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Recently a new class of porous organic-inorganic hybrid
materials was prepared through the surfactant-templated
polycondensation of bridged silsesquioxane organic mole-
cules. These new materials, which are also referred to as
periodic mesoporous organosilicas (PMOs), are unique as
their channel walls contain both inorganic and organic
fragments.!!'. These fragments are uniformly distributed
within the framework by covalent bonding of two or more
terminal silyl groups, which leaves the void space unoccupied
after template removal. This new approach extends the field
of mesoporous materials into the chemistry of channel walls.
Through choice or design of the organic functionality, one
may create new materials that have truly unique properties
and behaviors. These embedded fragments are readily
accessible for chemical reaction, thus opening the possibility
of using such materials as catalysts.?

Herein, we report the development of new methodologies
for the preparation of inorganic-organometallic hybrid mate-
rials in which the organometallic complexes, which are
structurally well defined at the molecular level, are integrated
within the pore walls of highly ordered mesostructured silicas.
This integration of the complex into the solid, rather than the
grafting of a complex to the surface, should reduce some of
the problems commonly associated with supported homoge-
neous systems, notably, catalyst leaching, pore blockage, and
distribution inhomogeneity.

The first step in the accomplishment of this goal was the
synthesis of an organometallic precursor that had multiple
polycondensable organosiloxane functionalized donor
ligands.”! The rhodium organophosphine complex 1 was
chosen to provide a wide range of potential catalytic
applications (e.g., hydrogenation, hydroformylation).
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We wished to use this precursor directly in the synthesis of
a hybrid MCM-type silica by cohydrolysis and polyconden-
sation of 1 with tetracthylorthosilicate (TEOS) in the
presence of cetyltrimethylammonium bromide (CTAB) as a
structure-directing agent (SDA), but this precursor (and
indeed, many catalytically interesting transition-metal com-
plexes) was insoluble in water and unlikely to be stable under
the classical aqueous basic conditions of this process.! Thus,
we adapted the condensation reaction under the mild, acidic
conditions reported by Stucky and co-workers (which led to
the formation of SBA-3 mesostructured silicas)® to add an
organic cosolvent, acetonitrile, to better dissolve the tran-
sition-metal complex. Various combinations of 1, TEOS,
water, acetonitrile, CTAB, and HCI were attempted. The best
results were obtained with 7.5 % wt acetonitrile, which led to
materials that had a rhodium content of up to a 2% wt in a
highly ordered solid and contained the structure-directing
agent CTAB in the channels.”

To render the organometallic sites of the as-made solid
accessible, the surfactant template was removed by extrac-
tion.®! It was found that if the extraction was performed
directly on the as-made materials, all the structural order was
lost. This instability, which is likely to be a consequence of the
low temperature at which the condensation reaction was
performed, disappeared when the as-made material was first
silylated with (CHj;);SiCl or (CHj;),SiCl, before the CTAB
was extracted.”

The solids thus obtained were characterized by methods
appropriate to molecular species (e.g., solid-state *C, *'P, and
»Si NMR spectroscopy, IR spectroscopy, and elemental
analysis) as well as techniques more commonly associated
with the characterization of mesoporous solids (nitrogen
sorption isotherms, powder X-ray diffraction (XRD), ther-
mogravimetric analysis (TGA), transmission electron micro-
scopy (TEM), and energy dispersive X-ray (EDX) analysis).
The characterization of one material (2, lot 1), which had
been silylated with (CH;),;SiCl and was shown by micro-
analysis to have 1.7 % wt Rh is presented below.

Mesoscopic order within 2 was shown to have been
maintained after extraction of the SDA. The powder XRD
pattern of 2 showed three clear peaks in the 26 range of 1-10°,
which is characteristic of 2D hexagonal ordered mesophases,
with the d(10) spacing changing from 30 to 37 A because of
extraction of the template (Figure 1).' At this stage, the IR
spectrum of 2 showed very little absorption in the 3000-
2800 cm ' range, thus indicating that the SDA had been
removed.

Ordering was also clearly evident in the TEM image of 2
(Figure 2). Long-range ordering of the channels was observed
with a spacing periodicity of approximately 3 nm. The TEM/
EDX data were also important as they showed that metal
complexes were localized in well-ordered phases of the solid
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Figure 1. XRD pattern of rhodium-containing SBA-3 silica before and
after extraction of the SDA.
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Figure 2. TEM micrographs of the extracted rhodium-modified
hybrid material 2 (lot 1).

and the ligand-to-metal ratio (i.e., the P/Rh ratio) of the
molecular precursor was maintained at 3 £0.3 (see the
Supporting Information). This observation was con-
firmed over a large number of sample areas of the
surface that was tested. Note that the elemental analysis
of a sample of material on the milligram scale showed a
P/Rh ratio of 2.96."!

The *P cross-polarization magic-angle spinning
(CP-MAS) NMR spectroscopy showed a single signal
at 0 =40.4 ppm, which corresponds to a coordinated phos-
phine ligand. The “C CP-MAS NMR spectrum exhibited all
of the aryl and alkyl resonances for the phosphine ligand as
well as a strong signal at 0 =—1.0 ppm associated with the
methyl of (CH,),Si— fragment, but no significant signal that
could be associated with the CTAB template molecule was
present. The “C CP-MAS NMR spectrum also showed
evidence of a trace of the ethoxy fragment of the molecular
precursor, which would indicate that some of the ethoxysilane
was incompletely condensed. In the *Si CP-MAS NMR
spectrum, the presence of T? and T sites, as indicated by
signals at 0 = —60 and 67.4 ppm, suggests that the precursor is
not simply encapsulated but rather integrated into the silica
network. Other signals were also observed in the 6 =—90 to
—115 ppm spectral region (silica Q sites) and at 6 =15 ppm
((CH;);Si— fragment).[*?
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The TGA profile showed four regions of weight loss. [
At temperatures up to about 100°C, weight loss was
accompanied by an endothermic differential thermal analysis
(DTA) peak, which was presumably because of desorption of
water. A second region of weight loss followed at temper-
atures between 200 and 550°C, which, may be considered n
inspection of the first derivative of the profile as a peak
centered at 360°C and a shoulder at around 460°C, both
arising from the decomposition and desorption of volatile
organic species. The embedded complex is thermally stable up
to 200°C. The weight loss taken between 200 and 460 °C, and
attributed to the ligand, is in good agreement with the metal
loading and the stoichiometry of the molecular precursor.
Above 460°C, the weight loss is mainly because of the
decomposition of the trimethylsilyl groups and accounts for
approximately two (CH;);Si— fragments per rhodium atom.
Further weight loss occurred at temperatures above 650°C,
which is probably because of the condensation of silanols of
the silica framework.

The results of the analysis of the adsorption-desorption
isotherms and the pore-size-distribution curves of the
extracted unmodified and rhodium-modified materials are
shown in Figure 3. Both samples show a type IV isotherm,
which is characteristic of mesoporous solids. Relatively
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Figure 3. Nitrogen adsorption—desorption isotherms and pore-size distribu-
tions (from the Barret—Joiner—Halenda (BJH) calculations) of unmodified and
rhodium-modified SBA-3 silicas.

narrow pore—diameter distributions were observed for both
materials and the average pore diameter did not vary
significantly between the two samples (2.0-2.2 nm), which
would seem to indicate that the rhodium had indeed been
incorporated into the walls of the silica rather than remaining
in the pores or the channels. The Brunauer—-Emmett-Teller
(BET) specific surface area measured for the rhodium-
modified material (930 m?g~') was also quite similar to that
of the unmodified analogue (1090 m*g~!).!!4

Thus, we have a material in which intact triphosphanylr-
hodium chloride fragments have been covalently bound to the
silica framework without the overall porosity or the degree of
order of the material being affected. The complexes seem to
be homogeneously distributed and embedded in the channel
walls. The question remained whether the metal-containing
sites of 2 were accessible for catalytic chemical reactions and
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whether the rhodium complex would exhibit typical behavior
associated with its homogeneous analogue.

The catalytic activity of several hybrid materials for
hydrogenation was evaluated by using substrates of varying
steric encumbrance and compared to the activity of a
homogeneous catalyst, [RhCI(PPh;);]. Among the materials
tested were two different lots of a model system prepared by
postsynthetic grafting of precursor 1 onto calcined SBA-15
silica 3. Results obtained for the catalytic tests are given in
Table 1.

Table 1: Hydrogenation of alkenes by different rhodium-based catalysts.?!
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In all cases, the modified SBA-3 materials, including 2,
exhibited similar activity to that of model system 3; thus, it is
clear that the rhodium centers are available for catalysis.
Indeed, for styrene hydrogenation, the activity is in the same
range as that observed for the homogeneous complex.
Furthermore, catalytic activity was observed even for the
more hindered double bonds of cyclohexene and crotonalde-
hyde (see Table 1. The chemoselectivity (100%) of the
catalyst for the carbon-carbon double bond in a,fB-unsatu-
rated aldehydes is the same as that reported for the
homogeneous catalyst.'” Limited attempts at recycling the
catalyst have shown that catalytic activity is undiminished
over several cycles, but more rigorous testing is needed.

In summary, we have developed a new synthetic protocol
that allows the incorporation of phosphine-ligated transition-
metal complexes into SBA-3 type silicas without significant
loss of the mesoscopic order of the silica framework or the
coordination environment and catalytic activity of the tran-
sition-metal complex. Key novel aspects of the protocol are
the use of acetonitrile as a cosolvent, the acidic conditions, the
relatively low temperatures, and silylation of the material
prior to extraction of the SDA. The method has been
successfully extended to incorporate other siloxy organo-
phosphanyl transition-metal complexes into hybrid materials,
notably those of platinum and palladium. The evaluation of
these materials, in terms of activity and stability, for a variety
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at room temperature prior to the addition of the organ-
ometallic precursor that had been dissolved in the
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collected by filtration, washed with water, and dried under
vacuum overnight at 25°C.
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