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Abstract

The synthesis of ordered mesoporous silicas has received extensive attention due to their ordered arrangement, large surface area, and chemical
stability. The pore size and pore volume of these materials make them suitable potential matrices for hosting. Here, we show that the covalent grafting
of the Fischer carbene complex of tungsten [(CO)s W=C(ph)OCH,CHj3] onto the silanol groups in inner walls of ordered mesoporous MCM-41
silica has been successfully accomplished. The introduction of the carbene complex is made by following two distinct anchoring procedures. The
first one goes through the reaction of a mesoporous silica functionalized with 3-aminopropyltriethoxy silane (APTES) and a tungsten carbene, while
in the second approach a precursor previously synthesized by reacting APTES with the tungsten carbene is then anchored via a direct bond with
the silanol groups of the interior mesoporous pore channels of silica. XRD, N, adsorption/desorption, and TEM analysis provide strong evidence
that the mesoporous support structure retains its long range ordering after the grafting process, despite a significant reduction of its specific surface
area, pore volume and pore size. The chemical bonding of the tungsten carbene complex on the pore channels is also clearly confirmed by means

of FTIR and solid-state NMR spectroscopy.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Organometallic complexes can efficiently and selectively
catalyze many reactions and are widely applied in industrial
processes [1]. One drawback of such homogeneous catalysts is
the difficulty of separating the products from the reaction solu-
tion and recovering and recycling the catalyst. Therefore, the
possibility of incorporating complexes in materials to yield het-
erogeneous catalysts has opened new possibilities in recent years
[2,3].

Since the inception of organometallic carbene complexes
in the early 1960s the metal-to-carbon double bond has been
extensively studied and numerous examples with different met-
als and substitution patterns are known. The transition metal
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carbene complexes are not only chemically versatile [4-6], but
also possess unique physical properties. This is illustrated by
the growing search for new materials in nonlinear optics, which
stimulated expansive studies of organometallic materials incor-
porating metal-to-carbon double bonds [7].

Porosity introduces a large surface area inside the silica par-
ticle and is particularly important for silica used as catalyst
support. Mesoporous silica materials are typically amorphous
solids, with pores that are generally irregularly spaced and
broadly distributed in size [8]. The discovery of mesoporous
material M41S [9,10] was an important step forward in the devel-
opment of mesostructured materials and has greatly enlarged the
window of porous materials applicable as catalysts for organic
reactions. MCM-41, which is amember of the M4 1S family, pos-
sesses a hexagonal arrangement of parallel mesopores which is
highly regular. The pore size distribution, which can be tailored
from 1.5 to 10 nm, is narrow [11]. The wall of the pore contains
free silanol groups (Si—OH), these provide the opportunity to
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support appropriate organic functional groups. These features
are suitable for the inclusion of organometallic complexes and
have led to significant developments, among others, in the fields
of catalysis, adsorption/sorption, separation, sensors, optically
active materials [2,12,13].

Fischer carbene complexes have been immobilized in poly-
mers [14,15] and, by using the sol-gel method, in silica matrices
as well. The metal carbene fragments are tethered to the silica
network by means of a trialkoxysilyl phosphine ligand act-
ing as a bridge providing a far stronger and stable bonding
[16]. However, the oxidic matrix induces the decomposition
of the carbene through decarbonylation and ligand substitution
processes.

In the present work, the tungsten carbene complex
[(CO)s W=C(ph)OCH;CH3] is covalently tethered into the
ordered mesoporous MCM-41 surface. Two general synthetic
routes have been used. In the first one, the pore wall is function-
alized with APTES in order to have a free amino group instead
of the silanol on the pore wall surface, this is followed by the
reaction of this functionalized MCM-41 with the tungsten car-
bene Wd. In the second approach the W is first reacted with
APTES (Scheme 2) to form a precursor which is then cova-
lently bound through its ethoxy groups to the hydroxyl groups
pending from the pore walls. Both of these methodologies are
systematically explored here. The properties of the materials
obtained are characterized by appropriate standard physical and
spectroscopic techniques.
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2. Experimental

All chemicals were used as received. Surfactant hexadecyl-
trimethyl ammonium bromide (CTAB), tetraethyl orthosilicate
(TEOS) and reagents employed for synthesis of tungsten carbene
complex were purchased from Aldrich.

Experiments for covalently immobilizing Fischer carbenes
into MCM-41 were carried out using standard techniques under
nitrogen atmosphere. Two general synthetic routes were used
(Fig. 1). The first one, through the reaction of the tungsten
carbene W¢ with mesoporous MCM-41 functionalized with
APTES, while the second route used a precursor previously pre-
pared by reacting W¢ with APTES and then anchoring it via a
direct bond with the surface of MCM-41.

2.1. Synthesis of MCM-41

The MCM-41 is prepared making modifications to the
method reported by Griin et al. [17,18] using CTAB as cationic
surfactant, while TEOS served as the silica source. The typi-
cal synthesis procedure was as follows: 2.8 mmol of aqueous
ammonia (NH3(aq)) was mixed with 130 mmol distilled water;
0.13 mmol of surfactant was added into the solution with stir-
ring and heating at 40°C, if it is necessary to dissolve the
CTAB. When the solution became homogeneous, 1 mmol of
TEOS was added with stirring during 1 h. The stirring rate was
then decreased and kept for further 7 days at 90 °C. The result-
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Fig. 1. Scheme used to covalently bind the tungsten carbene in MCM-41.
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ing product was filtered, washed with distilled water, dried at
ambient temperature and calcined in air. The following temper-
ature program was used: (1) temperature increase (1 °C/min) to
100 °C, (2) temperature plateau at 100 °C for 2 h, (3) increase at
1 °C/min to 550 °C, and (4) plateau at 550 °C for 6 h.

2.2. Synthesis of
(phenylethoxycarbene)pentacarbonyltungsten

The tungsten carbene [Wd] was synthesized via a procedure
described elsewhere [19,20]. In a round bottom flask 20 mmol of
tungsten hexacarbonyl was suspended in anhydrous ether under
nitrogen atmosphere. Afterwards and under vigorous stirring,
20mmol of 0.8 M phenyllithium were added dropwise. The
ensuing solution was stirred for 30 min at room temperature,
the solvent was removed by evaporation, and a water—ice mix-
ture containing 20 mmol of Et; OBF4 was added while stirring is
maintained, still at room temperature for 30 min. The remaining
mixture was extracted with hexane, and the organic phase was
washed with saturated NaHCOj3 and distilled water. The solu-
tion was dried over Na, SOy, concentrated and vacuum distilled.
Finally, the solid obtained was purified by chromatography on
silica gel by eluting with hexane and the solvent was discarded.
The resulting red solid was characterized by FTIR, UV-vis and
NMR. The intervening reactions in the full synthesis followed
the sequence in Scheme 1:

FTIR (CCly) cm™': 2068, 1968, 1940 v(CO). RMN 'H NMR
(CDCls, 300 MHz) ppm: §=7.4-7.5 (m 5H aromatics), 5.0 (q
2H, CHy), 1.7 (t 3H CH3). RMN 3C NMR (CDCl3, 75 MHz)
ppm: §=270.2 (W=C), 203.7 (CO trans), 197.4 (CO cis), 155.4
(C ipso), 131.6, 128.0, 126.2 (CH aromatics), 77.5 and 15.0
(OCH,CH3). UV-vis nm: Apax =402.

2.3. Synthesis of WpIMCM-41 (Route 1)

To functionalize MCM-41 [21,22] with an amino-functional
group 0.5 g of mesoporous MCM-41 silica, was placed during
3h at 250 °C under vacuum in order to regenerate an adequate
amount of OH groups on the MCM-41 surface [23]. This cal-
cined and activated solid was placed in 100 mL of anhydrous
toluene and stirred for 30 min, and then 2.5 g of APTES was
added to the resulting mixture. This was stirred for24 hat 110 °C

under N; atmosphere. The solid (MCM-41-NH,) was collected
by filtration, washed with diethyl ether and dried under vacuum
at room temperature. Now 0.3 g of this material was made to
react with 0.04 g of the carbene W¢ in 10 mL THF at room tem-
perature for 4 h under nitrogen atmosphere. The resulting yellow
solid was filtered off and washed with CH,Cl,, dried at room
temperature and named W 1MCM-41 (Fig. 1, Route 1).

2.4. Synthesis of Wp2MCM-41 (Route 2)

Synthesis of (CO)s W=C(ph)NH(CH;)3Si(EtO); (APTE-
SWo). To a solution of tungsten carbene (1.96 g) in anhydrous
diethyl ether 1.5mL of APTES was added dropwise a room
temperature. The mixture was stirred for 5 h at this same tem-
perature. The solvent was removed under vacuum and an orange
color liquid was obtained (Scheme 2).

FTIR (CCly) cm~!: 2061, 1970, 1917 v(CO). RMN 'H
NMR (CDCl3, 300 MHz) ppm: §=9.1 (NH), 7.3-7.0 (aromat-
ics), 3.8-3.6 (OCH,CH3), 1.24-1.15 (OCH,CH3). RMN 13C
NMR (CDClz, 75MHz) ppm: §=256.6 (W=C), 204.5 (CO
trans), 198.1 (CO cis), 158.0 (C ipso), 128.5-119.6 (CH aro-
matics), 58.5 (OCH,CH3), 42.0 (CH2N), 22.9 (CH,CH,CHy),
18.0 (OCH2CH3) and 8.0 (SiCH3). UV—vis nm: Amax = 345.

Without further purification 1.5 g of this orange-colored lig-
uid was mixed with 2 g of activated MCM-41 suspended in
40 mL of anhydrous toluene. The mixture was refluxed under N»
for 24 h. The solvent was evaporated at room temperature, under
vacuum. This yellow solid was washed with hexane and CH,Cl,
and dried at room temperature and named Wdp2MCM-41 (Fig. 1,
Route 2).

2.5. Characterization techniques

The materials were characterized by the following tech-
niques:

FTIR analyses were carried out in a Bruker Tensor 27
spectrometer, Raman spectra were recorded in a 2000 NIR
Perkin-Elmer system with a Nd-YAG Laser, X-ray diffraction
powder patterns (XRD) were recorded in a Siemens D-5000
diffractometer system using a Cu Ka radiation with a 0.02° step
size, scanning electron microscopy (SEM) observations were
carried out by means of a JEOL 6300-F microscope, transmis-
sion electron microscopy (TEM) was performed by employing
a Leo EM-910 instrument operated at 120kV, measurement of
N, isotherms was carried out at 77 K, using an automatic vol-
umetric Quantachrome 1L-C instrument. In order to minimize
destruction of the Fischer carbene complex a lower degassing
temperature of 393 K was used for the modified materials, solid-
state 29Si CP-MAS NMR spectra were recorded at 59.62 MHz,

EtO
OCH,CH, EtO W(CO)s
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EO—5i""NNH: + (copw=—c" —_— Eto—\si/\/\N—c/
£ R w0/ O
APTESW¢

Scheme 2.
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with 3 ms contact time, and 2°Si HPDEC and '3C CP-MAS
NMR spectra, were obtained with a Bruker Avance-II 300
spectrometer, elemental analysis was performed using a Fisons
EA1108 CHNS elemental analyzer, and finally thermogravimet-
ric analysis (TGA) of the samples was undertaken with a 2950
TA Instruments system with a heating speed of 10 °C/min under
air with a flow rate of 100 mL/min.

3. Results and discussion

The two routes followed to form modified MCM-41 silicas
with the purpose of anchoring the carbene complex in the pores
of MCM-41 materials, are based on the ability of an amine
group to react with the tungsten carbene to form new-modified
materials, as represented in Fig. 1. The successful anchoring
of the covalently carbene complex is demonstrated by different
techniques providing complementary agreeing information.

3.1. FTIR

Fig. 2 shows the FTIR of the three solids: pure MCM-41,
WoIMCM-41, and Wd2MCM-41. For MCM-41 a sharp band
at 3745cm™! is observed due to the symmetrical stretching
vibration mode of OH bonds from the abundant isolated termi-
nal silanol (Si-OH) groups present in the interior surface of the
mesoporous channels of MCM-41 silica. The rather broad band
centered at 3445cm~! is due to adsorbed or hydrogen-bonded
water molecules [24]. The band at 1630cm™! is due to flex-
ion vibrations of O—H groups of water molecules. The bands at
1071 and 808 cm ™!, are stretching vibrations of the mesoporous
framework (Si—O-Si) bridges.

The narrow band at 3745 cm™! disappears after the incorpo-
ration by both routes of the W¢ carbene in the pores of MCM-41
indicating that the reaction between the OH groups of the sil-
ica network with the ethoxy groups of the APTESW ¢ precursor
has taken place. New bands around 2063 and 1930 cm~! and a
shoulder near 1975cm™! are observed in the grafted samples.

MCM-41

[WolMCM41

WeZMCM41

4000 3000 2000 1000

cm’

Fig. 2. FTIR spectrum MCM-41, WdIMCM-41 and WH2MCM-41 materials.

These bands are assigned to the CO bond vibrations of the car-
bonyl terminal groups of the grafted compounds. With these
results it is possible to prove the successful covalent tethering
of the tungsten carbene W into the mesoporous MCM-41 by
both routes. Nevertheless the lower intensity of the CO bands
in the solid obtained by Route 1 clearly suggests that a lesser
amount of the W carbene has been incorporated in the material.
Two additional bands around 2978 and 2939 cm ™! are assigned
to C—H stretching vibrations originating from the groups of the
W carbene. The ensemble of all these observations occurring
after the heterogenization process has taken place confirms the
presence of both the silane ligands and the W¢ carbene on the
channels of the final mesoporous material.

3.2. FT-Raman

The FT-Raman spectra of the MCM-41, Wb1MCM-41 and
Wb2MCM-41 systems are shown in Fig. 3. The spectrum for the
pure MCM-41 material shows no distinctive peaks. For mate-
rials Wb1MCM-41 and Whp2MCM-41 a peak at 3069 cm™! is
assigned to the C—H bond vibrations in the aromatic ring of the
phenyl group in the carbene. Bands at 2897 and 2932 cm™! are
characteristic of aliphatic C—H bond vibrations [25]. In addi-
tion three peaks at 1940, 1976 and 2064 cm™! representing
typical CO vibrations of metal carbonyl demonstrate the suc-
cessful anchoring of the W¢ carbene. Finally, peaks at 1602
and 1647 cm™! are assigned to C-N stretching bands. The pres-
ence of these peaks fully confirms the preceding FTIR results as
well as those provided by '*C NMR to be discussed below.

3.3. X-ray diffraction

X-ray diffractograms of MCM-41, WdpIMCM-41 and
Wd2MCM-41 in Fig. 4 consist of reflections typical of the
hexagonal lattice structure of mesoporous MCM-41, indexed
as (100), (110), (200), respectively [9]. The appearance of
intense peaks reflects the high degree of long-range order of

MCM-41

WolMCM-4

Wo2MCM-41

Intensity raman

T T T T v T Y T J T T T
3500 3000 2500 2000 1500 1000 500

o’
Fig. 3. FT-Raman spectrum MCM-41, Wb1MCM-41 and W$2MCM-41 mate-
rials.
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Fig. 4. XRD patterns of MCM-41, Wd1IMCM-41 and Wd2MCM-41 materials.

the samples. For pure MCM-41 the d-value of the (1 00) reflec-
tion is 4.2 nm, corresponding to a lattice constant of a=4.8 nm
(2d1 00/~/3). For both W 1MCM-41 and Wp2MCM-41 are 4.1
and 4.7 nm for djog and a, respectively.

In view of the fact that the dj ¢ values for the patterns of both
carbene grafted materials are practically identical to that of the
original pure MCM-41 sample, it is possible to conclude that the
long-range hexagonal symmetry of the host material has been
preserved in the grafted specimens. However, a reduction of the
peak intensity is clearly observed in the W2MCM-41 sample.
This is not interpreted as a loss of crystallinity, but rather as a
reduction in the X-ray scattering. The decrease of this reflection
may be probably due to some structural degradation suffered by
the hexagonal arrangement of ordered-SiO, pores as a conse-
quence of the filling up of the channels by carbene molecules
and not as a result of the lowering of crystallinity.

These remarks show that the anchoring of the functional-
ized moieties (APTES) and further bonding of the carbene
complexes inside the mesoporous channels of MCM-41 do
not damage the overall structure of the original support
material.

3.4. N> sorption

The adsorption curves for pure MCM-41 and grafted mate-
rials are shown in Fig. 5. In all cases the curves exhibit a single
and well-defined step (without hysteresis loops) characteristic
of type IV isotherms, which should be due to capillary conden-
sation of nitrogen inside the mesopores (pore width between 2
and 50 nm, according to the ITUPAC [26].

The specific BET surface area of the as prepared MCM-
41 sample is 644 m?/g. The isotherms of the functionalized
materials reveal an important reduction of the surface area, to
123 m?/g in WGIMCM-41 and 118 m?/g in Wdp2MCM-41, a
consequence of the impeding action of the relatively large size
of the W¢ carbene molecule compared to the pore diameter in
the pure MCM-41 silica. As far as for the BJH pore diameter, it
decreases from an initial value of 2.7 nm in as prepared MCM-41
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Fig.5. N adsorption—desorption isotherms at 75 K of MCM-41, W 1MCM-41
and W$2MCM-41 materials.

to 1.7 and 1.4 nm in W 1MCM-41 and WH2MCM-41, respec-
tively.

3.5. SEM

The morphology of Wb1MCM-41 and Wb2MCM-41 mate-
rials was examined by scanning electron microscopy. They are
shown in Fig. 6. These micrographs depict regular morphologies
of each substrate and suggest a very low content of impurities.
The material consists in small agglomerates with an uniform
size in the range of 0.3-0.5 pum.

3.6. TEM

The TEM images of the tungsten carbene covalently bound to
the MCM-41 materials are shown in Fig. 7. The pore diameter for
pure MCM-41 is 2 nm while for WG1MCM-41 y Wd2MCM-
41 is around 1.6 nm. The micrographs depict in greater detail
both the aspects of the hexagonal arrangement of pore channels
and of the silica walls. Again, the hexagonal structure is main-
tained after the carbene incorporation into the inorganic walls,
in agreement with the XRD observations, thus confirming the
evolution from ordered to disordered hexagonal pore arrays.

3.7. UV—vis reflectance

The surface structure of prepared materials was characterized
by UV-vis diffuse reflectance (Fig. 8). In Fig. 8a the spec-
trum of the as prepared MCM-41 mesoporous support shows
no absorption bands in the UV-vis regions. In Fig. 8b we see
the spectrum of the WHAPTES precursor dissolved in n-hexane.
Two neat bands are present which can be assigned to m—m* tran-
sitions in the ligands around the W atom in the carbene [27].
Finally, in Fig. 8c we show the diffuse reflectance spectrum of
the Wb2MCM-41 final material, where these same two bands
can still be seen, only slightly shifted to shorter wavelengths.
This hypsochromic shift is a result of the interaction between
the W¢ complex and the silanol groups in the pore walls of the
silica support.



142 M.L. Ojeda et al. / Journal of Molecular Catalysis A: Chemical 281 (2008) 137-145

(O]
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Fig. 8. Diffuse reflectance UV-vis spectra of (a) MCM-41, (b) WHAPTES and
(c) WHp2MCM-41.

3.8. NMR

In solid-state NMR spectroscopy the Q3/Q* ratios provide
the number of OH groups in the solid surface [28]. From direct
solid-state HPDEC MAS NMR spectra, Fig. 9, Q3/Q4 ratios of
0.29 and 0.25 for samples Wd1MCM-41 and Wdp2MCM-41,
respectively, are obtained. These values are lower than those
obtained for as prepared MCM-41 (0.39), suggesting that the
number of OH groups present in the pore surface of the car-
bene grafted samples has been diminished, thus confirming the
qualitative result provided by FTIR. In these same HPDEC MAS
NMR spectra, we have tried to find and quantify the well-known
T™ bands, which are indicative of the presence of organic groups
linked to the silica surface; however, they are much too weak,
and do not allow the establishment of reliable conclusions.

In order to observe these signals, the sensitivity was increased
by using 'H-?’Si cross polarization techniques [28]. In Fig. 9,
the 2°Si CP-MAS NMR spectra of the WoIMCM-41 and
Wb2MCM-41 systems strongly support that the carbene com-
plex is, in effect, covalently bound to the surface of MCM-41.

In Fig. 9, two groups of signals can be distinguished: the Q"
network groups from silicon atoms with no organic substituents
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Fig. 9. 2Si HPDEC and 2°Si CP-MAS solid-state NMR spectra of Wd1MCM-
41 and W$p2MCM-41 materials.

in them, and 7™ groups related to organo-substituted surface
silicon. The presence of this 7" group of peaks confirms that
Si atoms in the MCM-41 surface are covalently linked to the C
atoms of the organic systems in study [29-31]. At an appropriate
contact time of 3 ms, the relative amounts of 7" and Q" units
were obtained by deconvolution of the CP-MAS 405 NMR spec-
tra of Wb1MCM-41 and Wd2MCM-41 materials, the results
are summarized in Table 1. The ratio of silicon bound to the
Fischer carbene moieties to total silicon is calculated by means
of the formula Y T™/% (T + Q"). These ratios are 0.301 and
0.259 for WH1MCM-41 (Route 1) and WPp2MCM-41 (Route
2), respectively, showing that the amount of total organic con-
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Fig. 10. 3C CP-MAS spectra of Wh1MCM-41 and WHp2MCM-41 materials.

stituents linked to the surface is higher for the Wb 1MCM-41
material.

However, Route 1 implies in a first step functionalizing the
surface of MCM-41 with APTES and in a second step the reac-
tion of its -NH, groups with the W¢ carbene. Strong evidence
from '3C CP-MAS NMR spectroscopy (Fig. 10) shows that the
latter reaction is far from being complete; thus, even though there
is a substantial amount of organic constituents linked to the sur-
face of silica, most of it is represented by APTES. The amount
of linked W¢ carbene is relatively small, as witnessed by the
small peak at 128 ppm, assigned to the phenyl group of Wo.
In the case of Wb2MCM-41, where the combined APTESW¢
molecule was previously synthesized before bonding it to the
silica surface, its NMR spectrum exhibits a rather large peak
assigned to the phenyl groups in the W carbene.

In order to support the previously mentioned IR vibrational
studies, solid-state 13C CP-MAS NMR measurements are per-
formed as an attempt to prove the successful modification of the
mesoporous silica surface through covalent bonding with the
Fischer carbene moieties (Fig. 10). Both samples show phenyl
moieties at 128.1 ppm, also exhibiting resonance peaks at 9.5,
21.3, and 42.4 ppm, assigned to carbons C1-C3 of the propyl
chain in the organosilica. Additionally the signal at 195.0 ppm,
associated with the carbonyl C=0 groups must be under the large
side band in that location. A very weak signal assigned to car-
benic carbon was barely seen at around 340 ppm. Finally, signals
around 17 and 58 ppm, strong for W$p2MCM-41 and weaker in
Wdb1IMCM-41, can be assigned to the -CH3 and —CH; groups,

Table 1
Peak position (ppm) and % of Q" and T groups obtained by 2°Si CP-MAS

Q4 Q3 Q2 T3 T2 (T + Qn)
W(IMCM-41 —110.3 (37.8) —100.3 (30.66) -91.7(1.4) —66.6 (21.9) -57.8(8.2) 0.301
W(ZMCM-41 —109.2 (31.7) —100.5 (38.1) -91.0 (4.2) —65.5(12.4) —57.7 (13.5) 0.259

The numbers in parenthesis are percentages obtained by deconvolution of the CP-MAS NMR spectra.
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respectively, belonging to the ethoxy groups remaining from
total hydrolysis which can be seen in the spectrum only.

3.9. TGA and elemental analysis

The TGA of Wdp2MCM-41, Fig. 11, shows a total weight
loss of about 16% up to 800 °C. At temperatures up to 100 °C,
there is a 4.5% weight loss, due to the departure of physisorbed
water molecules and organic solvents. A weight loss of about
11% from 100 to 580 °C is due to the decomposition in several
contiguous stages of the W complex incorporated in the chan-
nels of the original MCM-41 mesoporous sample. The last step,
involving a 0.5% weight loss in the 580-800 °C range can be
due to the complete dehydroxylation of the mesopore walls.

The results of TGA are in agreement with those of the ele-
mental chemical analyses (Table 2). Taking into account the %C,
it can be seen that around 16% of the precursor has been cova-
lently bonded to the silica framework. Furthermore, the %C, i.e.,
the amount of organic matter in Wd, is higher in W$2MCM-
41, in agreement with the characterization techniques previously
discussed.

3.10. A model for a Fischer carbene covalently bound to
mesoporous silica: [Wp-MCM-41]

As can be seen in Fig. 12, the d,, size for plain MCM-41
is 2.7 nm, and this value is lowered to 1.7 and 1.4 nm for the
Wao-grafted specimens obtained by following Routes 1 and 2,
respectively. If the length of the WGAPTES molecules is about
1 nm, the space between points diametrically opposed in the sil-
ica walls becomes much smaller, possibly influencing negatively

Table 2
Elemental chemical analysis of the materials modified with W

%C %H %N
WoIMCM-41 4.9 0.9 1.4
Wd2MCM-41 6.4 0.7 0.9

Fig. 12. Model for a Fischer carbene covalently bound to mesoporous MCM-41
(WH2MCM-41). The five adsorbed WHAPTES molecules which are seen are,
in reality, stochastically distributed at different sites along the longitudinal axis
of the cylindrical pore. The digits from 1 to 5, state their increasing relative
distance from the pore entrance.

some of the properties depending on the surface area, but with
lesser influence on physical parameters such as the optical and
electrical properties.

4. Conclusions

The first example of covalent bonding of a tungsten car-
bene [(CO)sW=C(d)OCH,CHj3] to the silanol groups of the
mesoporous channels of MCM-41 silica was achieved suc-
cessfully by following two different synthetic routes: in
the first, MCM-41 mesoporous silica functionalized with 3-
aminopropyltriethoxysilane (APTES) is made to react with a
tungsten carbene, while in the second a preliminary precursor is
obtained by reacting APTES with the tungsten carbene; and then
this precursor is covalently bonded to the interior walls of the
MCM-41 pores. Characterization of the resulting solid systems
specially by solid-state NMR spectroscopy, which provides eas-
ily analyzed spectra, gives direct evidence for the incorporation
of chemically linked tungsten carbene systems.

Because of the relatively small pore diameter of the MCM-
41 solid its pore network decreases substantially on covalently
binding W¢ carbene molecules, causing a strong decrease of the
specific surface area. Catalytic properties could in principle be
somewhat affected, but others, such as those in the optical and
electrical domains, might be even be enhanced.
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