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bstract

Dioxomolybdenum(VI) complexes with the general formula [MoO2X2(N,N)] (X = Cl, OSiPh3) containing a chiral bidentate oxazoline ligand
N,N = 2,2′-bis[(4S)-4-benzyl-2-oxazoline]) have been prepared and characterised by 1H NMR, IR spectroscopy and thermogravimetric analy-
is. The bis(chloro) complex was heterogenised in the ordered mesoporous silica MCM-41 by direct grafting in dichloromethane. Elemental
nalysis and 29Si MAS NMR spectroscopy of the derivatised material indicated the presence of monopodally anchored species of the type
oO2[(–O)3SiO]Cl(N,N). The complex [MoO2Cl2(N,N)] and the derivatised material exhibited initial activities of 147 and 255 mol mol−1

Mo h−1,
espectively, in the catalytic epoxidation of cyclooctene using tert-butylhydroperoxide (tBuOOH) as the oxidant, both yielding 1,2-epoxycyclooctane
uantitatively within 24 h at 55 ◦C. The MCM-41 grafted catalyst could be recycled with no loss in performance with respect to the epoxide yields
btained for reaction times above 2 h. With trans-�-methylstyrene as the substrate, the bis(chloro) complex and the derivatised material gave epox-
des as the only products with yields in the range of 56–64% after 24 h, but no catalytic asymmetric induction was observed. The triphenylsiloxy
omplex was more active than the bis(chloro) complex for the epoxidation of trans-�-methylstyrene, but the enantiomeric excess was negligible

nd the corresponding diols were also formed. For the reaction catalysed by the supported material, changing the oxidant from tBuOOH to cumene
ydroperoxide greatly improved the catalytic activity but the enantiomeric excess continued very low and the corresponding diol was the main
roduct.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The enantioselective epoxidation of olefins is an important
eaction in the synthesis of fine chemicals and pharmaceuti-
als [1,2]. Considerable progress has been made using transi-

ion metal catalysts bearing chiral ligands [3,4]. The success
f molybdenum(VI) complexes in reactions to produce racemic
poxides led to the belief that some derivatives of these com-
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lexes could be applied as chiral catalysts [5,6]. Research has
ocused on the synthesis of chiral monometallic complexes with
he [MoO2]2+ core bearing bidentate, tridentate or tetradentate
, O, S-ligands derived from pyridyl alcohols [7–13], oxazolines

nd bis(oxazolines) [10,14,15], sugar derived Schiff bases [16],
ximes, cis-diols and 8-phenylthiomenthols [17], tetradentate
alen ligands [13,18], and diazabutenes [19]. The enantiomeric
xcesses obtained for the epoxidation of unfunctionalised olefins
sing these complexes as catalysts are typically in the range of
0–40%. A limited number of reports also feature the hetero-

enisation of chiral dioxomolybdenum(VI) complexes on solid
upports. For example, the tethering of chiral complexes with
identate O,O-ligands to the internal surface of a mesoporous
SY-zeolite gave a catalyst for the asymmetric epoxidation of
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mailto:igoncalves@dq.ua.pt
dx.doi.org/10.1016/j.molcata.2006.06.049
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llylic alcohols [20]. Optically active molybdenum(VI) dioxo
omplexes bearing hydrosalen derivatives as ligands were also
rafted on the surfaces of ordered mesoporous silicas [21].
he heterogenised complexes were found to be applicable for
symmetric epoxidation of trans-�-methylstyrene and cis-�-
ethylstyrene with enantiomeric excesses of up to 31% at con-

ersions of up to 55% at room temperature.
Of the chiral ligands mentioned above, oxazolines and

is(oxazolines) have been frequently used in metal-catalysed
symmetric organic transformations [22–26]. In the field
f oxomolybdenum(VI) chemistry, complexes of the type
MoO2Cl2(N,N)] bearing C2-symmetric bis(oxazolines) (N,N)
ere prepared and evaluated as catalysts for the asymmetric

poxidation of trans-�-methylstyrene by tBuOOH [10]. The
omplexes showed good catalytic activities (up to 86% conver-
ion after 4 h reaction) but had very low enantiomeric excesses
4–6%). Soon afterwards, Teruel and co-workers described com-
lexes of the type [MoO2(N,O)2] containing chiral phenolatoox-
zoline ligands (N,O) [14]. Using styrene as a substrate, toluene
s solvent and tBuOOH as the oxidant conversions of 25–29%
ould be reached within 18 h at 35 ◦C. The selectivity towards the
poxide was, however, low (<50%) and the enantiomeric excess
egligible (ca. 2%). Kandasamy et al. also synthesised two diox-
molybdenum(VI) complexes containing bidentate oxazoline
igands, similar or identical to those described by Teruel and
o-workers [15]. Tested in catalysis at room temperature, the
erformance of the MoVI catalyst, however, was not good. In
urther work, Brito et al. reported that the good activity and
ow diastereoselectivity (with (R)-limonene as the substrate) of
xazoline ligated complexes originate from the lability of the
wo oxazoline ligands, not being strongly attached to the metal
entre. Oxazolinylpyridine ligands, found to be non-labile, were
escribed as enabling a better stereoselective control in the catal-
sed organic reaction [27].

In this paper, we describe the synthesis and characteri-
ation of new chiral dioxomolybdenum(VI) complexes con-
aining a bis(oxazoline) ligand (N,N = 2,2′-bis[(4S)-4-benzyl-
-oxazoline]) of the general formula [MoO2X2(N,N)] (X = Cl,
SiPh3), the immobilisation of the complex [MoO2Cl2(N,N)]

n the ordered mesoporous silica MCM-41, and an evaluation of
he catalytic properties of the different systems in olefin epoxi-
ation processes using tBuOOH as the oxidant.

. Experimental

.1. Materials and methods

Powder X-ray diffraction (XRD) data were collected on
Philips X’pert diffractometer using Cu K� radiation fil-

ered by Ni (λ = 1.5418 Å). Nitrogen adsorption–desorption
sotherms were measured at −196 ◦C, using a gravimetric (sub-
tmospheric) adsorption apparatus equipped with a CI electronic
K2-M5 microbalance and an Edwards Barocel pressure sen-
or. Before analysis, pristine calcined MCM-41 was degassed at
00 ◦C and the modified material at 150 ◦C (to minimise destruc-
ion of the functionalities). Thermogravimetric analysis (TGA)
as carried out using a Shimadzu TGA-50 system at a heating

9
5
[
4
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ate of 5 ◦C min−1 under air. Microanalyses were performed at
he Mikroanalytisches Labor of the TU München in Garching
by M. Barth and co-workers).

IR spectra were obtained by the KBr pellet method using
FTIR Mattson-7000 infrared spectrophotometer. 1H NMR

pectra were obtained using a Bruker CXP 300 spectrome-
er. 29Si solid-state magic-angle-spinning (MAS) NMR spectra
ere recorded at 79.49 MHz on a Bruker Avance 400 spectrom-

ter. 29Si MAS NMR spectra were recorded with 40◦ pulses,
pinning rates of 5.0–5.5 kHz and 60 s recycle delays. 29Si CP

AS NMR spectra were recorded with 5.5 �s 1H 90◦ pulses,
ms contact time with a spinning rate of 5 kHz and 4 s recy-
le delays. Chemical shifts are quoted in parts per million from
etramethylsilane.

All preparations and manipulations were carried out using
tandard Schlenk techniques under nitrogen. Solvents were
ried by standard procedures (n-hexane, diethyl ether and THF
ith Na/benzophenone ketyl; acetonitrile, dichloromethane

nd 1,2-dichloroethane with CaH2), distilled under nitro-
en and kept over 3 Å (for acetonitrile) or 4 Å molecular
ieves. Silver molybdate (Ag2MoO4) was synthesised from
ilver nitrate (José M. Vaz Pereira) and sodium molybdate
Merck), and dried in vacuum at 60 ◦C for several hours
rior to use. Bis(chloro)dioxomolybdenum, triphenylchlorosi-
ane, 2,2′-bis[(4S)-4-benzyl-2-oxazoline] and (CD3)2CO were
urchased from Aldrich and used as received. Purely siliceous
CM-41 was synthesised as described previously using

CH3(CH2)13N(CH3)3]Br as the templating agent [28]. The
urfactant was removed from the as-synthesised material by
alcination at 540 ◦C for 6 h under air. Powder XRD (2θ (◦),
kl in parentheses): 2.51 (1 0 0), 4.33 (1 1 0), 4.97 (2 0 0), 6.58
2 1 0); a = 2d1 0 0/

√
3 = 40.6 Å. Prior to the grafting experiment,

hysisorbed water was removed from calcined MCM-41 by
eating at 180 ◦C under reduced pressure for 2 h. 29Si MAS
MR: δ = −100.4 ppm (Q3), −108.8 ppm (Q4). 29Si CP MAS
MR: δ = −100.4 ppm (Q3), −108.8 ppm (Q4).

.2. [MoO2Cl2{2,2′-bis[(4S)-4-benzyl-2-oxazoline]}] (1)

The solvent adduct MoO2Cl2(THF)2 was prepared by dis-
olving MoO2Cl2 (0.22 g, 1.1 mmol) in THF (20 mL) at
0 ◦C. 2,2′-Bis[(4S)-4-benzyl-2-oxazoline] (0.35 g, 1.1 mmol)
as then added under nitrogen and the reaction mixture was

eft to stir at room temperature and protected from light for
h. The solution was evaporated to dryness and the resul-

ant solid washed with n-hexane and diethyl ether, and finally
ried under vacuum. Compound 1 was obtained as a white
olid in 92% yield (0.52 g). Anal. found: C, 45.85; H, 4.12;
, 4.98. C20H20N2Cl2MoO4 (519.23) requires C, 46.26; H,
.88; N, 5.40. Selected IR (KBr, cm−1): 3402br, 3058m, 3031m,
950m, 1752w, 1650vs, 1603m, 1583w, 1498vs, 1454m, 1363m,
98w, 943vs, 934s, 911vs, 885m, 858m, 754m, 711s, 610m,
79m, 496w, 382m, 348s, 277w, 243w, 213w, 206w. 1H NMR
300 MHz, (CD3)2CO, 20 ◦C]: δ = 7.46–7.21 (m, 10H, Ph),
.60–4.09 (m, 2H), 3.78–3.60 (m, 4H), 3.21–2.96 (m, 4H).
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.3. [MoO2(OSiPh3)2{2,2′-bis[(4S)-4-benzyl-2-
xazoline]}] (2)

A suspension of Ag2MoO4 (0.20 g, 0.50 mmol) in 1,2-
ichloroethane (35 mL) and CH3CN (3 mL) was stirred for
5 min. Ph3SiCl (0.30 g, 1.00 mmol) was then added and the
ixture was refluxed under nitrogen for 20 h. 2,2′-Bis[(4S)-

-benzyl-2-oxazoline] (0.16 g, 0.50 mmol) was added and the
ixture stirred for a further 5 h at room temperature. The

olution was filtered, evaporated to dryness, and the resul-
ant product washed with n-hexane, diethyl ether and dried
nder vacuum. Compound 2 was obtained as a pale green
olid in 80% yield (0.40 g). Anal. found: C, 67.42; H, 5.18;
, 2.95. C56H50N2MoO6Si2 (999.12) requires C, 67.32; H,
.04; N, 2.80. Selected IR (KBr, cm−1): 3285s, 3061m,
028m, 2929m, 1757w, 1684sh, 1654vs, 1521m, 1497m,
454m, 1383m, 1205m, 1186m, 1039sh, 1029m, 954s, 912s,
00m, 748m, 742m, 699s, 509m, 350m. 1H NMR [300 MHz,
CD3)2CO, 20 ◦C]: δ = 7.80–7.06 (m, 40H, Ph), 4.40–4.02 (m,
H), 3.99–3.93 (m, 2H), 3.48–3.45 (m, 2H), 2.93–2.71 (m, 4H).

.4. MCM-41 grafted with compound 1 (3)

A solution of [MoO2Cl2{2,2′-bis[(4S)-4-benzyl-2-oxazo-
ine]}] (1) (0.10 g, 0.19 mmol) in CH2Cl2 (30 mL) was added
o a suspension of MCM-41 (0.75 g) in CH2Cl2 (20 mL), and
he mixture was refluxed overnight under nitrogen. A pale green
olid was recovered by filtration, washed with CH2Cl2 (3×
5 mL) and dried under reduced pressure for 3 h. Anal. found:
, 6.22; H, 1.35; N, 0.68; Cl, 0.7; Mo, 1.84. Selected IR (KBr,
m−1): 3450s, 2984sh, 1761w, 1636m, 1517w, 1456w, 1383w,
235vs, 1085vs, 964s, 908sh, 878sh, 797m, 744w, 700w, 668w,
75w, 456m. 29Si MAS NMR: δ = −108.5 ppm (Q4). 29Si CP
AS NMR: δ = −101.4 ppm (Q3), −109.2 ppm (Q4).

.5. Catalytic reactions

The catalytic oxidation of cyclooctene and trans-�-methyl-
tyrene was carried out at either 40 ◦C (when dichloromethane
as used as a co-solvent) or 55 ◦C (for all other systems) under

ir in a reaction vessel equipped with a magnetic stirrer. The
essel was loaded with olefin (1.7 mmol), catalyst (1% molar
atio of unsupported complex/substrate or 44 mg of 3), oxidant
2.7 mmol tBuOOH, 5.5 M in decane) and, when used, 2 mL
o-solvent. The course of the reaction was monitored using a
as chromatograph (Varian 3900) equipped with a capillary col-
mn (SPB-5, 20 m × 0.25 mm for cyclooctene, and CyclosilB
0 m × 0.25 mm for trans-�-methylstyrene) and a flame ionisa-
ion detector. The products were identified by GC–MS (HP 5890
eries II GC; HP 5970 Series Mass Selective Detector).

. Results and discussion
.1. Synthesis and characterisation

The chiral monomeric complex [MoO2Cl2{2,2′-bis[(4S)-
-benzyl-2-oxazoline]}] (1) was obtained by simple ligand

o
o
F
l

Plate 1.

xchange with the solvent adduct MoO2Cl2(THF)2 at room
emperature (Plate 1). Attempts to prepare the correspond-
ng organomolybdenum(VI) derivative [MoO2(CH3)2{2,2′-
is[(4S)-4-benzyl-2-oxazoline]}] by the treatment of compound

(prepared in situ or previously isolated) with the Grig-
ard reagent CH3MgCl were unsuccessful. The triphenyl-
iloxy compound [MoO2(OSiPh3)2{2,2′-bis[(4S)-4-benzyl-2-
xazoline]}] (2) was prepared by the reaction of silver molyb-
ate with 2 equiv. of Ph3SiCl and 1 equiv. of the chiral oxazoline
,N-ligand (Plate 1). Compounds 1 and 2 are soluble in chlo-

inated solvents and acetone, and either insoluble (1) or only
paringly soluble (2) in n-hexane. They are not stable at room
emperature for long periods and decompose after prolonged
xposure to air.

The IR spectra of all of the complexes and of the starting mate-
ials were analysed and it was observed that the bis(oxazoline)
pectrum exhibits significant changes upon complexation.

olybdenum(VI) complexes with the cis-dioxo unit typically
how two very strong IR bands in the range 905–940 cm−1 [11],
ssigned to the Mo O stretching modes, ν(Mo O). For com-
lex 1, the symmetric and asymmetric stretching vibrations are
bserved at 943 and 911 cm−1, respectively, in agreement with

ther complexes of this type containing 1,4-diazabutadiene [29],
xazoline [10] and other bidentate nitrogen ligands [30–33].
or the immobilised complex (3), although the spectrum is

argely dominated by the MCM-41 contribution, the strong
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MAS NMR spectroscopy (Fig. 2). The Si MAS NMR spec-
trum of the unmodified MCM-41 support exhibits two broad
overlapping peaks at δ = −100.4 and −108.8 ppm assigned
4 S.M. Bruno et al. / Journal of Molecula

ands corresponding to the ν(Mo O) modes are visible at 964
nd 908 cm−1. Concerning complex 2, the ν(Mo O) modes
re shifted to higher frequencies (954 and 912 cm−1) as com-
ared with complex 1, indicating a strengthening of the Mo O
onds when the Mo–Cl bonds are replaced by Mo–OSiPh3
onds. These values are also higher than those reported for
imilar complexes containing other bidentate nitrogen ligands,
uch as 2,2′-bipyridine (933 and 908 cm−1) [34], phenanthro-
ine, tetramethyl-phenanthroline and dimethyl-bipyridine (in the
ange of 912–897 cm−1) [35].

Treatment of calcined and dehydrated MCM-41 with a reflux-
ng dichloromethane solution of 1 gave a derivatised material
3) with a metal loading of 1.8 wt.% and a chlorine content of
.7 wt.%. Microanalysis for C and N indicated that the oxazoline
igand content was about 0.24 mmol g−1, which is in reasonable
greement with the expected value of 0.2 mmol g−1 based on the
etal content. Powder XRD (not shown) and nitrogen adsorp-

ion studies at −196 ◦C confirmed that the structural integrity
f the hexagonally ordered support was retained throughout
he grafting process. The unmodified MCM-41 sample and the
rafted material 3 exhibited reversible type IV isotherms (Fig. 1),
haracteristic of mesoporous solids (pore width between 2 and
0 nm, according to the IUPAC) [36]. For pristine MCM-41,
sharp capillary condensation/evaporation step appears in the

elative pressure range of 0.25–0.4, reflecting the uniform pore
ize. A specific BET surface area of 1039 m2 g−1 and a total
ore volume (measured as the amount adsorbed at the relative
ressure of 0.96) of 0.8 cm3 g−1 were measured, which are in
greement with typical literature values [37]. Textural modifi-
ations were induced by the grafting treatment. The isotherm
f the functionalised material reveals lower N uptake, account-
2
ng for 16 and 27% decreases in specific BET surface area and
otal pore volume, respectively. The immobilisation of the com-
lexes on the internal silica surface was also indicated by the

ig. 1. Nitrogen adsorption [MCM-41 (−), 3 (×)] and desorption [MCM-41
�), 3 (©)] isotherms at −196 ◦C. The inset shows the pore size distribution
P.S.D.) curves of MCM-41 (−) and 3 (×).

t

F
(

talysis A: Chemical 260 (2006) 11–18

ecrease of the p/p0 coordinate of the inflection point of the
sotherm upon post-synthesis treatment [38]. The height of the
apillary condensation step, which is related to the volume of
ore space confined by adsorbate film on the pore walls, is much
maller in the case of compound 3. Furthermore, the maximum
f the pore size distribution curve determined by the BJH method
ecreased from 3.8 to 3.5 nm upon grafting of MCM-41 with
ompound 1.

The chlorine content of 0.2 mmol g−1 in compound 3 sug-
ests that each molybdenum species is grafted onto a surface
ilanol group with loss of one Cl ligand (Plate 1). Analogous
onopodally anchored species of the type MoO2[(–O)3SiO]Cl-

THF)n were previously characterised by EXAFS for MCM-
1 grafted with the complex MoO2Cl2(THF)2 [39]. The
pproximate abundance of surface silanol groups in calcined
CM-41 has been reported to be in the range of 1–3 nm−2

1.5–5.0 mmol g−1 for a surface area of 1000 m2 g−1), of which
bout 25% are free silanols (involving single and geminal
roups) and the rest are hydrogen-bonded silanols [40,41]. Zhao
t al. showed that only the free silanol groups on MCM-41 are
eadily accessible to silylating agents such as chlorotrimethylsi-
ane [40]. We may assume therefore that complex 1 only interacts
ith free single silanol groups, resulting in the formation of
o–O–Si linkages. The elemental analysis results indicate that

t least 90% of the molybdenum species initially present in solu-
ion were successfully grafted onto the support.

The presence of molybdenum species monopodally anchored
o the surface in material 3 was further evidenced by 29Si

29
o, respectively, Q3 and Q4 units of the silica framework

ig. 2. 29Si MAS and CP MAS NMR spectra of (a) unmodified MCM-41 and
b) MCM-41 grafted with compound 1 (3).
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ig. 3. TGA curves of [MoO2Cl2{2,2 -bis[(4S)-4-benzyl-2-oxazoline]}] (1)
—), [MoO2(OSiPh3)2{2,2′-bis[(4S)-4-benzyl-2-oxazoline]}] (2) (– – –) and

CM-41 grafted with compound 1 (3) (· · ·).

Qn = Si(OSi)n(OH)4−n]. The 29Si CP MAS NMR spectrum
hows a marked increase in the relative intensity of the Q3

esonance, confirming that these silicon atoms are attached to
ydroxyl groups. A comparison of this spectrum with that for
aterial 3 shows that upon grafting of MCM-41 with compound
the intensity of the Q3 peak decreases relative to that for the Q4

eak. This is consistent with the interaction of a significant num-
er of single silanol groups with the immobilised molybdenum
pecies, leading to the formation of Mo–O–Si linkages.

Fig. 3 shows the TGA curves for compounds 1–3 measured
nder air. The two complexes 1 and 2 exhibit similar traces con-
aining three main decomposition steps up to 800 ◦C. The first
tep takes place between 150 and 250 ◦C (28.2% mass loss for 1,
1.7% for 2). This is followed by an extended mass loss of about
0% for both compounds up to 480 ◦C, and then abrupt losses
f 27.1% for 1 up to 540 ◦C and 24.6% for 2 up to 580 ◦C. The
nal step for both compounds occurs between 690 and 800 ◦C,

eaving residual masses of 4.3% for 1 and 12.4% for 2. The
erivatised material 3 exhibits a mass loss of 5.4% from room
emperature up to 80 ◦C, attributed to the elimination of excess
olvent in the channels and/or a small amount of water which had
dsorbed when the sample was transferred to the TGA instru-
ent. A further loss of 3.3% takes place up to 250 ◦C, followed

y a more noticeable loss of 5.5% up to 410 ◦C. The combined
ass loss of 8.8% for these two processes is in reasonable agree-
ent with the value of 8.0% calculated for the complete removal

f 0.25 mmol oxazoline ligand per gram of material. Unlike com-
lex 1, no further well-defined steps are evident up to 800 ◦C.
learly, the thermal decomposition behaviour of complex 1 is

ignificantly modified by the grafting reaction.
.2. Catalysis

The catalytic performance of compounds 1 and 3 was first
tudied in the epoxidation of cis-cyclooctene, used as a model

e
c
r
t

ig. 4. Kinetic profiles of cyclooctene conversion at 55 ◦C in the presence of
omplex 1 (−) and the supported material 3 [run 1 (♦), run 2 (�), run 3 (©)],
nd for the leaching test of 3 (×).

ubstrate, with tBuOOH as the oxygen donor, at 55 ◦C. The cor-
esponding epoxide was the only observed product. The kinetic
rofiles are similar, suggesting that a similar reaction mecha-
ism is involved (Fig. 4). For the epoxidation of olefins with
BuOOH in the presence of dioxomolybdenum(VI) complexes
f the type [MoO2X2L], a complex reaction mechanism has
een proposed involving the coordination of the peroxide to the
etal centre forming an oxidising species, followed by oxy-

en transfer to the olefin and production of tert-butanol as a
y-product. The by-product may compete with tBuOOH for
oordination to the metal centre, which, especially in the case
f compound 1, could explain why the reaction rate is higher
t the beginning of the reaction [33,42,43]. The initial activity
f 1 (147 mol mol−1

Mo h−1) is of the same order of magnitude as
hat reported previously for a dioxomolybdenum(VI) complex
ith a chiral pyridyl mentholate ligand, under similar reaction

onditions (230 mol mol−1
Mo h−1) [11]. The initial specific activ-

ty of the MCM-41 grafted catalyst (3) (255 mol mol−1
Mo h−1) is

igher than that for 1, which may be due to the existence of
greater number of effective active species for the supported

atalyst as compared with the bulk catalyst 1, which is not com-
letely soluble in the reaction medium (Table 1). On the other
and, and according to the above mechanistic assumptions, the
ormation of active oxidising species for olefin epoxidation may
e faster when compound 1 is supported on MCM-41 due to
he favourable adsorption of the polar oxidant molecules on the
urface of the hydrophilic silica support.

The stability of the supported catalyst 3 was investigated by
ecycling the used catalyst twice after separating the solid from
he reaction solution by centrifugation, washing thoroughly with
-hexane and drying at room temperature overnight. With the

xception of the first hour of reaction, the kinetic curves of
yclooctene epoxidation are practically coincident for the three
uns and epoxide selectivity was always 100% (Fig. 4). The ini-
ial activity decreased mainly from the first to the second run,
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Table 1
Catalytic performance of compounds 1–3 for the epoxidation of cyclooctene (cyo) and trans-�-methylstyrene (mesty)

Cat./sub. Solvent/oxidanta Initial activityb (mol mol−1
Mo h−1) Conversionc (%) Selectivityd (%) eee (%) (10 min/24 h)

1/cyo None/tBuOOH 147 100 100 –

3/cyo None/tBuOOH
255 (run #1) 100

100 –57 (run #2) 100
47 (run #3) 100

1/mesty

None/tBuOOH 15 64 100 <1
DCE/tBuOOH 18 42 95 1/1
Toluene/tBuOOH 7 23 94 <1/3f

DCM/tBuOOH 8 24 100 2/<1

3/mesty

None/tBuOOH 47 56 100 <1
DCE/tBuOOH 30 43 100 2/0
Toluene/tBuOOH 31 23 100 13/0
DCM/tBuOOH 0g 30 75 3/4
None/cumeneOOH 218 67 25 <1

2/mesty None/tBuOOH 34 76 65 <1

a DCE = 1,2-dichloroethane; DCM = dichloromethane; cumeneOOH = cumene hydroperoxide. Reactions were carried out at either 40 ◦C (with DCM) or 55 ◦C
(for all other systems).

b Initial activity calculated after 10 min reaction.
c Conversion after 24 h.
d Selectivity towards total epoxides produced after 24 h. The corresponding diol was sometimes formed.
e (1R,2R)-Configuration, calculated at 10 min and 24 h reaction.
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f (1S,2S)-Configuration.
g An induction period of ca. 20 min was observed.

hich may be partly due to the presence of some (inactive) metal
pecies formed during the first run by coordination of tBuOH.
his decrease in initial activity could also be due to leaching of
ome active species under the applied oxidising conditions that
ere not removed by simple solvent extraction during catalyst
reparation. Hence, the stability of 3 was further assessed by
erforming a leaching test. The reaction mixture was filtered
fter 30 min at the reaction temperature and the solution was
eft to react for a further 2.5 h (Fig. 4). The reaction continued in
olution although to a much lower extent than that observed in
he presence of the solid catalyst (within the following 2 h, con-
ersion increased 8% compared to 16% when the solid catalyst
as present). ICP-AES analysis indicated a 10% reduction in

he original Mo loading. These results suggest that the reaction
ccurs to a certain extent in homogeneous phase.

The asymmetric catalytic performance of compounds 1–3
as investigated in the epoxidation of trans-�-methylstyrene at
5 ◦C, with tBuOOH as the oxidant and no additional solvent.
s observed for cyclooctene, the kinetic profiles of trans-�-
ethylstyrene epoxidation in the presence of 1 or 3 are similar

nd the initial specific activity of compound 1 grafted onto
CM-41 (3) is higher than that of bulk 1 (Table 1). For 1 and 3,

he corresponding epoxide enantiomers, namely (1R,2R)-(+)-
-phenylpropylene oxide and (1S,2S)-(−)-1-phenylpropylene
xide, were the only observed reaction products, produced
ith relatively good yields (>55% at 24 h), albeit with negli-
ible enantiomeric excess (ee < 0.1%, (1R,2R)-configuration),

able 1. The triphenylsiloxy compound 2 is somewhat more
ctive (and less soluble) than the bis(chloro) complex 1 and
ields ca. 50% of a racemic epoxide mixture after 24 h reaction,
s well as the corresponding diols. As mentioned in Section 1,

w
w
t
s

he results reported in the literature for the enantioselective epox-
dation of unfunctionalised olefins with dioxomolybdenum(VI)
omplexes bearing oxazoline ligands, such as bidentate C2-
ymmetric bis(oxazoline) [10] or phenolatooxazoline [14], using
BuOOH as oxidant, show very poor or no asymmetric induc-
ion. It was proposed that the absence of asymmetric induction
ould be due to the coordinative lability of the oxazoline lig-
nds [10]. For methylenebis(oxazoline) complexes, the nature
f the substituent at the C(4) position of the oxazoline ring had
ome effect on catalytic activity (phenyl giving better results
han propyl and butyl, leading to 80% conversion of trans-�-
ethylstyrene after 4 h), but did not improve stereoselectivity

10].
There is evidence that the enantioselectivities of tungsten and

olybdenum complexes can depend on the type of solvent [13].
e therefore studied the catalytic performance of compounds 1

nd 3 in the epoxidation of trans-�-methylstyrene using either
oluene or 1,2-dichloroethane (DCE) at 55 ◦C. For complex 1,
he highest initial activity was observed when the reaction was
arried out with no additional solvent or with DCE (Table 1).
he initial activity of 3 followed the order: no additional sol-
ent > DCE ∼ toluene. The decrease in the initial activity of 3
hen a co-solvent is used may be partly due to the decrease

n the bulk density of the catalyst particles in the fluid media.
fter 24 h, conversion in each solvent is quite similar for com-
ounds 1 and 3. In the presence of compound 1, minor amounts
f the corresponding diol were formed when DCE or toluene

ere used, whereas with no co-solvent the epoxide selectivity
as 100% at 64% conversion. For compound 3, epoxide selec-

ivity was 100% at 23–56% conversion, in any of these solvent
ystems. Unfortunately, the chiral induction abilities of 1 and 3
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ere negligible for all solvents (Table 1). The most significant
esult was obtained for 3/toluene, which initially gave 13% ee,
ith a preferential transfer of oxygen to the pro-R face of the
lefinic bond, at 3% conversion, but eventually a racemic mix-
ure was obtained at 23% conversion (24 h). It is possible that
he epoxide coordinates reversibly to the metal centre and the
atalyst catalyses racemisation during the reaction.

The catalytic performance of compounds 1 and 3 for the
poxidation of trans-�-methylstyrene was also tested using
ichloromethane (DCM) as a co-solvent at 40 ◦C (Table 1).
hereas for complex 1 the epoxide selectivity was 100%, epox-

de ring opening occurred for the derivatised material 3 at
4–30% conversion, and the ee was always very low. For exam-
le, compound 3 gave an ee [(1R,2R)-configuration] of 3–4% up
o 30% conversion (24 h), and the corresponding diol was also
ormed with 25% selectivity.

A further experiment was carried out using cumene hydroper-
xide as the oxidant instead of tBuOOH, since recent literature
eports suggest that the former works well in enantioselective
poxidations [44]. With trans-�-methylstyrene as the substrate
nd compound 3 as catalyst, the initial activity increased remark-
bly from 47 to 218 mol mol−1

Mo h−1 upon changing the oxidant
Table 1). However, the enantiomeric excess was negligible
as observed for tBuOOH under similar reaction conditions)
nd the corresponding diol was the main product with 75%
electivity.

. Conclusions

Two novel dioxomolybdenum(VI) complexes of the type
MoO2X2(N,N)] (X = Cl, OSiPh3) containing a chiral biden-
ate oxazoline ligand have been prepared and characterised.
eterogenisation of the bis(chloro) complex in the ordered
esoporous silica MCM-41 by direct grafting gives mainly
onopodally anchored species. The catalytic results show that

he complex [MoO2Cl2(N,N)] and the corresponding supported
aterial are interesting catalysts for the liquid phase epoxidation

f cyclooctene with tBuOOH, yielding 1,2-epoxycyclooctane
uantitatively within 24 h at 55 ◦C. With trans-�-methylstyrene
s the substrate, relatively high epoxide yields were obtained, but
o catalytic asymmetric induction was observed. These results
re comparable with previous studies of oxomolybdenum(VI)
omplexes bearing chiral oxazoline ligands, which generally
evealed high catalytic activities but low enantiomeric excesses.
he complex [MoO2(OSiPh3)2(N,N)] is somewhat more active

han the bis(chloro) complex, producing a racemic mixture of
poxides plus the corresponding diols. Whereas the type of sol-
ent and oxidant influences the catalytic activity of 1 and 3, these
eaction parameters do not have a significant effect on stereos-
lectivity.
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J. Chem. Soc., Dalton Trans. (2003) 3736.
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