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bstract

Dioxomolybdenum(VI) complexes of general formula [MoO2X2L2] (X = Cl, OSiPh3; L2 = 2-(1-butyl-3-pyrazolyl)pyridine, ethyl[3-(2-pyridyl)-
-pyrazolyl]acetate) were prepared and characterised by 1H NMR, IR and Raman spectroscopy. The assignment of the vibrational spectra was
upported by ab initio calculations. A single crystal X-ray diffraction study of the complex [MoO2Cl2{ethyl[3-(2-pyridyl)-1-pyrazolyl]acetate}]
howed that the compound is monomeric and crystallises in the tetragonal system with space group P41. The four complexes are active and
elective catalysts for the liquid-phase epoxidation of olefins by tert-butylhydroperoxide. Selectivities to the corresponding epoxides were mostly
00% (for conversions of at least 34%) for the substrates cyclooctene, cyclododecene, 1-octene, trans-2-octene and (R)-(+)-limonene. For styrene
poxidation, the corresponding diol was also formed in significant quantities. The turnover frequencies for cyclooctene epoxidation at 55 ◦C were

−1 −1 −1 −1
round 340 mol molMo h for the chloro complexes and 160 mol molMo h for the triphenylsiloxy complexes. The addition of co-solvents
1,2-dichloroethane or n-hexane) had a detrimental effect on catalytic activities. Kinetic studies for the two complexes bearing the ligand ethyl[3-
2-pyridyl)-1-pyrazolyl]acetate revealed an apparent first order dependence of the initial rate of cyclooctene conversion with respect to cyclooctene
r oxidant concentration.

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

High oxidation state molybdenum oxo compounds are
ominated by monooxo and cis-dioxomolybdenum species.
ver the last 20 years or so, several tetracoordinate diox-
molybdenum(VI) complexes of the formula [MoO2(OR)2]
R = Me, Et, n-Pr, Ph [1], t-Bu, i-Pr, CH2t-Bu [2], 2,6-di-tert-
utylphenyl [3]) and [MoO2(OSiR3)2] (R = t-Bu [4], Ot-Bu

5], Ph [6]) have been reported. Of these, the only struc-
urally characterised examples are the diaryloxide MoO2(O-2,6-
-Bu2C6H3)2·HO-2,6-t-Bu2C6H3 [3] and the triphenylsiloxy

∗ Corresponding author.
∗∗ Corresponding author. Tel.: +351 234370084.
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gands; Dioxomolybdenum(VI) complexes

omplex, [MoO2(OSiPh3)2] [6]. The molecular structures of
hese two compounds show distorted tetrahedral coordination
eometries. The tetrahedral structure is also known for the
oO4

2− ion, and [MoO2X2] (X = halide) is tetrahedral in the
as phase. Treatment of [MoO2X2] species (X = halide, OR,
SiR3) with Lewis bases, such as pyridine, 2,2′-bipyridine and
,10-phenanthroline, and with donor solvents, such as acetoni-
rile and THF, gives adducts of the composition [MoO2X2L2]
1,2,7–18], which are generally more amenable to single crys-
al X-ray diffraction studies. The first crystal structure of a
MoO2X2L2]-type complex was reported in 1968 (X = Cl and
= DMF) [19]. These species always present a distorted octa-
edral geometry [20], with the oxo ligands cis to each other
n order to maximise the back-donation into the empty t2g set
rbitals. Most often, the arrangement of the anionic X and neu-
ral L ligands are trans and cis, respectively [21].

mailto:igoncalves@dq.ua.pt
dx.doi.org/10.1016/j.molcata.2006.07.064
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The [MoO2X2L2]-type complexes are of interest as moly-
oenzyme models, oxo-transfer reagents, and catalysts for
he epoxidation of olefins. The siloxyligated MoO2

2+ com-
lexes, [MoO2(OSiR3)2L2], also serve as models for isolated
olybdenum atoms on a silica surface. For example, cova-

ently anchored species of the type MoO2[(–O)3SiO]Cl(THF)n

ere previously characterised by EXAFS for a mesoporous
ilica grafted with the complex [MoO2Cl2(THF)2] [22]. The
omplex [MoO2(OSiPh3)2bpy] (bpy = 2,2′-bipyridine) exhibits
ood selectivity but a low turnover frequency (TOF) of about
2 mol molMo

−1 h−1 for the catalytic epoxidation of cyclooctene
n liquid-phase, using tert-butylhydroperoxide (t-BuOOH) as
he oxidant and a reaction temperature of 55 ◦C [9]. This
s not very surprising since the corresponding [MoO2X2L2]-
ype complexes (X = halide) with the polypyridyl ligands
py and 2,2′-bipyrimidine are also rather slow catalysts of
enerally low activity [17]. On the other hand, we have
ecently shown that other ligands such as substituted 1,4-
iazabutadienes and pyrazolylpyridines are more promising
s supporting ligands [23,24], giving initial specific reac-
ion rates as high as 360 mol molMo

−1 h−1 in the case of the
omplex [MoO2Cl2{ethyl[3-(2-pyridyl)-1-pyrazolyl]acetate}].
t is thought that the variable catalytic activities observed for
MoO2X2L2]-type complexes and also molybdenum oxodiper-
xo complexes [MoO(O2)2L2] are due, at least in part, to differ-
nces in the Lewis acidity of the metal centre as a result of the
ifferent donor properties of the ligands [25].

The high potential of substituted pyrazolylpyridines as
upporting ligands for oxomolybdenum catalysts has already
een well established for oxodiperoxo complexes of the
ype [MoO(O2)2L] [25–28]. Herein, the preparation of
MoO2X2L2]-type (X = Cl, OSiPh3) complexes bearing sub-
tituted pyrazolylpyridines is described, and we report on
heir catalytic activity and kinetics in cyclooctene epoxida-
ion using t-BuOOH as the oxidant. One aim of the present
ork is to examine how the catalytic behaviour is influ-

nced by changing the nature of X from Cl to OSiPh3 in
n otherwise identical molecule. The crystal structure of the
omplex [MoO2Cl2{ethyl[3-(2-pyridyl)-1-pyrazolyl]acetate}]
s also described.

. Experimental

.1. Materials and methods

Microanalyses were performed at University of Aveiro. 1H
MR spectra were obtained using a Bruker CXP 300 spec-

rometer. Room-temperature FT-IR spectra were recorded with
Mattson 7000 FT-IR spectrometer, using a globar source, a

euterated triglycine sulphate (DTGS) detector, and potassium
romide cells, with 2 cm−1 resolution and triangular apodisa-
ion. The room temperature FT-Raman spectra were recorded
n a RFS-100 Bruker FT-spectrometer, using a Nd:YAG laser

Coherent Compass-1064/500) with an excitation wavelength of
064 nm and 2 cm−1 resolution.

All preparations and manipulations were carried out using
tandard Schlenk techniques under nitrogen. Solvents were

N
3
1
1

late 1. Numbering scheme for the assignment of the NMR spectra of complexes
–4.

ried by standard procedures (diethyl ether, n-hexane and
HF with Na/benzophenone ketyl; acetonitrile and 1,2-
ichloroethane with CaH2), distilled under nitrogen and kept
ver 3 Å (for acetonitrile) or 4 Å molecular sieves. Silver
olybdate (Ag2MoO4) was synthesised from silver nitrate

José M. Vaz Pereira) and sodium molybdate (Merck), and
ried in vacuum at 60 ◦C for several hours prior to use.
riphenylchlorosilane and acetone-d6 were purchased from
ldrich and used as received. Literature procedures were
sed to prepare [MoO2Cl2(THF)2] [29], [MoO2(OSiPh3)2]
6], ethyl[3-(2-pyridyl)-1-pyrazolyl]acetate [26], 2-(1-butyl-3-
yrazolyl)pyridine [26] and [MoO2Cl2{ethyl[3-(2-pyridyl)-1-
yrazolyl]acetate}] (1) [24].

.2. [MoO2Cl2[2-(1-butyl-3-pyrazolyl)pyridine]] (2)

[MoO2Cl2] (0.20 g, 1.00 mmol) was dissolved in THF
20 mL) and the solution was stirred for 20 min at 50 ◦C. An
xcess of 2-(1-butyl-3-pyrazolyl)pyridine (0.30 g, 1.50 mmol)
as added, and the mixture stirred for 3 h. The resultant dark pink
recipitate was filtered, washed with diethyl ether (3 × 15 mL)
nd dried under reduced pressure (0.37 g, 93%). Anal. Calcd.
or C12H15N3Cl2MoO2 (400.11): C, 36.02; H, 3.77; N, 10.50.
ound: C, 36.27; H, 4.16; N, 9.90. Selected IR (KBr): 3142m,
959m, 2936m, 2862m, 1612s, 1569m, 1535w, 1505m, 1466s,
442s, 1432m, 1368s, 1341m, 1236s, 1081s, 937s, 908vs,
80vs, 345m cm−1. 1H NMR (300.13 MHz, 25 ◦C, acetone-d6):
= 9.22 ppm (d, 1H, H11), 8.19–8.11 ppm (c, 3H, H9, H8, H5),
.68 ppm (dt, 1H, H10), 7.18 ppm (d, 1H, H4), 4.74 ppm (t, 2H,
–CH2), 2.01–1.91 ppm (m, 2H, CH2), 1.27–1.20 ppm (m, 2H,
H2), 0.79 ppm (t, 3H, CH3) (Plate 1).

.3. [MoO2(OSiPh3)2{ethyl[3-(2-pyridyl)-1-
yrazolyl]acetate}] (3)

A suspension of Ag2MoO4 (0.38 g, 1.00 mmol) in 1,2-
ichloroethane (35 mL) and CH3CN (3 mL) was stirred for
0 min at room temperature. Ph3SiCl (0.59 g, 2.00 mmol) was
hen added, and the mixture refluxed for 23 h. The solution
as filtered at room temperature and treated with ethyl[3-(2-
yridyl)-1-pyrazolyl]acetate (0.25 g, 1.08 mmol). After stirring
or 3 h at room temperature, the solution was evaporated to dry-
ess, and the resultant solid product washed with diethyl ether
2 × 15 mL) and dried under reduced pressure (0.63 g, 69%).
nal. Calcd. for C48H43N3MoO6Si2 (909.98): C, 63.35; H, 4.76;

, 4.62. Found: C, 63.62; H, 4.34; N, 4.81. IR (KBr): 3122w,
065m, 3045w, 2996w, 1749vs, 1611m, 1589m, 1570w, 1508w,
483m, 1439s, 1428vs, 1375m, 1261m, 1247m, 1214s, 1114vs,
074m, 1027m, 999m, 927vs, 911sh, 900sh, 769s, 742s, 708vs,
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Table 1
Crystal data and structure refinement for [MoO2Cl2{ethyl[3-(2-pyridyl)-1-
pyrazolyl]acetate}] (1)

Empirical formula C12H13Cl2MoN3O4

Formula weight 430.12
Crystal system Tetragonal
Space group P41 (no. 76)
a (Å) 8.3865(1)
b (Å) 8.3865(1)
c (Å) 22.7838(6)
V (Å3) 1602.36(6)
Z 4
Reflections collected 113268
Independent (Rint) 7743(0.076)
Observed (I > 3�I) 4789
R indices (I > 3�I) R1a 0.043
wR1 0.054
�ρmax, �ρmin(e Å−3) 1.6(3), −2.2(3)

a R1 =
∑

||F0| − |Fc||/
∑

|F0|,
w

w

o
t
l
p
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f
p
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b
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00sh, 514vs, 504vs, 455w, 430w cm−1. 1H NMR (300.13 MHz,
5 ◦C, acetone-d6): δ = 8.53 ppm (d, 1H, H11), 7.99 ppm (d, 1H,
8), 7.90 ppm (dt, 1H, H9), 7.73 ppm (d, 1H, H5), 7.73–7.05 ppm

c, 31H, phenyl-H + H10), 6.90 ppm (d, 1H, H4), 5.01 ppm (s, 2H,
–CH2), 4.06 ppm (q, 2H, O–CH2), 1.12 ppm (t, 3H, CH3).

.4. [MoO2(OSiPh3)2[2-(1-butyl-3-pyrazolyl)pyridine]] (4)

A suspension of Ag2MoO4 (0.70 g, 1.86 mmol) in 1,2-
ichloroethane (35 mL) and CH3CN (3 mL) was stirred for
0 min at room temperature. Ph3SiCl (1.31 g, 4.44 mmol) was
hen added, and the mixture refluxed under nitrogen for 8 h. After
ooling to room temperature, 2-(1-butyl-3-pyrazolyl)pyridine
0.38 g, 1.91 mmol) was added, and the mixture stirred at room
emperature for 3 h. The solution was filtered, evaporated to
ryness, and the resultant colourless solid washed with diethyl
ther (2 × 15 mL), hexane (2 × 10 mL), and dried under reduced
ressure (1.14 g, 70%). Anal. Calcd. for C48H45N3MoO4Si2
880.01): C: 65.51; H, 5.15; N, 4.77. Found: C, 65.05; H, 5.34;
, 4.98. IR (KBr): 1610m, 1439m, 1428s, 1370w, 1114s, 950sh,
31vs, 917sh, 901sh, 767w, 741m, 708vs, 702sh, 514s, 506sh,
57w, 429w cm−1. 1H NMR (300.13 MHz, 25 ◦C, acetone-d6):
= 8.63 ppm (d, 1H, H11), 8.10 ppm (d, 1H, H8), 7.93 ppm (dt,
H, H9), 7.75 ppm (d, 1H, H5), 7.68–7.10 ppm (c, 31H, phenyl-
+ H10), 6.93 ppm (d, 1H, H4), 4.25 ppm (t, 2H, N–CH2),

.95–1.85 ppm (m, 2H, CH2), 1.38–1.28 ppm (m, 2H, CH2),

.96 ppm (t, 3H, CH3).

.5. Crystal structure determination of 1

Yellow crystals of [MoO2Cl2{ethyl[3-(2-pyridyl)-1-
yrazolyl]acetate}] (1) suitable for X-ray diffraction were
repared by slow diffusion of diethyl ether into a solution of
in CH3CN. The structure was determined at 100 K using

raphite monochromatised radiation. Data were collected on
n APEX2 diffractometer [30]. Crystal data and experimental
arameters are presented in Table 1. The data were corrected
or Lorentz-polarisation effects and for absorption [31]. The
tructure was solved by direct methods using SIR97 [32] and
efined by least-squares techniques using programs from the
RYSTAL package [33]. Hydrogen atoms were kept fixed

n calculated positions with C–H = 0.95 Å and with isotropic
isplacement factors 20% larger than Ueq for the atoms to
hich they were bonded. Atomic scattering factors were taken

rom the International Tables for X-Ray Crystallography [34].
rystallographic data for the structural analysis has been
eposited with the Cambridge Crystallographic Data Centre,
CDC No. 607428. These data can be obtained free of charge
t http://www.ccdc.cam.ac.uk/conts/retrieving.html [or from
he Cambridge Crystallographic Data Centre, 12 Union Road,
ambridge CB2 1EZ, UK; Fax: (international) +44 1223 336
33; e-mail: deposit@ccdc.cam.ac.uk].
.6. Ab initio calculations

Ab initio calculations were performed using the G03W pro-
ram package [35] running on a personal computer. The fully

c
a
e

R1 = (
∑

||F0| − |Fc||)2
/
∑

w|F2
0 |1/2,

= 1/{((σF2
0 ) + B + (1 + A)F2

0 )
1/2 − |F0|}

2
, A = 0.04 and B = 6.0.

ptimised geometry, the harmonic vibrational wavenumbers and
he infrared and Raman intensities were obtained at the B3LYP
evel, using the standard LanL2DZ basis set and effective core
otentials. In order to provide the best fit with experimental val-
es, the harmonic vibrational wavenumbers were scaled by a
actor of 0.961 [36]. Due to the large size of the systems, the
henyl groups in complexes 3 and 4 were replaced by H atoms.
revious calculations have shown that the calculated wavenum-
ers around the Mo centre are not significantly affected by this
pproach [9]. The vibrational assignments were based on the
tomic displacements and calculated intensities for complexes
and 2.

.7. Catalytic reactions with compounds 1–4 as catalysts

The liquid-phase catalytic epoxidations were carried out at
5 ◦C under air (atmospheric pressure) in a reaction vessel
quipped with a magnetic stirrer and immersed in a thermostated
il bath. A 1% molar ratio of complex/substrate and a sub-
trate/oxidant molar ratio of 0.65 (t-BuOOH, 5.5 M in decane)
ere used. The course of the reaction was monitored using a
as chromatograph (Varian 3800) equipped with a capillary col-
mn (SPB-5, 20 m × 0.25 mm) and a flame ionisation detector.
he products were identified by gas chromatography–mass spec-

rometry (HP 5890 Series II GC; HP 5970 Series Mass Selective
etector) using He as carrier gas.

. Results and discussion

.1. Synthesis and characterisation of the
ioxomolybdenum(VI) complexes
The bis(chloro) complexes 1 and 2 were obtained as micro-
rystalline powders by simple ligand exchange with the solvent
dduct MoO2Cl2(THF)2 at room temperature, while the triph-
nylsiloxy compounds 3 and 4 were prepared by the reaction of

http://www.ccdc.cam.ac.uk/conts/retrieving.html
mailto:deposit@ccdc.cam.ac.uk
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Plate 2.

ilver molybdate with two equivalents of Ph3SiCl and one equiv-
lent of the respective pyrazolylpyridine (pzpy) ligand (Plate 2).
omplexes 1–4 were characterised by elemental analysis, 1H
MR, IR and Raman spectroscopy.

Table 2 lists the most characteristic and representative

etal–ligand vibrations for the four complexes. Overall, there
s a good qualitative agreement between experimental and cal-
ulated values, considering that the experimental spectra are

C
r
t
M

able 2
epresentative Raman and IR stretching frequencies (cm−1) of complexes 1–4 and c

ssignment 1

Calculateda IRb Ram

Mo Osym 933 936s 937
Mo Oasym 912 900vs 901
Mo–Clsym 278 – 215
Mo–Clasym 309 343m 321
Mo–Nsym 149 – 170
Mo–Nasym 159 – 123

ssignment 3

Calculateda IRb Ram

Mo Osym 949 911shc 912
Mo Oasym 901 900shc 900
Mo–Osym 376 430w 420
Mo–Oasym 413 455w –
Mo–Nsym 190 277m 284
Mo–Nasym 127 – 192

a Scaled values (scale factor = 0.961).
b sh: shoulder; vs: very strong; vw: very weak; m: medium; w: weak.
c Overlap with strong O–Si bands.
talysis A: Chemical 261 (2007) 79–87

or the condensed phase while the calculations consider only
he isolated molecule. The symmetric and asymmetric Mo O
tretching modes of complexes 1 and 2 are observed as an intense
oublet, which is typical for molybdenum complexes contain-
ng a cis-dioxo group [37]. For complexes 3 and 4, the apparent
bsence of the symmetric and asymmetric Mo O stretching
ands in the IR spectra can be explained by their overlap with
trong bands from the MoO2(OSiPh3)2 fragment.

The vibrational modes of the equatorial MoO2N2 plane are
asily discriminated in the vibrational spectra of 1–4, as they
ere not influenced to a significant degree by the different
atures of the Lewis base ligand. The weak Mo–N stretch-
ng modes are predicted from ab initio calculations to lie in
ifferent ranges for the bis(chloro) complexes (1 and 2) and
he triphenylsiloxy complexes (3 and 4). As shown in Table 2,
oth the symmetric and asymmetric Mo–N stretching modes are
bserved in the Raman spectra, in the 120–170 cm−1 range for
omplexes 1 and 2, and in the 190–290 cm−1 range for com-
lexes 3 and 4. An opposite trend is observed for the Mo O
tretching modes, which are found at lower frequencies in com-
lexes 3 and 4. These observations suggest that the strength of
he interactions within the equatorial MoO2N2 plane changes
rom complexes 3 and 4 to 1 and 2.

When comparing the Raman and IR spectra of complexes 1–4
ith those of the corresponding free ligands and precursors, sev-

ral changes ascribed to complex formation are observed, some
f which are illustrated in Fig. 1 for complex 3. The most signif-
cant differences, apart from the new bands at 900 and 912 cm−1

elated to the Mo O group, occur between 1550 and 1800 cm−1.
he bands arising from the C–N stretching ring vibrations, the

–C pyridine vibrations and the ligand N–C–C–N fragment

eflect a general trend (also observed for the other complexes)
o be shifted to higher wavenumbers upon coordination to the

o centre. As shown in Fig. 1, the Raman bands of ethyl[3-(2-

alculated (B3LYP) frequencies

2

an Calculateda IR Raman

s 932 937s 935vs
w 916 908vs 906m
m 273 – 215m
sh 308 345m –
w 153 – 150w
w 158 – 123w

4

an Calculateda IR Raman

vs 949 917shc 916vs
s 901 901shc 900s
vw 380 429w 422w

411 457w –
w 188 274m 275w
w 132 – 191w
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Fig. 1. Raman spectra (900–1800 cm−1 region) of ethyl[3-(2-pyridyl)-1-
pyrazolyl]acetate (a), compared with the weighted sum of the spectra of the
l
3
r

p
s
1
a
c
t

p
f
p
s
t
w
l

r
o
a
o
a
s
t
m
g
a
1
2
a
t

3

d
m
e

igand and the four-coordinate compound [MoO2(OSiPh3)2] (b), and complex
(c). The insets (- - -) show the carbonyl stretching bands observed in the cor-

esponding FT-IR spectra.

yridyl)-1-pyrazolyl]acetate at 1567 cm−1 (pzpy C–C inter-ring
tretching mode), 1584 cm−1 (py C–N stretching mode) and

598 cm−1 (py C–C stretching mode) are shifted to 1570, 1602
nd 1612 cm−1, respectively, in complex 3. Another effect of
omplexation involves the IR band assigned to the stretching of
he carbonyl group, which shifts from 1738 cm−1 for ethyl[3-(2-

w
w
c
e

Fig. 2. Molecular structure of [MoO2Cl2{ethyl
alysis A: Chemical 261 (2007) 79–87 83

yridyl)-1-pyrazolyl]acetate to 1742 cm−1 for 1 and 1749 cm−1

or 3. Since a weak C–H· · ·O contact (263 ppm) between the
yrazolylpyridine ligands has been verified in the X-ray crystal
tructure of complex 1, the shift of the carbonyl stretching band
o higher frequencies in both complexes can be attributed to a
eakening of C–H· · ·O interactions upon coordination of the

igands to the molybdenum centres.
The crystal structure of complex 1 was determined by X-

ay diffraction. This is the first reported structure for a diox-
molybdenum(VI) complex of the type [MoO2X2L2] bearing
bidentate pyrazolylpyridine ligand. Concerning the related

xodiperoxo molybdenum(VI) complexes [MoO(O2)2L2], there
re several crystallographic investigations for species containing
ubstituted pyrazolylpyridines [26,28,38,39]. Selected bond dis-
ances and angles for 1 are listed in Table 3. The compound is
onomeric (Fig. 2). Molybdenum is coordinated to the nitro-

en atoms of the pyrazolylpyridine group, Mo–N = 2.317(3)
nd 2.305(3) Å, two oxygen atoms with Mo–O = 1.697(3) and
.704(3) Å, and two chlorine atoms with Mo–Cl = 2.392(1) and
.343(1) Å. Both the pyrazolylpyridine moiety and the acetic
cid ester group are planar and hinged at C9 which is common
o both planes, the angle between the planes being 93.2◦.

.2. Catalytic tests

The catalytic performances of complexes 1–4 for epoxi-
ation reactions were investigated using cis-cyclooctene as a
odel substrate and t-BuOOH as the oxygen donor. In a control

xperiment, carried out without catalyst, no reaction occurred,

hereas in the presence of complexes 1–4 1,2-epoxycyclooctane
as obtained almost quantitatively within 7 h reaction, indi-

ating that these compounds act as catalysts and exhibit
xcellent product selectivity. The initial catalytic epoxidation

[3-(2-pyridyl)-1-pyrazolyl]acetate}] (1).
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Table 3
Selected bond distances (Å) and angles (◦) for complex 1

Mo1–N1 2.317(3)
Mo1–N2 2.305(3)
Mo1–O1 1.697(3)
Mo1–O2 1.704(3)
Mo1–Cl1 2.392(1)
Mo1–Cl2 2.343(1)

N1–Mo1–N2 69.7(1)
N1–Mo1–O1 90.3(1)
N1–Mo1–O2 163.4(1)
N1–Mo1–Cl1 80.57(8)
N1–Mo1–Cl2 81.76(8)
N2–Mo1–O1 159.7(1)
N2–Mo1–O2 93.7(1)
N2–Mo1–Cl1 79.88(8)
N2–Mo1–Cl2 82.88(8)

O1–Mo1–O2 106.1(1)
O1–Mo1–Cl1 93.5(1)
O1–Mo1–Cl2 98.4(1)
O2–Mo1–Cl1 95.6(1)
O2–Mo1–Cl2 98.0(1)
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l1–Mo1–Cl2 158.68(3)
ctivities of the four complexes (160–347 mol molMo
−1 h−1)

re much greater than those found in the literature for sev-
ral dioxomolybdenum(VI) complexes bearing Lewis base
igands, such as 2,2′-bipyridine (12–25 mol molMo

−1 h−1)
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r
c
t

able 4
atalytic performance of compounds 1–4 in cyclooctene epoxidation with t-BuOOH

ompound Co-solvent TOF (mol molMo

None 328
1,2-Dichloroethane 109
n-Hexane 12

None 347

None 160
1,2-Dichloroethane 47
n-Hexane 12

None 165

a Calculated at 10 min.
b Calculated at 4 h.

able 5
atalytic performance of complexes 1 and 3 in the epoxidation of olefins with t-BuO

lefin 1

Conversion (%)b Selectivit

yclooctene 100 100
-Octene 25 100
rans-2-octene 66 100
yclododecene 76 100
tyrene 18 78d

R)-(+)-Limonene 95 100

a Typical reaction conditions during 24 h.
b Olefin conversion.
c Selectivity to the corresponding epoxide.
d The corresponding diol was formed.
talysis A: Chemical 261 (2007) 79–87

9,17], ethylenediimine (63 mol molMo
−1 h−1) [18] and 1,4-

iazabutadiene (14–58 mol molMo
−1 h−1) [40,41], as well as

or the tricarbonyl complexes [(�5-C5H5)Mo(CO)3Cl], [(�5-
5H4–COOMe)Mo(CO)3Cl] and {[�5-C5H4–CONH–C3H6-
i(OEt)3]Mo(CO)3Cl} (140, 40 and 13 mol molMo

−1 h−1,
espectively), which undergo oxidative decarbonylation in situ to
ive oxomolybdenum catalysts [42]. On the other hand, TOFs
f 820 and 6000 h−1 were recently reported for the complex
(�5-C5H5)Mo(CO)3Me] with catalyst loadings of 1 and 0.1%,
espectively [43].

In general, the mechanisms proposed for t-BuOOH-based
poxidation of olefins with MoVI complexes are heterolytic in
ature, involving coordination of the oxidant to the metal cen-
re, which acts as a Lewis acid thereby increasing the oxidising
ower of the peroxo group, and subsequently the olefin is epox-
dised by nucleophilic attack on an electrophilic oxygen atom
f the oxidising species [22]. Spectroscopic and computational
ethods applied to molybdenum dioxo and oxodiperoxo com-

lexes bearing bipyridine and pyrazolylpyridine ligands, respec-
ively, support a reaction mechanism involving an activation
tate formed between the complex, oxidant and olefin [17,25].
he by-product of the epoxidation reaction, tert-butanol, is a
ompetitor to t-BuOOH for coordination to the metal centre,

eading to the formation of inactive species and a consequent
apid decrease in the olefin conversion rate [17]. Similarly, for
omplexes 1–4, the initial reaction rates are much higher than
hose observed later on in the reactions (Fig. 3).

at 55 ◦C

−1 h−1)a Conversion (%)b Selectivity (%)b

93 100
80 100
22 100

92 100

90 100
77 100
48 100

88 100

OH at 55 ◦Ca

3

y (%)c Conversion (%) Selectivity (%)

100 100
34 100
86 100
90 98d

45 54d

100 100
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ig. 3. Kinetics of the epoxidation of cyclooctene with t-BuOOH in decane at
5 ◦C, catalysed by compounds 1 (×), 2 (�), 3 (♦) and 4 (�).

The conversion versus time curves are practically coincident
or the chloro complexes 1 and 2, as well as for the triph-
nylsiloxy complexes 3 and 4. In fact, the curves for all four
omplexes are coincident for reaction times longer than 2 h. For
horter reaction times, the chloro complexes are more active than
he triphenylsiloxy complexes. Thus, the initial reaction rates
or 1 and 2 are about double those found for 3 and 4 (Table 4).
hese results indicate that the substituent on the pyrazolyl N-
tom does not have a major influence on catalytic activity, in
ontrast to the first sphere ligand (Cl or OSiPh3). Considering
he relative dimensions of the butyl and ethyl acetate groups, and
heir distances to the metal centre, one would not expect them
o significantly alter the electronic and steric properties of the
omplex. Indeed, according to the Raman data, the strength of
he interactions within the equatorial MoO2N2 plane seems to
hange mainly from complexes 3 and 4 to 1 and 2. Furthermore,
he compounds which differ only in the nature of the substituent
n the pyrazolyl N-atom are roughly equally soluble in the reac-
ion medium. The lower catalytic activity of 3 and 4 may be due
o greater steric constraints and lower flexibility of the coordina-
ion geometry caused by the significantly bulkier OSiPh3 axial
igands in comparison to Cl. The higher catalytic activities of 1
nd 2 may also be due to their higher solubility in the reaction
edium as compared with 3 and 4.
The solvent effect was studied for complexes 1 and 3 using

,2-dichloroethane or n-hexane, at 55 ◦C. No dependence of
roduct selectivity on the solvent was observed. For both cat-
lysts, initial activity and conversion at 4 h reaction follow the
rder: no co-solvent > 1,2-dichloroethane > n-hexane (Table 4).
he negative effect of n-hexane and 1,2-dichloroethane on cat-
lytic activity may be due to slight changes in the solubil-
ty of the catalyst. Comparable results have been reported for
MoO2(OSiPh3)2(2,2′-bipyridine)], under similar reaction con-
itions [9].
The catalytic performance of 1 and 3 was investigated in
he oxidation of other olefins, namely 1-octene, trans-2-octene,
yclododecene, (R)-(+)-limonene and styrene, at 55 ◦C. For
oth complexes the reaction is slower for terminal olefins,

a
r
s
r

ig. 4. Dependence of the initial reaction rate of cyclooctene epoxidation in the
resence of compounds 1 (×) or 3 (♦) on initial amount of cyclooctene (a),
-BuOOH (b), and catalyst (c).

uch as 1-octene and styrene, than for those bearing internal
C bonds (Table 5). These results are consistent with the
bove mechanistic assumptions in that a lower activation bar-
ier would be expected for the electrophilic attack on the more
ubstituted olefins. Both compounds possess relatively high
eactivity towards the epoxidation of cis-cyclooctene and (R)-
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+)-limonene. The compounds exhibit excellent regioselectivity
100% at >95% conversion) for the epoxidation of the endo-
yclic double bond of (R)-(+)-limonene. The slower reaction
ate observed for cyclododecene in comparison to cyclooctene
ay result from steric effects that become more relevant for the

ulkier olefin. For all olefins the corresponding epoxide was the
nly observed product, excluding cyclododecene and styrene,
here the corresponding diol was also formed, most likely via

onsecutive epoxide ring opening.
The kinetics of the liquid-phase epoxidation of cyclooctene

n the presence of 1 and 3 was further investigated using the
ethod of initial rates (−r0), keeping the total volume of the

eaction mixture constant using decane (the solvent of the pur-
hased t-BuOOH) as solvent. The dependence of the initial rate
f cyclooctene conversion (−r0) on either the initial amount
f cyclooctene (nCy)0 or the initial amount of oxidant (nOx)0
as studied for initial concentrations of cyclooctene or oxi-
ant ≤ 1.5 mol dm−3, at 55 ◦C. Under the applied operating
onditions, the reaction does not take place in the absence of t-
uOOH. For both complexes 1 and 3, the plots of (−r0) against

nCy)0 or (nOx)0 are linear (R2 = 0.99), suggesting apparent first
rder dependences with respect to cyclooctene or oxidant con-
entration (Fig. 4).

The dependence of (−r0) on the initial amount of cata-
yst (nCat)0 was studied in the range of 17–80 �mol (1.7 mmol
lefin), at 55 ◦C (Fig. 4c). For complexes 1 and 3 (−r0) is practi-
ally independent of (nCat)0, suggesting an apparent zero order
ependence. Within the studied range of catalyst quantities,
omplexes 1 and 3 were not completely soluble and increas-
ng the amount of catalyst led to more precipitate in the reaction

edium. Due to the negligible specific surface areas of 1 and 3,
hese compounds are essentially catalytically inactive in het-
rogeneous phase. Hence, the active species responsible for
yclooctene conversion are the soluble fractions of compounds
and 3, and increasing the catalyst amount above the satura-

ion point of the catalyst solution (under the applied reaction
onditions) does not have any major effect on olefin conversion.

. Conclusion

The present work has reinforced previous findings that the
ariation of the first-sphere ligands in distorted octahedral com-
lexes of the type [MoO2X2L2] can lead to excellent catalysts
or olefin epoxidation. Indeed, for cyclooctene epoxidation by
-BuOOH at 55 ◦C, the turnover frequencies for complexes bear-
ng substituted pyrazolylpyridine ligands are approximately one
rder of magnitude greater than those for the corresponding
omplexes bearing ligands derived from 2,2′-bipyridine. The
yrazolylpyridine ligand system has the additional advantage
hat long alkyl side chains can be easily introduced, leading
o excellent solubility of the derived molybdenum catalysts in

rganic solvents. A variation of the donor strength of these lig-
nds should also be possible by the inclusion of electron donating
r withdrawing groups attached to the heteroaromatic rings. We
re continuing our efforts along these lines to obtain even more
ffective oxomolybdenum catalysts with tailored properties.
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