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1. Introduction

The design of active, selective, easily recyclable and true
heterogeneous catalysts is a challenging goal of liquid phase
oxidation catalysis. Early transition-metal oxide anionic clusters
(polyoxometalates or POMs for short) have received increasing
attention as oxidation catalysts due to unique ensemble of
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properties, including inorganic nature, metal oxide-like structure,
thermodynamic stability to oxidation, thermal and hydrolytic
stability, tunable acidities, redox potentials, solubilities, etc. [1-5].
The apparent structural analogy of POMs and metal oxide surfaces
allows considering POMs as discrete, soluble fragments of
extended metal oxide lattices which can be comprehensively
investigated at the atomic level. Transition-metal-monosubsti-
tuted POMs (M-POMs) comprise an active center M isolated in the
tungsten oxide matrix and strongly bound through M-0-W
bridges, which prevents it from hydrolysis and oligomerization
and allows considering M-POMs as perspective building blocks for
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designing single site heterogeneous catalysts [6,7]. The develop-
ment of strategies for converting soluble POMs to solid materials
containing spatially well-separated and firmly attached to surface
POM molecules is of primary importance, and many research
groups are involved in this activity [1-5,8-13]. Such materials are
expected to combine advantages of molecular complexes and
reusable solids; furthermore, new activities and selectivities may
arise due to confinement effects.

In this short review paper, we survey our recent achievements in
the preparation of POM-based heterogeneous catalysts using
different immobilization techniques, such as embedding POM into
a silica matrix using sol-gel method [14], irreversible adsorption on
active carbon, electrostatic attachment to NH,-modified mesopor-
ous silica [11,15], and incorporation within nanocages of the
coordination polymer MIL-101 [16]. We report on the physico-
chemical characterization of the catalysts and compare the results of
their application in the liquid phase selective oxidations of alkenes
with the green oxidants—O-, and H,0,. Special attention is paid to
analyze the confinement effects and frequently success-limiting
issues of catalyst activity and selectivity after recycling, stability to
leaching and nature of catalysis. The scope and limitations of the
POM-based heterogeneous catalysts are discussed

2. Experimental
2.1. Reactants

Hydrogen peroxide was used as 30 wt.% solution in water; its
concentration was determined iodometrically prior to use. a-
Pinene containing 98% of a-pinene and 2% of [B-pinene was
obtained by vacuum rectification of gum turpentine. Isobutyr-
aldehyde (IBA, Aldrich) was distilled prior to use. All other
reactants were obtained commercially and used without further
purification.

2.2. Catalysts preparation

Co-substituted polyoxometalates (Co-POM), NasPW;,;Co(H,0)
039 and [BuyN]4H[PW;;Co(H20)039], were synthesized following
the procedures reported in [11]. Ti-substituted polyoxometalates
(Ti-POM), HsPW11TiO40 and NaH4PW,TiO49, were prepared as
described in [17,18], respectively; HsPW,ZrO4o (Zr-POM) was
prepared analogously to HsPW;,TiO4 [19]. Heteropolyacid
H3PW{50409-6H,0 (PW;,) was a commercial product and was
purified by extraction with diethyl ether. The purity of the POMs
synthesized was confirmed by FT-IR and 3'P NMR spectroscopic
techniques.

Carbon supports, mesoporous Sibunit [20] (S 670 m?/g) and
microporous L2701 (S 1240 m?/g), were obtained commercially.
Mesostructured silicates SBA-15 [21] and MCF [22] were prepared
according to the published protocols. NH,-functionalized supports
were prepared as described in [11,15]. MIL-101 was synthesized by
a hydrothermal reaction of terephthalic acid with Cr(NOs);-9H,0,
HF and H,O0 following the procedure reported by Ferey et al. [23].

POM/SiO, composite materials were prepared by the sol-gel
method using tetramethoxysilane as the silica precursor and
10 wt.% HsPW{,TiO40 or NasPW;;C003g via a two step procedure
described earlier [11,14]. Electrostatic attachment to NH,-modi-
fied silica was carried out at room temperature using acid
tetrabutylammonium (TBA) salts of POMs dissolved in MeCN
[11,15]. Adsorption of POMs on carbons was carried out from
10 wt.% aqueous solutions at 25°C for 3 days. The resulting
materials were separated by centrifugation, washed with a large
amount of hot water and dried at 150 °C. POM/MIL-101 hybrid
materials were prepared by adsorption of POMs from MeCN
(NaH4PW1 1TiO40 and [BU4N]4HPW11COO39) or H,O (H3PW]2040) at

25°C for 3 h. The completion of the adsorption process was
checked by UV-vis as described earlier [16].

2.3. Catalyst characterization

Textural characteristics of the catalysts and of the supports
were determined from nitrogen adsorption isotherms. The
structure of the SBA-15 and MIL-101 materials was confirmed
by XRD. All solid catalysts were characterized by elemental
analysis, FT-IR and DR-UV spectroscopic techniques.

2.4. Instrumentation

GC analyses were performed using a gas chromatograph “Tsvet-
500" equipped with a flame ionization detector and a quartz
capillary column (30m x 0.25 mm) Agilent DB-5MS. GC-MS
analyses were carried out using a gas chromatograph Agilent
6890 (quartz capillary column 30 m x 0.25 mm/HP-5 ms)
equipped with a quadrupole mass-selective detector Agilent
MSD 5973. Nitrogen adsorption at 77 K was studied using an
ASAP-2020 instrument. XRD measurements were performed on a
high-precision X-ray diffractometer Philips APD1700 using cupric
radiation (CuK,q.» 1.54060 A; 1.54439 A). FT-IR spectra were
recorded using pellets containing 2 mg of a sample and 500 mg of
KBr on a BOMEM-MB-102 spectrometer in the 250-4000 cm™!
range. DRS-UV measurements were performed on a Shimadzu UV-
VIS 2501PC spectrophotometer. UV-vis spectra in solution were
recorded using an Agilent 8453 spectrophotometer (cell thickness
I=10mm). 3'P NMR spectra of POMs in H,O or MeCN were
recorded on Bruker Avance-400 spectrometer at operating
frequency of 161.98 MHz, with a 5-kHz sweep width, 10-ps pulse
width, and 30-s pulse delay. Spectra were referenced to 85% H3PO,4
as external standard.

2.5. Catalytic oxidations

Catalytic experiments were carried out in thermostated glass
vessels at 25-50 °C under vigorous stirring (500 rpm). Either O,
(Co-POM) or H;0, (Ti-POM, Zr-POM and PW;,) were used as
oxidants. Before reuse, the catalyst was filtered off, washed with
acetonitrile and methanol, dried in air at room temperature
overnight or evacuated at 130°C for 2h (a-pinene/IBA co-
oxidation). The reaction products were identified by GC-MS and
quantified by GC using an internal standard.

3. Results and discussion
3.1. Embedding POM into silica by sol-gel method

A promising approach to heterogenize POM is occluding it
into an inert matrix during the matrix synthesis. [zumi was the
first who suggested inserting a catalytically active POM into
silica by means of sol-gel method [24]. Mrowiec-Bialon et al.
developed this method further [25]. Composite materials
containing 4 and 9wt% of NasPW;;Co(H;0)039 and
HsPW1TiO,4, respectively, have been prepared following
similar procedures [11,14]. The N, adsorption measurements
showed that the Co-POM/SiO, composite was microporous
while Ti-POM/SiO, was nonporous. A restriction of moving POM
within solid matrix is crucial to prevent POM leaching into
solution. DR-UV-vis (Fig. 1) and IR [11,14] spectra of the
composite materials and bulk POMs revealed the same principle
bands, which confirmed the retention of the POM structure after
immobilization.

The catalytic properties of Ti-POM/SiO, and Co-POM/SiO, were
assessed in the selective oxidation of several organic substrates,
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Fig. 1. DR-UV-vis spectra of bulk Co-POM (1), Co-POM/SiO; (2), Co-POM/NH,-MCF
(3) and Co-POM/NH,-Si0; (4).

including the natural terpene hydrocarbon, a-pinene [5,14,15].
H,0, and O, were used as oxidants for the Ti- and Co-containing
catalysts, respectively. Both reactions were found to produce
allylic oxidation products, verbenol and verbenone, useful inter-
mediates in the production of many fine chemicals.

The selectivity to verbenol/verbenone depends strongly on the
alkene conversion and attains 78-85% at 17-20% conversion
[14,15]. At a higher conversion, the selectivity has a tendency to
decrease due to overoxidation processes. The catalytic activity of
the silica-embedded POMs expressed in TOF values was superior to
the activity of the corresponding homogeneous Co-POM. Both Ti-
and Co-containing composite materials were used repeatedly
without loss of the activity and selectivity. No leaching of the active
species occurred according to the elemental analysis data, and hot
catalyst filtration tests proved true heterogeneous nature of
catalysis [14,15].

3.2. Electrostatic attachment to NH,-modified mesoporous silica

Electrostatic attachment to a support modified with ligands
bearing cationic groups has been widely used for POM binding via
anion exchange or ion paring [10,13,26-28]. Silica surface can be
easily functionalized by ligands containing quaternary ammonium
cations or amine groups. Using an acid, NH,-silica can be
transformed to a cationic form, and then the counter anion is
exchanged with a polyoxoanion. Yet, a one-step procedure for POM
binding has been elaborated using a protonated form of POM—an
acid salt or heteropolyacid [11,15]:

X-NH, + H-POM = X-NH3"POM ™

To support Co-POM, different kinds of mesoporous silica,
including amorphous SiO, and mesostructured SBA-15 and MCF
materials, were used. The Co-POM loading depended on the
surface concentration of NH, groups and varied in the range of 15—
32 wt.%.

The DRS-UV-vis and FT-IR studies were performed to assess
whether the Co-POM structure is retained in the supported
samples or not. The IR spectra of the supported Co-POM samples
are very similar after subtraction of the peaks due to X-NH,
(Fig. 2). The spectra clearly exhibit the principal stretching modes
of the Keggin Co-POM unit (956, 888, 818, 752, 720cm™!)
consistent with maintenance of the POM structure after the
supporting procedure. In turn, the DR-UV-vis spectra of the
supported Co-POM (Fig. 1) are quite similar and resemble the
spectrum of NasPW;;Co(H,0)O39 in water [11 and references
therein]. Some shifts of the d-d bands position can be due to
partial removal and/or replacement of water for MeCN in the
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Fig. 2. FT-IR spectra of bulk Co-POM (1) and Co-POM supported on NH,-X (X = SBA-15
(2) and MSF (3)) and carbon L2701 (4). The spectra of the supports are subtracted.

coordination sphere of Co(Il) [11]. Importantly, these spectra
differ from those published for Co-POMs datively linked to NH,-
silica [8]. Indeed, no peaks or shoulders were observed in the
range of 628-640 nm, indicating no formation of dative bonds
between NH, groups and cobalt and thus pointing to the
electrostatic character of binding between Co-POM and the
support. Another argument in favor of the coulombic nature of the
interaction between Co-POM and NHs'-groups of the silica
supports is the fact that the POM can be removed from the solid
matrix by extraction witha 1 M solution of TBACIO4 in MeCN [15].

Two model reactions have been chosen to study catalytic
behavior of the supported Co-POM-«-pinene oxidation with O,
leading to the formation of the allylic oxidation products and «-
pinene co-oxidation with IBA producing epoxide and isobutyric
acid.

Importantly, the activity of the supported Co-POM catalysts
was comparable to the activity of homogeneous Co-POM. The
nature of the support had a very little effect on the selectivity of -
pinene allylic oxidation. On the contrary, the selectivity of the
epoxide formation could be improved significantly by increasing
NH,/POM ratio (Fig. 3), most likely, due to neutralization of the
carboxylic acid product by amine groups present on the surface. As
a result, the yield of a-pinene epoxide attained 94% over the Co-
POM/NH,-MCF catalyst.
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Fig. 3. a-Pinene and IBA co-oxidation over Co-POM/NH,-silica catalysts. Reaction
conditions: a-pinene, 0.1 mmol; O,, 1 atm; IBA, 0.4 mmol; catalyst, 6 x 10~4 mmol
Co; MeCN, 1 mL; 25°C, 1 h.
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Fig. 4. Catalyst filtration experiments for (a) a-pinene oxidation with O, over 15% Co-POM/NH,-SBA-15 (a-pinene, 0.1 mmol; Oy, 1 atm; catalyst, 6 x 10~ mmol Co; MeCN,
1 mL; 25 °C) and for a-pinene/IBA co-oxidation over (b) 15% Co-POM/NH,-SBA-15 and (c) 6.5% Co-POM/Sibunit (a-pinene, 0.1 mmol; IBA, 0.4 mmol; O,, 1 atm; catalyst,
(5-6) x 1074 mmol Co; MeCN, 1 mL; 25 °C). (@)—Without filtration, (O)—with filtration.

The Sheldon’s test [29] revealed that catalysis of a-pinene
oxidation by molecular oxygen over the electrostatically
immobilized Co-POM has true heterogeneous nature (Fig. 4a).
The catalysts can be recycled several times without suffering a
loss in the activity and selectivity. In contrast, the filtration test
unambiguously showed that homogeneous catalysis contributes
significantly into the a-pinene/IBA co-oxidation process due to
Co-POM leaching into solution (Fig. 4b). Meanwhile, the
catalytic activity can be kept constant during several catalytic
cycles if catalyst regeneration via evacuation is performed to
remove adsorbed isobutyric acid [15].

3.3. Irreversible adsorption on active carbon

Entrapping POMs inside pores of active carbon was also first
pointed out by Izumi and Urabe [30]. In the present work, we
accomplished immobilization of several redox active POMs on two
commercial active carbons, microporous L2701 and mesoporous
Sibunit. The interaction between POM and carbon appeared to be
so strong that even after washing with hot ethanol or acetic acid
the POM loading remained unchanged.

Retention of POM structure after adsorption on carbon was
confirmed by FT-IR spectroscopy (an example is given in Fig. 2).
Depending on the nature of POM and carbon, irreversible
entrapment of 7-17 wt.% of POM occurred. The maximum Co-
POM loading was twice higher for L2701 compared to Sibunit, but
the catalytic performance of the Sibunit-supported catalyst was
superior. Thus, in a-pinene/IBA co-oxidation, nearly 100% epoxide
selectivity at 100% substrate conversion and 75% selectivity at only
12% conversion were attained after 1 h over 6.5% Co-POM/Sibunit
and 12% Co-POM/L2701, respectively.
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The Sibunit-supported Ti- and Zr-POM catalysts were fairly
active in H,0,-based oxidations. The oxidation of a-pinene over
16% Zr-POM/C produced verbenol and verbenone with the
selectivity of 43% at 40% substrate conversion after 4 h at 30 °C,
while 13% Ti-POM/C gave 59% verbenol/-one selectivity at 32%
conversion at the same conditions. Zr-POM/C catalyst was used
repeatedly without loss of the activity and selectivity (Fig. 5a). It is
worth of noting that catalysis over POM/C has true heterogeneous
nature (Fig. 5b), even if highly polar products, such as carboxylic
acids, form in the reaction (Fig. 4c). This strongly supports an
irreversible character of POM sorption on the active carbon.
However, the nature of POM binding to carbon is not understood at
the moment. Catalyst treatment with 1 M TBACIO,4 did not allow
recovering POM into MeCN solution, which might indicate that not
only electrostatic interactions are responsible for keeping POM on
the carbon support.

3.4. Incorporation within nanocages of the metal-organic framework
MIL-101

In the past decade, metal-organic frameworks (MOFs) have
attracted considerable attention due to a unique combination of
properties, such as high surface area, open crystalline structures,
tunable pore size and functionality, etc. [23,31-34]. All these allow
considering MOFs as perspective catalytic materials and supports
for immobilization of homogeneous catalysts [23,33,35-39]. In
2005, Ferey et al. reported the synthesis of the mesoporous
chromium terephthalate coordination polymer MIL-101 which
possesses a rigid zeotype crystal structure, extremely large surface
area (up to 3900 m?/g) and quasi-spherical cages of two modes
(free internal diameters are close to 29 and 34 A, while the cages
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Fig. 5. (a) Recycling and (b) hot catalyst filtration experiments for a-pinene oxidation with H,0, over 16% Zr-POM/Sibunit. Reaction conditions: a-pinene, 0.1 mmol; H,0,,
0.12 mmol; catalyst, 8 x 10~ mmol Zr; MeCN, 1 mL; 30 °C, 4 h. (@)—Without filtration, (O )—with filtration.
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Fig. 6. Alkene epoxidation with H,0, over 5% PW;,/MIL-101. Reaction
conditions: alkene, 0.1 mmol; H,0,, 0.2 mmol; catalyst, 6 x 10~ mmol W;
MeCN, 1 mL; 50 °C; 3 h.

are accessible through windows of ca. 12 and 16A) [23].
Importantly, this MOF is resistant to air, water, common solvents
and thermal treatment (up to 320 °C) [23,33]. Ferey et al. estimated
that ca. five Keggin polyanions can be incorporated within a large
cage of MIL-101 [23]. However, we have recently shown that only
one Keggin POM per nanocage (this corresponds to 7-10 wt.% of
POM loading) is adsorbed irreversibly from MeCN or H,0 solutions
[16]. Significantly, POM can be re-extracted from MIL-101 into
MeCN by using a 1 M solution of TBACIO,4, thus pointing out an
electrostatic character of POM binding to the MOF.

Ti- and Co-POMs incorporated within MIL-101 demonstrated
fairly good catalytic activities and selectivities in a-pinene allylic
oxidation with H,0, and O, respectively [16]. A range of epoxides
was obtained using H0, and commercial PW1, supported on MIL-
101 (Fig. 6). In contrast to the homogeneous systems, the use of a
higher H,0,/alkene molar ratio allowed increasing simultaneously
both the alkene conversion and epoxide selectivity, which is quite
unusual. Typically, an excess of alkene is employed to achieve a
high selectivity of epoxidation because the selectivity tends to
decrease with conversion due to consecutive epoxide ring opening
and overoxidation processes [40]. We may suppose that the
unusual behavior of PW;5/MIL-101, most likely, results from
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Fig. 8. a-Pinene and IBA co-oxidation over Co-POM supported catalysts. Reaction
conditions: a-pinene, 0.1 mmol; O,, 1 atm, IBA, 0.4 mmol; catalyst, 6 x 10~% mmol
Co; MeCN, 1 mL; 25°C, 1 h.

hydrophobicity of the organic linker and specific sorption
properties of MIL-101 [41].

It has been established that all the MIL-supported POMs behave
as true heterogeneous catalysts, do not suffer from POM leaching,
can be recycled and used repeatedly without suffering a loss of the
catalytic properties under mild reaction conditions. After immo-
bilization and also after catalytic oxidations (50 °C, 1 atm O, or
0.2 M H,0,), the structure of both POM and MIL-101 remained
unchanged as was verified by FT-IR technique [16]. Yet, the 3'P
NMR MAS study showed that confinement of PW,, within MIL-101
allowed increasing resistance of the polyoxotungstate towards
solvolytic destruction in the presence of an excess of H,0, [42].

3.5. Comparison of different approaches

Finally, we would like to perform a comparison of different
approaches for POM immobilization as applied to some specific
oxidation reactions.

Fig. 7a shows the performances of different supported Ti-POM
catalysts in the allylic oxidation of a-pinene with H,0,, while
Fig. 7b represents the results acquired using supported Co-POM
and dioxygen. One can see that the highest activity in both Ti-POM/
H,0, and Co-POM/O,-based systems was observed for the
composite POM/SiO, catalysts prepared by sol-gel techniques. It
was suggested by Izumi [24] that POM is entrapped in the silica
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Fig. 7. a-Pinene oxidation to verbenol/verbenone over supported POM catalysts: (a) with H,O, (Ti-POM, 30 °C) and (b) with O, (Co-POM, 50 °C). Reaction conditions: a-
pinene, 0.1 mmol; O, 1 atm (or H,05,, 0.12 mmol); catalyst, 14 mg ((4-6) x 10~* mmol Ti or Co); MeCN, 1 mL.
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Fig. 9. Cyclohexene epoxidation with H,0, over supported PW; catalysts. Reaction
conditions: cyclohexene, 0.1 mmol; H,0,, 0.2 mmol; catalyst, 6 x 10~> mmol W;
MeCN, 1 mL; 50 °C, 3 h.

network as a highly concentrated solution, which may account for
the increased catalytic activity. The best selectivity (84%) to
verbenol/verbenone was achieved using Ti-POM incorporated
within MIL-101 (Fig. 7a).

The comparison of Co-POM catalysts in «-pinene/IBA co-
oxidation is given in Fig. 8. One can see that almost quantitative
yields of epoxide were attained using silica-embedded and carbon-
entrapped Co-POM. Both the epoxide selectivity and the alkene
conversion were superior to those acquired using homogeneous
Co-POM catalyst. Despite the activity (TOF) of carbon-entrapped
Co-POM was lower than that of the silica-embedded Co-POM, the
former was the only catalyst among the supported Co-POMs, for
which true heterogeneous catalysis has been revealed by the
catalyst filtration test (Fig. 4c). Hence, POMs supported on
activated carbon demonstrate advantages in terms of stability in
the reactions which produce highly polar products, such as
carboxylic acids.

Fig. 9 shows an evaluation of PW;, catalysts prepared by
different immobilization techniques in cyclohexene oxidation with
aqueous H,0;. One can see that PW, supported on MIL-101 was
the best catalyst in terms of both activity and epoxide selectivity.
Furthermore, using PW,/MIL-101 a higher alkene conversion and
epoxide yield could be achieved compared to the corresponding
homogeneous PW;, (Fig. 9). We suppose that zeotype structure of
MIL-101 and hydrophobic nature of the linker may enhance the
reaction selectivity by suppressing hydrolysis, overoxidation and
polymerization processes. Yet, the acidity of heteropolyacids is
reduced upon incorporation within MIL-101 nanocages via anion
exchange. This may also lead to enhancing selectivity of the
reactions which are accompanying by acid-catalyzed rearrange-
ments of substrate and/or target product.

4. Conclusion

The elaborated POM-based heterogeneous catalysts demon-
strate fairly good catalytic and recycling performance in selective
alkene oxidations with H,0, and O,, behave as true heterogeneous
catalysts and do not suffer from POM leaching if carboxylic acids
are not the reaction products. The use of carbon as support allows
preparation of POM/C catalysts stable towards POM leaching by
carboxylic acids. By controlling the type of transition metal ions in
the structure of POM as well as the nature and porous structure of
the support, it is possible to accomplish highly selective catalytic

oxidations. Some immobilization techniques offer benefits in
terms of catalytic activity, selectivity and stability of POMs.

Acknowledgements

The authors thank V. Utkin for GC/MS, Dr. T. Larina for DRS-UV,
Dr. R. Maksimovskaya for 3!P NMR, Dr. S. Arzumanov for 3P NMR
MAS, Dr. A. Shmakov for XRD, and Dr. Yu. Chesalov for IR
measurements. We are grateful to Prof. A. Jarzebski and Dr. J.
Mrowiec-Biaton (ICE-PAN, Glivice) for the synthesis of POM/SiO,
and NH,-MCF, Dr. M. Melgunov for the synthesis of SBA-15 and N,
adsorption studies, Dr. D. Dybtsev and K. Kovalenko (Nikolaev
Institute of Inorganic Chemistry (NIIC), Novosibirsk) for the
synthesis of MIL-101, Prof. V.P. Fedin (NIIC) and Prof. C.L. Hill
(Emory University, Atlanta) for collaboration and discussion. The
research was partially supported by CRDF (Grant No. RC1-2371-
NO-02), the Russian Foundation for Basic Research (RFBR, Grant
Nos. 05-03-34760 and 09-03-12112) and by Siberian Branch of
Russian Academy of Sciences through Interdisciplinary Project
(Grant No. 107).

References

[1] M.T. Pope, Heteropoly and Isopoly Oxometalates, Springler-Verlag, Berlin, 1983.

[2] R. Neumann, in: J.-E. Baeckvall (Ed.), Modern Oxidation Methods, Wiley-VCH,
Weinheim, 2004, p. 223.

[3] C.L. Hill, in: A.G. Wedd (Ed.), Comprehensive Coordination Chemistry II, vol. 4,
Elsevier Science, New York, 2004, p. 679.

[4] N. Mizuno, K. Kamata, K. Yamaguchi, in: R. Richards (Ed.), Surface and Nanomo-
lecular Catalysis, CRC Press LLC, Boca Raton, FL, 2006, p. 463.

[5] O.A. Kholdeeva, in: M.B. Gunther (Ed.), Heterogeneous Catalysis Research Prog-
ress, Nova Science Publ., 2008 (Chapter. 6), p. 267.

[6] J.M. Thomas, R. Raja, Top. Catal. 40 (2006) 3.

[7] O.A. Kholdeeva, R.I. Maksimovskaya, J. Mol. Catal. A: Chem. 262 (2007) 7.

[8] BJ.S. Johnson, A. Stein, Inorg. Chem. 40 (2001) 801.

[9] RJ. Errington, S.S. Petkar, B.R. Horrocks, A. Houlton, L.H. Lie, S.N. Patole, Angew.
Chem., Int. Ed. 44 (2005) 1254.

[10] N.M. Okun, T.M. Anderson, C.L. Hill, ]. Am. Chem. Soc. 125 (2003) 3194.

[11] O.A.Kholdeeva, M.P. Vanina, M.N. Timofeeva, R.I. Maksimovskaya, T.A. Trubitsina,
M.S. Melgunov, E.B. Burgina, ]. Mrowiec-Bialon, A.B. Jarzebski, C.L. Hill, ]. Catal.
226 (2004) 363.

[12] M.V. Vasylyev, R. Neumann, J. Am. Chem. Soc. 126 (2004) 884.

[13] J. Kasai, Y. Nakagawa, S. Uchida, K. Yamaguchi, N. Mizuno, Chem. Eur. J. 12 (2006)
4176.

[14] N.V. Maksimchuk, M.S. Melgunov, ]J. Mrowiec-Biatof, A.B. Jarzebski, O.A. Khol-
deeva, J. Catal. 235 (2005) 175.

[15] N.V. Maksimchuk, M.S. Melgunov, J. Mrowiec-Biaton, A.B. Jarzebski, Yu.A. Che-
salov, O.A. Kholdeeva, ]J. Catal. 246 (2007) 241.

[16] N.V. Maksimchuk, M.N. Timofeeva, M.S. Melgunov, A.N. Shmakov, Yu.A. Chesalov,
D.N. Dybtsev, V.P. Fedin, O.A. Kholdeeva, ]J. Catal. 257 (2008) 315.

[17] O.A. Kholdeeva, T.A. Trubitsina, G.M. Maksimov, A.V. Golovin, R.I. Maksimovs-
kaya, Inorg. Chem. 44 (2005) 1635.

[18] O.A.Kholdeeva, T.A. Trubitsina, M.N. Timofeeva, G.M. Maksimov, R.I. Maksimovs-
kaya, V.A. Rogov, ]. Mol. Catal. A: Chem. 323 (2005) 173.

[19] O.A. Kholdeeva, G.I. Maksimov, R.I. Maksimovskaya, M.P. Vanina, T.A. Trubitsina,
D.Yu. Naumov, B.A. Kolesov, N.S. Antonova, ].J. Carbo, ].M. Poblet, Inorg. Chem. 45
(2006) 7224.

[20] Yu.l. Yermakov, V.F. Surovikin, G.V. Plaksin, V.A. Semikolenov, V.A. Likholobov,
A.L. Chuvilin, S.V. Bogdanov, React. Kinet. Catal. Lett. 33 (1987) 435.

[21] D. Zhao, ]. Feng, Q. Huo, N. Melosh, G.H. Fredrickson, B.F. Chmelka, G.D. Stucky,
Science 279 (1998) 548.

[22] P.Schmidt-Winkel, W.W. Lukens Jr., P. Yang, D.I. Margolese, ].S. Lettow, .Y. Ying,
G.D. Stucky, Chem. Mater. 12 (2000) 686.

[23] G. Ferey, C. Mellot-Draznieks, C. Serre, Science 309 (2005) 2040.

[24] Y. Izumi, Res. Chem. Intermediat. 24 (1998) 461.

[25] J. Mrowiec-Bialon, W. Turek, A.B. Jarzebski, React. Kinet. Catal. Lett. 76 (2002)
213.

[26] S. Strinvasan, W.T. Ford, New J. Chem. 15 (1991) 693.

[27] A.M. Khenkin, R. Neumann, A.B. Sorokin, A. Tuel, Catal. Lett. 63 (1999) 189.

[28] L. Chen, K. Zhu, L.-H. Bi, A. Suchopar, M. Reicke, G. Mathys, H. Jaensch, U. Kortz,
R.M. Richards, Inorg. Chem. 46 (2007) 8457.

[29] R.A.Sheldon, M. Wallau, LW.C.E. Arends, U. Schuchardt, Acc. Chem. Res. 31 (1998)
485.

[30] Y. Izumi, K. Urabe, Chem. Lett. (1981) 663.

[31] A. Schiith, K.S.W. Sing, ]J. Weitkamp, Handbook of Porous Solids, Wiley-VCH,
Weinheim, 2002.

[32] S. Kitagawa, R. Kitaura, S. Noro, Angew. Chem., Int. Ed. 43 (2004) 2334.

[33] G. Férey, C. Mellot-Draznieks, C. Sere, F. Millange, Acc. Chem. Res. 38 (2005) 217.

[34] G. Férey, Chem. Soc. Rev. 37 (2008) 191.



0.A. Kholdeeva et al./ Catalysis Today 157 (2010) 107-113 113

[35] J.S. Seo, D. Whang, H. Lee, S.I. Jun, J. Oh, Y.J. Leon, K. Kim, Nature 404 (2000) [39] M. Banerjee, S. Das, M. Yoon, H.J. Choi, M.H. Hyun, S.M. Park, G. Seo, K. Kim, J. Am.

982. Chem. Soc. 131 (2009) 7524.
[36] Y.K. Hwang, D.-Y. Hong, J.-S. Chang, S.H. Jhung, Y.-K. Seo, J. Kim, A. Vimont, M. [40] C. Venturello, R. D’Aloisio, ]J. Org. Chem. 53 (1988) 1553.

Daturi, C. Serre, G. Férey, Angew. Chem. 120 (2008) 4212. [41] P. Kiisgens, M. Rose, 1. Senkovska, H. Frode, A. Henschel, S. Siegle, S. Kaskel,
[37] A. Henschel, K. Gedrich, R. Kraehnert, S. Kaskel, Chem. Commun. (2008) 4192. Micropor. Mesopor. Mater. 120 (2009) 325.

[38] D.-Y.Hong, Y.K. Hwang, C. Serre, G. Férey, ].-S. Chang, Adv. Funct. Mater. 19 (2009) [42] N.V. Maksimchuk, K.A. Kovalenko, S.S. Arzumanov, Y.A. Chesalov, M.S. Melgunov,
1537. A.G. Stepanov, V.P. Fedin, 0.A. Kholdeeva, Inorg. Chem., submitted for publication.



	Polyoxometalate-based heterogeneous catalysts for liquid phase selective oxidations: Comparison of different strategies
	Introduction
	Experimental
	Reactants
	Catalysts preparation
	Catalyst characterization
	Instrumentation
	Catalytic oxidations

	Results and discussion
	Embedding POM into silica by sol-gel method
	Electrostatic attachment to NH2-modified mesoporous silica
	Irreversible adsorption on active carbon
	Incorporation within nanocages of the metal-organic framework MIL-101
	Comparison of different approaches

	Conclusion
	Acknowledgements
	References


