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a  b  s  t  r  a  c  t

The  efficient  catalytic  dehydropolymerization  of phenylsilane  by  homogeneous  zirconocene
bissilanolates  ([{(c-C5H9)7Si8O12O}2Zr(�5-C5H5)2]  (1a);  [{(c-C5H9)7Si8O12O}2Zr(�5-C5H4Bu)2]  (1b)
[{(c-C5H9)7Si7O9(OSiMe3)O2}Zr(�5-C5H5)2]  (4);  [{(Me3CO)3SiO}2Zr(�5-C5H5)2] (5))  and  chlorosi-
lanolates  ([{(c-C5H9)7Si8O12O}ZrCl(�5-C5H4Bu)2] (2);  ([{(c-C5H9)7Si7O9O3}Zr2Cl(�5-C5H5)4] (3a);  [{(c-
C5H9)7Si7O9O3}Zr2Cl(�5-C5H4Bu)4]  (3b))  has  been  demonstrated.  The  presence  of  at  least  one  silanol
ligand  in  the  zirconocene  moiety  was  found  essential  for high  catalytic  performance.  Solid  state  structure
of complex  1a  was  determined  by  single  crystal  X-ray  diffraction  analysis.  A  series  of  nine  zirconocene-
siliceous  catalysts  were  prepared  by grafting  of  zirconocene  moiety  onto  silica  using three  general
methods:  (a) reaction  of  [(�5-C5H5)2ZrCl2]  with  silica  in  the presence  of  NEt3; (b)  reaction  of  [(�5-
C5H5)2ZrMe2]  with  silica;  (c)  reaction  of  solely  [(�5-C5H5)2ZrCl2]  with  silica.  Supported  catalysts  were
characterized  by  ICP-MS,  FT-IR,  TGA  and selected  examples  by XPS  analysis.  Those  catalysts  prepared
ilica by  method  (a)  and  (b)  were  found  efficient  in  the  phenylsilane  polymerization  although  a higher
Zr/monomer  ratio  had  to  be used  in  comparison  with  homogeneous  analogues.  The  low  concentration  of
residual  silanol  groups  in  supported  catalysts  was  found  essential  for  their  high  catalytic  performance.
Advantageous  reusability  of  supported  catalysts  was  demonstrated  using  SiO2(500)/Cp2ZrCl2/NEt3(5.8).
The  catalytic  performance  was  retained  in  three  consecutive  cycles  producing  polymers  with  almost

identical  properties.

. Introduction

Extraordinary properties of polysilanes due to their �-electron
elocalization conjugation have been applied in design of new
eramics, semiconductor, photoresistive and non-linear optic
aterials [1,2]. Polysilanes preparation by group 4 complexes

atalyzed dehydrocoupling of hydrosilanes become a feasible alter-
ative to Wurtz coupling of chlorosilanes and has been repeatedly
eviewed [3–5]. The high activity of [(�5-C5H5)2TiMe2] [6] and
(�5-C5H5)2ZrMe2] [7] in catalytic silane dehydrocoupling led to
he exploration of the range of complexes with reactive alkyl or
ilyl groups �-bonded to the metal [8,9]. The reactive metal–carbon
r metal–hydrogen species could be also generated in situ from

ommercially available metallocene dichlorides by various alkylat-
ng/hydrogenating reagents (BuLi [10,11], NaAlH2(OC2H4OCH3)2
12]), however this method produced complicated mixtures of

∗ Corresponding author.
E-mail address: pinkas@jh-inst.cas.cz (J. Pinkas).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.07.006
© 2011 Elsevier B.V. All rights reserved.

organometallic species [13]. In the mid  nineties, the family of
successful catalysts was  extended for stable titanocenes bearing
Ti–O bonds [(�5-C5H5)2Ti(OAr)2] (Ar = Ph, 4-MeOC6H4, 4-Cl-C6H4,
4-CNC6H4, 4-Me-C6H4) [14,15] or stable metallocene fluorides
[(�5-C5H5)2MF2] (M = Ti, Zr) [16], respectively. Replacement of
metal bonded �-ligands with hydride transferred from silane was
shown to be the activation step for dehydrocoupling polymer-
ization of silanes with metallocenes [(�5-C5H5)2MY2] (M = Ti, Zr,
Hf; Y = F, OPh, NMe2) [17]. The strength of the M-Y  bond thus
became an important factor for determination of effectiveness of
ligand Y leaving process. Evaluation of ligand to metal �-donor
ability in a series of titanocene complexes [(�5-C5Me5)2MY]  intro-
duced by Andersen for Y = N(Me)H, NH2, OMe, OPh, F, Cl, Br, I, H
[18] and recently extended to permethyltitanocene alcoholates and
silanolates [19,20] established a valuable parameter for the lig-
and behaviour. The results obtained classified the �-interaction

of silanolate ligands to be intermediate between those of pheno-
late and fluoride ligand. Assuming that silanol ligands could mimic
the behaviour of silica surface silanol groups (“the surface (of sil-
ica) acts as a large siloxy ligand” [21]), there is a great potential

dx.doi.org/10.1016/j.cattod.2011.07.006
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:pinkas@jh-inst.cas.cz
dx.doi.org/10.1016/j.cattod.2011.07.006
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n use of metallocene complexes grafted on silica to catalyze the
ehydrocoupling polymerization of primary silanes. Although the
irconocenes grafted on silica were extensively studied as precur-
ors for catalytic polymerization of olefins (especially ethylene)
22–24], there has been no study concerning their use for dehy-
rogenative polymerization of primary silanes.

In this contribution we compare the catalytic performance of
omogeneous zirconocene–silanolate complexes 1–5 (Chart 1) in
ehydrocoupling polymerization of phenylsilane with new hetero-
eneous zirconocene–siliceous complexes containing a diverse Zr
oading. The effect of the heterogeneous catalyst composition on
atalytic dehydrocoupling polymerization of phenylsilane and on
roperties of the polymers obtained is evaluated. The reusability of
articular heterogeneous catalysts is also examined.

. Materials and methods

.1. Materials

All manipulation with moisture- and air-sensitive compounds
ere carried out under argon (99.998%) using standard Schlenk

echniques or in a glovebox Labmaster 130 (mBraun) under puri-
ed nitrogen. Solvents were dried, and freshly distilled prior to use.
(�5-C5H5)2ZrCl2], [(�5-C5H5)2ZrMe2] were obtained from Aldrich
nd used as received. NEt3 (Fluka) was dried by refluxing over
a/benzophenone, distilled and stored over a Na mirror. Phenylsi-

ane (Fluka) was dried by refluxing over LiAlH4 prior to distillation.
aution: Prolonged reflux of PhSiH3 with LiAlH4 generates SiH4 (a
elf-igniting gas).

Homogeneous zirconocene complexes were prepared according
o literature procedures: 1–3 [25], 4 [26,27],  5 [28].

Silica (Purasil 60 Å, 70–230 mesh, Whatman, BET surface area
39 m2/g, pore volume 0.8 cm3/g and average pore diameter
.2 nm)  was dried under a dynamic vacuum (10−3 Torr) for 10 h
t 200 ◦C (denoted SiO2(200)) or 500 ◦C (denoted SiO2(500)), respec-
ively. Content of residual silanol groups on the silica surface was
etermined by TGA to be 3.6 mmol  –OH groups/g SiO2(200) and
.7 mmol  –OH groups/g SiO2(500).

.2. Characterization methods

1H (300.0 MHz) and 13C (75.4 MHz) NMR  spectra of soluble
roducts from heterogeneous catalyst preparation were recorded
n a Varian Mercury 300 spectrometer at 25 ◦C. Chemical shifts
ı/ppm) are given relative to solvent signals (C6D6: ıH 7.15 ppm, ıC
28.00 ppm; CDCl3: ıH 7.26 ppm, ıC 77.16 ppm). 1H and 29Si NMR
pectral measurements of phenylsilane dehydrocoupling catalyzed
ith 1a were performed on a Varian UNITY-500 spectrometer

operating at 499.9 MHz  for 1H and 99.3 MHz  for 29Si nucleus) at
0 ◦C. The 29Si{1H} INEPT based on 1J(29Si–1H) ∼ 200 Hz was per-
ormed with relaxation delay 3 s and acquisition time of 2 s. 1H
MR  (499.9 MHz) of poly(phenyl)silanes were recorded on a Var-

an UNITY-500 spectrometer in (CD3)2CO (referenced to residual
olvent signal at ıH 2.05 ppm).

GC–MS of volatile products were measured with Thermo Focus
SQ instrument using the capillary column Thermo TR-5MS

15 m × 0.25 mm ID × 0.25 mm).
X-ray diffraction data for 1a were collected at 150 K on a Non-

us KappaCCD diffractometer (Enraf-Nonius) with the graphite
onochromated Mo-K�  radiation. Cryostream Cooler (Oxford

ryosystem) was used for the low temperature measurements.

he structure was solved by direct methods (SHELXL97) [29] and
efined by full-matrix least-squares on F2 values (CRYSTALS) [30].
he assymetric unit of the crystal lattice contains a single zir-
onocene molecule. It was inevitable to model the disorder of the
y 179 (2012) 130– 139 131

three cyclopentyl groups. All heavy atoms and the carbon atoms
with the full occupancies were refined anisotropically. The dis-
ordered carbon atoms were refined only isotropically. Hydrogen
atoms were localized from the expected geometry and were not
refined. The crystallographic data for the structures reported in
this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary data. Copies of the data
can be obtained free of charge on application to CCDC, e-mail:
deposit@ccdc.cam.ac.uk.

Crystallographic data for 1a:  C80H136O26Si16Zr1,
M= 2054.5 g/mol, monoclic system, space group P21/c,
a = 11.4376(2), b = 22.5375(4), c = 38.8822(6) Å,  ̌ = 93.972(8)◦,
Z = 4, V = 9998.8(3) Å3, Dc = 1.36 g cm−3, �(Mo  K�) = 0.37 mm−1,
T = 150 K, crystal dimensions of 0.06 mm  × 0.25 mm  × 0.40 mm.  The
structure converged to the final R = 0.0865 and Rw = 0.0967 using
7392 independent reflections (�max = 25.02◦). CCDC registration
number 826482.

The zirconium content in heterogeneous complexes was
determined by Inductively Coupled Plasma–Mass Spectrometer
(ICP–MS) Perkin Elmer Elan 6000. Samples were dissolved in con-
centrated hydrofluoric and nitric acids with the aid of microwave
equipment.

IR spectra of heterogeneous catalysts were taken as a nujol mull
between KBr plates on a Nicolet Avatar FTIR spectrometer in the
range 400–4000 cm−1

Thermal analyses (TGA) of heterogeneous complexes were per-
formed on a TGA Q500 (TA Instruments, USA) under a nitrogen flow
(60 ml  min−1) with temperature programming of 20 ◦C min−1. The
initial weight loss up to ca. 160 ◦C should be attributed to removal
of water physisorbed during the sample weighting.

XPS analyses of heterogeneous complexes were carried out
using VG ESCA3 MkII electron spectrometer equipped with an Al
K� X-ray source and electrostatic hemispherical electron analyzer.
Spectra were taken at low resolution in the range 0–1000 eV and
in high resolution mode for the Si 2p, Zr 3d, Cl 2p, C 1s regions. The
measured core level binding energies Zr 3d5/2 are given relative to
Si 2p line located at 103.4 eV and the estimated error in binding
energy determination was ±0.2 eV. Element concentration ratios
were calculated from the photoelectron peak areas after their cor-
rection for non-linear Shirley background. The estimated error in
obtained values was  ±10%.

Molar masses of polysilanes were determined on a Waters
Breeze chromatographic system (Waters 2410 refractive index
detector, Waters 1515 pump, Waters 717plus Autosampler, col-
umn heater) with RI detector operating at 880 nm and multi-angle
laser light scattering (MALLS) miniDawn TREOS from Wyatt
with laser wavelength 658 nm.  Refractive index increments
(dn/dc = 0.238–0.268 ml g−1) were measured on-line on RI detec-
tor at 880 nm.  Separation was  performed on two  7.8 mm × 300 mm
Polymer Laboratories Mixed C columns at 35 ◦C in THF at an elution
rate of 1 ml  min−1. Samples concentration was  3–5 mg  ml−1. Light
scattering data were evaluated using Astra 5.3.2.15 software. The
amount of LMW  fraction was  evaluated from the deconvolution
of GPC chromatogram of the respective polysilane. Note: Selected
samples were also evaluated using polystyrene calibration which
on average resulted in approximately 30% underestimation of Mw

compared to results from GPC-MALLS.

2.3. Phenylsilane polymerization with homogeneous complexes
1–5

Polymerizations were performed in a Schlenk tube under argon

atmosphere. Phenylsilane (1.080 g, 10 mmol) was added to a solid
zirconocene complex (10 �mol  Zr) and the mixture was stirred for
15 h in an oil bath heated to 105 ◦C. The resulting glass/oily material
was  dissolved in 15 ml  of toluene. The toluene solution was filtered

mailto:deposit@ccdc.cam.ac.uk
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Table 1
Dehydrogenative polymerization of phenylsilane catalyzed with homoge-
neous complexes 1–5 and [(�5-C5H5)2ZrCl2]. Conditions: Zr/PhSiH3 = 1/1000;
temp. = 105 ◦C; time = 15 h; neat PhSiH3.

Entry Catalyst Conv. [%] Mw
a

[kg mol−1]
Da,b LMFa,c

[mol%]

1 1a 96 1.96 1.45 16
2 1bd 98 1.74 1.37 16
3  2d 90 3.60 1.79 10
4 3a  95 3.58 1.68 13
5  3bd 85 2.31 1.41 10
6  4 83 2.20 1.42 18
7  5 82 2.80 1.64 14
8  [(�5-C5H5)2ZrCl2] 0 – – –

a Determined by GPC-MALLS.
b Dispersity D = Mw/Mn
c Low molecular weight fraction.
Ch

hrough Florisil and the solid phase washed with toluene (3×  5 ml).
ombined toluene fractions were evaporated in vacuum to obtain
olymers of oil-to-glass appearance.

Complexes with n-butyl substituted zirconocene moiety (1b, 2,
b) were activated at 135 ◦C for 30 min, and the polymerization was
urther conducted at 105 ◦C for additional 14.5 h.

.4. 1H NMR  spectroscopy of a mixture of 1a and PhSiH3

Complex 1a (6 mg,  3 �mol) was weighed into a high-pressure
MR tube, and an excess of phenylsilane (372 �l, 327 mg,  3.0 mmol)
as added with a Hamilton syringe. The resulting suspension was
egassed, closed with a J-Young valve, and initial 1H and 29Si NMR
pectra were acquired. The dehydrocoupling reaction was  initiated
y heating the tube for 20 min  at 110–120 ◦C. Then the tube was
ooled to room temperature and the reaction was periodically mon-
tored by 1H and 29Si NMR  measurement for 15 h. Hereupon leaving
he NMR  tube for several days at room temperature led to forma-
ion of colourless crystals. These were isolated and showed by X-ray
rystallography to be 1a.

.5. Preparation of heterogeneous zirconocenes supported on
ilica

Method A: from [(�5-C5H5)ZrCl2] with NEt3 as a base (given an
xample for SiO2(500)/Cp2ZrCl2/NEt3(5.8)).

To a solid mixture of silica SiO2(500) (1.980 g) and [(�5-
5H5)2ZrCl2] (0.485 g, 1.66 mmol) was added chloroform (70 ml),
ollowed by an excess of NEt3 (2.0 ml,  14.3 mmol). The mixture
as stirred at room temperature for 20 h. Then, the solid part
as separated from a colourless solution, washed with chloroform

3× 10 ml)  and THF (10 ml), and dried in vacuum to give a slightly
ellow solid (2.243 g) denoted as SiO2(500)/Cp2ZrCl2/NEt3(5.8). The
arentheses indicate the loading of Zr in weight % (see entry 2 in

able 2). The reaction solution and all washings were combined, and
vaporated to dryness to obtain a white solid (0.323 g). The 1H NMR
nalysis revealed the presence of [Et3NH]Cl with traces (<0.5 mol.%)
f [{(�5-C5H5)2ZrCl}2O] (1H NMR  (CDCl3): ıH = 6.29 ppm) [31].
d Catalyst activation was performed at 135 ◦C (for 30 min).

Method B: from [(�5-C5H5)2ZrMe2] (given an example for
SiO2(200)/Cp2ZrMe2(9.5)).

Toluene (15 ml)  was added to a solid mixture of silica SiO2(200)
(0.978 g) and [(�5-C5H5)2ZrMe2]. A vigorous gas evolution and
warming of the reaction mixture was  observed. The mixture was
stirred at room temperature for additional 12 h. The solution was
filtered, and the solid residue was washed with toluene (3×  5 ml)
and dried under vacuum to obtain a supported catalyst as a yellow-
ish solid (1.243 g).

The filtrate and washings were combined and evaporated in vac-
uum to obtain a waxy yellowish solid (0.104 g). The analysis of the
solid by 1H NMR  (C6D6) showed mainly the presence of unreacted
[(�5-C5H5)2ZrMe2] (ca. 80 mol.%).

Method C: from [(�5-C5H5)2ZrCl2] without base (given an exam-
ple for SiO2(500)/Cp2ZrCl2(0.8)).

A solution of [(�5-C5H5)2ZrCl2] (0.085 g, 0.29 mmol) in toluene
(10 ml)  was  added to silica SiO2(500) (0.997 g) and the mixture was
stirred at room temperature for 17 h. The solution was  filtered,

and the remaining solid was washed with toluene (4×  5 ml)  and
dried in vacuum for 5 h. The filtrate and washings were collected
and evaporated under vacuum. The solid residue was  analyzed by



V. Varga et al. / Catalysis Today 179 (2012) 130– 139 133

Table 2
Dehydrogenative polymerization of phenylsilane catalyzed with heterogeneous cat-
alysts. Conditions: Zr/PhSiH3 = 1/100; temp. = 105 ◦C; time = 15 h; neat PhSiH3.

Entry Catalyst (Zr wt%)a Conv. [%] Mw
b

[kg mol−1]
Db,c LMFb,d

[mol%]

1 SiO2(500)/Cp2ZrCl2/NEt3(5.3) 90 4.01 1.78 10
2 SiO2(500)/Cp2ZrCl2/NEt3(5.8) 91 3.70 1.69 9
3  SiO2(500)/Cp2ZrCl2/NEt3(3.0) 81 3.61 1.64 10
4  SiO2(500)/Cp2ZrCl2/NEt3(3.0) 69 3.96 1.73 10
5  SiO2(200)/Cp2ZrCl2/NEt3(7.8) 45 1.20 2.22 68
6 SiO2(200)/Cp2ZrCl2/NEt3(8.7) 42 0.89 1.31 100
7 SiO2(500)/Cp2ZrMe2(7.5) 93 2.40 1.41 22
8 SiO2(200)/Cp2ZrMe2(9.5) 91 3.34 1.57 13
9  SiO2(500)/Cp2ZrCl2(0.8) 0 – – –

10  SiO2(200)/Cp2ZrCl2(1.1) 0 – – –

a Determined by ICP-MS.
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b Determined by GPC-MALLS.
c Dispersity D = Mw/Mn .
d Low molecular weight fraction.

H NMR  to be solely unreacted [(�5-C5H5)2ZrCl2] (CDCl3: signal at
H = 6.49 ppm).

.6. Phenylsilane polymerization with heterogeneous complexes

Polymerizations were performed in a Schlenk tube under an
rgon atmosphere. Phenylsilane (1.080 g, 10 mmol) was  added to a
rafted catalyst (0.10 mmol  Zr) and the mixture was inserted into

 bath heated to 105 ◦C and stirred for 15 h. The polysilane formed
as dissolved in toluene (usually ca. 20 ml)  and the toluene solution
as filtered from the solid catalysts. The catalyst was  washed with

dditional portions of toluene (3×  5 ml). Combined toluene frac-
ions were evaporated in vacuum to obtain a colourless or slightly
ellow polymer of oil-to-glass appearance.

.7. Reaction of neat PhSiH3 with silica (given an example for
iO2(200)/PhSiH3)

A mixture of silica SiO2(200) (0.796 g) and PhSiH3 (1.756 g,
6.26 mmol) was heated to 105 ◦C and stirred for 15 h. Then, the liq-
id phase was separated and the remaining solid was dried under
acuum to obtain a white surface-modified silica SiO2(200)/PhSiH3
yield 0.887 g).

Similarly, a modified silica SiO2(500)/PhSiH3 (yield 0.354 g)
as prepared from silica SiO2(500) (0.320 g) and PhSiH3 (0.878 g,

.13 mmol).
GC–MS analysis of volatiles from both preparations proved the

resence of benzene in addition to overwhelming PhSiH3.

. Results and discussion

.1. Catalytic phenylsilane polymerization by homogeneous
omplexes 1–5

Dehydrocoupling phenylsilane polymerizations with zir-
onocene complexes 1–5 (Chart 1) were performed at 105 ◦C in
ulk monomer (Zr/PhSiH3 = 1/1000; n/n). Polymerization condi-
ions, conversions and GPC characterization of obtained polysilanes
re summarized in Table 1. The polymerization commenced within
0–30 min  and could be visually detected by hydrogen evolution
nd in some cases by colour change from colourless to yellowish.
uring this prerequisite activation a catalytic active species should
e generated from the particular complex by replacing �-bonded
igand(s) with hydride transferred from silane [17]. The catalytic
erformance of bis(silanolate) complexes was only slightly higher

n comparison to chlorosilanolates, whereas [(�5-C5H5)2ZrCl2]
as inactive at the same conditions showing that the silanolate
Fig. 1. Proceeding of phenylsilane polymerization catalyzed with 1a.
H2PhSi(SiHPh)SiPhH2 (�); H2PhSi(SiHPh)2SiPhH2 (2 diastereomers: (�)  and
(♦)).

ligand behaves as a better leaving group than the chloride ligand.
A similar relation was  found for catalytic dehydrocoupling of
phenylsilane with titanocene complexes bearing aryloxo and
chloro �-ligands [32]. It should be noted, that complexes with
the n-butyl substituted zirconocene moiety (1b,  2, 3b)  required
higher activation temperature (135 ◦C in bath) to commence the
polymerization, probably as a result of higher steric crowding
at the zirconium centre. Once the polymerization started, the
catalytic performance of zirconocene (conversion 82–96%) and
n-butyl substituted zirconocene species (conversion 85–98%) was
almost identical, showing only negligible effect of cyclopentadienyl
monosubstitution on catalytic performance.

GPC-MALLS analysis of polysilanes prepared with 1–5 showed
a bimodal distribution of molecular weight (Mw in the range
1.74–3.60 kg mol−1) with a low molecular weight fraction (LMW)
in the range 10–18%. The Mw values of polymers prepared by
complexes with unsubstituted zirconocene moiety are similar
(Mw = 1.96 (1a); 3.58 (3a); 2.20 (4) and 2.80 (5) kg mol−1) to poly-
mers obtained using catalytic systems: [(�5-C5H5)2ZrCl2]/2, e.g.
BuLi (Mw = 1.78–2.50 kg mol−1) [10] and [(�5-C5H5)2ZrY2] (Y = F,
OPh, NMe2; Mw = 2.70-3.14 kg mol−1) [17].

An attempt to catalyze polymerization of silane Ph2SiH2 by com-
plex 1a was  unsuccessful even at 135 ◦C showing limited activity
of studied complexes towards secondary silanes.

3.2. 1H and 29Si NMR monitoring of phenylsilane polymerization
with 1a

Replacement of the electronegative ligand Y (Me, F, OPh, NMe2)
�-bonded to zirconium with hydride is to be accompanied by the
formation of new silane species PhSiH2Y as was shown by Wang
et al. [17]. To establish the similar reaction for silanolate ligands
we  have attempted to follow the activation of 1a and subsequent
catalytic phenylsilane polymerization by 1H NMR  spectroscopy.
Unfortunately, a mixture of 1a and phenylsilane in o-xylene-D10
did not show any activation even at 140 ◦C therefore the measure-
ments were performed in neat phenylsilane. The dehydrocoupling
commenced after short activation at 110–120 ◦C and formation of
trimer H2PhSi(SiHPh)SiPhH2 and two diastereotopes for tetramer
H2PhSi(SiHPh)2SiPhH2 was detected by 29Si NMR  after further 1 h
at room temperature. The 29Si{1H} INEPT with the refocusing delay
corresponding to SiH group (0.0025 s) was  collected every hour.
The isolated SiH signals of the trisilane and tetrasilanes [33] were
chosen to monitor the course of the reaction.
Fig. 1 shows slow increase in the concentration of monitored
oligomers with time, thus supporting the proceeding dehydro-
coupling. It should be noted that both diastereomers of the
tetramer H2PhSi(SiHPh)2SiPhH2 were produced with roughly equal
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Fig. 2. ORTEP drawing of compound 1a at the 30% probability level (cyclopentyl
groups and hydrogen atoms are omitted for clarity). Selected bond distances
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´̊A)  and angles (◦): Zr(1)–O(35) 1.981(7), Zr(1)–O(43) 1.967(7), Zr(1)–Cg(1)
.220, Zr(1)–Cg(2) 2.209, O(43)–Zr(1)–O(35) 99.2(3), Zr(1)–O(43)–Si(16) 166.2(5),
r(1)–O(35)–Si(7) 172.2(5).

bundance showing no stereoselectivity of the polymerization pro-
ess. We  were not able to detect any evidence for active hydride
pecies or for PhSiH2 modified silsequioxane. Moreover, a substan-
ial amount of complex 1a crystallized from the polymerization

ixture after several days. Since attempted crystallization of 1a
rom hexane afforded only a polycrystalline powder one could sug-
est that the formation of single crystals was due to a slow decrease
f 1a solubility in the produced oligomers. On the other hand,
ecovery of 1a implies that activation process is rather ineffective
nd produces only small amount of active species which catalyze
he dehydrocoupling highly effectively even at room temperature.
t is probable that low concentration of the active species in the
olymerization mixture lowered its deactivation by bimolecular
eaction producing dimers inactive in dehydrocoupling polymer-
zation [7,34].

.3. Crystal structure of 1a

The molecular structure of 1a is depicted in Fig. 2. The central
irconium atom possesses approximately tetrahedral coordination
nvironment consisting of the centroid of the two cyclopentadienyl
ings and two oxygen atoms. Zr–O �-bond distances have lengths
1.981(7) Å and 1.967(7) Å) comparable to known zirconocene com-
lexes [(�5-C5H5)2Zr{(c-C5H9)7Si7O11(OSiMe3)}] (1.96(2) Å) [26]
nd [(�5-C5H5)2Zr{(c-C5H9)7Si7O11(OSiMePh2)}] (1.994(2) Å and
995(2) Å) [27]. On the other hand, the Zr–O–Si angle (166.5(5)◦

nd 172.5(5)◦) in 1a is considerably closer to linear arrangement
han in above mentioned complexes (157.6(9)◦, 155.9(10) in [(�5-
5H5)2Zr{(c-C5H9)7Si7O11(OSiMe3)}] and 146(8(1)◦, 161.4(1)◦ in
(�5-C5H5)2Zr{(c-C5H9)7Si7O11(OSiMePh2)}] with chelating silse-
uioxane ligand, apparently due to a lower steric strain for
onodentately bonded silsequioxane ligands in 1a.

.4. Heterogeneous catalyst preparation

Heterogeneous analogues of zirconocene silanolate com-

lexes were prepared by reaction of [(�5-C5H5)2ZrCl2] or
(�5-C5H5)2ZrMe2] with partially dehydroxylated silica (SiO2(200),
iO2(500)). Three general pathways were used for supporting the
irconocene moiety onto silica surface.
y 179 (2012) 130– 139

Method A: The utilization of NEt3 as a base in the reaction
of [(�5-C5H5)2ZrCl2] with surface silanol groups led to graft-
ing of zirconocene moiety to the silica surface by at least one

SiO–Zr bond as was evidenced by the ammonium salt [NEt3H]Cl
formation (vide infra). The content of the zirconium grafted on
silica surface depends on a number of surface silanol groups
and initial Zr/surface –OH ratio. Reaction of [(�5-C5H5)2ZrCl2]
with SiO2(200) (3.6 mmol  OH/g) at approximately Zr/OH = 0.5 gave
supported catalyst SiO2(200)/Cp2ZrCl2/NEt3(7.8) with 7.8 wt% Zr.
Repeated experiment at identical conditions led to a supported
catalyst SiO2(200)/Cp2ZrCl2/NEt3(8.7) with slightly higher Zr con-
tent (8.7 wt%  Zr). Reaction of [�5-C5H5)2ZrCl2] with SiO2(500)
(0.7 mmol  OH/g) at approximately Zr/OH = 1 gave supported cata-
lyst SiO2(500)/Cp2ZrCl2/NEt3(5.8) with 5.8 wt% of Zr. An increased
zirconocene content in the reaction mixture (Zr/OH = 5) did
not lead to a higher incorporation of zirconium and cata-
lyst SiO2(500)/Cp2ZrCl2/NEt3(5.3) with almost identical Zr content
(5.3 wt%) was obtained. On the other hand, the use of low zir-
conocene content (Zr/OH = 0.5) in the reaction mixture led to the
supported catalyst with SiO2(500)/Cp2ZrCl2/NEt3(3.0) with 3 wt% Zr.

1H NMR  spectrum of filtrates + washings in CDCl3 isolated from
the reaction mixtures: silica + [(�5-C5H5)2ZrCl2] + NEt3 showed
besides signals corresponding to quaternary ammonium salt (char-
acteristic broad signal of NH at 12.0 ppm) and in some cases
unreacted [(�5-C5H5)2ZrCl2] (ıH = 6.46 ppm) as well as a singlet
at 6.29 ppm. The signal was  assigned to �-oxo dimer [{(�5-
C5H5)2ZrCl}2O] [31]. The amount of the �-oxo species varied
from 0 to 4 mol.% respective to an amount of ammonium salt
formed. A partial base catalyzed dehydroxylation of the silica sur-
face and reaction of the in situ formed water with the zirconocene
dichloride in the presence of NEt3 is probably responsible for the
formation of �-oxo dimer [{(�5-C5H5)2ZrCl}2O]. Analogous dehy-
dratation of [(c-C5H9)7Si7O9(OH)3] catalyzed by NEt3 with either
[(�5-C5H5)2ZrCl2] or MS  4A as water scavengers have already been
published [25,35].

Method B To avoid problem with released water mentioned
above we have used [(�5-C5H5)2ZrMe2] as a precursor for grafting
zirconocene moiety on the silica surface. The complex contained
highly reactive Zr–C bonds capable of interacting with weakly
acidic surface silanol groups with a concomitant methane release.
Such reactions in toluene suspension gave supported catalysts
SiO2(200)/Cp2ZrMe2(9.5) and SiO2(500)/Cp2ZrMe2(7.5) with 9.5 and
7.5 wt%  of Zr.

Method C: The method followed the preparation of ethene poly-
merization precatalysts as was described previously [36–39].  The
thermally pretrated silicas SiO2(200) and SiO2(500) were admixed
with toluene solution of [(�5-C5H5)2ZrCl2]  for desired time,
washed and dried in vacuum to obtain supported catalysts
SiO2(200)/Cp2ZrCl2(1.1) or SiO2(500)/Cp2ZrCl2(0.8) with 1.1 or 0.8
weight % of zirconium, respectively. The rather low zirconium
amount grafted in these experiments falls into the narrow range
(0.3–1.6 wt%  Zr) published for zirconocene dichlorides immobilized
on silica without the aid of base [36–39].

3.5. Characterization of supported catalysts

Besides determination of zirconium content by ICP-MS, all pre-
pared complexes were characterized by TGA, IR spectroscopy and
selected catalysts also by XPS.

The amount of zirconium incorporated in each catalyst (see
Table 2) strongly depends on the starting material used and
corresponding synthetic method. Not surprisingly, indepen-

dently of the method of preparation, silica SiO2(200) with high
concentration of surface groups (3.6 mmol–OH/g) as inorganic
ligand/support afforded catalysts with higher Zr loading compared
to silica SiO2(500) (0.7 mmol  –OH/g). The use of stoichiometric
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ig. 3. FT-IR spectra of SiO2(200) (a); SiO2(200)/Cp2ZrCl2/NEt3(7.8) (b);
iO2(200)/Cp2ZrMe2(9.5) (c).

r higher amount of zirconocene ([(�5-C5H5)2ZrCl2]/surface
OH ≥ 1) for grafting on SiO2(500) in the presence NEt3 (Method
) gave heterogeneous catalysts SiO2(500)/Cp2ZrCl2/NEt3(5.3)
nd SiO2(500)/Cp2ZrCl2/NEt3(5.8) where the molar amount of
r (0.58 mmol/g for former and 0.64 mmol/g for latter) implied
referred formation of SiO–ZrClCp2 species on the surface. The
olar ratio [(�5-C5H5)2ZrCl2]/surface –OH (in SiO2(500)) ∼0.5 led to

he catalyst SiO2(500)/Cp2ZrCl2/NEt3(3.0) where an approximately
alf Zr loading in comparison to SiO2(500)/Cp2ZrCl2/NEt3(5.8) was

ound and this led us to conclude that SiO–ZrClCp2 is also a
redominant species in the SiO2(500)/Cp2ZrCl2/NEt3(3.0), probably
s a result of low concentration of –OH groups on the silica surface
hich precludes formation of chelating species ( SiO)2–ZrCp2.

he amount of zirconocene grafted (7.8 wt% Zr, i.e. 0.86 mmol/g
or SiO2(200)/Cp2ZrCl2/NEt3(7.8) and 8.7 wt% Zr, i.e. 0.96 mmol/g
or SiO2(200)/Cp2ZrCl2/NEt3(8.7)) on silica SiO2(200) (3.6 mmol
OH/g) showed that the resulting catalyst should contain residual
oncentration of –OH groups (even when possible formation of
helating species (( SiO)2–ZrCp2 is kept in view). Preparation
f grafted zirconocene catalysts SiO2(200)/Cp2ZrMe2(9.5) and
iO2(500)/Cp2ZrMe2(7.5) by Method B led to species with by far
he highest Zr loading, obviously due to the high reactivity of
(�5-C5H5)2ZrMe2]. Therein the zirconium loading (7.5 wt%  of
r, i.e. 0.8 mmol  Zr/g catalyst) in SiO2(500)/Cp2ZrMe2(7.5) catalyst
lightly exceeds the number of surface –OH groups in used silica
iO2(500) (0.7 mmol  –OH groups/g). We  suggested that the zir-
onocene moiety is grafted not only by acidobasic reaction between
r–Me and SiO–OH (giving SiO–ZrMeCp2 and methane), but
lso by the opening of strained siloxane bridges Si–O–Si (giving
SiO–ZrMeCp2 and SiO–Me) as was proved for reaction of [(�5-
5Me5)2ZrMe2] with highly dehydroxylated silica [40]. Method C

ed to catalyst SiO2(200)/Cp2ZrCl2(1.1) and SiO2(500)/Cp2ZrCl2(0.8)
ith negligible zirconium content showing low reactivity of Zr–Cl

ond towards weekly acidic surface –OH groups [39].
FT-IR spectra of catalysts in the –OH stretching region

3200–3800 cm−1) revealed that the peak at 3690–3695 cm−1 (ter-
inal silanol groups) vanished after complexes were grafted onto

oth SiO2(200) (Fig. 3) and SiO2(500) (Fig. 4). This showed higher reac-
ivity of the terminal silanol groups towards a Zr–Cl or Zr–Me bond
n comparison to vicinal silanol groups [41,42]. Typical feature of
atalyst spectra showing presence of the zirconocene moiety is a

eak band at 3116–3120 cm−1 assigned to the valence C–H vibra-

ion of zirconocene cyclopentadienyl ring that is shifted to higher
avenumbers from that for [(�5-C5H5)2ZrCl2] (3102 cm−1).
Fig. 4. FT-IR spectra of SiO2(500) (a); SiO2(500)/Cp2ZrCl2/NEt3(5.8) (b);
SiO2(500)/Cp2ZrMe2(7.5) (c).

The thermogravimetric analysis (TGA) of the prepared catalysts
were performed and curves of particular catalysts are depicted
in Fig. 5. The first weight loss at 210–240 ◦C could be assigned
to a release of cyclopentadienyl ligand from the supported cata-
lyst. For catalyst SiO2(500)/Cp2ZrCl2/NEt3(5.8) (Fig. 5a), where this
weight loss does not overlap with other processes, a molar ratio
C5H6/Zr ∼1.64 could be calculated which is close to value expected
for (�5-C5H5)2Zr fragment. The weight loss with maximum at
330–350 ◦C (e.g. Fig. 5c) which is typical for TGA curve of cata-
lysts SiO2(200)/Cp2ZrCl2/NEt3(7.8) and SiO2(200)/Cp2ZrCl2/NEt3(8.7)
could be interpreted as a water elimination due to condensation of
vicinal silanol groups.

A surface composition of particular heterogeneous cata-
lysts SiO2(500)/Cp2ZrCl2/NEt3(5.8), SiO2(500)/Cp2ZrCl2/NEt3(3.0)
and SiO2(200)/Cp2ZrCl2/NEt3(7.8) and the metallocene binding
energies was examinated by XPS. The Zr 3d5/2 binding ener-
gies obtained were 182.2 eV for SiO2(500)/Cp2ZrCl2/NEt3(5.8),
182.3 eV for SiO2(500)/Cp2ZrCl2/NEt3(3.0) and 182.3 eV for
SiO2(200)/Cp2ZrCl2/NEt3(7.8), and differ only slightly from each
other and also from the value published for [(�5-C5H5)2ZrCl2]
(182.0 eV) and [{(�5-C5H5)2ZrCl}O2] (182.1 eV) [43]. The rather
low sensitivity of Zr 3d5/2 binding energy to �-ligand chlo-
rine to silanolate exchange is in accordance with our previous
finding of solely Zr 3d5/2 binding energy value (182.0 ± 0.1 eV)
for dinuclear homogeneous complex 3b containing two dif-
ferent zirconocene moieties [25]. The molar ratio C/Zr ∼ 13.2
(SiO2(500)/Cp2ZrCl2/NEt3(5.8)), 11.9 (SiO2(200)/Cp2ZrCl2/NEt3(7.8))
and 14.0 (SiO2(500)/Cp2ZrCl2/NEt3(3.0)) established by XPS
measurement is slightly higher than that expected for (�5-
C5H5)2Zr fragment (C/Zr = 10). The molar ratio Cl/Zr ∼ 1 in
catalyst SiO2(200)/Cp2ZrCl2/NEt3(7.8) fitted well with the
supposed surface species SiO–ZrClCp2. On the other hand
in complexes SiO2(500)/Cp2ZrCl2/NEt3(5.8) (Cl/Zr ∼ 1.7) and
SiO2(500)/Cp2ZrCl2/NEt3(3.0) (Cl/Zr ∼ 1.9) the molar Cl/Zr ratio
significantly exceeds the expected value, although the catalysts
were thoroughly washed in order to remove [(�5-C5H5)2ZrCl2].
Unfortunately the origin of the adventitious chlorine is not clear
to date. Finally, it should be noted that XPS analysis did not locate
any nitrogen in the catalysts studied, therefore the physisorption
of NEt3 and/or [NEt3H]Cl on the catalysts surface can be excluded.

3.6. Catalytic phenylsilane polymerization with heterogeneous
The heterogeneous zirconocene complexes were tested
in the polymerization of phenylsilane under the same
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ig. 5. TGA curves of SiO2(500)/Cp2ZrCl2/NEt3(5.8) (a); SiO2(500)/Cp2ZrCl2/NEt3(3.0) 

nder a flow of nitrogen.

onditions (temperature 105 ◦C, time 15 h, neat PhSiH3) as
he homogeneous analogues 1–5,  except for the Zr/PhSiH3 ratio.
he preliminary experiment with SiO2(500)/Cp2ZrCl2/NEt3(5.8)
atalyst at Zr/PhSiH3 = 1/1000 (n/n) showed no polymerization
t all, therefore a higher Zr loading (Zr/PhSiH3 = 1/100; n/n) was
sed. The results of these experiments are shown in Table 2.
he catalytic performance decreases in the order: SiO2(500)/
p2ZrMe2(7.5) ∼ SiO2(200)/Cp2ZrMe2(9.5) ∼ SiO2(500)/Cp2ZrCl2
NEt3(5.3) ∼ SiO2(500)/Cp2ZrCl2/NEt3(5.8) > SiO2(500)/Cp2ZrCl2/NEt3
3.0) > SiO2(200)/Cp2ZrCl2/NEt3(8.7) ∼ SiO2(200)/Cp2ZrCl2/NEt3(7.8)

 SiO2(500)/Cp2ZrCl2(0.8) ∼ SiO2(200)/Cp2ZrCl2(1.1) (the last two
atalysts were found to be inactive). Reproducibility of polymer-
zation is fair as could be seen from monomer conversions (81%
nd 69%) and Mw of the polymers obtained (3.61 kg mol−1 and
.96 kg mol−1) for the same catalyst (entries 3 and 4). Catalysts
repared by the same synthetic procedure (although containing
lightly different Zr content) behave similarly in the polymerization
eaction and produce polymers with similar characteristic.
his could be demonstrated on catalyst prepared either from
iO2(200) – SiO2(200)/Cp2ZrCl2/NEt3(8.7) and SiO2(200)/Cp2ZrCl2
NEt3(7.8) (compare entries 5 and 6) or from SiO2(500)–SiO2(500)
Cp2ZrCl2/NEt3(5.3) and SiO2(500)/Cp2ZrCl2/NEt3(5.8) (compare
ntries 1 and 2).

The productivity of catalysts prepared by method
 bearing SiO2(500) – SiO2(500)/Cp2ZrCl2/NEt3(5.3) and
iO2(500)/Cp2ZrCl2/NEt3(5.8) (entries 1 and 2) is twice as high com-
ared to catalysts bearing SiO2(200): SiO2(200)/Cp2ZrCl2/NEt3(8.7)

nd SiO2(200)/Cp2ZrCl2/NEt3(7.8) (entries 5 and 6) and the former
wo catalysts also produce polysilanes with higher Mw (4.01 (entry
), 3.70 (entry 2) vs. 1.20 (entry 5), 0.89 (entry 6) kg mol−1) than
he latter one. The considerably lower productivity of the latter
O2(200)/Cp2ZrCl2/NEt3(7.8) (c); SiO2(200)/Cp2ZrMe2(9.5) (d) acquired at 20 ◦C min −1

catalysts is probably a consequence of higher concentration of
residual surface –OH groups which act as terminating agents
for generated active species. Complexes prepared by Method C
(SiO2(500)/Cp2ZrCl2(0.8) and SiO2(200)/Cp2ZrCl2(1.1)) possessed
even higher content of surface silanol groups (in comparison to Zr
content) which eventually led to efficient grafting of active species
and their deactivation (entries 9 and 10).

Both catalysts (SiO2(500)/Cp2ZrMe2(7.5) and
SiO2(200)/Cp2ZrMe2(9.5)) prepared by method B from [(�5-
C5H5)2ZrMe2] precursor displayed high catalytic performance
(entries 7 and 8). In this respect the higher activity of the latter
catalyst bearing SiO2(200) compared to similar catalysts based on
method A (e.g. SiO2(200)/Cp2ZrCl2/NEt3(7.8)) arise probably from
easier formation of the active species due to a higher reactivity of
Zr–Me bond in comparison to Zr–Cl bond rather than from a high
zirconium content.

3.7. Recycling of heterogeneous catalysts
SiO2(500)/Cp2ZrCl2/NEt3(5.8) and SiO2(200)/Cp2ZrCl2/NEt3(7.8)

A large recovery of homogeneous catalyst 1a from the poly-
merization mixture showed its incomplete activation in the
polymerization. This led us to test the heterogeneous catalysts as
a source of active species for repeated phenylsilane polymeriza-
tion. The results of three consecutive phenylsilane polymerization
cycles catalyzed with SiO2(500)/Cp2ZrCl2/NEt3(5.8) are summarized
in Table 3. The Zr content decreased a little (from initial 5.8% to

final 4.7%) causing only a slight decrease in catalytic performance.
Moreover the polysilanes produced are almost identical as could be
seen from their GPC (Fig. 6) and NMR  characterization (Fig. 7). The
reusability of SiO2(200)/Cp2ZrCl2/NEt3(7.8) in phenylsilane poly-
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Table 3
Recycling of SiO2(500)/Cp2ZrCl2/NEt3(5.8) catalyst in polymerization of phenylsilane.
Conditions: Zr/PhSiH3 = 1/100; temp. = 105 ◦C; time = 15 h; neat PhSiH3.

Cycle Zr loading
(wt%)a

Conv. [%] Mw
b Db,c LMFb,d

[mol%]

1st 5.8 91 3.70 1.69 9
2nd 5.4 98 3.84 1.70 9
3rd  4.7e 86 3.82 1.76 10

a Determined by ICP-MS.
b Determined by GPC-MALLS.
c Dispersity D = Mw/Mn .
d Low molecular weight fraction.
e Zr loading after the 3rd cycle was 4.7 wt%.

Table 4
Recycling SiO2(200)/Cp2ZrCl2/NEt3(7.8) catalyst in polymerization of phenylsilane.
Conditions: Zr/PhSiH3 = 1/100; temp. = 105 ◦C; time = 15 h; neat PhSiH3.

Cycle Zr loading
(wt%)a

Conv. [%] Mw
b Db,c LMFb,d

[mol%]

1st 7.8 45 1.20 2.22 68
2nd  7.8 80 3.35 1.66 9
3rd  7.7e 81 3.13 1.63 15

a Determined by ICP-MS.
b Determined by GPC-MALLS.
c Dispersity D = Mw/Mn .
d Low molecular weight fraction.
e Zr loading after the 3rd cycle was 7.1 wt%.

Fig. 6. GPC of polyphenylsilanes prepared by recycled SiO2(500)/Cp2ZrCl2/NEt3(5.8)
catalyst. 1st cycle (—), 2nd cycle (—�—) and 3rd cycle (—©—).

Fig. 7. 1H NMR  spectra of polyphenylsilanes (in (CD3)2CO) prepared by recycled
SiO2(500)/Cp2ZrCl2/NEt3(5.8) catalyst. 1st cycle (bottom), 2nd cycle (middle) and 3rd
cycle (top).

Fig. 8. FT-IR spectra of catalysts after 3rd polymerization cycle:
SiO2(500)/Cp2ZrCl2/NEt3(5.8) (top); SiO2(200)/Cp2ZrCl2/NEt3(7.8) (bottom).

Scheme 1.
merization was also checked and the results are summarized in
Table 4. The catalysts showed a twofold increase in monomer
conversion in the second polymerization cycle compared to first
one and then the conversion remained unchanged in the third cycle.
Similarly, Mw value of the resulting polymer increased significantly
in the second cycle and then changed only slightly in the last one. A
possible explanation of the improved catalyst performance in the
second cycle could arise from capping of residual free silanol groups
on the catalyst surface by phenylsilane during the first cycle. This
might prevent the deactivation of the active species, explaining
thus the increased overall catalytic performance.

The zirconocene framework was  partially preserved in both
recycled catalysts after its last use as was demonstrated by the pres-
ence of �(C–H) band of cyclopentadienyl ring at 3118–3120 cm−1 in
the FT-IR spectra (Fig. 8). This assumption was  further supported
by XPS analysis of reused SiO2(500)/Cp2ZrCl2/NEt3(5.8) where the
value obtained for Zr 3d5/2 binding energy (182.3 eV) is equal to
that obtained for bare SiO2(500)/Cp2ZrCl2/NEt3(5.8) (182.3 eV). On
the other hand, the decreased Zr content (see Tables 3 and 4) in
reused catalyst clearly shows that zirconium is partially leached
from silica surface. Moreover, new bands at 3070 and 3050 cm−1

belonging to a phenyl group and the �(Si–H) characteristic band
at 2164–2165 cm−1 (with a shoulder at ca. 2110 cm−1) were found
in the FT-IR spectra (Fig. 8) of reused catalysts. With respect to
these findings we  propose the activation of the heterogeneous cat-
alysts by a cleave of a Zr–O bond with phenylsilane and subsequent
releasing of active homogeneous hydride zirconocene species as
depicted in Scheme 1. Phenylsilane is then grafted on the sil-
ica with concomitant formation of surface species Si–OSiH2Ph.
This mechanism of activation is in accordance to �-ligand transfer
from homogeneous complexes [(�5-C5H5)2ZrY2] (Y = F, OPh, NMe2;
Mw = 2.70–3.14 kg mol−1) to primary, secondary and tertiary silanes
as founded by Wang et al. [17].
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Fig. 9. FT-IR spectra of SiO2(200) (a); SiO2(200)/PhSiH3 (b); SiO2(500) (c);
SiO2(500)/PhSiH3 (d).
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Scheme 2.

.8. Reaction of neat PhSiH3 with silica surface silanol groups

The treatments of PhSiH3 with silicas SiO2(500) and SiO2(200)
ere performed in order to elucidate its reactivity towards

urface silanol groups. The reaction gave silane modified silicas
iO2(500)/PhSiH3 and SiO2(200)/PhSiH3 at the temperature used for
henylsilane polymerization. Analysis of the FT-IR spectra (Fig. 9)
f both modified silica materials revealed the diminution of free
ilanol vibration at 3690–3695 cm−1 in comparison to bare silicas.
n addition, peaks at 3070 and 3050 cm−1 (valence C–H vibra-
ions of aromatic group) and a composite peak with maxima at
166–2170 cm−1 and 2143–2144 cm−1 (region characteristic for
(Si–H)) were found in the spectra. This leads us to propose two
ossible pathways (Scheme 2) for reaction of phenylsilane with
ilanol groups at a silica surface. In route A the surface species
Si–OSiH2Ph is formed by “acidobasic” reaction where phenyl-

ilane acts as an organometallic hydride and hydrogen gas is
eleased as a byproduct. Bansleben et al. mentioned that the
eaction is preferred in the presence of equimolar amount of tri-
thylamine, whereas the phenylsilane-modified silica obtained
esembled �(Si–H) at 2178 cm−1 in DRIFT IR spectra [44]. Therefore
he �(Si–H) vibration found at 2166–2170 cm−1 in SiO2(500)/PhSiH3
nd SiO2(200)/PhSiH3 could be most probably assigned to surface
pecies Si–OSiH2Ph as was shown above for reused catalysts
iO2(500)/Cp2ZrCl2/NEt3(5.8) and SiO2(200)/Cp2ZrCl2/NEt3(7.8). The
roposed route B is based on a recently found dearylation of arylsi-

anes (Aryl = Ph [45]; Aryl = 4-Me-C6H4, 4-OMe-C6H4, 4-CF3-C6H4

46]) promoted by acidic silanol groups on the silica surface and
ccompanied by grafting of silane on the silica surface. Accord-
ng to route B, the reaction of the phenylsilane with free silanol
ould constitute surface species Si–OSiH3 and benzene. Indeed,

[
[
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benzene was  detected by GC–MS analysis of the reaction solu-
tions. The absorption found at 2144 cm−1 in SiO2(500)/PhSiH3 and
SiO2(200)/PhSiH3 could be tentatively assigned to �(Si–H) vibration
of such Si–OSiH3 species. The decrease of �(Si–H) frequency in

Si–OSiH3 species compared to Si–OSiH2Ph species is consis-
tent with formal replacing of electron-attracting phenyl group by
electron-donating hydride atom. The route B takes part probably
only in the presence of more acidic free (terminal, isolated) surface
silanol groups as we did not observe the band at 2144 cm−1 in the
IR-spectra of the reused catalysts.

4. Conclusions

Initial catalytic phenylsilane polymerization tests with homoge-
neous zirconocene complexes showed that the presence of silanol
ligand is crucial for high catalyst performance. The 1H and 29Si
NMR monitoring of polymerization catalyzed with 1a proved that
only a small amount of active species is generated from the par-
ent complex during the activation step. On the other hand, once
the active species is formed it persists without deactivation for a
couple of hours and catalyzed the dehydrocoupling polymerization
with high efficiency. We  propose that its low concentration in the
reaction mixture lowers its deactivation by a bimolecular reaction
which could lead to an inactive dimer. The silica grafted heteroge-
neous catalysts were found also to be efficient in the phenylsilane
polymerization although a higher Zr/monomer ratio had to be used
in comparison with homogeneous analogues. The low concentra-
tion of residual silanol groups in heterogeneous catalysts was found
essential for high catalytic performance, most probably due to the
ability of silanol groups to quench the active species. The partic-
ular catalyst SiO2(500)/Cp2ZrCl2/NEt3(5.8) was used repeatedly (in
three consecutive cycles) without loss of productivity and pro-
duced polymers with almost identical properties. To the best of
our knowledge, this is the first example of group 4 reusable cat-
alyst for dehydrogenative coupling of phenylsilane. The analyses
of the reused catalysts showed, that an active zirconium–hydride
species is released from silica surface by cleavage of SiO–Zr bond
by hydride transferred from phenylsilane. A slight decrease of
zirconium loading in the catalyst after repeated polymerization
experiments implies that these catalysts should be regarded as a
long-lasting source of soluble catalytically active hydride species
rather than a true heterogeneous catalyst.
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