyl-containing dendritic fragments appended
to the siloxane backbone, as can be seen in Figure 4. Ferrocenyl-
homopolysiloxane 10, in which each repeat unit bears pendant
silicon-bridged ferrocenyl and phenyl units attached to the
Si�O�Si main backbone, has a very low thermal stability. This
polymer starts to lose mass even before 100 �C. Above this temper-
ature, catastrophic decomposition occurs in several stages. The
weight loss is continuous and takes place at a wide range of
temperatures, which suggests a complex degradation process. By
515 �C, virtually only 20% of the initial sample weight remains.
Thermal degradation of 10 resulted in almost complete polymer
annihilation. In contrast, dendronized polysiloxanes 9 and 11,
both incorporating larger dendritic side chains derived from
dendron 3, are significantly more thermo-stable.
Dendronized homopoly(methylsiloxane) 11, containing ap-

pended ferrocenyl-functionalized dendrons in all side chains,
starts to lose its weight at a temperature above 200 �C (Figure 4)
and shows a three-step thermolysis process. At 445 �C approxi-
mately only 17% of the initial weight of the sample is lost. The
dendronized polysiloxane undergoes a rapid thermolytic degra-
dation in the temperature region between 445�650 �C, after
which the TGA curve is almost leveled off. By 650 �C, approxi-
mately 62% of the initial sample weight is lost. Little further
weight loss is recorded when the sample is further heated to
800 �C. The ceramization yield of the polymer at this tem-
perature is 35 wt %, much higher than of its related polysilox-
ane 10 under comparable pyrolysis conditions (∼5 wt %).

This difference is reasonably associated with the difference in
their molecular structures. Dimethylsiloxane copolymer 9, with a
lowest loading of pendant ferrocenyl-dendritic wedges, shows a
single step smooth loss of mass, with onset of weight loss at
250 �C. By 380 �C only 10% of the initial sample weight is lost.
The major weight loss of this dendronized polysiloxane occurs in
the temperature region of 380�600 �C, after which the TGA
curve is almost leveled off. No further weight loss is recorded
when the sample is further heated to 800 �C, indicating that the
polymer ceramizes by the high-temperature pyrolysis. Polymer 9
yielded 45% of ceramic residues. The higher ceramization yields
of ferrocenyl dendronized polysiloxanes 9 and 11, in comparison
to that of its counterpart polysiloxane 10, may be attributed to
the higher stability of the highly branched metallopolysiloxane
structure.6e,31

Since the TGA analyses showed that dendronized polysilox-
anes 9 and 11, functionalized with the largest ferrocenyl-dendritic
wedges could be promising precursor candidates for ceramics, we
further studied the residues obtained via their pyrolysis under a
nitrogen streamat 1000 �C, by scanning electronmicroscopy (SEM)
and energy-dispersive X-ray (EDX) microanalyses. The obtained
ceramic products present magnetic properties and could be
readily attracted to a magnet bar at room temperature. The clear
images of the SEM micrographs indicate that the ceramic
material is highly conductive. As shown in Figure 5, the ceramic
produced by pyrolysis of ferrocenyl dendronized polysiloxane 9
is compact but rough in morphology. This ceramic material
exhibits a regular structure comprising many three-dimensionally
well-ordered thick cords, overlapping each other, whose surface
is decorated with small clusters with sizes of a few hundred
nanometers. This morphology is really curious because it seems
that the pyrolyzed material retains the branched structure of the
ferrocenyl dendronized polysiloxane chains, stacked on each
other. We carried out EDX analyses to estimate the chemical
compositions of the ceramic materials. For dendronized ferro-
cenylpolysiloxane 9, EDX analyses in the bulk give a silicon:iron
proportion of 13:1. In the clusters of the surface the contents
change to a silicon:iron proportion of 3:1. This composition
gradient of transition metal from the bulk to the surface suggests

Figure 4. TGA thermograms of ferrocenyl polysiloxanes 9, 10, and 11
recorded under nitrogen at a heating rate of 10 �C min�1.

Figure 5. SEM micrographs of the ceramic material obtained by the
pyrolysis of dendronized ferrocenyl polysiloxane 9, at 1000 �C under a
nitrogen atmosphere.
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that the ceramization process is accompanied by the formation of
iron nanoclusters.
Electrochemical Behavior of Disiloxane Model Com-

pounds 5�7 and Ferrocenyl-Containing Polysiloxanes 8�13.
The anodic electrochemistry of ferrocenyl-functionalized siloxane-
bridged model compounds 5�7 and ferrocenyl dendronized poly-
siloxanes 8�13 has been examined by cyclic voltammetry (CV)
in dichloromethane solution containing tetra-n-butylammonium
hexafluorophosphate (n-Bu4NPF6) as supporting electrolyte. The
half-wave potentials (E1/2) of the electrochemical processes are
summarized in Table 1. The CV responses of disiloxanes 5 and 6
and polysiloxanes 8�10 and 12 are shown in Figures 6, 7 and 8, as
representative examples.
The CV of model compound 5, shown in Figure 6A, exhibits a

single oxidation at E1/2 = +0.46 V vs SCE. The voltammetric
features (ipc/ipa essentially equal to unit, ΔEpeak values about
70�100mV and Epeak independent of the scan rate) clearly show
that oxidation of 5 is chemically and electrochemically reversible,
resulting in the production of biferricinium disiloxane species
[52+][PF6

�]2. The fact that only a single oxidation wave was
observed implies a simultaneous two-electron transfer at the
same potential of the ferrocenyl subunits and indicates that the
two ferrocenes in 5 behave independently,32,33 as identical redox
centers with no significant electronic communication between
them through the disiloxane backbone.
Concerning 8�11, these ferrocenyl-containing polysiloxanes

were readily oxidized and reduced at platinum or glassy carbon
electrode surfaces when dissolved in CH2Cl2 in the presence of
the supporting electrolyte. As expected, the CVs of 8�11 (see,
for example, Figure 6, parts B and C) showed a single reversible
oxidation process associated with the one-electron oxidation of
the pendant ferrocenyl groups. Some differences can be observed
when comparing the cyclic voltammetric responses of model
disiloxane 5 and ferrocenyl-containing polysiloxanes 8�11. For
biferrocenyl disiloxane 5 (Figure 6A), oxidation and reduction
did not appear to affect the solubility of the molecule, so,

voltammetric responses exhibited the wave shape characteristic
of a freely diffusing soluble species undergoing reversible charge
transfer. Thus, the oxidation of model compound 5 results in the
production of the soluble, stable dicationic species 52+. As can be
seen in Figure 6, parts B and C, the features of the voltammetric
responses in dichloromethane solution of ferrocenyl-polysilox-
anes 8�11 are somewhat different, since, whereas the anodic
wave has a typical diffusional shape, a sharp cathodic wave was
observed, which, in contrast, resembles more a surface wave.
Consequently, for ferrocenyl polysiloxanes 8�11, the use of the
traditional PF6

� supporting electrolyte anion and low polarity
dichloromethane solvent produces product surface interaction
phenomena probably due to precipitation of oxidized polysilox-
ane species 8n+, 9n+, 10n+, and 11n+ (like their PF6

� salts) on the
electrode surface, giving rise to distortions from the wave shape
expected for reversible oxidation process. Reversal of the poten-
tial regenerates the soluble neutral ferrocenyl polysiloxanes.
Similar adsorption-stripping voltammetric behavior has been
observed previously in several examples of ferrocenyl-containing
polymers,34 including silicon-based ferrocenyl polymers7,11 and
polyvinylferrocene.35 As expected, the solubility properties
of these ferrocenyl-substituted polylsiloxanes 8�11 are also
affected by the degree of ferrocene substitution. As the number
of pendant ferrocenyl moieties per siloxane chain increases,
the solubility of the polymer is more affected by the state of
charge in the ferrocene units. Consequently, neutral fully ferrocene-
substituted dendronized homopolysiloxanes 9 and 11 became the
most insoluble upon oxidation and had the largest precipitation
effects. It is interesting to note that the well-behaved cyclic
voltammetric responses observed for dendronized polysiloxanes
9 and 11, bearing ferrocenyl-functionalized pendant dendritic
wedges, contrast with the electrochemical behavior of dendro-
nized polyferrocenylsilanes synthesized by Manners et al.21a For
these latter dendronized polymers, the steric bulkiness of the

Table 1. Anodic Cyclic Voltammetric Data for Homo and
Heterometallic Siloxane Compoundsa

Fe centered Cr centered

compound E1/2 (V)
b E1/2 (V)

c Epa (V)

1 0.44 [79]

3 0.46 [83]

4 0.50 [96] 0.97

5 0.46 [79]

6 0.53 [95] 0.99

7 0.47 [127]

8 0.47 [50] 0.46 [9]c

9 0.47 [59] 0.45 [13]c

10 0.45 [27] 0.45 [5]c

11 0.45 [97] 0.43 [10]c

12 0.53 [110] 0.93

13 0.50 [150] 0.92
aMeasured in CH2Cl2 solution, scan rate v = 0.1 V s�1. bThe peak
potential separation values,ΔEpeak (mV), are indicated in brackets. c E1/2
values corresponding to modified electrodes prepared by potential
scanning in a solution of the corresponding ferrocenyl polysiloxane in
0.1M n-Bu4NPF6/CH2Cl2 solution, and then transferred to a ferrocenyl
polymer-free 0.1 M n-Bu4NPF6/CH2Cl2 solution. Figure 6. Cyclic voltammograms: (A) disiloxane model compound 5; (B)

ferrocenyl-polysiloxane 8; (C) ferrocenyl dendronized polysiloxane 9 mea-
sured in CH2Cl2 solutions with 0.1M n-Bu4NPF6 at a scan rate of 0.1 V s�1.
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large nonelectroactive dendrons attached around the ferrocene
centers integrated in the main polymeric backbone leads to
slower electron transfer reactions, resulting in poorly resolved
cyclic voltammetric waves.
In addition, it is important to note the great ability of

ferrocenyl polysiloxanes 8�11 to modify glassy-carbon and
platinum electrodes, resulting in electroactive films of ferrocenyl
polysiloxane materials that remains persistently attached to the
electrode surface. The electrodeposition of the polymers can be
carried out on Pt or glassy-carbon electrodes, either by controlled
potential electrolysis (at ∼+0.5 V) or by repeated cycling
(between +0.2 and +0.60 V vs SCE) in degassed CH2Cl2
solutions of electroactive polysiloxanes 8�11. The electroche-
mical behavior of films of 8�11 was studied by CV in ferrocenyl-
polysiloxanes-free CH2Cl2 solution containing only supporting
electrolyte (n-Bu4NPF6). The voltammetric response of a film of
polysiloxane 10 is shown in Figure 7 as a representative example.
A well-defined symmetrical oxidation�reduction wave, corre-
sponding to the ferrocene/ferricinium couple is observed, with a
formal potential value E1/2 = +0.45 V vs SCE which is identical to
the formal potential of the ferrocenyl-polysiloxane in solution
(Table 1). The wave shape is typical of a surface�confined
reversible couple,35�37 with the expected linear relationship of
peak current to potential sweep rate, for values up to 500mV s�1.
For the studied film shown in Figure 7, the peak to peak
separation values (ΔEpeak) vary from 2 mV at a scan rate of
25mV s�1, to 9mV at 500mV s�1, which suggests that the rate of
electron transfer is rapid on the time scale. In addition the full
width at half-maximum (Efwhm) of the surface voltammetric wave

(about 60 mV, at a scan rate of 100 mV s�1), suggests that there
are no significant near neighbor interactions present between the
ferrocenyl sites.35 This behavior sharply contrasts with the redox
response that we observed for multilayer films of related ferro-
cenyl polymers with backbones comprising cyclosiloxane
moieties,7b�d which exhibit Efwhm values considerably narrower
(typically Efwhm∼ 5 mV) than ideally expected (Efwhm = 90.6 mV)
for a one-electron transfer or for reactions of multiple, indepen-
dent redox centers with identical formal potentials.37,38 The
stability of the ferrocenyl polysiloxane electroactive films was
demonstrated by its nearly quantitative persistence after contin-
uous CV scans in CH2Cl2/n-Bu4NPF6 solution. Likewise, after
standing in air for several weeks, the redox response was
practically unchanged without loss of electroactive material.
The high stability of these surface confined polyferrocenylsilox-
ane films is an important observation since the applications of
modified electrodes require extensive redox cycling.
As far as model compound 6 is concerned, the CV of this

heterotetrametallic disiloxane molecule in the potential region
between 0 and +1.10 V vs SCE (Figure 8A), proceeds in twowell-
resolved, diffusion controlled, oxidation processes at about E1/2 =
0.53 V and Epa= 0.99 V vs SCE, respectively, due to its two
different redox sites. The first nearly reversible oxidation process
is ascribed to the oxidation of the iron centers, and the second
one to the oxidation of the chromium centers. The E1/2 value of
the first oxidation process is significantly higher than the E1/2
found for oxidation of the iron centers of the related homo-
bimetallic ferrocenyl precursor 5 (see Table 1) and this is
reasonable, due to the electron-withdrawing nature of the
adjacent (η6-C6H5)Cr(CO)3 moiety, bound trough a bridging
silicon atom to the ferrocenyl units. Moreover, the chromium
centered oxidation of heterometallic 6 shows a slight anodic
shift with respect to the anodic potential of the unbound (η6-
benzene)tricarbonylchromium, (η6-C6H6)Cr(CO)3, (Epa=0.88Vvs
SCE in CH2Cl2) as a result of the positive charges in 62+

generated after the first oxidation process. Similar to the
model compound 6, heterometallic polysiloxanes 12 and 13
displayed qualitatively similar CV responses (see Figure 8B and

Figure 7. Cyclic voltammetric responses of a platinum-disk electrode
modified with a film of ferrocenyl-containing polysiloxane 10, measured
in 0.1 M Bu4NPF6/CH2Cl2 at different potential scan rates (mV s�1).
Scan rate dependence upon the anodic peak current is shown.

Figure 8. CV responses, in CH2Cl2 solutions with 0.1 M n-Bu4NPF6:
(A) heterometallic disiloxane model compound 6; (B) heterometallic
polysiloxane 12 (measured at a scan rate of 0.1 V s�1).
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Supporting Information), although in these cases the second
anodic waves, corresponding to the oxidation of the pendant
(η6-C6H5)Cr(CO)3 moieties, were considerably broadened and
the redox process displayed electrochemical irreversibility, as
shown by the absence of the corresponding cathodic peak in the
reverse scan.

’CONCLUSIONS

Novel, highly functionalized polysiloxanes bearing small
appended redox-active dendritic wedges, with electron-donor
ferrocenyl units and electron-acceptor (η6-aryl)tricarbonylchro-
mium fragments, were synthesized. To this end, suitable ferro-
cenyl-dendritic wedges 1 and 3 containing a focal olefinic func-
tionality were first constructed. Subsequently, these dendrons
were grafted to Si�H-functionalized polysiloxane backbones, via
hydrosilylation chemistry affording, successfully, methylsiloxane
homo- and copolymers 8�11 bearing silicon-bridged ferrocenyl
and phenyl pendant groups.

The novel ferrocenyl polysiloxanes are air and moisture-stable
and soluble in common organic solvents. During the thermal
treatment of Cr(CO)6 with polysiloxane 10, in which each repeat
unit bears side chains with Si-bridged (η5-C5H4)Fe(η

5-C5H5)
and C6H5 groups, the complexation of the pendant phenyl
groups by Cr(CO)3 was accompanied by a competing silox-
ane-chain scission process. TGA analysis showed that the
thermal stability of the novel ferrocenyl polysiloxanes 8�11
strongly depends on the size of the ferrocenyl dendritic fragment
appended to the siloxane backbones. Ferrocenyl dendronized
polysiloxanes 9 and 11 are thermally stable to ca. 200�250 �C
under N2 (heating rate 10 �C min�1) and at more elevated
temperatures yield ceramic residues in relatively high amounts.
Solution electrochemical studies showed that all the ferrocenyl
redox units present in the ferrocenyl dendronized polysiloxanes
are electrochemically independent. In addition, we have demon-
strated the feasibility of modifying electrode surfaces with stable
electroactive films of these siloxane-based polyferrocenyl den-
dronized molecules. Further extensions of this synthetic strategy
are in progress with the aim to prepare highly ferrocenyl-
functionalized dendronized polysiloxanes using dendrons of
higher nuclearity.

’EXPERIMENTAL SECTION

Materials. All reactions and compound manipulations were per-
formed in an oxygen- and moisture-free atmosphere (N2 or Ar) using
standard Schlenk techniques. Solvents were dried by standard proce-
dures over the appropriate drying agents and distilled immediately prior
to use. n-Dibutylether and toluene were distilled from sodium. Chro-
mium hexacarbonyl and ferrocene (Aldrich) were purified by sublima-
tion before use. Platinum-divinyltetramethyldisiloxane complex in
xylene (3�3.5% Pt concentration) (Karstedt's catalyst) available from
ABCR was used as received. Poly(methylhydrosiloxane) (Me3SiO)-
(MeSiHO)n(SiMe3) (Mn 1700�3200, n∼ 35) and 1,1,3,3-tetramethyl-
disiloxane were obtained from Aldrich and used as received. Phenyltris-
(dimethylsiloxy)silane and (Me3SiO)(MeSiHO)n(Me2SiO)m(SiMe3)
(n = 30�35%; m = 65�70%, averageMn 2000�2100) were purchased
from ABCR. Tris(acetonitrile)tricarbonylchromium(0) was prepared
by reaction of Cr(CO)6 with acetonitrile overnight, according to
the literature.39 The vinyl-functionalized compounds (CH2dCH)MePhSiFc
(1) and (CH2dCHCH2)PhSi[(CH2)2MePhSiFc]2 (3) were synthesized
as we have previously described.15a Silica gel (70�230 mesh) (Merck)
was used for column chromatographic purifications.

Instrumentation. Infrared spectra were recorded on Bomem MB-
100 FT-IR and on Perkin-Elmer 100 FT-IR spectrometers. NMR
spectra were recorded on Bruker-AMX-300 and Bruker DRX-500
spectrometers. Chemical shifts were reported in parts per million (δ)
with reference to residual solvents resonances for 1H and 13C NMR
(CDCl3,

1H, δ 7.27 ppm; 13C, δ 77.0 ppm; and (CD3)2CO,
1H, δ 2.09

ppm; 13C, δ 205.9 and 30.6 ppm). 29Si NMR spectra were recorded with
inverse-gated proton decoupling in order to minimize nuclear Over-
hauser effects. FABmass spectral analyses were conducted on a VGAuto
Spec mass spectrometer equipped with a cesium ion gun. The MAL-
DI�TOF mass spectra were obtained using a Reflex III (Bruker) mass
spectrometer equipped with a nitrogen laser emitting at 337 nm.
Dichloromethane solutions of the matrix (dithranol, 10 mg/mL) and
dichloromethane or hexane solutions of the corresponding compound
(1 mg/mL) were mixed in the ratio 20:5. Then, 0.5�1 μL of the mixture
were deposited on the target plate using the dried droplet method. The
positive ion and the reflectron mode were used for this analysis. The
thermogravimetric analyses (TGA) of the samples were performed
using a TGA Q-500 instrument coupled with an EGA oven. The
measurements were carried out under N2 (90 mLmin�1) with a heating
rate of 10 �C min�1. The morphology of the ceramic residues was
investigated with scanning electron microscopy (SEM) using a Philips
XL30 instrument coupled with an EDAX DX4i analyzer. Elemental
analyses were performed by the Microanalytical Laboratory, SIDI,
Universidad Aut�onoma de Madrid, Spain.
Electrochemical Measurements. Cyclic voltammetric experi-

ments were recorded on a Bioanalytical Systems BASCV-50W potentio-
stat. CH2Cl2 (spectrograde) for electrochemical measurements was
freshly distilled from calcium hydride under argon. The supporting
electrolyte used was tetra-n-butylammonium hexafluorophosphate
(Fluka), which was purified by recrystallization from ethanol and dried
in vacuum at 60 �C. The supporting electrolyte concentration was
typically 0.1 M. A conventional three-electrode cell connected to an
atmosphere of prepurified nitrogen was used. All cyclic voltammetric
experiments were performed using either a platinum-disk working
electrode (A = 0.020 cm2) or a glassy carbon-disk working electrode
(A = 0.070 cm2) (both Bioanalytical Systems), each of which were
polished on a Buehler polishing cloth with Metadi II diamond paste,
rinsed thoroughly with purified water and acetone, and dried. All
potentials were referenced to the saturated calomel electrode (SCE).
Under our conditions, the decamethylferrocene redox couple
[FeCp*2]

0/+ is �0.056 V vs SCE in CH2Cl2/0.1 M n-Bu4NPF6. A
coiled platinum wire was used as a counter electrode. Solutions were,
typically, 10�3 M or 10�4 in the redox active species. The solutions for
the electrochemical experiments were purged with nitrogen and kept
under an inert atmosphere throughout the measurements. From the
CVs of the modified electrodes, the surface coverage, Γ (mol/cm2) of
the ferrocenyl sites were calculated from the charge, Q , under the
voltammetric current peaks, using Γ = Q/nFA.37

Synthesis of Ferrocenyl�Disiloxane Model Compound
[MePhFcSi(CH2)2Me2Si]2O (5). Under an argon atmosphere, a
solution of 1,1,3,3-tetramethyldisiloxane (0.10 g, 0.75 mmol) in dry,
freshly distilled toluene (5.0 mL) was added dropwise to a stirred
solution of 1 (0.54 g, 1.63 mmol) in 30 mL of toluene containing 40 μL
of Karstedt's catalyst (3�5% Pt, in xylene). The solution was stirred and
heated to 45 �C. After 4 h, the completeness of the reaction was
confirmed by the disappearance of the resonance corresponding to the
Si�H proton in the 1HNMR spectrum (δ 4.7 ppm). After filtration, the
solvent was removed under vacuum, affording an orange oily residue
which was purified by column chromatography on silica using hexane as
eluent. A first orange band containing the excess of 1 was collected and
subsequently a major orange band afforded the desired hydrosilylated
product 5. After solvent removal, 5 was isolated as an orange air-stable
solid. Yield: 0.53 g (89%). Anal. Calcd for C42H54Si4OFe2: C, 63.14; H,
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6.82. Found: C, 63.42; H, 6.78. 1H NMR (CDCl3, 300 MHz): δ 0.04 (s,
12H, OSi(CH3)2), 0.52 (s, 6H, FcSiCH3), 0.52, 0.89 (m, 8H, CH2), 4.05
(s, 10H, C5H5), 4.09, 4.14, 4.35 (m, 8H, C5H4), 7.35, 7.54 (m, 10H,
C6H5).

13C{1H} NMR (CDCl3, 125 MHz): δ �4.5 (FcSiCH3), �0.2
(OSi(CH3)2), 7.0, 10.7 (CH2), 68.3 (C5H5), 69.3, 70.8, 71.0, 73.6
(C5H4), 127.7, 128.8, 134.1, 138.5 (C6H5).

29Si{1H} NMR (CDCl3, 99
MHz): δ �5.1 (FcSiCH3), 8.1 (OSi(CH3)2). IR: ν(Si�O�Si) 1036�
1131 cm�1, ν(Si�C) 788 cm�1. MS (FAB): m/z (%): 798.1 [M+]
(100), 305.0 [SiMe(C6H5)Fc]

+ (82).
Synthesis of Heterometallic Disiloxane Model [{(η6-

C6H5)Cr(CO)3}MeFcSi(CH2)2Me2Si]2O (6). In a 100 mL two-
necked round-bottomed flask equipped with an air-cooled reflux con-
denser, argon inlet and magnetic stir bar, a degassed solution of 0.41 g
(1.87mmol) of Cr(CO)6 and 5 (0.1 g, 0.12mmol) in amixture of 60mL
of n-dibutylether and THF (9/1, v/v) was heated at reflux temperature.
The reaction was monitored by occasionally cooling a sample of the
supernatant solution to room temperature and recording the IR and 1H
NMR spectra. Over the course of the reaction, new carbonyl bands at
1967 and 1889 cm�1 were observed to increase in intensity. Likewise in
the 1H NMR (CDCl3) spectrum, the resonances in the 7.3�7.5
ppm region progressively disappeared while new resonances in the
range 5.1�5.5 were detected. After stirring for 24 h, the reaction mixture
was cooled to +4 �C overnight. The greenish suspension was filtered
through a pad of Celite to remove the small amounts of insoluble
decomposition products and some unreacted solid Cr(CO)6. From the
resulting light orange solution, the solvent was removed under reduced
pressure, affording a yellow solid which was purified by treatment with
hexane solution at low temperature. After filtration and solvent elimina-
tion the desired tetrametallic 6 was isolated as a yellow-orange oil. Yield:
0.09 g (70%). Anal. Calcd for C48H54Si4O7Fe2Cr2: C, 53.83; H, 5.09.
Found: C, 54.14; H, 5.20. 1H NMR (CDCl3, 300MHz): δ 0.07 (s, 12H,
OSi(CH3)2), 0.56 (s, 6H, FcSiCH3), 0.65, 0.92 (m, 8H, CH2), 4.13
(s, 10H, C5H5), 4.16, 4.21, 4.43 (m, 8H, C5H4), 5,13, 5.40, 5.48 (m,
10H, C6H5).

13C{1H} NMR (CDCl3, 125 MHz): δ �4.5 (FcSiCH3),
�0.2 (OSi(CH3)2), 6.8, 10.7 (CH2), 66.6, 68.4, 71.4, 71.5, 73.5,
73.7 (C5H5/C5H4), 90.2, 95.6, 99.9, 100.4 (C6H5), 233.2 (CO).
29Si{1H} NMR (CDCl3, 99 MHz): δ�1.5 (FcSiCH3), 8.3 (OSi(CH3)2).
IR: ν(CtO) 1967 and 1889 cm�1, ν(Si�O�Si) 1036�1132 cm�1,
ν(Si�C) 789 cm�1. MS (FAB): m/z (%): 1069.9 [M+] (18), 934.0
[M+] � Cr(CO)3 (27), 798.1 [M+] � 2Cr(CO)3 (35), 305.0 [SiMe-
(C6H5)Fc]

+, (100).
Synthesis of PhSi[OMe2Si(CH2)2MePhSiFc]3 (7). To a stirred

solution of 1 (0.07 g, 0.21 mmol) in dry, freshly distilled toluene (5 mL)
were added 10 μL of Karstedt's catalyst, under Ar atmosphere. The
mixture was stirred at room temperature for 0.5 h. A solution of
phenyltris(dimethylsiloxy)silane (0.02 g, 0.06 mmol) in dry toluene
(5 mL) was added dropwise. The mixture was heated to 45�50 �C
during 24 h. At this stage, 1H NMR spectroscopy confirmed the
complete disappearance of the Si�H proton resonance of the starting
hydrosilane. The reaction medium was then cooled to room tempera-
ture, filtered, concentrated under vacuum, and the remaining product
was purified by column chromatography on silica gel using hexane as
eluent. A first band containing excess of 1was eluted and, subsequently, a
second major orange band was collected with hexane/CH2Cl2 (10:2).
Solvent removal afforded the desired trimetallic 7 as an air-stable,
orange, solid. Yield: 0.06 g (75%). Anal. Calcd for C69H86Si7O3Fe3:
C, 62.49; H, 6.53. Found: C, 62.75; H, 6.61. 1H NMR ((CD3)2CO,
300 MHz): δ 0.13 (s, 18H, OSi(CH3)2), 0.51 (s, 9H, FcSiCH3), 0.59,
0.94 (m, 12H, CH2), 4.04 (s, 15H, C5H5), 4.09, 4.14, 4.36 (m, 12H,
C5H4), 7.35, 7.55 (m, 20H, C6H5).

13C{1H} NMR ((CD3)2CO,
75 MHz): δ �4.3 (FcSiCH3), �0.1 (OSi(CH3)2), 7.7, 11.2 (CH2),
69.0 (C5H5), 71.5, 71.7, 74.2, 74.3 (C5H4), 128.4, 129.6, 134.6, 134.9
(C6H5).

29Si{1H} NMR ((CD3)2CO, 59 MHz): δ�77.7 (SiPh), �5.3

(FcSiCH3), 9.6 (OSi(CH3)2). IR: ν(Si�O�Si) 1049�1131 cm�1,
ν(Si�C) 788 cm�1. MS (MALDI�TOF): m/z 1327.2 [M+].
Synthesis of Ferrocenyl Dimethylsiloxane Copolymer 8.

To a solution of 0.18 g (0.56 mmol) of 1 in dry, freshly distilled toluene
(20 mL) were added 40 μL of Karstedt's catalyst. Another solution of
methylhydrosiloxane-dimethylsiloxane copolymer (Me3SiO)(MeSiHO)n-
(Me2SiO)m(SiMe3) (n = 30�35%, m = 65�70%), (0.10 g) in dry
toluene (10 mL) was added dropwise. The reaction mixture was heated
to 110 �C overnight. During this time the original orange color of the
solution darkened to brown. After 24 h, the hydrosilylation reaction was
found to be complete by IR and 1HNMR spectroscopies, as it was
confirmed by the total disappearance of the Si�H band in the IR
spectrum (2156 cm�1) of the starting copolymer and of the resonance
corresponding to the Si�H proton, near 4.7 ppm. The reaction mixture
was then cooled to room temperature, filtered, and the solvent was
removed under vacuum. The brown oily residue was dissolved in a small
amount of CH2Cl2 and then precipitated in cold ethanol (three times)
and dried under vacuum. Product 8 was obtained as a dark brown gum,
soluble in CH2Cl2 and hexane. 1H NMR spectroscopy indicated full
hydrosilylation of the Si�H bonds of the polysiloxane backbone. Yield:
0.21 g. 1H NMR (CDCl3, 300 MHz): δ 0.06�0.09 (br, OSi(CH3)3,
OSi(CH3)2, OSi(CH3)), 0.52 (br, CH2, FcSiCH3), 0.90 (m, CH2), 4.04
(s, C5H5), 4.08, 4.13, 4.33 (m, C5H4), 7.32, 7.53 (m, C6H5).

13C{1H}
NMR (CDCl3, 75 MHz): δ �4.5 (FcSiCH3), �1.2 (OSi(CH3)2), 1.0,
1.2, 1.8 (OSiCH3), 6.7, 9.7 (CH2), 68.2 (C5H5), 69.0, 70.7, 70.9, 73.5
(C5H4), 127.6, 128.8, 134.0, 138.2 (C6H5).

29Si{1H} NMR (CDCl3, 59
MHz): δ �20.0 (OSi(CH3)2), �5.0 (FcSiCH3), 0.9 (OSiCH2), 9.0
(OSi(CH3)3). IR: ν(Si�O�Si) 1024�1105 cm�1, ν(Si�C) 800 cm�1.
MS (MALDI�TOF): Mn = 2934.3, Mw = 2950.9, polydispersity index
Mw/Mn = 1.01.
Synthesis of Ferrocenyl Dendronized Dimethylsiloxane

Copolymer 9. Using the same method as detailed for the preparation
of model compound 5 and copolymer 8, ferrocenyl dendronized
copolymer 9 was synthesized starting from copolymer ((Me3SiO)-
(MeSiHO)n(Me2SiO)m(SiMe3) (n = 30�35%, m = 65�70%), (0.04 g),
ferrocenyl dendron 3 (0.19 g, 0.23 mmol) and 40 μL of Karstedt's
catalyst in dry, freshly distilled, toluene (30 mL). After 18 h at 80 �C the
1H NMR spectroscopy confirmed the complete disappearance of the
Si�Hproton resonance of the starting copolymer. The reaction mixture
was treated as above, and after the appropriate work-up, the resulting orange-
brown tacky residue was dissolved in CH2Cl2 and precipitated in cold
ethanol (three times). The ferrocenyl dendronized copolymer 9 was
obtained as an orange-brown viscous product. 1H NMR spectroscopy
indicated full hydrosilylation of the Si�H bonds of the polysiloxane
backbone. Yield: 0.03 g. 1HNMR (CDCl3, 300MHz): δ 0.07�0.09 (br,
OSi(CH3)3, OSi(CH3)2, OSiCH3), 0.50 (br, CH2CH2, Fc�Si�CH3),
0.80�0.90 (br, CH2CH2CH2), 3.97 (s, C5H5), 4.04, 4.08, 4.31 (m,
C5H4), 7.32, 7.50 (m, C6H5).

13C{1H} NMR (CDCl3, 125 MHz):
δ �4.6 (FcSiCH3), �0.3 (OSi(CH3)2), 1.2 (OSiCH3), 4.1, 7.7
(CH2CH2), 16.4, 17.7, 22.5 (CH2CH2CH2), 68.3 (C5H5), 69.0, 70.8,
73.5, 73.6 (C5H4), 127.7, 128.9, 134.1, 134.3, 138.3 (C6H5).

29Si{1H}
NMR (CDCl3, 99 MHz): δ �21.9 (OSi(CH3)2), �5.2 (FcSiCH3),
�1.0 (SiPh), 0.9 (O�Si�CH2). IR: ν(Si�O�Si) 1022�1103 cm�1,
ν(Si�C) 801 cm�1.
Synthesis of Ferrocenyl Homopolysiloxane 10. This homo-

polymer was prepared in a similar manner as ferrocenyl polysiloxanes 8
starting from0.32 g (0.96mmol) of 1, 0.05 g of poly(methylhydrosiloxane)
((Me3SiO)(MeSiHO)n(SiMe3), n ∼ 35) and 40 μL of Karstedt's
catalyst. After 18 h at 90 �C, the reaction mixture was filtered and the
solvent was removed under vacuum. The resulting orange-brown
residue was dissolved in CH2Cl2 and precipitated with hexane twice.
Ferrocenyl polysiloxane 10 was isolated as a brown gum. 1H NMR
spectroscopy indicated full hydrosilylation of the Si�H bonds of the
polysiloxane backbone. Mn (g/mol): 13 900 (calculated according to a
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polymerization degree of 35). Yield: 0.28 g. 1H NMR (CDCl3, 300
MHz): δ 0.01 (br, OSi(CH3)3, OSiCH3), 0.45 (s, FcSiCH3), 0.45, 0.88
(br, CH2), 3.98 (br, C5H5/C5H4), 4.27 (br, C5H4), 7.28, 7.51 (m,
C6H5).

13C{1H} NMR (CDCl3, 125 MHz): δ �4.4 (FcSiCH3), �0.7
(OSiCH3), 7.2, 9.9 (CH2), 68.3, 68.9, 70.8, 71.0, 73.6 (C5H5/C5H4),
127.7, 128.9, 134.1, 138.1 (C6H5).

29Si{1H} NMR (CDCl3, 99 MHz):
δ�22.4 (OSiCH3),�5.0 (FcSiCH3). IR: ν(Si�O�Si) 1033�1104 cm�1,
ν(Si�C) 777 cm�1.
Synthesis of Ferrocenyl Dendronized Polysiloxane 11. To

a solution of ferrocenyl dendron 3 (0.02 g, 0.024 mmol) in toluene
(2 mL) were added 40 μL of Karstedt's catalyst and another toluene
solution containing 1.3 � 10�3 g of poly(methylhydrosiloxane)
((Me3SiO)(MeSiHO)n(SiMe3), n ∼ 35). The mixture was refluxed
overnight. After filtration and remove the solvent the resulting orange-
brown residue was dissolved in CH2Cl2 and precipitated with cold
hexane several times. The desired ferrocenyl dendronized homopolysi-
loxane 11 was isolated as a dark gum. 1H NMR spectroscopy indicates
full hydrosilylation of the Si�H bonds of the polysiloxane backbone.Mn

(g/mol): 30700 (calculated according to a polymerization degree of 35).
Yield: 0.19 g. 1H NMR (CDCl3, 300 MHz): δ 0.14 (br, OSi(CH3)3,
OSiCH3), 0.58 (br, CH2CH2, FcSiCH3), 0.87 (br, CH2CH2CH2), 4.04
(br, C5H4), 4.11, 4.15, 4.38 (br, C5H5), 7.39, 7.57 (m, C6H5).

13C{1H}
NMR (CDCl3, 125 MHz): δ �4.5 (FcSiCH3), 1.9 (OSiCH3), 4.0, 7.6
(CH2CH2), 14.2, 17.5, 22.8 (CH2CH2CH2), 68.2 (C5H5), 68.5, 70.8,
71.0, 73.7 (C5H4), 127.9, 129.0, 134.0, 134.4, 137.2 (C6H5).

29Si{1H}
NMR (CDCl3, 99 MHz): δ �22.1 (OSiCH3), �5.1 (FcSiCH3), �1.3
(SiPh). IR: ν(Si�O�Si) 1023�1093 cm�1, ν(Si�C) 799 cm�1.
Synthesis of Heterometallic Dimethylsiloxane Copolymer

12. In a 100mL two-necked round-bottomed flask equipped with an air-
cooled reflux condenser, argon inlet and magnetic stir bar, a degassed
solution of 0.40 g (1.82 mmol) of chromium hexacarbonyl and 0.10 g of
copolymer 8 in a mixture of 50 mL of n-dibutyl ether and THF (9:1, v:v)
was heated to reflux temperature. The progress of the reaction was
monitored by occasionally cooling a sample of the mixture to room
temperature and recording the IR and 1H NMR spectra of the super-
natant solution. After 96 h, and after checking by 1H NMR that further
π-coordination of Cr(CO)3 units to pendant phenyl rings was not
longer possible, the greenish suspension was then cooled to room
temperature and subsequently filtered through a pad of Celite to remove
insoluble decomposition products. From the resulting yellow solution,
the solvent was removed under vacuum. The obtained residue was
purified by dissolving it in CH2Cl2 and by subsequent precipitation with
hexane at low temperature. The desired heterometallic copolymer 12
was isolated as an air-unstable, yellow-orange oily product. Integration
ratio of the protons of the Cr(CO)3-complexed C6H5 rings and those of
the uncomplexed C6H5 units, indicated that 12 consists on approxi-
mately 63% chromium-coordinated phenyl and 37% uncoordinated
phenyl units. Yield: 0.20 g. 1H NMR (CDCl3, 300 MHz): δ 0.08 (br,
OSi(CH3)3, OSi(CH3)2, OSiCH3), 0.52�0.56 (br, CH2, FcSiCH3),
0.93 (m, CH2), 4.05, 4.12, 4.21, 4.34, 4.42 (m, C5H5/C5H4), 5.04, 5.28,
5.59 (Cr�C6H5), 7.33, 7.54, (m, C6H5). IR: ν(CtO) 1967 and
1890 cm�1, ν(Si�O�Si) 1018�1103 cm�1, ν(Si�C) 798 cm�1.
Synthesis of Heterometallic Polysiloxane 13. Recently pre-

pared (MeCN)3Cr(CO)3 (0.5 g, 1.93 mmol) was dissolved in dry,
freshly distilled, oxygen-free THF and treated with a THF solution
of ferrocenyl polysiloxane 10 (0.10 g) under argon. The stirred mixture
was heated gently to reflux with IR and 1H NMR monitoring of the
course of the reaction. After 48 h the mixture was cooled to room
temperature and filtered through a short column of Celite. From the
yellow filtrate the solvent was removed under vacuum and the yellowish
residue was purified in a similar manner as the heterometallic copolymer
12. The integration ratio of the protons of the Cr(CO)3-complexed
C6H5 rings and those of the uncomplexed C6H5 units indicated that 13
consists of approximately of 65% chromium-coordinated phenyl and 35%

uncoordinated phenyl units. Yield: 0.15 g. 1H NMR (CDCl3, 300 MHz):
δ 0.06�0.12 (br, OSi(CH3)3, OSiCH3), 0.56, 1.00 (br, FcSiCH3),
1.00�1.60 (m, CH2), 4.05, 4.13, 4.21, 4.35, 4.42 (m, C5H5/C5H4), 5.07,
5.31, 5.40, 5.48 (Cr�C6H5), 7.35, 7.55, (m, C6H5). IR: ν(CtO) 1964
and 1885 cm�1, ν(Si�O�Si) 1023�1097 cm�1, ν(Si�C) 798 cm�1.
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