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a b s t r a c t

The new complexes [MoI2(CO)3(L1)] (1) and [MoI2(CO)3(L2)] (2) were prepared from reaction of
[MoI2(CO)3(NCMe)2] with the ligands 2-(20-hydroxyphenyl)imidazoline (L1), and 2-(20-hydroxyphenyl)
benzimidazole (L2). These complexes were immobilized in MCM-41 and in silica gel, by grafting (3-
chloropropyl)trimethylsilane on the surface of the materials and allowing it to react with [MoI2(-
CO)3(L1)] (1) or [MoI2(CO)3(L2)] (2). All the molybdenum derivatives were characterized by NMR and FTIR
spectroscopies, which showed coordination of L1 and L2 in neutral form. The structure of the MCM
materials was analyzed by powder X-ray diffraction and nitrogen adsorption isotherms. The catalytic
activity of the complexes and materials was tested in several substrates (cis-cyclooctene, styrene, 1-
octene, R-(þ)limonene, geraniol, cis-hex-3-en-1-ol and trans-hex-2-en-1-ol), using tert-butylhydroper-
oxide (TBHP) as oxidant. Complexes 1 and 2 were in general the more active catalysts and 100% selective
towards the epoxide of cis-cyclooctene. Complex 1 immobilized in silica (Si-Pr-1) was the best material,
showing higher conversion than 1 in the oxidation of R-(þ)limonene, with comparable selectivity to-
wards the ring epoxide.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Catalytic processes play a fundamental role in chemical and
pharmaceutical industry, making available synthetic routes other-
wise impossible. On the other hand, while very selective and active
homogeneous catalysts have been developed, it is often difficult to
separate the products and to recover the catalyst for reuse. This
difficulty is overcome by heterogeneous catalysts, which in general
allow an easy separation of products and catalyst [1,2]. The chal-
lenge lies in improving the selectivity and other properties of
heterogeneous catalysts, so that they may compete with the ho-
mogeneous ones. In order to achieve this aim, one possible
approach consists in immobilizing homogeneous catalysts in
appropriate supports. Unfortunately, in many attempts, the new
heterogeneous catalysts do not keep the selectivity associated with
the homogeneous conditions. The nature of the support may be
important. MCM type materials, initially developed by Mobil Cor-
poration in 1992 [3,4], display promising properties, such as an
ordered structure with one-dimensional channels of silicon oxide
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with surface silanol groups. The diameter of the pores and the
presence of the SiOH groups make further functionalization rela-
tively easy, thus allowing the formation of strong covalent bonds
with molecules, organic or inorganic, carrying appropriate sub-
stituents. A strong bond between support and catalyst is one
requirement to avoid lixiviation of the catalyst when in operation
[5e9]. Many examples of functionalized MCM-41 are known,
namely in catalysis and materials [1,5,10e12].

In previous works, we described the introduction of Mo(II)
complexes in MCM-41, obtaining materials that have proved to be
active catalyst precursors for the epoxidation of olefins and in some
cases with higher activity than the homogeneous counterparts [9].
However, this behavior is not always observed and sometimes the
immobilization damages the catalytic activity of a particular metal
center [7,13e15]. The effect of each factor cannot yet be totally
rationalized, so that it is still relevant to examine new systems. In
the family of [MoX2(CO)3(NCMe)2] complexes [16], the NCMe li-
gands have been substituted by a variety of nitrogen bidentate li-
gands (NeN), while X has been I or Br [9,17]. Catalysts with X¼ I are
usually more active in epoxidation reactions than the Br analogues.
The NeN ligands are prepared for grafting in the MCM-41 material
by carrying a eSi(OR)3 group, or another function, such as NH
which can be attached to a suitable spacer. The nature and size of
the spacer may also be varied to a certain extent.
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Molybdenum compounds have been known as catalysts for
olefin epoxidation, being used in the ARCO-Halcon process for
homogeneous olefin epoxidation with TBHP as oxidant [18]. Many
other systemswere developed containing either Mo(VI) [19,20] or a
Mo(II) precursor [21], and many showed a high activity in the same
kind of reaction or others [22e25]. More recently, chiral molyb-
denum catalysts have been immobilized in MCM-41 in order to
improve enantioselective oxidation. [26,27]

In this work, the two ligands chosen bind the metal in a k2-N,O
mode, so that the effect of amixed N,O donor in the catalytic activity
of twonewMo(II) complexes can be studied. Besides, plain silica and
MCM-41were tested and compared as supports, since silica is easily
available andmuch cheaper. The type of support has been shown to
modify the catalytic activity of Mo(II) complexes [28].
2. Results and discussion

2.1. Synthesis and characterization of complexes

The new complexes [MoI2(CO)3(L1)] (1) and [MoI2(CO)3(L2)] (2)
were prepared by adding a solution of the ligand, 2-(20-hydrox-
yphenyl)imidazoline (L1) or 2-(20-hydroxyphenyl)benzimidazole
(L2), respectively [29e31], to [MoI2(CO)3(NCMe)2] [16], in meth-
anol, overnight (Scheme 1).

They were characterized by elemental analysis, FTIR, and 1H and
13C NMR spectroscopy. The two ligands usually coordinate the
metal in an anionic form, having lost the H(O) proton during the
complexation reaction [32]. Spectroscopic data showed that this
did not happen in the reaction with [MoI2(CO)3(NCMe)2], the li-
gands remaining neutral and protonated.

The signals in the 1H and 13C NMR spectra of complexes
[MoI2(CO)3(L1)] (1) and [MoI2(CO)3(L2)] (2) in DMSO-d6 solution
were assigned with the help of COSY and HMQC experiments, and
show clear differences from those of the precursor complex
[MoI2(CO)3(NCMe)2], namely the absence of a resonance at ca.
2.0 ppm assigned to the acetonitrile protons. The observed chem-
ical shifts for complexes 1, 2 and the free ligands L1 and L2 are
summarized in Table 1. The signals from the ligands are shifted to
higher fields upon coordination to the metal. This is well noticed in
the OH proton, which goes from 8.4 ppm in free L1 to 11.7 ppm in
complex 1, reflecting the loss of electron density. The same can be
seen in the NH signal (3.36 in L1 to 9.86 in 1). Similar trends are
observed in complex 2, suggesting that both ligands coordinate in
the neutral form, although the protons assigned to the OH and NH
groups cannot be seen in the spectrum of 2.

The 13C NMR spectra of complexes 1 and 2 are also clearly
different from those of [MoI2(CO)3(NCMe)2]. The signals of the
carbon atoms in the ligands L1 or L2 are shifted in a similar way
from their position in the free ligand. No resonances that could be
assigned to the carbons of coordinated NCMe of the precursor are
detected.
Scheme 1. Synthesis of complexes [MoI2(CO)3(L1)] (1) and [MoI2(CO)3(L2)] (2).
Both complexes 1 and 2 exhibited in the FTIR spectra the strong
n(C^O) modes, at 2075, 2032, 1997, 1970 and 1951 cm�1 (1) and
2066, 2001, 1957, 1923, and 1856 cm�1 (2), shifted from 2089, 2019
and 1942 cm�1 in the precursor complex [MoI2(CO)3(NCMe)2]. The
larger number of bands indicates the presence of several isomers
of these heptacoordinate complexes [16,33], since at most three
would be expected in a conic tricarbonyl metal fragment. A band
at 1619 cm�1 was also observed in 1 (1622 cm�1 in 2), assigned to
the n(C]N) of the aromatic ring mode of L1 (L2) ligand. Bands
assigned to the n(OeH) and n(NeH) were identified at 3380 and
3268 cm�1 in the FTIR spectrum of 1 and at 3368 cm�1 in L1. They
appeared at 3411 and 3231 cm�1 in the spectrum of 2 (3240 and
3326 cm�1 in L2).

The presence of these bands supports the proposal that the li-
gands coordinate in the neutral form in both complexes 1 and 2.

2.2. Synthesis of materials

The two complexes 1 and 2 were immobilized in two types of
materials, MCM-41 and silica. The first one is an ordered and
organized material, while silica is an amorphous material.

TheMCM-41 (MCM) parentmaterial was obtained by a template
approach [8], and silica was used as received from a commercial
source. After activation, both materials were derivatized by grafting
the 3-(chloropropyl)trimethoxysilane spacer, letting it react with
the SiOH surface groups, to afford the materials MCM-Pr-Cl
(Scheme 2) and Si-Pr-Cl. According to elemental analysis, the
loading of Pr-Cl is found to be 2.0 and 0.43 mmol g�1 inMCM-Pr-Cl
and Si-Pr-Cl materials, respectively. Complexes 1 and 2 were then
introduced in the presence of triethylamine, so that the resulting
anion might react with the pendant chloropropyl chains of the
materials, as shown in Scheme 2 for MCM. A reported procedure
was followed [34]. The new materials obtained, MCM-Pr-1 and
MCM-Pr-2, contained approximately 0.59wt%Mo and 1.16 wt%Mo,
corresponding to 0.06 mmolMo g�1 and 0.12 mmolMo g�1, respec-
tively. By the same token, for the silica materials, Si-Pr-1 and Si-Pr-
2, loads of 0.52 wt% Mo and 0.029 wt% Mo, corresponding to
0.05 mmolMo g�1 and 0.003 mmolMo g�1, were obtained. These
loadings represent a partial functionalization of the parent Si-Pr-Cl
material reaching 3% and 6% for the MCM-Pr-1 and MCM-Pr-2
materials, and 11.6% and 0.7% for the Si-Pr-1 and Si-Pr-2 counter-
parts. These results lead to a low amount of molybdenum in the
new materials, showing that such materials can behave as single
site catalysts.

Since the coordinated ligands L1 and L2 have two groups, NH
and OH, that can be deprotonated in the presence of the base
(triethylamine) in the course of the reaction, loss of the OH proton
is likely. Reaction between complex 2 and 3-(chloropropyl)tri-
methoxysilane was carried out separately and the 1H NMR spec-
trum of the product indicates this to happen to some extent. The
charge obtained in the complex will be balanced by that of the
triethylammonium cation. A similar reaction has been reported
for the reaction between surface silanol groups and triethylamine
[35].

All MCM materials were characterized by adequate techniques,
but only spectroscopic analyses were performed on the silica
materials.

The XRD powder patterns of MCM-Pr-1 and MCM-Pr-2 are
given in Fig. 1, and are compared to those of the precursors. The
pattern of the parent, calcined MCM material, shows four re-
flections in the 2q range 2e10�, indexed to a hexagonal cell as (100),
(110), (200), and (210). The d value of the (100) reflection is 38.3�A,
corresponding to a lattice constant of a ¼ 44.2 �A (¼2d100/O3). The
positions of the peaks ofMCM-Pr-Cl, after functionalizing the walls
of the parent host material MCM with 3-(chloropropyl)



Table 1
1H and 13C NMR chemical shifts of L1, L2, [MoI2(CO)3(L1)] (1), and [MoI2(CO)3(L2)] (2).

H4 H5 H6 H7 H30 H40 H50 H60 OH NH

L1 3.70 3.70 e e 7.50 6.70 7.30 6.80 8.40 3.36
1 3.94 3.94 e e 7.10 7.58 7.04 7.75 11.70 9.86
L2 7.70 7.30 7.30 7.70 8.10 7.00 7.40 7.00 13.10 4.50
2 7.87 7.60 7.60 7.87 7.25 7.60 7.17 8.07 n.o. n.o.

C2 C4 C5 C6 C7 C8 C9 C10 C20 C30 C40 C50 C60

L1 n.o. 46.4 46.4 e e e e 110.5 163.3 127.4 115.9 132.7 118.1
1 163.2 44.5 44.5 e e e e 108.6 158.3 120.2 136.6 117.7 130.3
L2 151.7 118.0 123.3 122.4 111.5 133.2 140.9 112.6 151.7 117.2 131.7 119.1 126.2
2 157.6 114.5 126.3 126.3 114.5 147.0 147.0 109.7 157.6 117.7 135.5 120.6 129.6

n.o. Not observed.
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trimethoxysilane, remain almost unchanged, suggesting the
retention of the long range hexagonal symmetry of the host ma-
terial. A significant reduction of the peaks intensities is observed in
the materialsMCM-Pr-1 andMCM-Pr-2. This is not interpreted as a
loss of crystallinity, but rather as a reduction in the X-ray scattering
contrast between the silica walls and pore-filling material, a situ-
ation well described in the literature, and also observed for other
types of materials [36e38].

Nitrogen adsorption studies at 77 K revealed that the pristine
MCM sample exhibits a reversible type IV isotherm (Fig. 2), char-
acteristic of mesoporous solids (pore width between 2 and 50 nm,
according to the IUPAC) [39]. The calculated textural parameters
(SBET and Vp) of this material agree with the literature data (Table 2)
[40,41]. The capillary condensation/evaporation steps appear in the
0.20e0.40 relative pressures range, and the sharpness of this step
reflects the uniform pore size.

The isotherm of the functionalized material MCM-Pr-Cl reveals
much lower N2 uptake, accounting for a decrease in Vp (60%) and a
concomitant variation in SBET (43%). These results reflect the
immobilization of the ligand on the internal silica surface (Fig. 2,
Table 2). Introduction of the complexes 1 and 2 inside the pores
induces a further decrease of both SBET and Vp. The decrease in SBET
and Vp relative to MCM is in agreement with the decrease of the p/
p� coordinates of the inflection points of the isotherms after post-
synthesis treatments [42].
Scheme 2. Synthesis of materials MCM
The height of the capillary condensation steps, which is related
to the volume of pore space confined by adsorbate film on the pore
walls, is smaller in the case of the modified materials. The maxima
of the PSD curves determined by the BJH method, dBJH, decrease
concomitantly (Table 2).

Fig. 3 shows the thermogravimetric analyses (TGA) of the ma-
terials arising fromMCM (Scheme 2). MaterialsMCM andMCM-Pr-
Cl evidence mass losses from 298 K up until ca. 400 K, corre-
sponding to physisorbed water. After that, the organic moieties
start to decompose as temperature reaches higher values.

MCM-Pr-Cl loses 15.9% weight, corresponding to 2.3 mmol g�1

of Pr-Cl ligand inside theMCM pores, between 473 and 1073 K. This
value closely matches the load of ligand determined from
elemental analysis (2.0 mmol g�1).

Both MCM-Pr-1 and MCM-Pr-2 lose physisorbed water till
323 K, and organic and organometallic moieties between 323 and
1073 K in two steps. In the first step, 323e518 K, there is a loss of
17.8% weight for MCM-Pr-1 and 12.8% for MCM-Pr-2, associated
with release of Mo species. This weight loss, however, exceeds the
molybdenum content of each material, known from elemental
analysis. On the other hand, the high amount of nitrogen suggests
the presence of species different from the immobilized complex,
most likely dimethylformamide or triethylamine, used in the syn-
thesis and not totally removed during the calcination (see also 13C
NMR spectra). The second step takes place from 523 to 1073 K, with
-Pr-Cl, MCM-Pr-1, and MCM-Pr-2.
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Fig. 1. Powder XRD of materials MCM, MCM-Pr-Cl, MCM-Pr-1 and MCM-Pr-2.

Table 2
Textural parameters for host and composite materials from N2 isotherms at 77 K.

Sample d100/�A SBET/m2 g�1 DSBET
a/% Vp/cm3 g�1 DVp

b/% dBJH/nm

MCM 38.3 1439 e 1.25 e 3.43
MCM-Pr-Cl 39.5 816 �43 0.50 �60 2.90
MCM-Pr-1 38.6 642 �55 0.42 �66 2.87
MCM-Pr-2 38.6 691 �52 0.44 �65 2.85

a Surface area variation relative to parent MCM.
b Total pore volume variation relative to parent MCM.
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weight losses of 13.8% for MCM-Pr-1, and 8.6% for MCM-Pr-2. It is
mainly due to the loss of unreacted Pr-Cl ligands from the surface of
the MCM material, in agreement with the thermal profile of the
precursor MCM-Pr-Cl material.

Similar profiles are obtained for materials Si-Pr-1 and Si-Pr-2
(Fig. 3). After the release of physisorbed water till 398 K, weight
losses corresponding to 0.03 mmolMo g�1 and 0.01 mmolMo g�1,
respectively for Si-Pr-1 and Si-Pr-2, reflected the amount of mo-
lybdenum obtained from elemental analysis, 0.05 mmolMo g�1 (Si-
Pr-1) and 0.003 mmolMo g�1 (Si-Pr-2), respectively. Again a reason
for the values found from TGA arises from the content in dime-
thylformamide and triethylamine, which is confirmed by the high
nitrogen amount found from elemental analysis.

The presence of functional groups characteristic of material
MCM-Pr-Cl and complexes 1 and 2, after grafting thematerials, was
checked by FTIR spectroscopy (Fig. 4). In material MCM-Pr-Cl, the
stretching vibration modes of the mesoporous framework n(SieOe
Si) are observed at around 1218, 1066, and 937 cm�1, as in the
parent MCM. In addition, new bands appear at ca. 2934, 2911 and
2844 cm�1, assigned to the n(CeH) stretching of the aliphatic linear
chain inMCM-Pr-Cl. Signals characteristic of the n(C^O)modes are
detected at 2015, 1942, and 1867 cm�1 in material MCM-Pr-1, and
at 2015 and 1867 cm�1 inMCM-Pr-2, respectively. It is also possible
to assign bands at 1234, 1053, and 943 cm�1 to the mesoporous
framework n(SieOeSi) modes of material MCM-Pr-1. The corre-
sponding n(SieOeSi) bands of material MCM-Pr-2 appear at 1232,
1053, and 945 cm�1.
Fig. 2. Nitrogen adsorption and pore size distribution studies of m
In the FTIR spectra of the silica materials (Fig. 4), n(SieOeSi)
bands are observed at 1104 cm�1 in Si-Pr-Cl, and at 1105 cm�1 for
the two materials Si-Pr-1 and Si-Pr-2. The n(C^O) modes can be
seen at 2000 and 1874 cm�1 (Si-Pr-1) and 2041 and 1888 cm�1 (Si-
Pr-2). The small amount of metal complex grafted in the materials
makes these bands relatively weak, leading to some uncertainty in
the wavelengths. The n(CeH) stretching modes of the aliphatic
linear chain are observed in all silica materials in the range 2952e
2815 cm�1, confirming the presence of the spacer.

The materials were also characterized by 13C CP MAS-DD and
29Si CP MAS-DD solid state NMR.

The 13C CP MAS-DD spectrum (not shown) of MCM-Pr-Cl pre-
sents resonances of the propyl chain at 9.8 (SieCH2), 26.1 (CH2e

CH2eCH2) and 45.8 (CleCH2) ppm. The MCM-Pr-1 material shows
three resonances of the propyl chain protons at 10.5 (SieCH2), 26.6
(CH2eCH2eCH2) and 47.6 (CleCH2) ppm, while for material MCM-
Pr-2 the carbon resonances are observed at 10.4, 26.5, and
47.5 ppm. Both are shifted relative to the signals of MCM-Pr-Cl. For
materials with the Mo core, it is difficult to observe the signals of
the aromatic carbons from the L1 and L2 ligands. In both spectra,
signals at 31.4, 36.8 and 164.0 ppm arise from the solvent used,
dimethylformamide. This solvent reacts with the materials surface
silanol groups and is very difficult to eliminate completely.

The 29Si CP MAS-DD NMR spectrum of pristine MCM, Fig. 5,
displays three resonances at �112.0, �101.7 and �91.8 ppm, char-
acteristic of Q4, Q3 and Q2 species of the silica framework, respec-
tively. In MCM-Pr-Cl, the Q4, Q3 and Q2 signals shift
to �110.9, �100.6 and �92.5 ppm, while three broad signals
at �66.7, �57.4 and �48.5 ppm, assigned to T3, T2 and T1 organo-
silica species, appear in the spectrum. Reaction with the organo-
metallic complexes [MoI2(CO)3(L1/L2)], to obtain MCM-Pr-1 and
MCM-Pr-2, does not significantly change the 29Si CP MAS-DD NMR
spectra. In MCM-Pr-1 Q4, Q3 and Q2 signals are observed
at �110.2, �101.2 and �91.8 ppm, and two signals
at �66.2, �58.0 ppm are assigned to T3 and T2 organosilica species,
aterials MCM, MCM-Pr-Cl, MCM-Pr-1 and MCM-Pr-2, at 77 K.



Fig. 3. Thermogravimetric profiles of materials MCM, MCM-Pr-Cl, MCM-Pr-1, and MCM-Pr-2 (left) and Silica, Si-Pr-Cl, Si-Pr-1, and Si-Pr-2 (right).
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slightly shifted. In material MCM-Pr-2, the same trend was
observed, with the Q4, Q3 and Q2 signals at �109.9, �101.1
and �91.0 ppm, and the two broad signals at �66.5, �58.0 ppm,
assigned to T3 and T2 organosilica species.
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2.3. Catalytic studies

Both complexes, [MoI2(CO)3(L1)] (1) and [MoI2(CO)3(L2)] (2),
and the final materialsMCM-Pr-1,MCM-Pr-2, Si-Pr-1, Si-Pr-2, were
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Fig. 5. 29Si CP MAS-DD spectra of MCM, MCM-Pr-Cl, MCM-Pr-1 and MCM-Pr-2.
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tested as catalyst precursors for olefin epoxidation using two types
of substrates. The first one comprises simple olefins, such as cis-
cyclooctene (cy8), 1-octene (1-oct), and styrene (sty), while the
second one includes multifunctional olefins: geraniol (ger), trans-
hex-2-en-1-ol (trans), cis-hex-3-en-1-ol (cis), and R(þ)-limonene
(R-lim). All reactions were carried out using tert-butylhydroper-
oxide (TBHP in decane) as oxygen donor, in dichloromethane, at
328 K (see details in Experimental section). No reaction took place
in the absence of a catalyst.

All tested catalysts are 100% selective towards the epoxide in the
oxidation of cis-cyclooctene (cy8). Catalysts 1 and 2 show much
higher conversions than all the heterogeneous catalysts. Among
these, only Si-Pr-1 presents a fair conversion of substrate. The silica
based catalysts lead to slightly higher conversions than those
supported on MCM.

Reaction kinetics also shows that the homogeneous catalysts
achieve higher rates than the corresponding heterogeneous coun-
terparts, as evidenced in Fig. 6. Catalyst 2 and MCM-Pr-2 reach
maximum product yield after ca. 6 h reaction time, though the
initial rate is much higher for 2. There seems to be an induction
period for catalyst Si-Pr-2, since the product is barely detected
before 8 h. Such differences between the two heterogeneous cat-
alysts may arise mostly from structural/morphological differences
of the inorganic hosts.

The oxidation of 1-octene, an unbranched (not activated) ter-
minal olefin, is achieved with medium conversions by the MCM
materials (entries 9 and 10), while there is no conversion when the
catalyst is supported on silica (Table 3, entries 11e12), and the two
complexes present very low conversions. The highest selectivity
towards the epoxide was observed with the most active materials
MCM-Pr-1 and MCM-Pr-2 as catalyst (entries 9e10).

Styrene is converted very inefficiently into the epoxide by all the
catalysts and the selectivity is also rather low, except with the
material MCM-Pr-2, when it reaches 73%. A more detailed analysis
of the catalytic reaction reveals that the styrene epoxide formed
continues to react, yielding benzaldehyde, which results from
oxidative cleavage of the epoxide [43].

All catalysts convert trans-hex-2-en-1-ol into its epoxide, but
catalysts 1, 2 and Si-Pr-1 present higher conversion and selectivity
to the epoxide (Table 3, entries 19, 20 and 23). In particular Si-Pr-1
exhibits 98% conversion with 99% selectivity to the epoxide. The
other catalysts, namely the two MCM based materials, MCM-Pr-1
and MCM-Pr-2, behave very poorly.

The oxidation of cis-hex-3-en-1-ol is very selective (100%) dis-
playing medium conversions (entries 25, 26, 29) with catalysts 1
(28%), 2 (59%) and Si-Pr-1 (43%). These are the same catalysts active
in the oxidation of trans-hex-2-en-1-ol. MCM-Pr-2 exhibits a re-
sidual activity (conversion 4%), while the others do not catalyze the
reaction (entries 27 and 30).

The two remaining substrates, R(þ)-limonene and geraniol,
have two C]C bonds, so two different epoxides are possible. Those
favored by the catalysts being studied are sketched in Table 3
(epoxidation in the ring, for R(þ)-limonene, and in the 2,3 posi-
tions, for geraniol).

In the oxidation of R(þ)-limonene, the three catalysts 1, 2 and Si-
Pr-1 lead to higher conversions, though 2 is the less active. How-
ever, the high conversions achieved by 1 and Si-Pr-1 (80% and 86%,
Table 3, entries 31 and 35) coexist with the lowest selectivities
towards the endocyclic epoxide (37% and 41%), the product formed
in larger amounts being the diepoxide product (in both endo- and
exo-cyclic positions). The other three catalysts associate a much
smaller activity (conversions from 6 to 15%) with higher selectiv-
ities (from 73 to 77%), though still far from 100%.

In the oxidation of geraniol, MCM-Pr-1 and Si-Pr-2 continue to
be the least active catalysts, with low conversions of 27 and 19%,
respectively, and very low selectivity for the 2,3-epoxide. The other
catalysts lead to higher conversions, namely 1, 2 and Si-Pr-1, which
were also more active towards the other substrates. They also
display the highest selectivity, favoring the formation of the 2,3-
epoxide (Table 3, entries 37, 38, 41). The second product formed
is the diepoxide, and a mixture of the two products is always ob-
tained independent of the chosen catalyst (homogeneous or het-
erogeneous, MCM or silica based).

In general, complete selectivity was only observed across all
catalysts for cis-cyclooctene and cis-hex-3-en-1-ol, but conversions
were higher when oxidizing cis-cyclooctene. Oxidation of styrene
was found to yield benzaldehyde globally as major product, which
arises from oxidative cleavage of the epoxide. After 24 h reaction
time, benzaldehyde is the major product independently of the
catalytic systems, except when using material MCM-Pr-2 as cata-
lyst precursor.

Epoxidation of R(þ)-limonene and geraniol was found to occur
with fair to good substrate conversion, and epoxide products were



Table 3
Olefin oxidation catalyzed by complexes MoI2(CO)3(L1) (1), MoI2(CO)3(L2) (2), and materials MCM-Pr-1, MCM-Pr-2, Si-Pr-1, and Si-Pr-2.

Entry Epoxidea Catalyst Conversionb,c [%] Selectivityc [%]

1 1 93 100

2 2 97 100
3 MCM-Pr-1 2 100
4 MCM-Pr-2 29 100
5 Si-Pr-1 42 100
6 Si-Pr-2 22 100

7 1 19 78d

8 2 10 83d

9 MCM-Pr-1 51 98d

10 MCM-Pr-2 45 100
11 Si-Pr-1 0 0
12 Si-Pr-2 0 0

13 1 32 42e

14 2 6 6e

15 MCM-Pr-1 22 22e

16 MCM-Pr-2 17 73e

17 Si-Pr-1 40 14e

18 Si-Pr-2 6 25e

19 1 61 87f

20 2 69 84f

21 MCM-Pr-1 6 39f

22 MCM-Pr-2 8 50f

23 Si-Pr-1 98 99f

24 Si-Pr-2 5 33f

25 1 28 100

26 2 59 100
27 MCM-Pr-1 0 0
28 MCM-Pr-2 4 100
29 Si-Pr-1 43 100
30 Si-Pr-2 0 0

31 1 80/31/32g,h 37/67/52g,h

32 2 31 75h

33 MCM-Pr-1 8 73h

34 MCM-Pr-2 15 77h

35 Si-Pr-1 86/99/52g,h 41/27/26g,h

36 Si-Pr-2 6 77h

37 1 82 66i

38 2 96 68i

39 MCM-Pr-1 27 17i

40 MCM-Pr-2 63 66i

41 Si-Pr-1 72 83i

42 Si-Pr-2 19 14i

a All reactions carried out in CH2Cl2 in the presence of 200 mol% oxidant (TBHP) and 1 mol% of molybdenum catalyst at 328 K.
b Calculated after 24 h.
c Calculated as “Yield of epoxide”/”Conversion” � 100% after 24 h.
d Octanal formed as by-product.
e Benzaldehyde formed as by-product.
f a-Hydroxyketone formed as by-product.
g Values correspond to 1st, 2nd and 3rd recycle runs, respectively.
h Diepoxide formed as by-product.
i 6,7-Epoxide formed as by-product.
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obtained as mixtures of isomers. Still the major products were the
diepoxide (in R(þ)-limonene) and the allylic position epoxide
(geraniol).

Catalyst robustness, namely its resistance to leaching and
recycling, was also evaluated. Such experiments were carried out
for the more active systems, complex 1 and material Si-Pr-1, in the
epoxidation of R(þ)-limonene. The results from recycling experi-
ments (Table 3, entries 31 and 35) show that catalyst 1 suffers se-
vere deactivation just after the first cycle, while the heterogeneous
catalyst Si-Pr-1 is only deactivated at the third cycle, evidencing
one advantage of immobilizing the homogeneous catalysts. The
selectivity exhibited by this catalyst drops to 26%.

Leaching experiments were carried out in the epoxidation of
R(þ)-limonene with catalyst Si-Pr-1. The heterogeneous catalyst
was filtered after 2 h reaction time (at which substrate conversion
was 10%), and the reaction in the solutionwasmonitored up to 24 h.
The conversion did not change, meaning that the catalyst is really
heterogeneous in nature showing virtually no leaching to the liquid
phase.

3. Conclusions

Two new complexes [MoI2(CO)3(L1)] (1) or [MoI2(CO)3(L2)] (2)
with the ligands L1 ¼ 2-(20-hydroxyphenyl)imidazoline and L2 ¼ 2-
(20-hydroxyphenyl)benzimidazole were synthesized and immobi-
lized in MCM-41 and silica by grafting using with a (3-
chloropropyl)trimethylsilane spacer.

Spectroscopic data and elemental analysis indicated that the
ligands coordinated in an unusual neutral form. The catalytic ac-
tivity of the two complexes and the four materials in the oxidation
of several substrates, in the presence of TBHP, under homogeneous
and heterogeneous conditions, respectively, was studied. Only
complex 2 could epoxidize cis-cyclooctene selectively with 97%
conversion, and complex 1 immobilized in silica converted 98% of
trans-hex-2-en-1-ol to the epoxide selectively. In some systems, no
reaction took place. Although there are not clear trends, complex 1
in silica (Si-Pr-1) was the best combination, generally improving
the performance of complex 1 in homogeneous catalysis, with the
total failure to oxidize 1-octene. The best performance of the ho-
mogeneous catalysts may be associated with deprotonation of the
ligand during the immobilization procedure.

4. Experimental

4.1. General procedures

All reagents were obtained from Aldrich and used as received.
Commercial grade solvents were dried and deoxygenated by
standard procedures (diethyl ether and toluene over sodium/
benzophenone ketyl; methanol, dichloromethane and dime-
thylformamide over calcium hydride), distilled under nitrogen, and
kept over 4 �A molecular sieves, except methanol (over 3 �A molec-
ular sieves). The ligands 2-(20-hydroxyphenyl)imidazoline (L1), 2-
(20-hydroxyphenyl)benzimidazole (L2) [29e31], and the precursor
complex [MoI2(CO)3(NCMe)2] [16] was prepared according to
literature methods.

MCM-41 and functionalized materials were prepared by
adopting a methodology previously described, using [(C14H33)
N(CH3)3]Br as template agent [8]. Prior to the grafting experiment,
physisorbed water was removed from MCM by heating at 453 K in
vacuum (10�2 Pa) for 2 h.

FTIR spectra were obtained as KBr pellets (complexes) and
Diffuse Reflectance (DRIFT) measurements (materials) on a Nicolet
6700 in the 400e4000 cm�1 range using 1 cm�1 resolution. Mi-
croanalyses for C, H, N, and Mo quantification were performed at
CACTI, University of Vigo (C, H, and N analyses on a Fisons EA 1108,
and Mo on a Perkin Elmer Optima 4300DV using In as internal
standard).

1H and 13C solution NMR spectra were obtained with a Bruker
Avance 400 spectrometer. Solid state 29Si and 13C NMR measure-
ments were performed at room temperature on a Bruker MSL 300P
spectrometer operating at 59.60 and 75.47 MHz for the observation
of 29Si and 13C resonances, respectively. The standard magic angle
spinning (MAS) cross polarization e dipolar decoupling RF pulse
sequence (CP-DD) was used under about 4 kHz spinning rate. For
the acquisition of 29Si spectra, 5 ms contact time was chosen, 6 s
recycling delay, and a number of scans always higher than 3000
were selected; the Hartmann-Hahn condition [44] was optimized
using tetrakis(trimethylsilyl)silane, and tetramethylsilane (TMS)
was the external reference to set the chemical shift scale. 13C
spectra were recorded with 2 ms contact time, 4 s recycling delay
and a number of scans higher than 900. The HartmanneHahn
condition was optimized using glycine, also the external reference
to set the chemical shift scale (13CO at 176.1 ppm).

Powder XRD measurements were taken on a Philips Analytical
PW 3050/60 X’Pert PRO (theta/2 theta) equipped with X’Celerator
detector and with automatic data acquisition (X’Pert Data Collector
(v2.0b) software), using monochromatized Cu-Ka radiation as
incident beam, 40 kVe30 mA.

TGA studies were performed using a PerkineElmer TGA7 ther-
mobalance system at a heating rate of 10 �C min�1 under N2.

The N2 adsorption/desorption measurements were obtained in
an automatic apparatus (ASAP 2010; Micromeritics). BET specific
surface areas (SBET, p/p� from 0.03 to 0.13) and specific total pore
volume, Vp were estimated from N2 adsorption isotherms
measured at 77 K. The pore size distributions (PSD) were calculated
by the BJH method using the modified Kelvin equation with
correction for the statistical film thickness on the pore walls
[45,46]. The statistical film thickness was calculated using Harkinse
Jura equation [47,48] in the p/p� range from 0.1 to 0.95. Prior to the
measurements, samples were degassed, and physisorbed water
was removed by heating at 723 K for MCM and 413 K for the
derivatized materials (to minimize the destruction of the func-
tionalities) in vacuum for 2 h.

4.2. Syntheses

4.2.1. [MoI2(CO)3(L1)] 1
A solution of 2-(20-hydroxyphenyl)imidazoline (0.5 mmol,

0.0811 g) in methanol was added to a stirred solution of [MoI2(-
CO)3(MeCN)2] (0.5 mmol, 0.2575 g) also in methanol. The mixture
was stirred overnight, under inert atmosphere. The brown solid
formed was filtered, washed with diethyl ether and dried under
vacuum.

Yield: 0.224 g, 75% yield. Anal. Calc. forMoI2N2O4C12H10: C 24.18,
H 1.69, N 4.70. Found: C 24.57, H 2.05, N 4.87.

IR (KBr, n/cm�1): 3380 (w), 3268 (w), 2929 (w), 2858 (w), 2075
(s), 2032 (s), 1997 (s), 1970 (s), 1951 (s), 1619 (s), 1587 (s), 1560 (s),
1498 (m), 1452 (m), 1373 (m), 1346 (m), 1309 (m), 1288 (m), 1251
(m), 1199 (w), 1164 (w), 1143 (w), 1097 (w), 1033 (m), 981 (m), 823
(w), 771 (w), 742 (m), 590 (m), 528 (m), 476 (m).

1H NMR (400.10 MHz, DMSO, r.t., d ppm): 3.94 (s, 4H, H4/H5),
7.04 (t, 1H, H50), 7.10 (d, 1H, H30), 7.58 (t, 1H, H40), 7.75 (d, 1H, H60),
9.86 (s, 1H, NH), 11.7 (s, 1H, OH).

13CNMR (100.25MHz, DMSO, r.t., dppm): 44.5 (C4/C5),108.6 (C10),
117.7 (C50), 120.2 (C30), 130.3 (C60), 136.6 (C40), 158.3 (C20), 163.2 (C2).

4.2.2. [MoI2(CO)3(L2)] 2
A solution of 2-(20-hydroxyphenyl)benzimidazole (0.5 mmol,

0.1051 g) in methanol was added to a stirred solution of
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[MoI2(CO)3(MeCN)2] (0.5 mmol, 0.2575 g) also in methanol. The
mixture was stirred overnight, under inert atmosphere. The brown
solid formed was filtered, washed with diethyl ether and dried
under vacuum.

Yield: 0.252 g, yield 83%. Anal. Calc. for MoI2N2O4C16H10: C
29.84, H 1.57, N 4.35. Found: C 29.48, H 2.03, N 4.67.

IR (KBr, n/cm�1): 3411 (vs), 3231 (w), 3088 (w), 3038 (w), 2952
(w), 2908 (w), 2846 (w), 2735 (w), 2066 (s), 2001 (s), 1957 (s), 1923
(s), 1856 (m), 1622 (s), 1558 (m), 1462 (m), 1458 (m), 1239 (m), 1102
(m), 1082 (m), 744 (m).

1H NMR (400.10MHz, DMSO, r.t., d ppm): 7.17 (t, 1H, H50), 7.25 (d,
1H, H30), 7.60 (m, 3H, H40/H5/H6), 7.87 (m, 2H, H4/H7), 8.07 (H60).

13C NMR (100.25 MHz, DMSO, r.t., d ppm): 109.7 (C10), 114.5 (C4/
C7), 117.7 (C30), 120.6 (C50), 126.3 (C5/C6), 129.6 (C60), 135.5 (C40), 147.0
(C8/C9), 157.6 (C2/C20).

4.2.3. MCM-Pr-Cl
2.0 mL of 3-(chloropropyl)trimethoxysilane was added to a

suspension of 1 g of MCM-41 in 30 mL of toluene, and allowed to
reflux for 24 h. The yellow suspension was filtered, washed with
4 � 20 mL dichloromethane, and dried under vacuum.

Anal. Found: C 7.21, H 1.73.
IR (KBr, n/cm�1): 3404 (vs), 2934 (w), 2911 (w), 2844 (w), 1621

(m), 1615 (m), 1384 (m), 1218 (s), 1066 (vs), 937 (w), 789 (m), 668
(w), 568 (w), 448 (s).

13C CP/MAS (DD) NMR (d ppm): 9.8 (SieCH2), 26.1 (eCH2e),
45.8, 46.9 (CleCH2).

29Si CP/MAS (DD) NMR (d ppm): �48.5 (T1), �57.4 (T2), �66.7
(T3), �92.5 (Q2), �100.6 (Q3), �110.9 (Q4).

4.2.4. MCM-Pr-1 and MCM-Pr-2
The complex 1 or 2 (3 mmol) was dissolved in dimethylforma-

mide, and then triethylamine (3.8 mmol) was added. 1 g of MCM-
Pr-Cl was added to this solution, at 273 K, and then left at room
temperature for 12 h. The suspension was filtered, washed with
2 � 20 mL dichloromethane, and dried under vacuum.

4.2.4.1. MCM-Pr-1. Anal. Found: C 14.42, H 3.12, N 3.09, Mo 0.59.
IR (KBr, n/cm�1): 3390 (vs), 3224 (w), 2939 (w), 2922 (w), 2870

(w), 2792 (w), 2008 (w),1923 (w),1842 (w),1655 (s), 1483 (w),1385
(w), 1234 (m), 1053 (vs), 943 (s), 781 (m), 442 (s).

13C CP/MAS (DD) NMR (d ppm): 10.5 (SieCH2), 26.6 (eCH2e),
47.6 (CleCH2).

29Si CP/MAS (DD) NMR (d ppm): �58.0 (T2), �66.2 (T3), �91.8
(Q2), �101.2 (Q3), �110.2 (Q4).

4.2.4.2. MCM-Pr-2. Anal. Found: C 16.42, H 3.52, N 3.85, Mo 1.16.
IR (KBr, n/cm�1): 3390 (vs), 3219 (w), 2931 (w), 2920 (w), 2868

(w), 2792 (w), 2008 (w), 1842 (w), 1655 (vs), 1483 (w), 1437 (w),
1385 (m), 1232 (m), 1053 (vs), 945 (m), 781 (m), 447 (s).

13C CP/MAS (DD) NMR (d ppm): 10.4 (SieCH2), 26.5 (eCH2e),
47.5 (CleCH2).

29Si CP/MAS (DD) NMR (d ppm): �58.0 (T2), �66.5 (T3), �91.0
(Q2), �101.1 (Q3), �109.9 (Q4).

4.2.5. Silica-Pr-Cl
2.0 mL of 3-(chloropropyl)trimethoxysilane was added to a

suspension of 1 g of silica in 30 mL of toluene, and allowed to reflux
for 24 h. The yellow suspension was filtered, washed with
4 � 20 mL dichloromethane, and dried under vacuum.

Anal. Found: C 1.56, H 0.51.
IR (KBr, n/cm�1): 3373 (s), 2886 (w), 1622 (w), 1205 (vs), 1080

(vs), 946 (m), 789 (m), 462 (s).
13C CP/MAS (DD) NMR (d ppm): 9.6 (SieCH2), 26.1 (eCH2e), 45.8

(CleCH2).
29Si CP/MAS (DD) NMR (d ppm): �52.4 (T1), �60.6 (T2), �70.4
(T3), �96.6 (Q2), �103.1 (Q3), �114.6 (Q4).

4.2.6. Silica-Pr-1 and silica-Pr-2
The complex 1 or 2 (3 mmol) was dissolved in dimethylforma-

mide, and then triethylamine (3.8 mmol) was added. 1 g of silica-
Pr-Cl was added to this solution, at 273 K, and then left at room
temperature for 12 h. The suspension was filtered, washed with
2 � 20 mL dichloromethane, and dried under vacuum.

4.2.6.1. Silica-Pr-1. Anal. Found: C 2.79, H 0.64, N 0.41, Mo 0.52.
IR (KBr, n/cm�1): 3425 (s), 2952 (w), 2917 (w), 2871 (w), 1998

(w), 1867 (w), 1652 (m), 1105 (vs), 802 (m), 473 (s).
13C CP/MAS (DD) NMR (d ppm): 9.0 (SieCH2), 25.8 (eCH2e), 64.6

(CleCH2), 115-160 broad band aromatic carbons.
29Si CP/MAS (DD) NMR (d ppm): �60.6 (T2), �65.5 (T3), �93.3

(Q2), �104.8 (Q3), �112.96 (Q4).

4.2.6.2. Silica-Pr-2. Anal. Found: C 5.11, H 1.04, N 1.62, Mo 0.029.
IR (KBr, n/cm�1): 3400 (vs), 2924 (w), 2910 (w), 2839 (w), 2744

(w), 2007 (w), 1838 (w), 1653 (vs), 1456 (w), 1402 (w), 1308 (m),
1224 (s), 1090 (vs), 779 (m), 613 (w), 453 (m).

13C CP/MAS (DD) NMR (d ppm): 9.8 (SieCH2), 25.4 (eCH2e), 65.9
(CleCH2).

29Si CP/MAS (DD) NMR (d ppm): �60.6 (T2), �72.0 (T3), �94.95
(Q2), �106.4 (Q3), �116.2 (Q4).

4.3. Catalytic tests

The complexes and materials were tested in the catalytic
epoxidation of cis-cyclooctene (cy8), 1-octene (1-oct), styrene (sty),
geraniol (ger), cis-hex-3-en-1-ol (cis), trans-hex-2-en-1-ol (trans)
and R(þ)-limonene (R-lim), using tert-butylhydroperoxide (TBHP)
as oxidant. The catalytic oxidation tests were carried out at 328 K
under normal atmosphere in a reaction vessel equipped with a
magnetic stirrer and a condenser. In a typical experiment the vessel
was loaded with olefin or alcohol (100 mol%), internal standard
(dibutyl ether), catalysts (1 mol%), oxidant (200 mol%), and 3 mL of
solvent. Addition of the oxidant determines the initial time of the
reaction. The course of the reactions was monitored by quantitative
GC-analysis by collecting samples at 10, 30 min, 1 h and 1.5 h, then
at 2, 4, 6, 8, and 24 h of reaction. These samples were treated as
described previously prior to injection in the GC column [43].

4.3.1. Epoxidation of cis-cyclooctene (cy8), 1-octene (1-oct), styrene
(sty), R(þ)-limonene(R(þ)-lim), geraniol (ger), cis-3-hexen-1-ol
(cis), and trans-2-hexen-1-ol (trans)

Substrate (800 mg: 7.3 mmol of cis-cyclooctene, 7.7 mmol of
styrene, 5.2 mmol of geraniol, 7.1 mmol of 1-octene, 5.87 mmol of
R(þ)-limonene, 7.99 mmol of cis-hex-3-en-1-ol, and 7.99 mmol of
trans-hex-2-en-1-ol, 800 mg dibutyl ether (internal standard),
1 mol% of catalyst, 2.65 mL of TBHP (5.5 M in n-decane) and 3 mL of
dichloromethane (CH2Cl2)).
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