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A tethered ethylenebis(indenyl) zirconocene was covalently im-
mobilized on H-terminated Si(111) surfaces using UV-mediated
alkene hydrosilylation, thus making possible the development of
structured catalytic surfaces with highly controlled properties.

Functionalization of a single-crystal silicon surface is an area
of intense research due to the potential use of hybrid orga-
no-silicon as the basis for integrating various functionalities,
such as molecular recognition devices,! organometallic com-
plexes™® and biomolecules, including proteins, DNA and
carbohydrates.*> Due to their wide use in microelectronic
applications, single-crystal silicon wafers of high purity are
commercially available and relatively inexpensive.® Taking
advantage of the strong Si—C bond, the covalent immobiliza-
tion of organometallic complexes onto crystalline silicon is a
powerful approach to preparing catalytically active materials,
which can be repeatedly recycled and do not show leaching.
Prevention of metal leaching is especially important, e.g., in
pharmaceutical syntheses.’

In this communication we report the covalent attachment of
a tethered chiral metallocene catalyst onto atomically flat H-
terminated silicon(111) [H/Si(111)] surfaces using UV-
mediated hydrosilylation. In addition to being a clean and
straightforward approach, this method lends itself to the sub-
micron structuring of catalytic surfaces via photopatterning
and photolithography. Among the different methods devel-
oped to heterogenize metallocene catalysts,® '* immobilization
using covalent tethering techniques is currently the most
favored approach to designing stable heterogeneous asym-
metric catalysts.'> We recently reported the covalent immobi-
lization of a tethered ethylenebis(indenyl) (= EBI) ligand on
H-terminated Si(111) surfaces applying UV-mediated alkene
hydrosilylation and verified that the hydrosilylation process
follows an exciton electron-hole mechanism.'® Hydride-termi-
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nated surfaces in general offer many advantages, including
their excellent chemical homogeneity (>99% H-termina-
tion).® Furthermore, these surfaces are relatively stable in air
for short periods of time. In contrast, the Si-X (X = Br, I)
surfaces are much more reactive with respect to hydrolysis and
Si—OH formation and can generally only be handled under an
inert atmosphere.® The formation of silicon—carbon bonds can
be performed by ‘wet chemical’ and ultrahigh vacuum (UHV)
approaches. The wet chemical methods for Si—-H terminated
surfaces include (i) hydrosilylation involving a radical initia-
tor,'”'® (ii) thermally induced hydrosilylation,'®*° (iii) photo-
chemlcal hydrosilylation with UV light?* > and white
light,>*** (iv) reactions of alkyl/aryl carbanions, and (v)
electrochemical grafting, including electrochemical diazonium
reductions,”*2° reductive electrolysis of alkyl iodide, alkyl
bromide, and benzyl bromide species®® and others.>! A thor-
ough review of the literature has been given by Buriak.®

In this study we focus on the immobilization of a functional
zirconocene complex (i.e., 10-n°-(1-indenylidene)-9-n>-(1-in-
denylidene)-1-decene zirconium dichloride (2)) on an atom-
ically flat H/Si(111) surface (Scheme 1), thus combining the
mechanical, structural and electrical properties of silicon
surfaces with the effectiveness of Group 4 metallocenes, which
are known to be highly active and selective catalysts for
reactions such as enantioselective hydrogenation,** hydro-
silylation®*’ and polymerization.*%3’

While previous publications reported the UV-mediated
hydrosilylation of alkenes, alkynes,6 aldehydes,23 and
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Scheme 1 Immobilization of the tethered ligand 1 and the zircono-
cene 2.
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cyclodextrins,' as well as the dehydrogenative silane coupling
on silicon via Cp,ZrCl, and Cp,TiCl,,'? this is the first study
of Group 4 metallocene immobilization on Si(111) surfaces via
UV-irradiation. We used this approach for the immobilization
of the zirconocene complexes, as it can be carried out at room
temperature, thus avoiding thermal input that might be detri-
mental for the organometallic complex. Additionally, this
immobilization method does not require catalysts. Therefore,
side reactions as well as post-contamination of the surface can
be avoided.

The synthesis of the functional ligand 3-[2-(1H-inden-3-
yl)dec-9-enyl]-1 H-indene (1) was carried out through a syn-
thetic pathway as recently reported by Panarello er al.** The
metalation was performed by reaction of either (i) the lithium
salt of 1 with ZrCl, or (ii) the potassium salt of 1 with ZrCly-
2THF to give 2. The NMR spectrum is consistent with the
presence of a mixture of rac/meso isomers. The separation by
physical methods of the isomers is difficult due to the high
solubility of 2 in most organic solvents. However, it was
possible to isolate two fractions (complexes 2a and 2b) with
a different ratio of rac/meso isomers—complex 2a contains a
50 : 50 ratio of rac/meso, while complex 2b includes a larger
amount of the rac isomer (ESIt). Both complexes were used
for immobilization on H/Si(111). Preliminary experiments
indicate that the tethered EBI-based zirconocene is active for
the polymerization of propylene.*! The corresponding titano-
cene (pure and immobilized) was shown to be active for the
hydrosilylation of imines.*!

Fig. 1 shows evidence of the attachment of the functional
ligand 1 onto an atomically flat H/Si(111) surface using two
different methods: UV-mediated (Fig. la) and thermal
(Fig. 1b) hydrosilylation. The negative feature at 2083 cm ™'
indicates that ~20% (UV-hydrosilylation) and ~35% (ther-
mal hydrosilylation) of the hydrogen from the initial H-
terminated silicon surface are removed by these treatments.*?
According to Hara et al.? and Sieval ef al.,** a maximum of
50-55% of the inherent Si-H groups can be functionalized
with simple long terminal alkenes. In both spectra the specific
modes of the indene molecules are present, such as =—=C-H
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Fig. 1 Transmission IR spectra of 3-[2-(1H-inden-3-yl)dec-9-enyl]-
1H-indene (1) attached to H/Si(111) using (a) UV and (b) thermal
hydrosilylation. The reference spectrum is H/Si(111).

stretch of the benzene ring at ~3000-3100 cm ™', the C=C-H
stretch of the indene ring between 1400 and 1700 cm™ L, in-
plane CH bend between 900 and 1300 cm™!, out-of-plane CH
bend between 700 and 1000 cm ™", and finally CH, stretch and
bend at 2926, 2850 and 1280 cm™'.***° The results regarding
the loss of Si—H suggest that both hydrosilylation methods
lead to a different surface density for the attached ligand 1:
upon thermal hydrosilylation more ligand 1 is immobilized on
the H/Si(111) surface. However, the coverage observed for
ligand 1 after thermal hydrosilylation (~35%) appears to be
the highest considering the van der Waals radius of the
molecules: no more than one third of the surface can be
covered by the ligand. Finally, intensity differences of the
hydrocarbon modes in Fig. 1 may be associated with different
orientations of the adsorbed molecules. Notably, the CH,
stretch and bend modes are more intense after thermal hydro-
silylation, while =—CH stretch and bend modes from the
benzene ring are more intense after UV hydrosilylation.

Fig. 2 compares the spectra of the tethered ligand 1 and of
the zirconocene complexes 2a and 2b immobilized on H/
Si(111) via the UV-mediated reaction. The negative Si-H
stretch feature at 2083 cm ™' and the presence of absorbance
features similar to the ones observed in Fig. 1 suggest that
complexes 2a and 2b have reacted with the H/Si(111) surface.
It can be estimated that ~80-85% of the hydrogen atoms
remain on the surface, indicating that the UV-mediated hy-
drosilylation process is independent of the presence of the
zirconium: nearly the same amounts of ligand (~20%) with
(2a and 2b) or without zirconium metal (i.e., ligand 1) are
attached to the silicon surface, suggesting that ZrCl, does not
influence the hydrosilylation reaction. However, the spectra of
the immobilized compounds indicate a clear change in the
overall features due to the presence of the zirconium atoms:
the CH, stretch modes appear to be less intense and less
resolved when the zirconium atoms are coordinated to the
tethered ligand while the deformation modes of the indene
group are stronger. Since the relative amounts of ligand
attached on the Si(111) are similar, the difference observed
between the spectra suggests that the presence of ZrCl,
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Fig. 2 Transmission IR spectra of (a) 3-[2-(1H-inden-3-yl)dec-9-
enyl]-1H-indene (1), (b) zirconocene complex 2a and (c) complex 2b
attached to H/Si(111). The reference spectrum is H/Si(111).
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modifies the orientation of the chains, possibly due to inter-
chain van der Waals interactions.

We also observed changes of the IR signatures depending
on which complex is attached on the Si surface. This is because
fractions 2a and 2b contain different ratios of the rac/meso
isomers. In fact, the spectrum related to the hydrosilylation of
2a (Fig. 2b) shows that two absorbance features at 1450 and
750 cm™! are more intense than in the spectrum obtained for
the immobilized ligand 1. These modes have been previously
attributed to the CH stretch and bend mode for four adjacent
hydrogen atoms in the indene ring.* In contrast, in the case of
rac-rich complex 2b, the features at 1600 and 1100 cm ™' are
more intense. These signals are characteristic of the CH stretch
and bend mode of the indene ring and would be expected for
rac isomers bonded to the H/Si(111) surface. This result
suggests that mostly rac isomers are attached onto H/Si(111)
(Fig. 2¢). When the rac/meso isomer ratio is 50 : 50 (fraction
2a, Fig. 2b), no preferential attachment of the isomers to the
surface is observed: the IR spectrum exhibits a different
signature, suggesting that meso isomers are also attached onto
the H/Si(111) surface.

The presence of the zirconium atoms cannot be observed
directly with IR spectroscopy, because the dipole moment of
Zr vibrates below 400 cm™!. However, analyses of the func-
tionalized Si(111) samples by Rutherford backscattering
(RBS) show a clear amount of zirconium for both complexes
attached to the surface: ~0.09 x 10'° Zr cm™2, i.e., ~(16 +
2)% of Zr for complex 2a and ~0.11 x 10" Zrem™2, ie., ~
(20 £ 2)% for complex 2b. These results are in agreement with
the IR results, which indicate that 15-20% of 2a and 2b are
attached.

In summary, we report the first controlled attachment of a
metallocene onto H/Si(111) surfaces. The immobilization pro-
cedure involves a UV-mediated alkene hydrosilylation reac-
tion, thus avoiding use of catalysts and harsh reaction
conditions. This method may be suited to prepare highly
controlled catalytic surfaces with a submicron structure.
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