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Sol–gel synthesis of oxodiperoxo molybdenum-modified
organic–inorganic materials for the catalytic epoxidation of cyclooct
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Abstract

Hybrid organic–inorganic materials were synthesized by sol–gel copolymerization of theN,N-chelate ligand (3-triethoxysilylpropyl
[3-(2-pyridyl)-1-pyrazolyl]acetamide (1) and tetraethoxysilane (TEOS). Active solid oxidation catalysts can be obtained by introd
oxodiperoxo molybdenum species MoO(O2)2 into the hybrid sol–gel materials with a ligand-exchange reaction. The molybdenum-cont
catalyst, prepared from a sol–gel precursor with relatively large pore volume and high specific surface area, showed a very hig
against leaching of the active species into the liquid phase during the epoxidation of cyclooctene withtert-butyl hydroperoxide (tBuOOH).
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The heterogenization of homogeneous catalysts fo
quid-phase olefin epoxidation is an attractive and impor
research subject. Extensive effort has been focused o
incorporation of metal-based catalysts onto or into in
supports by different methods, such as substituting ac
metal sites into molecular sieves or amorphous silica
encapsulating and grafting organometallic complexes
nano- and mesoporous materials [1–3]. An alternative
highly effective method for the preparation of heterogene
catalysts is to copolymerize an organic functionalized co
pound, usually bearing an organoalkoxysilane group, an
alkoxysilane by a sol–gel procedure [4–7]. The relativ
mild reaction condition of the sol–gel process allows inc
poration of various organic moieties in different inorga
materials and tuneing the material properties in a wide ra
Additionally, it is possible to produce hybrid materials w
high loading of organic functional groups in combinati
with a uniform coverage of the resulting surfaces by t
technique [5].

Recently, we reported the synthesis of a hybrid hete
geneous catalyst system by covalent grafting of oxodi
oxo molybdenum complexes of the type [(L-L)MoO(O2)2]

* Corresponding author.
E-mail address: werner.thiel@chemie.tu-chemnitz.de (W.R. Thiel).
0021-9517/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2003.07.009
(L-L = (3-triethoxysilylpropyl)[3-(2-pyridyl)-1-pyrazolyl]
acetamide (1)) into the mesoporous MCM-41 material [8,9
The grafted materials are highly active and stable c
lysts for the liquid-phase epoxidation of cyclooctene w
tBuOOH as the oxygen source. The high stability aga
leaching of active species to liquid phase can be mainly
tributed to the strong binding between the MoO(O2)2 unit
and the chelate ligand [10–13], and to the formation of co
lent bonds (Si–O–Si) between the organic ligand system
the inorganic mesoporous material [8]. However, a dr
back of the grafting procedure is that the loading of orga
functionalities is often low, mainly limited by the distribu
tion of reactive Si–OH groups and the diffusion limitatio
of the mesoporous channel. Besides, it is believed tha
ganic groups in a grafted mesoporous material are ma
located on the external surfaces and those parts of the i
nal surface, which are close to the pore windows, leadin
a nonuniform distribution of the organic sites [14].

In this work, we present an alternative for the prepa
tion of a hybrid material with a high loading of oxodipero
molybdenum complexes in the matrix of the silicate. T
precursors were synthesized by copolymerizing the che
ligand1 with TEOS under traditional uncatalyzed and ca
lyzed sol–gel conditions. The desired molybdenum-ba
catalysts are thus obtained by introducing the oxodi
oxo molybdenum units into the sol–gel precursor by
ligand-exchange reaction. The catalytic performance of

http://www.elsevier.com/locate/jcat
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molybdenum containing materials was investigated for
liquid-phase epoxidation of cyclooctene withtBuOOH.

2. Experimental

2.1. Catalyst preparation

2.1.1. Synthesis of chelate ligand
(3-Triethoxysilylpropyl)[3-(2-pyridyl)-1-pyrazolyl]acetic
amide (1). The chelate ligand1 bearing a Si(OEt)3 group
was synthesized as described previously [8,9]. Typic
2-(3-pyrazolyl)pyridine [15] (10 mmol, 1.45 g) was added
a suspension of NaH (10 mmol, 0.24 g) in THF (50 mL),
mixture was stirred until the evolution of hydrogen stopp
then ethyl bromoacetate (10 mmol, 1.67 g) was added,
the resulting solution was refluxed for 4 h. After remov
the solvent in vacuum, the product was extracted from
oily residue with diethyl ether and recrystallized to obt
[3-(2-pyridyl)-1-pyrazolyl]acetic acid ethyl ester. A mixtu
of the ester (4.02 mmol, 0.93 g) and 3-triethoxysilylprop
amine (4.02 mmol, 0.89 g) was heated to 150◦C for 2 h
under an atmosphere of argon. After this, all volatiles w
removed in vacuum resulting in1 as an oily residue in almos
quantitative yield.

2.1.2. Sol–gel process to synthesize hybrid precursors
Preparation of gel SG-1 from 1 and tetraethoxysilane
(TEOS) without catalyst. Sol–gel polymerization was ca
ried out by hydrolysis/condensation of ligand1 (11.7 mmol,
4.75 g) and TEOS (23.4 mmol, 4.97 g) in the presenc
10 mL of water with 60 mL of ethanol as the solvent. T
resulting solution was stirred at room temperature, and g
tion occurred within 24 h. After standing for 14 days, the
was washed thoroughly with ethanol, chloroform, and
ethyl ether. The white powderSG-1 was heated to 150◦C in
the air for 3 h. Yield: 1.35 g, 28% (based on complete c
densation of1 and TEOS). Anal. Found: C, 25.62; H, 3.1
N, 8.90; Calcd. for (C13H15N4O2,5Si)4 · (EtOH) · (H2O)5 ·
(SiO2)20 = C54H76N16O56Si24: C, 25.75; H, 3.04; N, 8.90
ligand/SiO2 = 1/5.

Preparation of gel SG-2 with ethylamine as catalyst. The
amounts of 4.75 g (11.7 mmol) of ligand1, 4.97 g of TEOS
(23.4 mmol), 10 mL of water, and 60 mL of ethanol we
mixed in a flask, and then 2.2 g of a EtNH2 solution (7.0%
in water) was added under stirring. Gelation occurred wi
5 min. After standing for 7 days, the gel was crushed
washed thoroughly with ethanol, chloroform, and diet
ether. The white powderSG-2 was heated to 150◦C in the
air for 3 h. Yield: 3.92 g (81%). Anal. Found: C, 31.5
H, 3.61; N, 11.26; Calcd. for (C13H15N4O2,5Si)2 · (H2O)3 ·
(SiO2)6 = C26H36N8O20Si8: C, 31.06; H, 3.60; N, 11.15
ligand/SiO2 = 1/3.
Preparation of the precipitate SG-3 with HCl/EtNH2 as
catalyst. The amounts of 4.75 g (11.7 mmol) of ligand1,
4.97 g of TEOS (23.4 mmol), 10 mL of water, and 60 m
of ethanol were mixed, and then 1.2 g of 3.7% aque
HCl solution was added as catalyst under stirring. No g
tion occurred in 2 days, then 2.2 g of 7.0% EtNH2 was
added, and precipitation not gelation occurred immedia
After standing for 7 days, the precipitate was filtered a
washed thoroughly with ethanol, chloroform, and diet
ether. The white powderSG-3 was heated to 150◦C in the
air for 3 h. Yield: 2.95 g (61%). Anal. Found: C, 26.8
H, 3.08; N, 9.42. Calcd. for (C13H15N4O2,5Si)8 · (EtOH) ·
(H2O)10 · (SiO2)36 = C106H146N32O104Si44: C, 26.70;
H, 3.09; N, 9.40; ligand/SiO2 = 1/4.5.

2.1.3. Preparation of Mo-containing sol–gel catalysts
Catalysts containing oxodiperoxo molybdenum spe

were obtained by stirring 0.40 g ofSG-1, SG-2, or SG-3
with 0.103 g (0.32 mmol) of [MoO(O2)2 · (DMF)2] [16]
in 40 mL of chloroform at room temperature for 24
The resulting catalystsMo-SG-1, Mo-SG-2, or Mo-SG-3
were filtered, washed, Soxhlet-extracted with CHCl3, and
dried in vacuum. Mo loading was 6.7 wt% inMo-SG-1 and
Mo-SG-3; 0.7 wt% inMo-SG-2, which was calculated ac
cording to the amount of remaining [MoO(O2)2 · (DMF)2] in
the chloroform solution after filtration of the solid catalys

2.2. Characterization of materials

Nitrogen adsorption/desorption isotherms were meas
at the liquid nitrogen temperature, using a SORPTOMAT
1990 analyzer. Samples were degassed at 140◦C overnight
before measurements. Specific surface areas were calcu
using the BET model. Pore volumes were estimated
relative pressure of 0.94 (P/P0), assuming full surface sa
uration with nitrogen. Pore-size distributions were evalua
from desorption branches of nitrogen isotherms using
BJH model.

Solid-state13C and 29Si CP-MAS NMR spectra wer
recorded at 100.61 and 79.49 MHz, respectively, usin
Bruker AVANCE 400 spectrometer.

2.3. Catalytic reactions

The catalytic epoxidation of cyclooctene was carried
in a two-neck 100-ml flask equipped with a reflux conden
and a Quickfit septum adapter. In the standard proced
0.50 g of cyclooctene (4.54 mmol), 50 mg of the so
catalyst, and 12 mL of CHCl3 were added to the flask
The suspension was stirred and heated to reflux temper
(61◦C), and then 0.85 mL of a 5.5 M solution oftBuOOH
in decane was added to start the reaction. The cours
the reaction was monitored by quantitative GC analy
The catalytic activity for the epoxidation of cyclooctene w
evaluated by the conversion of cyclooctene to epoxycycl
tane.
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3. Results and discussion

3.1. Synthesis and characterization

As outlined in Scheme 1, three precursorsSG-1, SG-2,
andSG-3 were obtained by copolymerizing the chelate l
and1 with TEOS using traditional sol–gel processes.

Usually an acidic or basic catalyst is required in a s
gel polymerization process with RSi(OR′)3 precursors. In
our case, copolymerization of ligand1 and TEOS can oc
cur even without adding any catalyst, obviously due to
presence of a basic pyridine and/or pyrazole group in
ligand. These can catalyze the hydrolysis and coconde
tion process by themselves, which leads to the precu
SG-1. However, a quite low yield (28%) was obtained f
this synthetic route. In order to increase the yield of the s
gel polymerization reaction, two other attempts were car
out using acid and/or base catalysts for the sol–gel proc
With EtNH2, a quite basic amine as the catalyst, the tra
tion from liquid (sol) to gel occurred within several minute
Yield of the resulting hybrid sol–gel materialSG-2 was 81%.
With HCl as the catalyst no gelation occurred in betwe
2 days. After the addition of EtNH2 to the solution, a white
precipitate appeared immediately. The formation of a p
cipitate instead of gelation might be caused by the forma
of the salt EtNH3Cl. The yield ofSG-3 was 61%.

Table 1 shows the experimental conditions to yield
materialsSG-1, SG-2, andSG-3, as well as the textural pa
rameters of these compounds as obtained by N2 adsorption.
Fig. 1 presents the N2 isotherms ofSG-1 andSG-3, recorded
at 77 K.

Scheme 1.
-

.

Fig. 1. N2 adsorption–desorption isotherms at 77 K of the sol–gel mate
(a) SG-1 and (b)SG-3.

The isotherm ofSG-2 was not obtained, since its N2
uptake is undetectable under the experimental conditi
indicating a very low BET surface area.SG-1 displays
isotherms characteristic for mesoporous materials with p
diameters between 2 and 50 nm and minor contribut
from macropores [17]. The isotherm ofSG-3, which shows a
much lower uptake of N2 than theSG-1 sample, correspond
to a combination of meso- and macropores. Compare
SG-3, SG-1 has a higher BET surface area (138 m2 g−1),
a larger pore volume (0.67 cm3 g−1), and a narrower pore
size distribution (mean diameter: 10–30 nm, Table 1).

Solid-state13C CP-MAS NMR spectra of the three hybr
sol–gel precursors (SG-1, SG-2, andSG-3) are presented in
Fig. 2. All spectra are similar to the13C NMR spectrum of
the free ligand1 in solution (the dashed lines are giving t
relative intensities) [9].

These results indicate that the molecular structure of
chelate ligand1 survives during the preparation procedu
Besides, the absence of the two resonances at aroun
and 18 ppm, which correspond to SiOCH2CH3 (ethoxysi-
lyl) groups, suggests that the hydrolysis of ligand1 is nearly
complete during the sol–gel process, which corrobor
with the elemental analyses (EtOH content). The solid-s
29Si CP-MAS NMR spectra provide a direct evidence for
linkage between the organic and the inorganic compon
of the materials (Fig. 3).
ter
Table 1
Preparation conditions and structure parameters of the sol–gel materials

Sol–gel Catalystsa Yieldb Content of1c Surface area Pore volume Pore diame
samples (%) (mmol g−1) (m2 g−1) (cm3 g−1) (nm)

SG-1 No catalyst 28 1.59 138 0.67 10–30
SG-2 EtNH2 81 2.01 < 5 – –
SG-3 HCl + EtNH2 61 1.68 43 0.34 10–150

a Used during the sol–gel process for getting the corresponding precursors.
b Based on complete condensation of ligand1 and TEOS.
c Calculated according to the content of nitrogen (CHN elemental analysis).
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Fig. 2. Solid-state13C CP-MAS NMR spectra of the sol–gel precurso
(a) SG-1, (b) SG-2, and (c)SG-3 compared with the resonances of the fr
ligand1 in solution (dashed lines giving relative intensities).

Fig. 3. Solid-state29Si CP-MAS NMR spectra of the sol–gel precurso
(a) SG-1, (b) SG-2, and (c)SG-3.

All three sol–gel precursors show a major resona
centered at−67 ppm, which can be assigned to organo
ica T3 species [C-Si(OSi)3] [9]. Only very small amoun
of T2 species [C-Si(OSi)2(OR)] (R = H, or Et) exists in
the materials as evidenced by a weak resonance at ar
−57 ppm (overlapped partly with the T3 signal). This gives
further evidence for the nearly complete condensation r
tion during the sol–gel process. Two signals at−112 and
−103 ppm correspond to Q4 and Q3 species of the inorgani
silica framework [18,19]. While the Q3 sites are assoc
ated with the isolated hydroxyl group [(SiO)3Si(OH)], and
the Q4 sites correspond to silicon atoms without hydro
groups [(SiO)4Si]. By comparing these NMR spectra wi
that of grafted mesoporous MCM-41 materials [8,9], it c
be concluded that there is a considerably higher amou
organosilica species in all three sol–gel precursors. Bes
the very high loading with the organic ligand1 can also be
confirmed according to the results of elemental analyses
Section 2).
d

,

Fig. 4. Kinetic profiles of the epoxidation of cyclooctene to epo
cyclooctane withtBuOOH over various catalysts. Reaction conditio
Mo:cyclooctene:t BuOOH (mol/mol) = 1:130:134 (for Mo-SG-1 and
Mo-SG-3), or 1:1240:1280 (forMo-SG-2); solvent, chloroform; reaction
temperature, 61◦C.

3.2. Catalytic tests

Treatment of the hybrid silica materialsSG-1–SG-3 with
MoO(O2)2 · (DMF)2 in CHCl3 solution (see Scheme 1) ga
the three catalystsMo-SG-1–Mo-SG-3, which were tested
for the epoxidation of cyclooctene withtBuOOH at 61◦C
(see Fig. 4).

As expected, they are all active for this reaction w
nearly 100% selectivity to epoxycyclooctane, which is c
sistent with the grafted MCM-41 system and correspond
homogeneous catalysts we previously reported [8–13].
der the reaction conditions applied,Mo-SG-3 showed highe
reaction rates thanMo-SG-1, although the loading with ac
tive molybdenum sites is the same for both catalysts.
low activity of Mo-SG-2 is due to the low loading with ac
tive molybdenum sites, which is probably caused by the v
low BET surface area of theSG-2 precursor.

For a heterogenized catalyst, the leaching of the ac
species into the liquid phase under operating condit
should be as low as possible [20]. To investigate this,
Mo-containing catalysts were filtered at about 45% of c
version of cyclooctene (Fig. 5).

This has to be done at the reaction temperature of 61◦C,
since filtration at lower temperatures may lead to reads
tion of leached homogeneous species into the solid sup
which would falsify the results. ForMo-SG-1, there is al-
most no detectable subsequent conversion in the filtrate
removing the catalyst, which is a very strong evidence
a real heterogeneous catalysis. ForMo-SG-2, it was found
that cyclooctene can be converted at a low rate in the filtr
which means that a small part of the active species is lea
from the hybrid catalyst. ForMo-SG-3, the epoxidation re
action is continued at a very high rate after the solid cata
is removed, which means that leaching of active species
curs during the reaction process and thus plays an impo
role for the catalytic performance of this material.

These immediately lead to the question, Why do the th
hybrid catalysts, prepared from the same starting ma
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Fig. 5. Leaching experiments of three Mo-containing catalysts by c
tinuing the reaction after the filtration of the catalysts at the reac
temperature. Dashed lines indicate the conversions after the removal
catalysts. Reaction conditions are analogous to Fig. 4.

als (ligand1 and TEOS), show such a different stabilit
In a previous work [8], we found that the grafted M
containing mesoporous MCM-41 catalyst, prepared from1,
shows a very high stability against leaching during the ep
idation of cyclooctene. This can be attributed to the cova
link between the organic ligand system and the inorga
mesoporous material, and to the strong binding between
MoO(O2)2 unit and the chelating ligand as already depict
The latter feature was examined in a series of experim
with related homogeneous oxodiperoxo molybdenum
alysts [10–13]. In the present case, onlyMo-SG-1 shows
a stability similar to the grafted Mo-containing MCM-4
system. Considering the relatively low BET surface a
of the sol–gel precursors ofSG-2 (<5 m2 g−1) andSG-3
(43 m2 g−1), it is reasonable to assume that most of
chelating sites are located in the bulk of the hybrid m
terial and are therefore not accessible for the coordina
of molybdenum species. Especially forMo-SG-3, which is
highly loaded with molybdenum, it seems to be plausi
that a large part of the MoO(O2)2 unit does not undergo co
ordination with the chelate ligand.

It was reported that silica and oxodiperoxo molybden
species can interact to form surface peroxo species,
organosilanols can be used to model the silica-supported
odiperoxo metal species [21]. In our work, we have a
confirmed that MoO(O2)2 species can be absorbed by poro
silica gels or mesoporous MCM-41 materials directly ev
without introducing any organic ligand previously. The a
sorbed molybdenum species could not be removed by S
let extraction with CHCl3, which means that the meta
supported system is stable under the preparation condit
However, it was found that such Mo-containing materials
not stable under the reaction conditions of the cyclooct
epoxidation, where they are treated with high polar and p
tic reagents liketBuOOH or tBuOH. Similar results have
recently been reported by Buffon and co-workers [7]. Th
found that MoO2(acac)2/SiO2 catalysts prepared by a so
gel procedure are unstable toward leaching during the o
epoxidation. The recyclablity of this catalyst could be i
-

.

Fig. 6. Recyclablity studies for (A)Mo-SG-1 and (B)Mo-SG-3. Reaction
conditions are analogous to Fig. 4.

proved when 3-(triethoxysilyl)propylethylenediamine a
1,4-bis(triethoxysilyl)benzene were incorporated during
preparation process. Therefore, in our opinion, the poor
bility of Mo-SG-2 andMo-SG-3 against leaching is due t
the presence of MoO(O2)2 species interacting with surfac
silanol groups (or similar groups) of the hybrid silica-bas
materials. On the other side, very high stability ofMo-SG-1
against leaching under the epoxidation conditions pro
that all MoO(O2)2 units are coordinated to the chelate l
and. For this material, the ratio of molybdenum to ligan1
is 0.5:1.0, which can be calculated according to the con
of ligand1 and the loading of molybdenum. It means tha
least half of the chelate ligands inSG-1 are accessible owin
to the larger pore volume and higher BET surface area of
material. Besides, forMo-SG-1, the chelate ligands shou
be mainly located on the internal surface of the mesopo
system instead of a location on the external surface for o
two catalysts. We believe that the presence of mesopo
channels may also play a positive role for the stability of
hybrid catalyst.

The recyclability ofMo-SG-1 andMo-SG-3 was stud-
ied by using the catalysts in a second and/or third reac
run (Fig. 6). Before reused, the catalyst was separated
the reaction mixture by filtration at the reaction temperatu
washed with CHCl3, and dried at room temperature.

The catalytic properties of the recycledMo-SG-1 catalyst
did not change significantly compared with the fresh sam
(Fig. 6A), indicating the excellent stability and recyclabil
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of these systems. ForMo-SG-3 (Fig. 6B), an obvious de
crease in activity was observed in the second run, which
be explained due to the loss of a part of active Mo spe
during the first run.

4. Conclusion

Hybrid organic-inorganicmaterials containing the che
ligand (3-triethoxysilylpropyl)[3-(2-pyridyl)-1-pyrazolyl]
acetamide (1) were synthesized successfully by sol–
copolymerization with TEOS. Heterogeneous epoxida
catalysts can be obtained after introducing oxodiper
molybdenum species MoO(O2)2 into the hybrid sol–gel ma
terials. The Mo-containing material, prepared from a sol–
precursor with a higher BET specific surface, is active
truly heterogeneous catalyst for the liquid phase epoxida
of cyclooctene withtBuOOH as the oxygen source. The ve
high stability against leaching can be mainly attributed
the higher accessibilities of the chelate ligands in the hy
material and thus can coordinate with MoO(O2)2 species
to form stable heterogeneous epoxidation catalysts. As
fundamental properties of the synthesized sol–gel ma
als are greatly influenced by many factors, we believe
more suitable hybrid materials (e.g., large pore volume
high BET surface) containing such kinds of chelate liga
for the application in catalysis can be obtained in a h
yield by improving preparation methods and conditions
the sol–gel process.

Acknowledgments

We thank the Alexander-von-Humboldt Foundation fo
research grant for Mingjun Jia and M. Berger (N2 adsorp-
tion) for technical support.
References

[1] M.E. Raimondi, L. Marchese, E. Gianotti, T. Maschmeyer, J.M. S
don, S. Coluccia, Chem. Commun. (1999) 87–88.

[2] S. Krijnen, H.C.L. Abbenhuis, R.W.J.M. Hanssen, J.H.C. van Ho
R.A. van Santen, Angew. Chem., Int. Ed. Engl. 37 (1998) 356–35

[3] S. Xiang, Y. Zhang, Q. Xin, C. Li, Angew. Chem., Int. Ed. Engl.
(2002) 821–824.

[4] M. Schneider, A. Baiker, Catal. Rev. Sci. Eng. 37 (1995) 515–556

[5] U. Schubert, N. Hüsing, A. Lorenz, Chem. Mater. 7 (1995) 20
2027.

[6] Z. Lu, E. Lindner, H.A. Mayer, Chem. Rev. 102 (2002) 3543–3578

[7] S. Teixeira, K. Dallmann, U. Schuchardt, R. Buffon, J. Mol. Ca
A 182–183 (2002) 167–173.

[8] M. Jia, W.R. Thiel, Chem. Commun. (2002) 2392–2393.

[9] M. Jia, A. Seifert, W.R. Thiel, Chem. Mater. 15 (2003) 2174–2180

[10] W.R. Thiel, M. Angstl, T. Priermeier, Chem. Ber. 127 (1994) 237
2379.

[11] W.R. Thiel, T. Priermeier, Angew. Chem., Int. Ed. Engl. 34 (19
1737–1738.

[12] W.R. Thiel, J. Eppinger, Chem. Eur. J. 3 (1997) 696–705.
[13] W.R. Thiel, M. Angstl, N. Hansen, J. Mol. Catal. A 103 (1995) 5–1

[14] A. Stein, M.H. Lim, Chem. Mater. 11 (1999) 3285–3295.

[15] A.K. Pleier, H. Glas, M. Grosche, P. Sirsch, W.R. Thiel, Synthe
(2001) 55–62.

[16] H. Mimoun, I. Seree de Roch, L. Sajus, Bull. Soc. Chim. Fr. (19
1481–1492.

[17] S.J. Gregg, K.S.W. Sing, Adsorption, Surface Area and Porosity,
ed., Academic Press, London, 1982.

[18] E. Lindner, A. Bader, H.A. Mayer, Inorg. Chem. 30 (1991) 378
3785.

[19] C.A. Müller, M. Maciejewski, T. Mallat, A. Baiker, J. Catal. 18
(1999) 280–293.

[20] I.W.C.E. Arends, R.A. Sheldon, Appl. Catal. A 212 (2001) 175–18

[21] J.-Y. Piquemal, S. Halut, J.-M. Brégeault, Angew. Chem., Int.
Engl. 37 (1998) 1146–1149.


	Sol-gel synthesis of oxodiperoxo molybdenum-modified organic-inorganic materials for the catalytic epoxidation of cyclooctene
	Introduction
	Experimental
	Catalyst preparation
	Synthesis of chelate ligand
	(3-Triethoxysilylpropyl)[3-(2-pyridyl)-1-pyrazolyl]acetic amide (1).

	Sol-gel process to synthesize hybrid precursors
	Preparation of gel SG-1 from 1 and tetraethoxysilane (TEOS) without catalyst.
	Preparation of gel SG-2 with ethylamine as catalyst.
	Preparation of the precipitate SG-3 with HCl/EtNH2 as catalyst.

	Preparation of Mo-containing sol-gel catalysts

	Characterization of materials
	Catalytic reactions

	Results and discussion
	Synthesis and characterization
	Catalytic tests

	Conclusion
	Acknowledgments
	References


