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An organic-inorganic hybrid heterogeneous catalyst system was synthesized by covalently
anchoring oxodiperoxo molybdenum complexes [(L-L)MoO(O2)2] (L-L ) (3-triethoxysilyl-
propyl)[3-(2-pyridyl)-1-pyrazolyl]acetamide) onto the mesoporous silica MCM-41 (Si-MCM-
41) and aluminosilicate MCM-41 (Al-MCM-41) materials. Characterization of the function-
alized materials by powder X-ray diffraction (XRD), N2 adsorption, and solid-state CP-MAS
NMR spectroscopy (13C and 29Si) demonstrates that the oxodiperoxo molybdenum complexes
are grafted successfully into the mesoporous MCM-41 materials. The structures of both the
mesoporous materials and the molybdenum complex are preserved during the grafting
process. All the hybrid materials are active and truly heterogeneous catalysts for the liquid-
phase epoxidation of cyclooctene with tBuOOH as the oxygen source. The catalytic properties
(activity and recyclability) of the supported materials can be improved by their further
silylation using Me3SiCl, which can be explained by the increase of hydrophobicity of the
mesoporous surface due to removal of residual Si-OH groups. The modified aluminosilicate
MCM-41 materials show higher activities than the corresponding siliceous materials, which
might be due to the incorporation of Lewis acidic centers.

1. Introduction

The discovery of mesoporous MCM-41 materials1,2 has
given an enormous stimulus to research in heteroge-
neous catalysis, selective adsorption, and novel func-
tional materials.3,4 This is due to their outstanding
advantages such as extremely high surface areas,
combined with large and defined pore sizes of mesopo-
rous materials, compared with other solid supports. The
presence of a large number of silanol (Si-OH) groups
on the inner surface provides the opportunity to support
or anchor various functional groups by different postsyn-
thetic modification methods, such as silylation, esteri-
fication, and chemical depositions.4-7 Among them, the
surface silylation reaction is becoming the most popular
way to alter the surface reactivity or to tune other
surface properties such as polarity, hydrophobicity, or
hydrophilicity of such materials.6,7

Recently, some attempts to prepare molybdenum
modified mesoporous materials have been published8,9

since homogeneous molybdenum complexes have been
widely reported as highly active catalysts for the liquid-
phase epoxidation of olefins.10-13 Rocha et al. synthe-
sized modified MCM-41 and MCM-48 materials by
grafting MoO2X2 (X ) Cl, Br) and found that these
materials are active in the epoxidation of cyclooctene.8
Gonçalves et al. described another attempt to graft 2,2′-
bipyridine covalently to MCM-41 and used the corre-
sponding MoO2Cl2 supported material as an epoxidation
catalyst.9 However, in both publications, the authors
confirmed that at least a part of the observed activity
is due to leached molybdenum species in solution. In
fact, leaching is a particular problem for heterogeneous
catalysts in liquid-phase oxidation catalysis owing to the
strong complexing and solvolytic properties of oxidants
and products.14
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Very recently, we reported a hybrid heterogeneous
catalyst system,15 which is synthesized by covalently
anchoring oxodiperoxo molybdenum chelate complexes
onto the surface of a mesoporous Si-MCM-41 material.
This material is highly active and truly heterogeneous
for the liquid-phase epoxidation of cyclooctene with
tBuOOH as the oxygen source. The excellent stability
of these catalysts can be attributed to the covalent
grafting between the organic ligand system and the
inorganic mesoporous material, the mild reaction condi-
tions during the generation of the grafted system, and
the strong binding between the MoO(O2)2 unit and the
chelating ligand. The latter feature was examined in a
series of experiments with related homogeneous oxo-
diperoxo molybdenum(VI) catalysts.12,13

In the present work, two different mesoporous ma-
terials, Si-MCM-41 and Al-MCM-41, were used to
anchor catalytically active oxodiperoxo molybdenum
sites via the silylated ligand (3-triethoxysilylpropyl)[3-
(2-pyridyl)-1-pyrazolyl]acetamide. Further surface sily-
lation with Me3SiCl was carried out in a postsynthetic
procedure with the ligand-supported mesoporous sili-
ceous or aluminosilicate materials in order to improve
the catalytic properties by changing the surface proper-
ties. Different methods of characterization, such as
elemental analysis, powder X-ray diffraction (XRD), N2
adsorption, and solid-state CP-MAS NMR spectroscopy
(13C and 29Si) were applied to obtain information about
structural features, as well as surface information.
Additionally, the influence of the surface modification
with Me3SiCl and the change of the polarity (Lewis
acid-base) of the framework on the catalytic properties
(activity, stability, and recyclability) were investigated
for the liquid-phase epoxidation of cyclooctene with
tBuOOH.

2. Experimental Section
2.1. Synthetic Procedures. Mesoporous Si-MCM-41 (Si-

1) and Al-MCM-41 (Si/Al ) 40) (Al-1). Mesoporous Si-1 and
Al-1 were prepared as described in the literature.16 A typical
procedure was as follows: 15.46 g of an aqueous solution of
ethylamine (70%, 240 mmol ethylamine) were added to a
stirred solution of distilled water (175 mL), 5.10 g (14 mmol)
of cetyltrimethylammonium bromide (CTAB), and 0.34 g (2.5
mmol) of AlCl3‚6H2O (only in the case of Al-1). After this, 20.80
g (100 mmol) of tetraethyl orthosilicate (TEOS) was added
dropwise, leading to a composition of 1.0:x:0.14:2.4:100 SiO2/
Al2O3/CTAB/EtNH2/H2O (x ) 0 for Si-1 or 0.125 for Al-1). The
reaction mixture was stirred for further 4 h at room temper-
ature before being heated to 110 °C for 1-3 days. The product
was recovered by filtration and washed with distilled water,
dried at ambient temperature, and then calcined at 580 °C in
air for 7 h.

(3-Triethoxysilylpropyl)[3-(2-pyridyl)-1-pyrazolyl]acetam-
ide (3). [3-(2-pyridyl)-1-pyrazolyl]aceticacid ethylester (2)12a,17

(0.93 g, 4.02 mmol) was mixed with 0.89 g (4.02 mmol) of
3-triethoxysilylpropylamine and heated to 150 °C for 2 h under
an atmosphere of argon. After this, all volatiles were removed
in vacuum, resulting in 3 as an oily residue in quantitative
yield. The numbering scheme for NMR spectra assignments
is given in Scheme 1. 1H NMR (250.13 MHz, 25 °C, CDCl3) δ
8.49 (d, J 5.0 Hz, H11), 7.80 (d, J 7.9 Hz, H8), 7.57 (dt, J 7.9
Hz, J 1.8 Hz, H9), 7.47 (d, J 2.4 Hz, H5), 7.09 (m, H10), 6.82 (d,

H4), 6.65 (br, NH), 4.78 (s, H12), 3.62 (q, J 7.0 Hz, H16), 3.13
(q, J 6.2 Hz, H13), 1.45 (m, H14), 1.04 (t, H17), 0.38 (m, H15).
13C{1H} NMR (62.89 MHz, 25 °C, CDCl3) δ 166.7 (CdO), 152.7
(C7), 151.2 (C3), 148.9 (C11), 136.1 (C9), 132.2 (C5), 122.2 (C10),
119.7 (C8), 104.9 (C4), 57.7 (C16), 54.8 (C12), 41.3 (C13), 23.3 (C14),
17.8 (C17), 7.0 (C15).

Oxodiperoxo{(3-triethoxysilylpropyl)[3-(2-pyridyl)-1-pyrazolyl]-
acetamide} Molybdenum(VI) (4). Compound 3 (0.61 g, 1.50
mmol) and 0.48 g (1.50 mmol) of MoO(O2)2‚(DMF)2

18 were
dissolved in 30 mL of dry CHCl3 and stirred for 4 h at room
temperature. The solvent was removed in vacuum, and the
resulting yellow solid 4 was washed with diethyl ether and
dried in a vacuum. Yield: 90%. 1H NMR (250.13 MHz, 25 °C,
CDCl3) δ 9.32 (d, J 5.0 Hz, H11), 8.28 (t, J 7.8 Hz, H9), 7.97 (d,
H8), 7.71 (t, J 7.8 Hz, H10), 7.57 (d, J 2.6 Hz, H5), 6.91 (br,
NH), 6.74 (d, H4), 4.75 (s, H12), 3.77 (q, J 7.0 Hz, H16), 3.17 (q,
J 6.0 Hz, H13), 1.60 (m, H14), 1.18 (t, H17), 0.57 (m, H15). 13C-
{1H} NMR (62.89 MHz, 25 °C, CD3CN) δ 165.9 (CdO), 155.4
(C11), 151.4 (C7), 150.2 (C3), 144.8 (C9), 136.4 (C5), 127.1 (C10),
124.8 (C8), 105.9 (C4), 59.0 (C16), 54.8 (C12), 42.8 (C13), 23.6 (C14),
18.7 (C17), 8.1 (C15).

Preparation of the Supported Ligand/Si-MCM-41 (Si-5)
and Ligand/Al-MCM-41 (Al-5) Materials. A 0.130 g portion
of 3 (0.32 mmol) dissolved in 4 mL of dry chloroform was added
to a suspension of 0.70 g of the mesoporous support Si-1 (or
Al-1) in 40 mL of dry toluene. The mixture was stirred under
an atmosphere of argon for 9 h at 100 °C. Then the solids were
filtered and washed by CHCl3, and dried in vacuum at 160 °C
to obtain the hybrid materials Si-5 and Al-5. Anal. Found in
Si-5: C, 7.58; H, 1.37; N, 2.04. Anal. Found in Al-5: C, 7.21;
H, 1.52; N, 2.23.

Silylation of Si-5 and Al-5 To Prepare Si-6 and Al-6. In a
typical silylation experiment, 0.70 g of a dried and degassed
sample of Si-5 or Al-5 was soaked in a solution of 30 mL of
toluene with 1.00 g (9.2 mmol) of Me3SiCl at room temperature
under stirring for 24 h. Then the solid was filtered, washed
with acetone and diethyl ether, and dried at 150 °C to obtain
Si-6 and Al-6, respectively. Anal. Found in Si-6: C, 9.94; H,
1.85; N, 1.75. Anal. Found in Al-6: C, 9.61; H, 2.00; N, 2.03.

Preparation of the Oxodiperoxo Molybdenum Modified Me-
soporous MCM-41 Materials Si-7 and Al-7. Compound Si-5
or Al-5 (0.70 g) was stirred with 0.096 g (0.30 mmol) of [MoO-
(O2)2‚(DMF)2] dissolved in 60 mL of CHCl3 at room tempera-
ture for 24 h. The resulting samples were filtered, Soxhlet-
extracted with CHCl3 to remove untethered species, and dried
in vacuum. Anal. Found in Si-7: C, 6.58; H, 1.44; N, 1.89. Anal.
Found in Al-7: C, 7.13; H, 1.59; N, 1.97.

Preparation of the Silylated Oxodiperoxo Molybdenum Modi-
fied Mesoporous MCM-41 Materials Si-8 and Al-8. Si-8 and
Al-8 were obtained from the silylated precursors Si-6 and Al-
6, respectively, using the same procedure as described above.
Anal. Found in Si-8: C, 9.53; H, 1.85; N, 1.72. Anal. Found in
Al-8: C, 8.58; H, 1.81; N, 1.77.

The loading of molybdenum in all the four samples is 3.3
wt %, which can be calculated according to the amount of
dissolved [MoO(O2)2‚(DMF)2], because the bright yellow chlo-
roform solution (originating from the Mo complex) turned to
colorless after the addition and filtration of the solid support.
This means that all molybdenum species underwent coordina-
tion with the supported chelate ligands.

2.2. Characterization of the Catalysts. XRD measure-
ments were performed with a SEIFERT-FPM XRD7 diffrac-
tometer with Cu KR radiation at 40 kV and 36 mA. Nitrogen(15) Jia, M.; Thiel, W. R. Chem. Commun. 2002, 2392-2393.
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Scheme 1. Assignment of the NMR Spectra for
Ligand 3 and Free Complex 4
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adsorption/desorption isotherms were measured at the liquid
nitrogen temperature, using a SORPTOMATIC 1990 analyzer.
Samples were degassed at 413 K overnight before measure-
ments. Specific surface areas were calculated using the BET
model. Pore volumes were estimated at a relative pressure of
0.94 (P/P0), assuming full surface saturation with nitrogen.
Pore size distributions were evaluated from desorption branches
of nitrogen isotherms using the BJH model. Solid-state 13C
and 29Si CP-MAS NMR spectra were recorded at 100.61 and
79.49 MHz, respectively, using a Bruker AVANCE 400 spec-
trometer.

2.3. Catalytic Reactions. The catalytic epoxidation of
cyclooctene was carried out in a two-necked 100-mL flask
equipped with a reflux condenser and a Quickfit septum
adapter. In the standard procedure, 1.00 g of cyclooctene (9.07
mmol), 1.00 g of dibutyl ether (7.75 mmol, internal standard),
100 mg of the solid catalyst, and 25 mL of CHCl3 were added
to the flask. The suspension was stirred and heated to reflux
temperature (61 °C), then 1.70 mL of a 5.5 M solution of
tBuOOH in decane was added to start the reaction. The course
of the reaction was monitored by quantitative GC analysis.
The catalytic activity for the epoxidation of cyclooctene was
evaluated by the conversion of cyclooctene to cyclooctene
epoxide.

3. Results and Discussion

3.1. Synthesis and Characterization. Ligand 3
was obtained as outlined in Scheme 2 according to a
procedure published for octadecyl[3-(2-pyridyl)-1-pyra-

zolyl]acetamide by simply heating the ester 2 with one
equivalent of 3-triethoxysilylpropylamine.12a It reacts
with MoO(O2)2‚(DMF)2 in dry CHCl3 to give the free
complex 4, which was synthesized to provide spectro-
scopic data (IR and NMR) for comparison with the
supported mesoporous materials.

The oxodiperoxo molybdenum modified mesoporous
MCM-41 materials were synthesized as outlined in
Scheme 3. Postsynthetic silylation using Me3SiCl was
carried out to remove the residual silanol groups on the
surface of the mesoporous MCM-41 material, which are
supposed to be unfavorable for the catalytic reaction.
Therefore, modification of MCM-41 by silylation with
Me3SiCl will make the surface more hydrophobic.
Recently Zhao and Lu reported that the adsorption
characteristics of MCM-41 for polar molecules greatly
depend on the concentrations of surface silanol groups.7
Additionally, Tatsumi et al. showed that trimethylsilyl-
ation of MCM-41 and MCM-48 improves their stability
against moisture and mechanical compression.19

Figure 1 shows the XRD patterns for the parent
siliceous MCM-41 material Si-1 and the modified ma-
terials Si-7 and Si-8. Si-1 is a well-ordered mesoporous
phase which can be indexed according to a hexagonal
lattice characteristic of MCM-41.1,2 For Si-7, the relative
intensities of higher angles peaks decreased after
introduction of the molybdenum complex. Silylation
with Me3SiCl (Si-8) leads to a further considerable
decrease in the intensities of these reflections, but the
main reflections of the XRD pattern can still be ob-
served. According to related references,20-22 the inten-
sity reduction may be mainly due to contrast matching
between the silicate framework and organic moieties
which are located inside the channels of MCM-41. These
results indicate that the structure of the mesoporous
materials remains intact through the grafting proce-
dure. Similar results have also been observed for the
modified aluminosilicate MCM-41 systems (not shown
here).

Figure 2A shows the N2 isotherms of Si-1 and the
ligand modified samples Si-5 and Si-6 recorded at 77
K. The Mo-containing samples were not tested by this

Scheme 2a

a (i) H2N(CH2)3Si(OEt)3, 2 h, 150 °C; (ii) CHCl3, MoO(O2)2‚(DMF)2,
24 h, RT.

Scheme 3a

a (i) Ligand 3, Toluene, 9 h, 100 °C; (ii) Me3SiCl, 24 h, RT; (iii) CHCl3, MoO(O2)2‚(DMF)2, 24 h, RT.
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means because the outgassing temperature of 413 K,
applied before the N2 adsorption measurements, will
lead to a decomposition of the peroxo complexes. Si-1
gave a type IV isotherm23 (definition by IUPAC) with a
small hysteresis, which is characteristic for mesoporous
materials possessing pore diameters between 2 and 50
nm. A sharp increase in the adsorption of N2 between
the relative pressures of 0.3 and 0.4 can be assigned to
capillary condensation.7 The hysteresis above the rela-
tive pressures of 0.4 can be attributed to the capillary
condensation within interparticles and/or some impurity
phases.7,24,25 Compared to Si-1, the modified samples
Si-5 and Si-6 exhibit a decreased uptake of N2 owing
to the incorporation of the ligand (Si-5) and the further
silylation with Me3SiCl (Si-6). The ligand modified Al-
MCM-41 samples show results similar to those of the
corresponding siliceous materials (Figure 2B). From
Figure 2 it can be also seen that the parent solids Si-1
and Al-1 exhibit narrow pore size distributions with
average pore diameters of about 2.7 nm. But for the
modified materials, broad and lower pore size distribu-
tions were obtained, which might imply that the chelat-
ing ligand and the Me3Si- groups are not uniformly
distributed through the MCM-41 channel surface in
these samples. It was reported that organic groups in a
grafted mesoporous sample are mainly located on
internal surfaces close to the pore windows.21

The BET specific surface areas of the two parent
materials Si-MCM-41 (Si-1) and Al-MCM-41 (Al-1)

were calculated to 947 and 1018 m2g-1, respectively
(Table 1). The ligand modified samples obviously exhibit
lower specific surfaces than the parent solids due to the
introduction of the organic moieties (ligands and/or Me3-
Si groups), which is also responsible for a reduction of
pore volumes and pore diameters (Table 1).

The success of the synthesis of Mo-containing meso-
porous MCM-41 materials was confirmed by 13C CP-
MAS NMR spectroscopy (Figure 3). Si-7 presents a
spectrum similar to that of the free complex 4 (dashed
lines giving relative intensities). The resonances corre-
sponding to the two different carbon atoms of the
ethoxide groups (δ ) 57.7 and 14.9) are decreased in
intensity compared to those of 4, which suggests that a
condensation reaction to form covalent Si-O-Si cou-

(19) Tatsumi, T.; Koyano, K. A.; Tanaka Y.; Nakata, S. Stud. Surf.
Sci. Catal. 1998, 117, 143-150.

(20) (a) Marler, B.; Oberhagemann, U.; Vortmann, S.; Gies, H.
Microporous Mater. 1996, 6, 375-383. (b) Hammond, W.; Prouzet, E.;
Mahanti, S. D.; Pinnavaia, T. J. Microporous Mesoporous Mater. 1999,
27, 19-25.

(21) Stein, A.; Lim, M. H. Chem. Mater. 1999, 11, 3285-3295.
(22) Ferreira, P.; Goncalves, I. S.; Kühn, F. E.; Pillinger, M.; Rocha,

J.; Thursfield, A.; Xue, W. M.; Zhang, G. J. Mater. Chem. 2000, 10,
1395-1401.

(23) Gregg, S. J.; Sing, K. S. W. Adsorption, Surface Area and
Porosity, 2nd ed.; Academic Press: London, 1982.

(24) Huo, Q. S.; Leon, R.; Petroff, P. M.; Stucky, G. D. Science 1995,
268, 1324-1327.

(25) Sun, Y.; Yue, Y. H.; Gao, Z. Appl. Catal. A 1997, 161, 121-
127.

Figure 1. Powder XRD patterns of Si-1 (a), Si-7 (b), and Si-8
(c).

Figure 2. N2 adsorption-desorption isotherms at 77 K and
pore size distribution profiles (inset) of various materials. A:
Si-1 (a); Si-5 (b); Si-6 (c). B: Al-1 (a); Al-5 (b); Al-6 (c).
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pling between the chelating ligand and the surface
silanol groups of MCM-41 has occurred during the
ligand grafting process. Additionally, two sharp signals
at 65.3 and 12.5 ppm can be assigned to free ethanol
formed as a side product of this reaction. Si-8 shows
nearly the same spectrum suggesting that the structure
of the ligand system is preserved after silylation of
unreacted Si-OH groups with Me3SiCl. Besides, a very
strong resonance at -1.9 ppm can be assigned to the
methyl groups of the introduced Me3Si moieties.26 The
resonances corresponding to free ethanol have disap-
peared, while two strong peaks appearing at 58.5 and
15.5 ppm (overlapping with the ethoxide groups of
ligand 3) can be attributed to the ethoxide groups of Me3-
Si-OC2H5, formed by the reaction between Me3SiCl and
free ethanol on the surface of the mesoporous material.
A small resonance at 76.6 ppm originates from traces
of the solvent CHCl3.

29Si CP-MAS NMR spectra provide direct evidence for
the incorporation of the covalently linked organic system
(Figure 4). The spectrum of the unmodified mesoporous
MCM-41 support Si-1 shows three signals at -110,
-101, and -92 ppm corresponding to Q4, Q3, and Q2

species of the silica framework [Qn ) Si(OSi)n(OH)4-n,
n ) 2-4].7,26 The Q3 sites are associated with isolated

Si-OH groups, and the Q2 sites correspond to geminal
silandiols. For the modified sample Si-7, three ad-
ditional broad and overlapping signals appear at -67,
-58, and -49 ppm, which can be assigned to T3, T2, and
T1 organosilica species [Tm ) RSi(OSi)m(OEt)3-m, m )
1-3], respectively,8 with T2 as the major system. Par-
allely, the relative intensity of the Q2 resonances
decreases with a slight increase of Q4. For Si-8, grafting
of the trimethylsilane groups to MCM-41 further de-
creases the intensity of the Q2 resonances (almost to the
detection limit) and drastically increases the intensity
of the Q4 silicon atoms, while a sharp peak at 13 ppm
can be assigned to the silicon nuclei of the trimethylsilyl
(Me3Si-) groups. Changes in the relative intensities of
the Q4, Q3, and Q2 signals can be explained by the
redistribution of the silicon sites during surface silyla-
tion.7 The Al-containing mesoporous materials (Al-1, Al-
7, and Al-8) show 29Si CP-MAS spectra very similar to
those of the corresponding siliceous materials (not
shown here).

3.2. Catalytic Properties in Epoxidation of Cy-
clooctene. The modified Mo-containing MCM-41 ma-
terials were tested as catalysts for the epoxidation of
cyclooctene with tBuOOH as the oxygen source at a
reaction temperature of 61 °C (Figure 5). All the samples
showed good activities, and high selectivities (nearly
100%) to cyclooctene epoxide. These results are consis-
tent with the homogeneous system we previously re-
ported,13 which indicates that the coordinative environ-
ment surrounding the active Mo species in the modified
materials should be analogous to that of the homoge-
neous complexes. Under the reaction conditions applied,
Si-8 showed higher reaction rates than Si-7 although
the loading with active molybdenum sites is the same.
Similar results were also found for the Al-containing
mesoporous samples, with Al-8 showing higher catalytic
activity than Al-7.(26) de Juan, F.; Ruiz-Hitzky, E. Adv. Mater. 2000, 12, 430-432.

Figure 3. 13C CP-MAS NMR of the modified mesoporous materials Si-7 (a) and Si-8 (b) compared with the resonances of the
free complex 4 (dashed lines give relative intensities).

Table 1. Textural Parameters of Parent MCM-41 and
Ligand Modified Materials from N2 Isotherms at 77 K

sample
BET surface
area (m2/g)

pore vol
(mL/g)

BJH pore
diameter (nm)

Si-1 947 1.06 2.7
Si-5 842 0.81 2.5
Si-6 729 0.51 2.2
Al-1 1018 1.06 2.7
Al-5 854 0.71 2.5
Al-6 663 0.51 2.2
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The recyclability of the modified catalysts was exam-
ined by reusing them in a second reaction run. Before
reuse, the catalyst was separated from the reaction

mixture by filtration at the reaction temperature,
washed with CHCl3, and dried at room temperature. For
the recycled catalysts Si-7 and Al-7, the induction
period, already observed in the first run, increased
obviously while the reaction rate decreased slightly
compared with that of the fresh samples. Interestingly,
the catalytic activities, as well as the induction periods,
of recycled Si-8 and Al-8 did not change significantly
in the second run indicating the excellent stability and
recyclability of these systems.

The results presented above suggest that the activity
and recyclability of the modified mesoporous material
can clearly be improved by decrease of the number of
surface Si-OH groups using Me3SiCl as the silylating
agent. As only a small part of the Si-OH groups are
consumed during the introduction of the ligand system,
the remaining Si-OH groups will provide centers for
the adsorption of organic compounds (tBuOOH, tBuOH,
epoxide) by hydrogen bonding, which will hinder the dif-
fusion to and away from the catalytically active centers
in the mesoporous cavities and therefore decrease the
overall activity of the catalyst. Our NMR spectroscopic
investigations prove that reacting the surface with Me3-
SiCl converts quite a part of the Si-OH groups into Si-
O-SiMe3 groups and therefore increases the hydropho-
bicity, which will reduce adsorption effects.

It should be pointed out here that the Al-containing
catalysts Al-7 and Al-8 show higher activities than the
corresponding neat siliceous samples Si-7 and Si-8. This
seems to be in contrast to the increase of activity by
silylation of surface Si-OH groups, since it is known
that the implementation of Al into the silicate frame-
work increases both Brønsted and Lewis acidic sites in
the surface. Besides, a direct calcination in air can

Figure 4. 29Si CP-MAS NMR spectra of Si-1 (a) and the modified samples Si-7 (b) and Si-8 (c).

Figure 5. Kinetic profiles of epoxidation of cyclooctene with
tBuOOH over various catalysts.

Catalyst for Epoxidation of Cyclooctene Chem. Mater., Vol. 15, No. 11, 2003 2179



partially dealuminate the mesoporous sample, then
create new Lewis acidic sites due to the formation of
extraframework Al.16,27-30 Therefore, in our opinion
there are at least two possible explanations for this
feature: on one hand, Al sites near the complex could
activate tBuOOH for proton transfer to a Mo(O2) unit,
which we proved to be the first step in the activation of
the organo peroxide.13c On the other hand, a Lewis
acidic site in close proximity to the tethered catalyst
could undergo coordination to the carbonyl group of the
amide fragment. This would reduce the donor strength
of the pyrazole molybdenum bond and lead to an
increase of catalytic activity.12a,13a

As reported previously,15 our modified materials
showed very high stability against leaching of the active
species into the liquid phase under the given reactive
conditions. This feature, which is important for a
heterogeneous oxidation catalyst system, is mainly
caused by the relatively strong interaction between the
chelating ligand and the molybdenum center and to the
covalent grafting between the organic ligand system and
the inorganic mesoporous material. It is known from
heterogenized chromium, vanadium, and molybdenum
catalysts bearing monodentate ligands that they un-
dergo leaching of the active species into solution,
especially in the presence of protic agents such as
alcohols or organo peroxides.14 We therefore focused on
stable chelate complexes of the type (L-L)MoO(O2)2
bearing bidentate 2-(1-alkyl-3-pyrazolyl)pyridine ligands
L-L, which we have investigated in detail as catalysts
in solution and from which we have an almost complete
mechanistic insight of the oxygen transfer process.12,13

From our data it is probable that surface modification
by Me3SiCl should have an additional positive influence
on the stability against leaching.

In addition to tBuOOH, H2O2 can be used as the
oxygen source for the epoxidation of cyclooctene. How-
ever, the reaction rates measured under identical condi-
tions are lower than those with tBuOOH (about 34%
conversion in 15 h), while the selectivity for the epoxide
does not change at all. An analogous behavior was
observed when pyrazolylpyridine oxodiperoxo molybde-
num complexes are applied in homogeneous solution.12a

At present, we are carrying out further work on the
catalytic oxidiation properties (activity, stability, recy-
clability, etc.) of our compounds with H2O2.

4. Conclusions

Our work presents a successful example of an active,
truly heterogeneous modified mesoporous MCM-41 cata-
lyst for olefin epoxidation obtained by covalent grafting
of an oxodiperoxo molybdenum chelate complex. The
excellent stability of these catalysts can be attributed
to the covalent grafting between the organic ligand
system and the inorganic mesoporous material, to the
mild reaction conditions during the generation of the
grafted system, and to the strong binding between MoO-
(O2)2 unit and the chelating ligand.

The catalytic properties (activity and recyclability) of
the supported materials can be improved by further
silylation with Me3SiCl to remove residual Si-OH
groups from the mesoporous surface. Modified alumi-
nosilicate MCM-41 materials show better activity than
the corresponding siliceous materials, which might be
due to the higher Lewis acidity of Al-MCM-41 caused
by the incorporation of the aluminum into the mesopo-
rous material. Further work may be required to test the
catalytic properties of these modified materials for other
olefins. Also, characterization work on the surface
properties (hydrophobicity and polarity) of these materi-
als is underway in order to get a clear picture of the
relationship with the catalytic properties.

The presented method also provides a general ap-
proach to the synthesis of a large family of supported
heterogeneous catalysts containing N,N′-chelating lig-
ands. We believe that, besides this oxodiperoxo Mo
species, other metal species can be introduced into these
hybrid materials for special application in catalysis or
in the material field.
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Note Added after ASAP

This paper was released ASAP on 4/29/03 with an
error in Schemes 2 and 3. It was reposted on 5/08/03
with the correct structures in these schemes and with
the reaction conditions moved to scheme footnotes.
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