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Abstract: Organic-inorganic hybrid heterogeneous
nanocatalyst systems were synthesized by covalent
anchoring of oxodiperoxomolybdenum complexes
[(L�L)MoO(O2)2] on silica coated magnetic nano-
particles as an active, magnetically separable epoxi-
dation catalyst.
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The selective transformation of alkenes into epoxides
generates valuable starting materials for further func-
tionalization and opens up an access to industrially
important products such as polyethers, epoxy resins
and surfactants.[1] During the last decades, a series of
homogeneous catalysts were identified to be active in
this reaction. Among them molybdenum- and tung-
sten-based systems play an important role.[2] In most
cases, the regeneration of a homogeneous catalyst
from a reaction mixture is difficult, causes costs and
creates additional waste. Therefore it is worthwhile to
investigate innovative approaches for catalyst hetero-
genization. This requires a detailed insight into the
mechanism of the catalyzed reaction, to be sure that,
for example, ligand dissociation will not lead to cata-
lyst leaching.

Covalent grafting of a homogeneous catalyst on an
insoluble porous solid support with high surface area
is one method of choice in this context. It allows cata-
lyst recovery by simple filtration.[3] However, due to
the diffusion of substrates and products through the
pores of the support materials, a substantial decrease

in reaction rate is frequently observed compared to
the homogeneous system.[4] Such catalysts may also
encounter further problems of solid phase-supported
organic reactions: a reduced selectivity, a non-linear
kinetic behaviour, a lack of complete recovery of the
catalyst and difficulties in transferring standard solu-
tion phase conditions to the solid phase system.[5]

One way to overcome this drawback is to keep the
size of the support particles as small as possible.
Therefore nanoparticles have recently emerged as ef-
ficient alternatives for the immobilization of homoge-
neous catalysts. Due to the high external surface
areas of non-porous nanoparticles a high loading of
catalytically active sites is guaranteed and diffusion
will no longer limit the kinetics. Hence nanocatalysis
may effectively bridge homogeneous and heterogene-
ous catalysis.[6] Furthermore, nanometer-sized parti-
cles are often easily dispersible in solution by forming
stable suspensions.[7] However such suspensions of
particles with less than 100 nm diameter are difficult
to filter. Therefore expensive ultra-centrifugation is
often the only way to separate product and catalyst.

Fabrication of core-shell magnetic nanoparticles has
recently been subject of extensive research, since such
materials combine the unique magnetic properties of
the core together with the possibility to further func-
tionalize the surface. This has motivated research to
develop designed applications in different fields like
bioseparation, drug delivery, MRI, catalysis and
others.[8] The specific advantages of magnetic nano-
materials are the following: a) a high specific surface,
b) the active sites are mainly distributed on the
“outer” surface of the support which avoids pore dif-
fusion, c) the application of an external magnetic field
enables the removal of the particles in a simple way.
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In 2007 Hyeon and co-workers reported the first
magnetically separable epoxidation catalyst based on
Fe2O3 particles of about 400 nm diameter which were
covered with a 50 nm layer of mesoporous silica,
wherein molybdenum was impregnated.[9] In the pres-
ent paper we report novel, highly active and selective,
magnetically recoverable catalysts based on covalent-
ly grafted molybdenum complexes.

For this purpose we used magnetic nanoparticles
(MNP) of approximately 10 nm diameter which were
prepared by the co-precipitation method.[10] The parti-
cles were subsequently coated with a dense silica
layer of 50 nm thickness, using tetraethoxysilane
(TEOS) as the silica source and aqueous NH3 as the
hydrolysing agent. The silica layered system SMNP
then offers the binding sites (Si�OH units) for the
heterogenization of the molecular catalysts. For the
grafting on the surface we used {(3-triethoxysilylprop-
yl)[3-(2-pyridyl)-1-pyrazolyl]acetamide} (TPPA)[4c]

and commercially available N-(2-aminoethyl)-3-ami-
nopropyltriethoxysilane (AAPS) as chelating ligands.
They were reacted with MoO(O2)2· ACHTUNGTRENNUNG(DMF)2 in dry
CHCl3 to yield the corresponding oxodiperoxomolyb-
denum complexes 1Mo and 2Mo, which were used for
grafting on the silica surface of the nanoparticles and
provided the functionalized systems 1Mo@SMNP and
2Mo@SMNP (Scheme 1).

The intermediates and the final molybdenum cata-
lysts were characterized systematically by HR-TEM,
field emission-scanning electron microscopy (FE-
SEM), X-ray diffraction (XRD), FT-IR spectroscopy,
Mçssbauer and SQUID measurements.

High resolution-transmission electron microscopy
(HR-TEM) images and electron diffraction patterns
of the MNPs depict relatively uniform g-Fe2O3 parti-
cles with an average size of ~10 nm (see Supporting
Information). TEM images of the silica coated MNPs
(SMNP) shows the typical core-shell structure with a
uniform silica coating and a mean thickness of ap-
proximately 50 nm. The dense silica shell prevents the
leaching of iron from the core during the epoxidation

reactions and also assists in a stable anchoring of the
silylating agents. Since the iron oxide nanoparticles
tend to aggregate prior to or during the silica coating
step, more than one magnetic core is trapped in the
final particles (Figure 1 a). Such an architecture is ad-
vantageous in concentrating the core-shell particles
with an external magnetic field after catalytic reac-
tions.[11] As expected the core-shell structure of the
nanoparticles stays intact during the grafting reac-
tions.

FE-SEM images reveals that the MNPs exhibits ag-
gregated particles having rough external surfaces
while after silica coating the particles exhibit smooth,
spongy surfaces (Figure 1 b) showing the successful
coating of silica over the magnetic nanoparticles.
Energy dispersive X-ray (EDX) analysis of SMNP
particles proves the presence of silica and iron, while
after the grafting reaction, Fe, Si, N and Mo are pres-
ent on the samples 1Mo@SMNP and 2Mo@SMNP
which confirms the successful anchoring of the active
sites (see Supporting Information). For comparison,
silica nanospheres (SNS) of ~200 nm were also syn-
thesized using a modified Stober method, without the
iron core. The TEM and SEM images are also depict-
ed in Figure 1.

XRD measurements of MNP exhibit diffraction
peaks corresponding to the typical maghemite (g-
Fe2O3) structure while the silica layered systems
SMNP, 1Mo@SMNP and 2Mo@SMNP show an addi-
tional broad band (2q =20–30) for the amorphous
silica (see Supporting Information).[7] The average
crystallite size of the g-Fe2O3 particles was calculated
to be ~9.3 nm by Scherrer�s equation for the (3 11)
reflection, which is in well accordance with the HR-
TEM results.

Superparamagnetic particles are beneficial for mag-
netic separation, since they are strongly attracted by a
magnetic field and retain no residual magnetism onceScheme 1. Constitution of the SMNP derived catalysts.

Figure 1. HR-TEM and FE-SEM images of SMNP particles
(a, b) and silica nanospheres (c, d).
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the field is removed. The magnetism of MNP, SMNP
and 1Mo@SMNP particles was investigated by
SQUID magnetometry. The field dependent magneti-
zation curve at 300 K of the magnetic nanoparticles,
exhibits no hysteresis revealing that the materials ex-
hibit superparamagnetic behaviour at room tempera-
ture. As expected, the bare g-Fe2O3 magnetic particles
showed the highest magnetic value (saturation mag-
netization, Ms) of 56 emu g�1 (Figure 2). The Ms
values of SMNP as well as 1Mo@SMNP sample are
decreased due to the silica coating and the layer of
the grafted catalyst (18 emu g�1 and 15 emu g�1for
SMNP and 1Mo@SMNP, respectively).[12] The zero-
field cooled (ZFC) and field-cooled (FC) magnetiza-
tion under an applied field of 100 Oe between 2 and
300 K gave further confirmation about the superpara-
magnetism of the nanoparticles (see Supporting Infor-
mation). The blocking temperature (TB) was deter-
mined to be 215 K for 1Mo@SMNP which according
to related references was comparable to g-Fe2O3

nanoparticles synthesized with a mean diameter of
10 nm.[13]

Figure 3 a shows the Mçssbauer spectrum of SMNP
recorded at 300 K. The spectrum was analyzed by a
superposition of two components: (i) a doublet with
an isomer shift d=0.36 mm s�1 and a quadrupole split-
ting DEQ =0.50 mm s�1 (component 1) and (ii) a broad
magnetic sextet with parameters given in the Support-
ing Information (component 2). Component 1 in
Figure 3 represents superparamagnetic single domain
particles, the magnetic moments of which fluctuate
with a relaxation time shorter than the time window
of Mçssbauer spectroscopy (ca. 10�7 s).[14] Component
2 represents particles with magnetic moments which
fluctuate with a relaxation time in the order of 10�7 s.
Cooling down the sample to T=77 K leads to a mag-
netic six line pattern with 80% contribution to the
total spectral area. The parameters are given in
Table S1 (Supporting Information). To determine the iron oxide phase of the silica

coated particles field-dependent Mçssbauer spectra
up to 5 T have been taken (see: Supporting Informa-
tion). The Mçssbauer spectrum obtained at 5 T (Fig-
ure 3 b) shows two resolved magnetic sextets (compo-
nent A and B) with dA =0.36 mm s�1 and dB =
0.50 mm s�1 and hyperfine fields of BhfA ~55 T and
BhfB ~46 T. Component A represents high-spin FeACHTUNGTRENNUNG(III)
ions located in the A-site of g-Fe2O3 and component
B represents high-spin FeACHTUNGTRENNUNG(III) ions in the B-site of the
g-Fe2O3 lattice.[14a]

Obviously the external field of 5 T decreases the
magnetic hyperfine field of the ions in the B-sites to a
value of ~46 T which shows that the sign of BhfB is
negative. In turn the external field leads to an in-
crease of the hyperfine field of the ions in the A-sites
to ~55 T, which shows that the sign of BhfA is positive.
Because Bhf is dominated by a negative Fermi contact
contribution, an external field B leads to a decrease

Figure 2. Field-dependent magnetization plots of (a) MNP,
(b) SMNP and (c) 1Mo@SMNP.

Figure 3. Mçssbauer spectra of SMNP obtained at 300 K in
zero magnetic field (a) and at 50 K in a field of 5 T applied
perpendicular to the g-beam (b). The solid lines are simula-
tions with the parameters shown in the Supporting Informa-
tion, Tables S1 and S2 assuming Lorentzian line shape.
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in Bhf in the case of field parallel alignment of the
magnetic moments. Thus Figure 3 b shows that the
magnetic moments of the FeACHTUNGTRENNUNG(III) B-sites of the ferri-
magnetic particles are oriented almost parallel and
those of the Fe ACHTUNGTRENNUNG(III) A-sites are oriented antiparallel
to the external field of 5 T at T=50 K. Ferrimagnetic
g-Fe2O3 has a spinel (AB2O4) structure, but there are
too few Fe ACHTUNGTRENNUNG(III) cations to fill all the A and B sites.
Assuming that all vacancies are located on the B lat-
tice gives a ratio of A/B= 0.60, which is in exact
agreement with the ratio of the relative spectral areas
of components A and B in the spectrum displayed in
Figure 3 b (see also Table S2, Supporting Informa-ACHTUNGTRENNUNGtion).[14a] Thus Mçssbauer spectroscopy identifies the
superparamagnetic particles as g-Fe2O3 (maghemite)
The presence of significant amounts of Fe3O4 (�5%)
can be excluded since there is no evidence for spectral
components representing Fe(II) ions.

The presence of the magnetic iron oxide inside
1Mo@SMNP and 2Mo@SMNP prevents analysis by
solid state NMR spectroscopy. Therefore these hybrid
materials were further characterized by IR spectros-
copy and elemental analysis (see Supporting Informa-
tion). The IR spectrum of MNP shows the Fe�O
stretching absorption at 576 cm�1. After coating with
silica a new sharp band for the Si�O vibration ap-
pears at 1080 cm�1. In the IR spectra of 1Mo@SMNP
and 2Mo@SMNP absorptions at 3300 (N�H),
2930 cm�1 (CH2), 1640 cm�1 (C=O) and 1385 cm�1

were observed indicating the presence of the silylating
groups.[15] By determination of the nitrogen content, a
catalyst loading of approximately 0.25 (1Mo@SMNP)
and 0.28 mmol g�1 (2Mo@SMNP) was calculated.

The activity of the organic/inorganic hybrid cata-
lysts 1Mo@SMNP and 2Mo@SMNP was evaluated
for the epoxidation of cis-cyclooctene. A series of dif-
ferent solvents like chloroform, toluene, acetonitrile,
dioxane and different oxidizing agents like tert-butyl
hydroperoxide (t-BuOOH) and hydrogen peroxide
(H2O2) were investigated to evaluate the appropriate
conditions with 1 mol% of the nanostructured system
1Mo@SMNP. The combination of CHCl3 and t-
BuOOH gave the best conversions (see Supporting
Information). These findings are consistent with the
results obtained under homogeneous systems which
we reported previously.[16]

The AAPS-derived molybdenum catalyst
2Mo@SMNP showed considerably lower conversion
than the pyrazolpyridine-based 1Mo@SMNP system
(Table 1). There are two effects to be discussed in this
context. As we could show previously a free coordina-
tion site at the molybdenum centre is required for the
activation of the peroxide.[17] Therefore bidentate li-
gands with one weaker donor centre will preferential-
ly decoordinate and go into a monodentate coordina-
tion mode as we could show on a series of oxodiper-
oxo(pyrazolylpyridine)molybdenum complexes func-

tionalized at the pyrazole ring. In 2Mo@SMNP two
electron-rich alkylamines are used to bind the molyb-
denum centre. On the other hand, it is known that al-
kylamines can catalytically be oxidized by molybde-
num derived catalysts giving poor donor motifs such
as nitrones, nitro or nitroso units.[18]

To evaluate this enhancement, equivalent amounts
of pyrazolyl pyridine oxodiperoxo molybdenum com-
plexes were heterogenized on the silica nanospheres
(1Mo@SNS), synthesized by the Stober method
(Figure 1), as well as on MCM-41 (1Mo@MCM-41).
In both cases, the conversion was found to be less
than for 1Mo@SMNP. The inherent difficulties in the
total recovery of the catalyst limits their applications
in consecutive cycles (see Supporting Information).
An additional increase in activity may possibly arise
from the presence of Lewis-acidic sites (here: Fe3+)
on the support.[4c] The carbonyl group of the amide
fragment of 1Mo@SMNP or one of the peroxo li-
gands may interact with such sites. The improved cat-
alytic activity of 1Mo@SMNP compared to MCM-41
arises from the ideal exposition of the active sites on
the surface of the nanoparticles which is almost simi-
lar to a quasi-homogeneous catalyst system. In con-
trast, the diffusion limitation or pore constraints in
MCM-41 will devoid active sites for the substrate
molecules.

Encouraged by the preliminary results obtained for
cyclooctene, the epoxidation of further olefins was
carried out under optimized conditions. As shown in
Table 1, the molybdenum catalysts convert the olefins
to the corresponding epoxides with good to excellent
yield similar to the result for cyclooctene. As already
observed for similar homogeneous oxodiperoxo mo-
lybdenum catalysts, the hetereogenized systems con-
vert especially olefins without any functional groups
attached.[19] This is due to the mechanism of the
oxygen transfer.[17,20]

For practical applications of heterogeneous catalyst
systems, the stability and reusability are important
factors. The 1Mo@SMNP catalyst can be reused six

Table 1. Epoxidation of olefins with t-BuOOH catalyzed by
nano-molybdenum catalysts.[a]

Entry Alkene Yield of epoxide [%][b]

1Mo@SMNP 2Mo@SMNP

1 cyclooctene 96 58
2 cycloheptene 90 52
3 cyclohexene 82 57
4 styrene 72 46
5 1-octene 77 52

[a] Reaction conditions: 1 mmol of alkene, 1.2 mmol of t-
BuOOH, 1 mol% of catalyst, 5 mL of CHCl3, 6 h, reflux.

[b] Yields were determined by GC-MS with respect to an in-
ternal standard (decane).
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times, by simple magnetic separation (Figure 4), with-
out any deterioration of conversion and selectivity in
the epoxidation reaction of cyclooctene, while the
2Mo@SMNP catalyst shows a slightly decreasing
trend in catalytic activity during reuse (Table 2). The
bidentate 2-(1-alkyl-3-pyrazolyl)pyridine ligand exhib-
its a stronger affinity to the oxodiperoxo molybdenum
complexes than the conventional AAPS ligand and
thus enhances the conversion and stability of the mo-
lybdenum catalysts. The supernatant was not active
for the epoxidation reactions at all which further indi-
cates the truly heterogeneous nature of the
1Mo@SMNP catalyst (see Supporting Information).
However, it turned out to be difficult to reuse the
non-magnetic hybrid catalysts 1Mo@SNS and
1Mo@MCM-41 more than three times and their con-
version decreased gradually during the reuse. The
high catalytic activity and stability of the molybdenum
catalyst relates in our opinion mainly to the better
site isolation of the active catalytic sites, the relatively
strong interaction between the chelating ligand and
the molybdenum centre and to the covalent grafting
between the organic ligand and the Fe2O3@SiO2 sup-
port.

In summary, we have demonstrated that magnetic
nanoparticle supported molybdenum species are effi-
cient, easily recoverable catalysts for selective olefin
epoxidation. The synthesis procedures are facile and
are exemplified by the high catalytic activity and sta-
bility of the bidentate 2-(1-alkyl-3-pyrazolyl)pyridine
ligand supported on SMNP. MCM-41 and silica nano-
sphere supported Mo catalysts of similar loading and
with a more simple diamine ligand like AAPS have
turned out to give poorer results. We here have
shown a strategy for recovery by magnetic separation

and the reuse which can be readily applied for the
heterogenization of other homogenous ligands/cata-
lysts.

Experimental Section

General Remarks

Unless otherwise stated, all manipulations were carried out
under an inert atmosphere of nitrogen and the solvents
were dried by standard methods. Reagents were purchased
from Aldrich chemicals and were used without further pu-
rification.

Synthesis of Magnetic Nanoparticles (MNPs)

Ferrous chloride (0.25 g) and ferric chloride (0.5 g) were
added to 20 mL of nitrogen-purged 2-propanol under stir-
ring giving a yellowish orange solution. After 15 min of stir-
ring, the temperature was raised to 80 8C and about 10 mL
of aqueous NH3 were added slowly. The colour of the solu-
tion turned to dark brown and the stirring was then contin-
ued for another 2 h. The synthesized magnetic nanoparticles
were protected using oleic acid and dispersed in ethanol.

Synthesis of Silica Coated Magnetic Nanoparticles
(SMNPs)

2.0 g of ethanol dispersed MNPs were diluted with 4 mL of
deionized water and 20 mL of 2-propanol. The mixture was
sonicated for approximately 5 min. To this well dispersed
MNP solution, 1 mL of NH4OH followed by 1 g of tetrae-
thoxysilane were slowly added. The solution was stirred at
room temperature for 4 h. The resulting material was sepa-
rated by centrifugation and then redispersed in deionized
water.

Synthesis of Silica Nanospheres (SNS)

To a solution of absolute ethanol (20 g) and deionized water
(5 g), 1 g of NH4OH was added and the mixture was stirred
at room temperature. Under continuous stirring, the solution
temperature was raised to 508C and 1.8 g of tetraethoxy-ACHTUNGTRENNUNGsilane were rapidly added and the mixture was stirred for
further 4 h. The solvent was removed under vacuum and the
resulting white powder was dried at 100 8C.

Synthesis of (3-Triethoxysilylpropyl)[3-(2-pyridyl)-1-
pyrazolyl]acetamide (TPPA)

The silylated ligand was synthesized according to ref.[21] The
spectroscopic data were in accordance with the published
data.

Synthesis of Oxodiperoxo{(3-triethoxysilylpropyl)[3-
(2-pyridyl)-1-pyrazolyl]acetamide}molybdenum (VI)
(1Mo)

0.1 g of TPPA was stirred with 0.09 g (0.30 mmol) of
MoO(O2)2· ACHTUNGTRENNUNG(DMF)2 dissolved in 50 mL of CHCl3 at room
temperature for 24 h. The yellow, solid material obtained

Figure 4. Magneto filtration of finely dispersed superpara-
magnetic 1Mo@SMNP nanoparticles (left : shortly after the
application of the magnet; right : 2 min later)

Table 2. Results of catalyst reuse experiments in the epoxi-
dation of cyclooctene.

Run 1 2 3 4 5 6

1Mo@SMNP 96 96 95 93 93 92
2Mo@SMNP 58 58 54 51 50 47
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was then separated, washed repeatedly with CHCl3, CH2Cl2

and then dried under vacuum.

Grafting of 1Mo over SMNPs (1Mo@SMNP)

0.1 g of 1Mo dissolved in 5 mL of dry CHCl3 were added to
a suspension of 0.6 g of SMNP in 30 mL of dry toluene. The
mixture was then stirred at 90 8C under nitrogen atmosphere
for 12 h. The solid material obtained was magnetically sepa-
rated, washed repeatedly with toluene and CHCl3 to remove
the unanchored species and then dried under vacuum.

Synthesis of Oxodiperoxo{(N-(2-aminoethyl)-3-
aminopropyltriethoxysilane}molybdenum(VI) (2Mo)

0.1 g of APTS were stirred with 0.09 g (0.30 mmol) of
MoO(O2)2· ACHTUNGTRENNUNG(DMF)2 dissolved in 50 mL of CHCl3 at room
temperature for 24 h. The yellow, solid material was separat-
ed, washed repeatedly with CHCl3 and then dried under
vacuum.

Grafting of 2Mo over SMNPs (2Mo@SMNP)

0.1 g of 2Mo in 5 mL of dry CHCl3 was added to a suspen-
sion of 0.6 g of SMNP in 30 mL of dry toluene. The mixture
was then stirred at 90 8C under a nitrogen atmosphere for
12 h. The solid material was then magnetically separated,
washed repeatedly with toluene and CHCl3 to remove the
unanchored species and dried under vacuum.
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