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The dioxomolybdenum(VI) complex [MoO2Cl2(L-L)], con-
taining the bidentate 1,4-diazabutadiene ligand RN=
C(Ph)−C(Ph)=NR [R = (CH2)3Si(OEt)3], was immobilised in
the ordered mesoporous silica MCM-41 by carrying out a
grafting reaction in dichloromethane. The grafted material
(3.3 wt.-% Mo) was tested as a catalyst for the epoxidation
of cyclooctene with tert-butyl hydroperoxide (TBHP) at 55
°C. Selectivity to the epoxide was very high and the observed
kinetic profile was similar to that of the complex [MoO2Cl2(L-
L)] in the homogeneous phase. On recycling several times,
some activity was lost from the first to second runs, but there-
after stabilised. Tethered complexes of this type were also
prepared by a stepwise approach. The mesoporous silicas
MCM-41 and MCM-48 were first treated with a toluene solu-
tion of the ligand L-L under reflux. Before isolating the
grafted materials, the silylating agent Me3SiCl was added to

Introduction

High-valent d0 transition metal complexes, such as MoVI,
VV, and TiIV, are effective catalysts for the selective epoxid-
ation of olefins by alkyl hydroperoxides (ROOH).[1] In par-
ticular, MoVI complexes of the type [MoO(O2)2(L1)(L2)]
and [MoO2X2(L1)(L2)] (X � Cl, Br, CH3), with different
combinations of base ligands L1 and L2, have been exper-
imentally characterised and tested as catalysts for epoxid-
ation reactions, usually employing tert-butyl hydroperoxide
(TBHP) as the mono-oxygen source.[2,3] It is ever more ac-
cepted that alkyl peroxides activate these complexes by an
intermediate η2-coordination of the peroxidic agent to the
Lewis acidic metal centre.[4] Important properties, such as the
solubility of the complex and the Lewis acidity of the metal
centre, can be fine-tuned by variation of either X or L.

Despite the good results obtained for oxomolybden-
um() complexes in homogeneous catalysis, increasing at-
tention is being paid to heterogeneous catalysts since these
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remove the residual Si−OH groups on the surface of the me-
soporous materials. Oxomolybdenum species were sub-
sequently introduced into the ligand-silicas by pore volume
impregnation of a solution of the complex [MoO2Cl2(THF)2]
in CH2Cl2 at room temperature. The modified materials have
been characterised by powder X-ray diffraction, N2 adsorp-
tion, and solid-state MAS NMR (13C, 29Si). Despite having
lower metal loadings (1 wt.-% Mo), the materials exhibited
similar catalytic activities for the epoxidation of cyclooctene
to that of the modified MCM-41 with 3.3 wt.-% of Mo. How-
ever, selectivities to the epoxide were lower. The MCM sup-
ported catalysts have also been tested for the epoxidation of
cyclododecene and α-pinene with TBHP.

( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

can be easily separated from a reaction mixture and re-
cycled, which is of significant industrial interest. The immo-
bilisation of transition metal catalysts, for example on an
inorganic support,[5] may also eliminate other problems as-
sociated with homogeneous catalysis, such as dimerisation
of the active complex or auto-oxidation. One approach is
to use support materials modified with Lewis base ligands.
Sherrington and co-workers reported that polymer-sup-
ported molybdenum() complexes are active and recyclable
catalysts for olefin epoxidation with TBHP.[6] For inorganic
supports, a general strategy is to use functional alkoxy sil-
anes. Corma et al. have prepared dioxomolybdenum()
complexes with chiral ligands derived from (2S,4R)-4-
hydroxyproline.[7] The complexes bearing a Si(OEt)3 group
were heterogenised to a modified USY-zeolite by covalent
bonding.

Micelle-templated silicas as catalyst supports for tran-
sition metal catalysts have been extensively studied over the
last decade,[5] and are often more effective than amorphous
silica.[8] This is probably due to the unique combination of
a high surface area, allowing a good dispersion of active
sites, with an ordered mesoporous structure, allowing selec-
tive catalysis in a constrained environment. Jia and Thiel
modified the ordered mesoporous silica MCM-41 with a
bidentate pyrazolylpyridine ligand and prepared a coval-
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ently anchored complex of the type [MoO(O2)2(L-L)].[9]

The hybrid system was highly active and truly hetero-
geneous for liquid-phase epoxidation of cyclooctene with
TBHP as the oxygen source. The molybdenum() com-
plexes [MoO2Cl2(L1)(L2)] have also been immobilised in
MCM-41 derivatised with monodentate nitrile and biden-
tate bipyridyl ligands.[10] Unfortunately, they are unstable
towards molybdenum leaching, which accounts for their
nearly complete loss of activity in a second reaction cycle.
The high molybdenum loadings resulted in weakly ad-
sorbed Mo dimeric species that were easily extracted during
the oxidative transformations.

In the present work, we have attempted to prepare more
stable heterogeneous olefin epoxidation catalysts by immo-
bilisation of dioxomolybdenum() complexes in the or-
dered mesoporous silicas MCM-41 and MCM-48 func-
tionalised with a bidentate 1,4-diazabutadiene ligand.

Results and Discussion

The supported catalysts were prepared from MCM-41
and MCM-48 materials (Scheme 1). First, the triethoxysilyl
ligand RN�C(Ph)�C(Ph)�NR (1) [R � (CH2)3Si(OEt)3]
was prepared by the reaction of benzil [C6H5(CO)(C-
O)C6H5] with two equivalents of (3-aminopropyl)triethoxy-
silane. Treatment of the solvent adduct [MoO2Cl2(THF)2]
with one equivalent of the ligand 1 gave the complex
[MoO2Cl2(L-L)] (2) in good yield. Such complexes, with bi-
dentate substituted 1,4-diazabutadiene ligands L-L (RN�
CR��CR��NR), are active, stable homogeneous catalysts
for the epoxidation of olefins using TBHP.[3b] Treatment of
MCM-41 with a solution of complex 2 in dichloromethane
gave a modified material 3 containing approximately 3.3
wt.-% Mo (0.34 mmol·g�1). The solid-state 13C CP MAS
NMR spectrum of 3 was similar to that of 2 except for less
intense peaks corresponding to the OEt groups (δ � 58.4
and 18.3), due to the grafting on MCM-41. Tethered com-
plexes of this type were also prepared by an alternative step-
wise approach. MCM-41 and MCM-48 were first treated
with a toluene solution of 1 under reflux. Before isolating
the grafted materials, the silylating agent Me3SiCl was ad-
ded to remove the residual Si�OH groups on the surface
of the mesoporous materials, which could be unfavourable
for the catalytic reaction.[9] Trimethylsilylation may also
render the surface more hydrophobic and improve stability
against moisture and mechanical compression. Oxomolyb-
denum species were subsequently introduced into the li-
gand-silicas 4 (MCM-41) and 6 (MCM-48) by pore volume
impregnation of a solution of the dioxomolybdenum()
complex [MoO2Cl2(THF)2] in CH2Cl2 at room temperature.
Elemental analysis indicated metal loadings of 1.0 wt.-%
(0.10 mmol·g�1) for 5 (MCM-41) and 1.4 wt.-%
(0.14 mmol·g�1) for 7 (MCM-48).

The solid-state 13C CP MAS NMR spectra of the ligand-
silicas 4 and 6, and the derivatised materials 5 and 7, were
similar to those of the grafted material 3, confirming the
presence of surface-bound 1,4-diazabutadiene groups. An
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Scheme 1. Reagents: i, THF, [MoO2Cl2(THF)2]; ii, CH2Cl2, MCM-
41; iii, toluene, MCM-41 or MCM-48; iv, Me3SiCl; v, CH2Cl2,
[MoO2Cl2(THF)2]

additional peak at about δ � �0.5 was attributed to
(�O)3Si�O�SiMe3 species. The solid-state 29Si MAS
NMR spectra of the grafted materials 3�7 provide direct
evidence for the incorporation of the covalently anchored
organic system. Figure 1 shows the 29Si MAS and CP MAS
NMR spectra for pristine calcined MCM-41, the ligand-
silica 4, and the derivatised material 5. Similar results were
obtained for the corresponding MCM-48 materials. Un-
modified MCM-41 displays two broad convoluted reson-
ances in the 29Si CP MAS NMR spectrum at δ � �110.7
and �100.9, assigned to Q4 and Q3 species of the silica
framework, respectively [Qn � Si(OSi)n(OH)4�n]. A weak
shoulder is also observed at δ � �91.0 for the Q2 species.
The Q3 sites are associated with the single silanols Si�OH
(including hydrogen-bonded silanols), and the Q2 sites
correspond to the geminal silanols. Grafting of the tri-
ethoxysilane ligand 1 and Me3SiCl into MCM-41 reduces
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Figure 1. 29Si MAS and CP MAS NMR spectra of (a) MCM-41,
(b) MCM-41-L/Me3SiCl (4), and (c) MCM-41-L/Me3SiCl/
MoO2Cl2 (5)

the Q3 and Q2 resonances and, concomitantly, increases the
Q4 resonance. This is consistent with esterification of the
isolated silanol groups by nucleophilic substitution at the
silicon atom in the organic compounds. The 29Si CP MAS
NMR spectrum of 4 reveals unchanged Q3 silicon atoms.
These might be hydrogen-bonded surface silanols,
(SiO)3Si�OH�OH�Si(SiO)3, which are unreactive to silyl-
ating agents.[11] The 29Si CP MAS NMR spectra of 4 and
6 also display two signals at δ � �50.0 and �58.5, assigned
to T1 and T2 organosilica species, respectively [Tm �
RSi(OSi)m(OEt)3�m]. A weak, broad signal at δ � �67.5 is
assigned to a T3 environment, and a sharp peak at about
δ � 14.0 to the silicon nuclei of the Me3Si groups. Reaction
of the ligand-silicas 4 and 6 with the complex
[MoO2Cl2(THF)2] does not measurably change the 29Si
MAS and CP MAS NMR spectra (Figure 1).

The powder XRD patterns of the pristine calcined
MCM-41 and MCM-48 starting materials agree with re-
ported patterns, indicating well-ordered materials (Fig-
ure 2).[12,13] Several distinct Bragg peaks are observed in the
range 2θ � 2�8°, which can be indexed to different hkl
reflections. MCM-41 is indexed on a hexagonal unit cell
(using the strongest reflection, d100, a � 2d100/√3 � 41.4
Å) and MCM-48 on a cubic unit cell (using the strongest
reflection, d211, a � d211√6 � 71.5 Å). Upon grafting with
the triethoxysilyl ligand 1 and Me3SiCl, several distinct
Bragg peaks are still observed, indicating retention of the
long-range hexagonal and cubic symmetries (Figure 2). A
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Figure 2. Powder XRD patterns of (a) MCM-41, (b) MCM-41-L/
Me3SiCl (4), (c) MCM-41-L/Me3SiCl/MoO2Cl2 (5), (d) MCM-48,
(e) MCM-48-L/Me3SiCl (6), and (f) MCM-48-L/Me3SiCl/
MoO2Cl2 (7)

significant attenuation of the XRD peak intensities is not
interpreted as a loss of order, but to a likely reduction in
the X-ray scattering contrast between the silica walls and
pore-filling material.[14] Reaction of the ligand-silicas 4 and
6 with the complex [MoO2Cl2(THF)2] does not change the
powder XRD patterns significantly. There is a further slight
reduction of peak intensities, for the reason outlined above.
A similar result was obtained after reaction of the complex
[MoO2Cl2(THF)2] with MCM-41 functionalised with bipy-
ridyl groups.[10b]

The pristine MCM solids show reversible type IV N2

adsorption�desorption isotherms, typical of mesoporous
solids (pore width between 2 and 50 nm, according to IU-
PAC).[15] The step corresponding to capillary condensation
in the primary mesopores appears in the relative pressure
ranges 0.3�0.4 and 0.15�0.27 for unmodified MCM-41
and MCM-48, respectively, and is less pronounced for the
latter (Figure 3). The specific surface area and total pore
volume of the pristine MCM materials are greater than 940
m2·g�1 and 0.7 cm3·g�1, respectively (Table 1). The iso-
therms of the functionalised MCM samples show a lower
N2 uptake, pointing to a decrease in the specific surface
area and pore volume. This effect is more pronounced for
the trimethylsilylated samples 5 and 7, for which SBET de-
creased more than 33% and Vp decreased more than 56%.
The height of the capillary condensation step and the p/
p0 coordinate of the inflection point decreases significantly,
indicating changes in pore size distribution due to grafting
of the internal silica surface with the molybdenum species
and, for 5 and 7, with Me3SiCl.[10b,16,17] This is confirmed
by comparing the pore size distributions (PSD) of the pris-
tine and modified MCM materials (Figure 3). Upon surface
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Figure 3. Nitrogen isotherms at 77 K of pristine MCM-41 (A) and
MCM-48 (B) [(Ο) adsorption; (�) desorption], and surface-grafted
5 (A) and 7 (B) [(�) adsorption; (�) desorption]. Pore size distri-
bution curves are also shown for the pristine (—) and surface-
grafted materials (- - -)

grafting, the PSDs shift towards smaller pore sizes and the
peaks become lower, indicating decreased uniformity of
the pores.

The catalytic performance of complex 2 was studied for
the epoxidation of cyclooctene with TBHP at 55 °C (1%
molar ratio of complex/cyclooctene). After one hour the
turnover frequency (TOF) was 18 mmol g�1

cat h�1 and
after 24 h the selectivity to cyclooctene oxide was 96% at
56% conversion (Table 2). The activity of 2 is similar to that
reported under identical reaction conditions for other
(dichloro)dioxomolybdenum() catalysts bearing 1,4-diaz-
abutadiene ligands without aromatic substituents.[3b] De-
spite using excess of oxidant with respect to the substrate,
cyclooctene conversion at 24 h is still far from quantitative.
In these catalysts the molybdenum centre acts as a Lewis
acid, thereby decreasing the electron density in the coordi-
nated TBHP molecule and promoting nucleophilic attack
of the olefin on the O�O bond.[4b] The formation of tert-
butyl alcohol during epoxidation may contribute to the de-
cay in the reaction rate since it may act as a competitive
inhibitor for the attack of TBHP at the Mo centre.[4b,10a,18]

Table 1. Texture parameters of MCM samples taken from nitrogen adsorption data

SBET [m2·g�1] ∆SBET (%)[a] VP [cm3·g�1] ∆VP (%)[b] dp [nm]Sample

MCM-41�1 1033 � 0.78 � 3.5
3 803 �22 0.56 �28 3.2
MCM-41�2 948 � 0.76 � 3.2
5 630 �34 0.30 �61 1.9
MCM-48�1 1161 � 0.70 � 2.4
7 672 �42 0.30 �57 1.9

[a] Variation of surface area in relation to parent MCM material. [b] Variation of total pore volume in relation to parent MCM material.
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Conversely, although the complex bears relatively stable
chelating nitrogen ligands,[3b,3c] the pendant triethoxysilyl
groups may furnish less reactive dimers/oligomers, thus ac-
counting for catalyst deactivation during epoxidation.

As described above, complex 2 was grafted onto the sur-
face of MCM-41 to give the supported catalyst 3 at a metal
loading of approximately 3.3 wt.-% Mo. The catalytic re-
sults obtained in the presence of 3 are similar to those ob-
tained in homogeneous phase for complex 2 (Table 2, Fig-
ure 4). The corresponding kinetic curves are alike, suggest-
ing a similar reaction mechanism. The reaction rate de-
creases after 7 h reaching a maximum conversion of 65%
after 24 h (Table 2). Such retardation may result from the
competitive reaction of the active Mo complex with tert-
butyl alcohol, as in the homogeneous phase, and/or catalyst
deactivation. The stability of catalyst 3 was studied by re-
using the recovered solid in three consecutive reaction
cycles. Before each reuse the solid was separated from the
reaction solution, thoroughly washed with dichloromethane
and dried at 60 °C. The catalytic activity decreased from
the first to the second run, but afterwards tended to remain
constant (Table 2, Figure 4). Probably, weakly adsorbed
molybdenum complexes that were not efficiently solvent ex-
tracted after the grafting reaction were leached to the reac-
tion solution. The catalyst stability was further investigated
by reusing 3 in a fourth reaction cycle. After 2 h, the cata-
lyst was separated at the reaction temperature and the solu-
tion was stirred for another 4 h. Cyclooctene conversion re-
mained practically unchanged and molybdenum was not
detected in the reaction solution by ICP-AES. Furthermore,
the FTIR spectra of the solids recorded before and after
catalysis showed no major changes. These results suggest
that catalyst 3 is fairly stable and that catalysis is, in prin-
ciple, heterogeneous.

The modified materials 5 and 7 were also tested as cata-
lysts for the epoxidation of cyclooctene with TBHP at 55
°C. Considering the initial activities, the epoxidation of
cyclooctene in the presence of 5 is slightly faster than for 7
(TOF � 6.7 and 5.9 mmol·g�1

cat·h�1, respectively), despite
the lower molybdenum content of the former. However, at
24 h, both catalysts give approximately 63% conversion
(Table 2). Overall, the kinetic profiles for 5 and 7 are similar
(Figure 5). The difference in initial activities may be due, in
part, to different internal diffusion rates during the initial
unsteady operation as a result of the different channel
structures of the mesoporous hosts. MCM-41 consists of an
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Table 2. Catalytic results of cyclooctene epoxidation with catalysts 2, 3, 5, or 7, at 55 °C

Catalyst TOF [mmol·g�1
cat·h�1][a] Conversion (%)[b] Selectivity to cyclooctene oxide (%)[c]

2 18 56 96
3 (run, 1) 4.5 65 100
3 (run, 2) 0.7 50 98
3 (run, 3) 0.4 48 98
5 (run, 1) 6.7 62 81
5 (run, 2) 1.1 55 89
5 (run, 3) 0.7 50 92
7 (run, 1) 5.9 63 94
7 (run, 2) 0.8 58 94
7 (run, 3) 0.5 55 95

[a] Calculated for ca. 1 hour reaction. [b] Cyclooctene conversion after 24 h. [c] 1,2-Cyclooctanediol was formed.

Figure 4. Kinetic profiles of cyclooctene epoxidation in the pres-
ence of 2 (�) and 3 [(∆) � run 1; (Ο) � run 2; (�) � run 3]

Figure 5. Kinetic profiles of cyclooctene epoxidation in the pres-
ence of 5 [(�) � run 1; (•) � run 2; (�) � run 3] and 7 [(∆) � run
1; (Ο) � run 2; (�) � run 3]
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hexagonal arrangement of cylindrical pores, whereas MCM-
48 possesses a three-dimensional gyroid-type pore structure.
Despite the lower Mo loadings of catalysts 5 and 7 in com-
parison to 3, they are more active initially (Table 2). Trimeth-
ylsilyation of MCM-41 and MCM-48 makes the surface
more hydrophobic, thereby enhancing the adsorption of the
olefin, and concomitantly reducing the adsorption of polar
tert-butyl alcohol, making the Mo centres more available for
the attack of TBHP. For catalysts 5 and 7 the selectivity to
cyclooctene oxide is lower than for 3 and the complex 2. This
is unexpected since the adsorption of the polar epoxide
should be less favourable on a more hydrophobic surface.
Probably, trace amounts of HCl, which remained inside the
MCM materials after silylation, are responsible for the ring
opening reaction. In fact, selectivity to 1,2-cyclooctanediol
decreases in recycling runs (Table 2). The stability of 5 and 7
was studied in a similar fashion to that of 3. The Mo loading
after three reaction cycles is at least 99% of the original value,
as ascertained by ICP-AES. The main loss of catalytic ac-
tivity is observed from the first to the second run, but the ac-
tivity then tends to remain constant, similar to that observed
for 3 (Table 2, Figure 4). The leaching of some weakly ad-
sorbed molybdenum complexes present in the fresh catalyst
may account for the initial loss of activity.

The MCM catalysts 3, 5, and 7 were also tested for the
epoxidation of cyclododecene and α-pinene with TBHP at
55 °C (Figure 6). For each catalyst, olefin conversion at 24 h
decreases in the order: cyclooctene (Cy8�) � cyclodode-
cene (Cy12�) � α-pinene. Cyclododecene oxidation yields
exclusively the corresponding epoxide (Cy12 oxide). A
higher conversion is achieved with 3 (60% at 24 h) than with
5 and 7, which may be due to the faster diffusion of the
bulky substrate molecules inside the wider pores of 3. For
α-pinene oxidation, less than 2.5% α-pinene oxide is yielded
at 24 h. The main reaction product is campholenic aldehyde
(� 6% yield), which is an intermediate for sandalwood
fragrance santalol and may be formed by the Lewis acid
catalysed rearrangement of α-pinene oxide.[18,19]

Conclusions

The prepared supported catalysts reported here are active
for the epoxidation of olefins using TBHP as the oxidant.
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Figure 6. Conversion of cyclooctene (Cy8�), cyclododecene
(Cy12�) and α-pinene (A) and selectivity towards the epoxide (B)
observed for 3 (bricks), 5 (diamonds) or 7 (waves), at 24 h

Some activity is lost from the first to second runs, but there-
after the solids can be recycled without significant loss of
activity. Tests indicate that the recycled solids operate as
true heterogeneous catalysts. Previously, 2,2�-bipyridine was
covalently grafted to MCM-41 and the resulting MoO2Cl2
supported material used as an epoxidation catalyst.[10b]

However, most of the observed activity was due to leached
molybdenum species in solution. Better results have been
obtained here by using the 1,4-diazabutadiene ligand bear-
ing triethoxysilyl groups. Future studies will centre on the
use of this chelating ligand to immobilise other transition
metal homogeneous catalysts.

Experimental Section

Material and Methods: Starting materials were obtained from com-
mercial sources and used as received. All preparations and manipu-
lations were carried out using standard Schlenk techniques under
nitrogen. Solvents were dried by standard procedures (THF, hex-
ane, and diethyl ether with Na/benzophenone ketyl; CH2Cl2 with
CaH2), distilled under nitrogen and kept over 4 Å molecular sieves.
The solvent adduct [MoO2Cl2(THF)2] was prepared as described
previously.[20]

Microanalyses were performed at the University of Aveiro. Powder
XRD data were collected on a Phillips X’pert diffractometer using
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Cu-Kα radiation filtered by Ni. Nitrogen adsorption�desorption
isotherms were measured at 77 K, using a gravimetric adsorption
apparatus equipped with a CI electronic MK2�M5 microbalance
and an Edwards Barocel pressure sensor. Before the measurements
the MCM silicas were outgassed at 450 °C and the modified mate-
rials at 140 °C (to minimise destruction of the functionalities) and
maintained at that temperature overnight to a residual pressure of
ca. 10�4 mbar. The texture parameters, BET specific surface area
(SBET) and specific total pore volume (micropore plus mesopore,
VP), were estimated from the adsorption isotherm data. The pore
size distribution curves (PSD � differential volume adsorbed with
respect to the differential pore size per unit mass vs. pore width)
were computed from the desorption branch of the experimental
isotherms, using a method based on the area of the pore walls.[15,21]

Assuming open cylindrical pores with radius rp and zero contact
angle and correcting for the thickness of the layer already ad-
sorbed, rp can be calculated by summing the Kelvin radius and the
statistical average thickness (t, calculated using the Halsey equa-
tion) of the adsorbed layer.

IR spectra in transmission mode were measured with a Mattson
Mod 7000 FTIR spectrometer using KBr pellets. Raman spectra
were recorded on a Bruker RFS 100/S FT Raman spectrometer
using a 1064 nm excitation of the Nd/YAG laser. 1H and 13C solu-
tion NMR spectra were obtained with a Bruker AMX-300 spec-
trometer. 29Si and 13C solid-state NMR spectra were recorded at
79.49 and 100.62 MHz, respectively, on a (9.4 T) Bruker Avance
400P spectrometer. 29Si MAS NMR spectra were recorded with 40°
pulses, spinning rates 5.0�5.5 kHz, and 60 s recycle delays. 29Si CP
MAS NMR spectra were recorded with 5.5 µs 1H 90° pulses, 8 ms
contact time, a spinning rate of 4.5 kHz, and 4 s recycle delays. 13C
CP MAS NMR spectra were recorded with a 4.5 µs 1H 90° pulse,
2 ms contact time, a spinning rate of 8 kHz, and 4 s recycle delays.
Chemical shifts are quoted in ppm from TMS. 13C spectra were
also recorded in the solid state at 125.76 MHz on a Bruker Avance
500 spectrometer.

MCM-41 and MCM-48: Purely siliceous MCM-41 was synthesised
as described previously using [(C14H29)N(CH3)3]Br (C14TMABr)
as the templating agent.[10b] MCM-48 was crystallised from a gel
with the molar composition SiO2:0.26Na2O:60H2O:0.8C16TMABr.
Specifically, a solution of tetraethyl orthosilicate (17.36 g, 0.083
mol) in H2O (30 mL) was added slowly to a vigorously stirred solu-
tion of [(C16H33)N(CH3)3]Br (24.05 g, 0.066 mol) in H2O (40 mL).
A solution of NaOH (1.76 g, 0.044 mol) in water (20 mL) was then
added and the resulting mixture was stirred for 30 min and then
autoclaved at 110 °C for 2 days in Teflon-lined stainless steel reac-
tion vessels. The solid product was recovered by filtration, washed
with hot water and air-dried at 30 °C. Calcination at 540 °C for
6 h then removed the surfactant template. Before the grafting
experiments with MCM-41 and MCM-48, physisorbed water was
removed from the calcined materials by heating at 180 °C in vacuo
(10�2 Pa) for 2 h.

Ph-DAB-(CH2)3Si(OEt)3 (1): A solution of (3-aminopropyl)tri-
ethoxysilane (2.85 g, 12.9 mmol) in THF (10 mL) was added to a
solution of benzil (1.35 g, 6.4 mmol) in THF, followed by 4 Å mo-
lecular sieves (1.6 mm pellets, 0.6 g) and a catalytic amount of
ZnCl2. After 12 h at 50 °C the solution was filtered , and the result-
ant residue rinsed with THF and the filtrate evaporated in vacuo
to give the product as a pale yellow oil (3.98 g) in 84.7% yield. IR
(KBr): ν̃ � 3062 (m), 2973 (vs), 2926 (vs), 2885 (vs), 1674 (vs),
1626 (s), 1595 (s), 1579 (s), 1448 (s), 1390 (s), 1318 (m), 1294 (m),
1281 (m), 1220 (s), 1166 (vs), 1102 (vs), 1062 (vs), 957 (vs), 792 (s),
776 (s), 724 (m), 696 (s), 623 (m) cm�1. 1H NMR (300.13 MHz,



C. D. Nunes, M. Pillinger, A. A. Valente, J. Rocha, A. D. Lopes, I. S. Gonc̨alvesFULL PAPER
CDCl3, 25 °C, TMS): δ � 0.60�0.68 (m, 4 H, SiCH2), 1.15�1.24
(m, 18 H, OCH2CH3), 1.76�1.86 (m, 4 H, CH2CH2CH2),
3.40�3.44 (t, 4 H, NCH2), 3.73�3.84 (m, 12 H, OCH2CH3),
7.32�7.50 (m, 5 H, Ph), 7.57�7.75 (m, 3 H, Ph), 7.88�7.93 (m, 2
H, Ph) ppm. 13C{1H} NMR (75.47 MHz, CDCl3, 25 °C, TMS):
δ � 8.0 (SiCH2), 18.3 (OCH2CH3), 24.3 (CH2CH2CH2), 56.4
(CH2N�C), 58.1 (OCH2CH3), 127.2, 128.6, 129.1 (Ph), 166.3
(CH2N�C) ppm. 29Si NMR (59.62 MHz, CDCl3, 25 °C, TMS):
δ � �52.90 ppm. C32H52N2O6Si2 (616.99): calcd. C 62.30, H 8.50,
N 4.54; found C 62.00, H 8.41, N 4.28.

MoO2Cl2[Ph-DAB-(CH2)3Si(OEt)3] (2): A solution of
MoO2Cl2(THF)2 (0.25 g, 0.75 mmol) in THF (10 mL) was treated
with 1 equivalent of the ligand 1 in THF (5 mL). The resulting
turbid solution was stirred for a further 30 min at room tempera-
ture. The solvent was then evaporated, and the resultant solid prod-
uct washed with hexane and dried in vacuo. Yield: 0.47 g, 76%. IR
(KBr): ν̃ � 2973 (s), 1681 (s), 1674 (vs), 1594 (s), 1491 (m), 1449
(s), 1306 (m), 1230 (m), 1077 (vs), 1047 (vs), 984 (s), 943 (vs), 915
(vs), 879 (s), 774 (m), 703 (m), 684 (m), 643 (m) cm�1. 13C CP
MAS NMR: δ � 9.6 (SiCH2), 18.3 (OCH2CH3), 21.7
(CH2CH2CH2), 55.0 (CH2N�C), 58.4 (OCH2CH3), 128.8 (Ph),
167.5 (CH2N�C) ppm. 29Si MAS NMR: δ � �54.4 ppm.
C32H52Cl2MoN2O8Si2 (816.90): calcd. C 46.99, H 6.65, N 3.42;
found C 46.56, H 6.29, N 3.38.

MCM-41/MoO2Cl2[Ph-DAB-(CH2)3Si(OEt)3] (3): A solution of 2
(0.40 g, 0.49 mmol) in CH2Cl2 (10 mL) was added to a suspension
of MCM-41 (1.0 g) in CH2Cl2 (15 mL) and the mixture stirred at
room temperature for 24 h. The solution was then filtered and the
so-obtained pale blue powder washed repeatedly with CH2Cl2 (4 �

20 mL), before drying in vacuo at room temperature for several
hours. IR (KBr): ν̃ � 1633 (m), 1596 (w), 1450 (m), 1384 (w), 1230
(sh), 1078 (vs), 954 (m), 914 (sh), 798 (m), 568 (m), 455 (s) cm�1.
13C CP MAS NMR: δ � 8.7, 15.6, 21.1, 53.2, 58.8, 128.7, 131.7,
136.6, 137.9 ppm. 29Si MAS NMR: δ � �50.4, �56.2, �102.6
(Q3), �108.0 (Q4) ppm. Elemental analysis found C 8.50, N 0.49,
H 0.90, Mo 3.3.

MCM-41-L/Me3SiCl (4): A solution of the ligand 1 (0.66 g,
1.07 mmol) in toluene (5 mL) was added to a suspension of MCM-
41 (1.0 g) in toluene (10 mL) and the mixture heated at 100 °C for
9 h. After cooling to ambient temperature, Me3SiCl (5 mL) was
added and the mixture stirred at room temperature for a further
24 h. The resultant solid was then filtered off and washed twice
with acetone (2 � 20 mL), twice with CH2Cl2 (2 � 15 mL), and
dried in vacuo at 100 °C for 3 h. Selected FT Raman: ν̃ � 3069
(m), 2961 (m), 2904 (s), 1600 (s), 1552 (w), 1452 (m), 1415 (w),
1028 (w), 1001 (s), 617 (m) cm�1. 13C CP MAS NMR: δ � �0.5
(Me3SiO�), 8.4 (SiCH2), 16.4, 20.8, 24.9, 57.8, 127.6 (phenyl-C)
ppm. 29Si MAS NMR: δ � 14.5 (bd), �53.8 (bd), �109.5 ppm.
29Si CP MAS NMR: δ � 13.8 (Me3SiO�), �54.0 (T1), �58.5 (T2),
�67.5 (T3), �102.0 (sh, Q3), �108.8 (sh, Q4) ppm. Elemental
analysis found C 16.24, N 1.34, H 2.33.

MCM-41-L/Me3SiCl/MoO2Cl2 (5): A solution of MoO2Cl2(THF)2

(0.52 g, 1.5 mmol) in CH2Cl2 (5 mL) was added to a suspension of
the ligand-silica 4 (1.0 g) in CH2Cl2 (10 mL) and the mixture stirred
overnight at room temperature. The resultant solid was then filtered
off and washed with CH2Cl2 (4 � 20 mL), and dried in vacuo at
room temperature for 3 h. Selected FT Raman: ν̃ � 3069 (m), 2962
(m), 2904 (s), 1602 (m), 1001 (m) cm�1. 13C CP MAS NMR: δ �

�0.3 (Me3SiO�), 9.3 (SiCH2), 20.8, 25.0, 57.9, 128.5 (phenyl-C).
29Si MAS NMR: δ � 14.6, �55.0 (bd), �110.0 ppm. 29Si CP MAS
NMR: δ � 14.4 (Me3SiO�), �54.0 (T1), �58.0 (T2), �67.5 (T3),
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�108.9 (sh, Q4) ppm. Elemental analysis found C 10.94, N 1.25,
H 2.63, Mo 1.0.

MCM-48-L/Me3SiCl (6): A solution of the ligand 1 (0.71 g,
1.15 mmol) in toluene (5 mL) was added to a suspension of MCM-
48 (1.15 g) in toluene (10 mL) and the mixture heated at 100 °C
for 9 h. After cooling to ambient temperature, Me3SiCl (5 mL) was
added and the mixture stirred at room temperature for a further
24 h. The so-obtained solid was then filtered off and washed twice
with acetone (2 � 20 mL), twice with CH2Cl2 (2 � 15 mL), and
dried in vacuo at 100 °C for 3 h. Selected FT Raman: ν̃ � 3068
(s), 2971 (m), 2932 (s), 2901 (s), 1599 (s), 1550 (w), 1452 (m), 1414
(w), 1028 (w), 1001 (s), 617 (m) cm�1. 13C CP MAS NMR: δ �

�0.3 (Me3SiO�), 9.3 (SiCH2), 17.0, 20.8, 58.9, 128.2 (phenyl-C)
ppm. 29Si MAS NMR: δ � �109.6 ppm. 29Si CP MAS NMR: δ �

13.9 (Me3SiO�), �50.0 (T1), �58.4 (T2), �67.5 (T3), �101.9 (Q3),
�109.4 (Q4) ppm. Elemental analysis found C 13.38, N 1.30, H
2.33.

MCM-48-L/Me3SiCl/MoO2Cl2 (7): A solution of MoO2Cl2(THF)2

(0.52 g, 1.5 mmol) in CH2Cl2 (5 mL) was added to a suspension of
the ligand-silica 6 (1.0 g) in CH2Cl2 (10 mL) and the mixture stirred
overnight at room temperature. The resultant solid was then filtered
off and washed with CH2Cl2 (4 � 20 mL), and dried in vacuo at
room temperature for 3 h. Selected FT Raman: ν̃ � 3066 (m), 2962
(m), 2903 (s), 1598 (m), 1001 (m) cm�1. 13C CP MAS NMR: δ �

0.7 (Me3SiO�), 8.7 (SiCH2), 17.5, 20.7, 58.9, 128.7 (phenyl-C),
184.4 ppm. 29Si MAS NMR: δ � 14.8, �55.0 (bd), �108.7 ppm.
29Si CP MAS NMR: δ � 14.7 (Me3SiO�), �54.7 (T1), �59.4 (T2),
�67.5 (T3), �108.7 (Q4) ppm. Elemental analysis found C 10.94,
N 1.30, H 2.63, Mo 1.4.

Catalysis: The liquid-phase epoxidation of cyclooctene was carried
out at 55 °C under air in a micro reaction vessel equipped with a
magnetic stirrer, which was loaded with complex (0.073 mmol) or
MCM-catalyst (175 mg), olefin (7.3 mmol) and TBHP (11 mmol,
5.5  in decane). Samples were withdrawn periodically and ana-
lysed using a gas chromatograph (Varian 3800) equipped with a
capillary column (SPB-5, 20 m � 0.25 mm � 0.25 µm) and a flame
ionisation detector. Undecane was used as internal standard added
after the reaction.
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