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bstract

The monomeric cis-dioxomolybdenum(VI) complexes [MoO2(oep-saldpen)] and [MoO2Cl2(oep-H2saldpen)], with a tetradentate [N2(imine)O2]
nd bidentate [N2(imine)] salen-type ligand functionalised with two pyrrole derivative pendant arms [oep-H2saldpen = 1,2-diphenylethylenebis(3-
xyethylpyrrole)salicylideneimine], were synthesised and characterised by 1H NMR, IR and Raman spectroscopy. The solid-state structure of the
ree ligand oep-H2saldpen was determined by single crystal X-ray diffraction. Assignment of the vibrational spectra of the molybdenum complexes
as supported by carrying out ab initio calculations for the possible isomers using [MoO2(salen)] and [MoO2Cl2(H2salen)] as model compounds
H2salen = N,N′-ethylenebis(salicylideneimine)]. The oep-saldpen complexes were examined as catalysts for the epoxidation of cyclooctene, (R)-
+)-limonene, styrene, �-pinene, and cis and trans-�-methylstyrene, with tert-butyl hydroperoxide as the oxidant. Both complexes exhibited high
electivity for the epoxidation reaction, with the bis(chloro) complex being always the more active of the two.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Epoxides are important organic intermediates since they
ndergo ring-opening reactions with a variety of reagents to
ive mono- or bi-functional organic products [1,2]. One of
he preferred methods of epoxide synthesis is the reaction of
lefins with hydrogen peroxide or alkyl hydroperoxides, catal-
sed by transition metal complexes [3,4]. Molybdenum catalysts

re very versatile in olefin epoxidation and are the basis of
mportant industrial processes for the epoxidation of propy-
ene, with alkyl hydroperoxides as the oxygen source [3,5–7].

∗ Corresponding author. Fax: +351234370084.
E-mail address: igoncalves@dq.ua.pt (I.S. Gonçalves).
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here has been continuing effort to prepare new complexes
ith tailored catalytic properties [8–22] and to elucidate the

eaction mechanisms [4,23–31]. A large number of oxomolyb-
enum(vi) complexes with the cis-MoO2 fragment have been
tudied, and include compounds of the type [MoO2X2(L1)n],
MoO2X(L2)m(L1)n] and [MoO2(L2)m(L1)n] (X = Cl, Br, CH3,
R etc; L = neutral (L1) or anionic (L2) N,O,S-ligand). These

omplexes are usually six-coordinate, exhibiting a distorted
ctahedral coordination geometry. Complexes with the gen-
ral formula [MoO2L] containing tetradentate salen ligands are
potentially interesting subset of this family [32–39], espe-

ially since the structures of salen ligands are easily tuned,
oth sterically and electronically, by the appropriate choice

f the salicylaldehyde derivative and the diamine components.
lthough the first dioxomolybdenum(VI) complexes bearing

alen-type ligands were prepared and spectroscopically char-
cterised as long ago as 1974 [32], their catalytic application for

mailto:igoncalves@dq.ua.pt
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Plate 1.

poxidation reactions has only recently been explored [38,39].
ere we describe the synthesis, characterisation and catalytic
erformance in olefin epoxidation of dioxomolybdenum(VI)
omplexes containing a salen-type ligand functionalised with
wo pyrrole derivative pendant arms. The structure of the free
igand was determined by single crystal X-ray diffraction. It has
wo mixed N,O-type coordination sites: one that comprises the

2(imine)O2 donor atoms, which are well suited for the coordi-
ation of transition metal cations, and the other composed of the
oordinating atoms within the pyrrole derivative pendant arms
Plate 1).

. Experimental

.1. Materials and methods

Microanalyses for CHN were performed at the University
f Aveiro. IR spectra were obtained as KBr pellets using a
TIR Mattson-7000 infrared spectrophotometer. Raman spectra
ere recorded on a Bruker RFS100/S FT instrument (Nd:YAG

aser, 1064 nm excitation, InGaAs detector). 1H NMR spectra
ere acquired using a Bruker CXP 300 spectrometer. Solid-

tate magic-angle-spinning (MAS) NMR spectra were recorded
t 100.62 MHz on a Bruker Avance 400 spectrometer. 13C CP

AS NMR spectra were recorded with 3.5 �s 1H 90◦ pulses and
ms contact time, with a spinning rate of 7 kHz and 4 s recy-
le delays. Chemical shifts are quoted in parts per million from
etramethylsilane.

1
9
5
(

lysis A: Chemical 270 (2007) 185–194

All preparations and manipulations were carried out using
tandard Schlenk techniques under nitrogen. Solvents were
ried by standard procedures (n-hexane, diethyl ether and
HF with Na/benzophenone ketyl; dichloromethane and 1,2-
ichloroethane with CaH2), distilled under nitrogen and
ept over 4 Å molecular sieves. 1,2-Diphenylethylenebis(3-
xyethylpyrrole)salicylideneimine (oep-H2saldpen, Plate 1)
as prepared as described previously [40]. MoO2(acac)2 and
oO2Cl2 were purchased from Aldrich and used as received.

.2. [MoO2[1,2-diphenylethylenebis(3-
xyethylpyrrole)salicylideneiminate]] (1)

A solution of oep-H2saldpen (0.59 g, 0.85 mmol) in
H2Cl2 (30 mL) was stirred for 15 min. MoO2(acac)2 (0.28 g,
.86 mmol) was then added and the mixture stirred for 16 h.
he solution was evaporated to dryness and the resultant orange
olid washed with diethyl ether and dried under vacuum, giv-
ng an overall yield of 0.66 g (94%) of 1. Anal. found: C,
1.73; H, 4.93; N, 7.24. C42H36N4MoO8 (820.70) requires
, 61.47; H, 4.42; N, 6.83. IR (KBr, cm−1): 3139m, 3100m,
057m, 3028m, 2927m, 2888m, 1752s, 1628vs, 1597m, 1547m,
500s, 1462s, 1423m, 1366m, 1342w, 1285s, 1260s, 1234s,
220s, 1202s, 1149vs, 1093m, 1073 s, 1033m, 985w, 941m,
28m, 907s, 877m, 855m, 825w, 786w, 769s, 750s, 727vs,
03s, 607m, 578w, 552w, 531m, 508w, 435m. Raman (cm−1):
139w, 3125w, 3111w, 3103w, 3058s, 2981m, 2937m, 2927m,
630vs, 1599m, 1587m, 1547w, 1500w, 1463s, 1447w, 1424w,
386s, 1311m, 1286m, 1235s, 1197w, 1163w, 1096w, 1074w,
061m, 1028w, 1001s, 948m, 905vw, 874m, 851w, 823w, 617w,
07w, 573w, 535w, 492w, 392m, 343w, 326w, 301w, 249m,
04w, 175w. 1H NMR (300 MHz, (CD3)2CO, 25 ◦C): δ = 8.46
s, 2H, N CH), 7.52-7.05 (m, 16H, C4,5,6,c,d,e-H), 6.87–6.81
m, 4H, ��′-pyrrole), 6.06 (m, 4H, ��′-pyrrole), 5.13 (s, 2H,
a-H), 4.38-4.33 (t, 4H, C2′H2), 3.11-3.07 (t, 4H, C1′H2)
pm.

.3. [MoO2Cl2[1,2-diphenylethylenebis(3-
xyethylpyrrole)salicylideneimine]] (2)

The solvent adduct [MoO2Cl2(THF)2] was prepared by dis-
olving MoO2Cl2 (0.11 g, 0.54 mmol) in THF (10 mL) at 50 ◦C
nd evaporating the solution to dryness. A solution of oep-
2saldpen (0.30 g, 0.43 mmol) in CH2Cl2 (20 mL) was then

dded to a solution of [MoO2Cl2(THF)2] in CH2Cl2 (20 mL)
nd the reaction mixture left to stir at room temperature for
h. The solution was filtered, evaporated to dryness and the

esultant yellow solid washed with diethyl ether and dried under
acuum, giving an overall yield of 0.39 g (95%) of 2. Anal.
ound: C, 56.65; H, 4.04; N, 6.96. C42H38N4Cl2MoO8 (893.62)
equires C, 56.45; H, 4.29; N, 6.27. IR (KBr, cm−1): 3100m,
057m, 3028m, 2927m, 2887m, 1752s, 1630vs, 1606w, 1560m,
498s, 1482s, 1458s, 1420m, 1391m, 1365w, 1284s, 1269vw,

233vs, 1201s, 1149vs, 1086s, 1073s, 1031m, 967s, 943w, 919s,
07m, 862m, 825w, 798w, 759m, 749m, 728vs, 704vs, 610m,
66w, 552w, 530w, 509w, 440w, 336m. 1H NMR (300 MHz,
CD3)2CO, 25 ◦C): δ = 10.09 (s, 2H, OH), 8.50 (s, 2H, N CH),
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Table 1
Crystal and structure refinement data for oep-H2salpden

Formula C42H38N4O6

Formula weight 694.76
Crystal system Triclinic
Space group Pı̄
a (Å) 9.6894(2)
b (Å) 9.9975(2)
c (Å) 10.5557(3)
α (◦) 81.5388(11)
β (◦) 76.9289(11)
γ (◦) 63.8804(9)
Volume (Å3) 892.99(4)
Z 1
Dc (g cm−3) 1.292
μ(Mo-K�) (mm−1) 0.087
F(0 0 0) 366
Crystal size (mm) 0.42 × 0.30 × 0.28
Crystal type Colourless blocks
θ range 3.52–27.50
Index ranges −12 ≤ h ≤ 12, −12 ≤ k ≤ 12, −13 ≤ l ≤ 13
Reflections collected 10447
Independent reflections 4075 (Rint = 0.0305)
Final R indices [I > 2σ(I)]a,b R1 = 0.0616, wR2 = 0.1564
Final R indices (all data)a,b R1 = 0.0751, wR2 = 0.1689
Weighting schemec m = 0.0905, n = 0.2458
Largest diff. peak and hole 0.567 and −0.646 eÅ−3

a R1 =
∑ ||Fo| − |Fc|| /

∑ |Fo|.√ [ ] [ ]
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.53-7.07 (m, 16H, C4,5,6,c,d,e-H), 6.88-6.83 (m, 4H, ��′-
yrrole), 6.05-6.02 (m, 4H, ��′-pyrrole), 5.19 (s, 2H, Ca-H),
.38-4.33 (t, 4H, C2′H2), 3.15-3.10 (t, 4H, C1′H2) ppm.

.4. Single crystal X-ray diffraction

Yellow crystals of oep-H2saldpen were prepared by slow dif-
usion of diethyl ether into a solution of the ligand in CH2Cl2.

suitable single-crystal was mounted on a glass fibre using
OMBLIN Y perfluoropolyether vacuum oil (LVAC 25/6) pur-
hased from Aldrich [41]. Data were collected at 180(2) K on a
onius Kappa charge-coupled device area-detector diffractome-

er (Mo K� graphite-monochromated radiation, λ = 0.7107 Å),
quipped with an Oxford Cryosystems cryostream and con-
rolled by the Collect software package [42]. Images were
rocessed using the software packages Denzo and Scalepack
43], and data corrected for absorption by the empirical method
mployed in Sortav [44,45]. The structure was solved using the
irect methods implemented in SHELXS-97 [46] and refined
y full-matrix least squares on F2 using SHELXL-97 [47]. All
on-hydrogen atoms were successfully located from difference
ourier maps and refined using anisotropic displacement param-
ters.

Hydrogen atoms attached to carbon were located at their
dealised positions using appropriate HFIX instructions in
HELXL (43 for the aromatic groups and 13 or 23 for the
CH tertiary or CH2 secondary carbon atoms, respectively)
nd included in subsequent refinement cycles in riding-motion
pproximation with isotropic thermal displacement parame-
ers (Uiso) fixed at 1.2 times Ueq for the carbon atom to
hich they were attached. The hydrogen atom [H(1A)] belong-

ng to the crystallographically independent hydroxyl group of
ep-H2saldpen was markedly visible as a Q peak in the last dif-
erence Fourier map calculated from successive least-squares
efinements. However, this atom was included in the final crys-
al structure model by employing the AFIX 147 instruction
n SHELXL in riding-motion approximation with Uiso fixed
t 1.5 × Ueq[O(1)]. This procedure envisages the optimisation
f the intramolecular hydrogen bonding interaction between
he hydroxyl group and the neighbouring nitrogen acceptor
tom.

The last difference Fourier map synthesis showed the highest
eak (0.567 eÅ−3) and deepest hole (−0.646 eÅ−3) located at
.01 Å from C(7) and 1.87 Å from C(9), respectively. Informa-
ion concerning crystallographic data collection and structure
efinement details is summarised in Table 1. Bond lengths and
ngles involving non-hydrogen atoms of the asymmetric unit
re provided in Tables S1 and S2 in the Electronic Supplemen-
ary Material.

Crystallographic data (excluding structure factors) for the
rystal structure of oep-H2saldpen have been deposited with the
ambridge Crystallographic Data Centre as supplementary pub-

ication no. CCDC-628098. These data can be obtained free of

harge at http://www.ccdc.cam.ac.uk/conts/retrieving.html [or
rom the Cambridge Crystallographic Data Centre, 12 Union
oad, Cambridge CB2 2EZ, U.K. Fax: (international) +44 1223
36 033; e-mail: deposit@ccdc.cam.ac.uk].

a
t
s
(

b wR2 =
∑

w(F2
o − F2

c )2
/
∑

w(F2
o )2 .

c w = 1/[σ2(F2
o ) + (mP)2 + nP] where P = (F2

o + 2F2
c )/3.

.5. Ab initio calculations

Ab initio calculations were performed using the G03w pro-
ram package [48], running on a personal computer. The fully
ptimised geometry, the harmonic vibrational frequencies, and
he infrared and Raman intensities were obtained at the B3LYP
evel, using the valence double-zeta basis set of Dunning and
ay [49] (Lanl2DZ basis set of G03). Due to the large size of the

ystems, the ligand oep-H2saldpen was replaced by the model
igand N,N′-ethylenebis(salicylideneimine) (H2salen, Plate 1),
iving model complexes hereafter referred to as [MoO2(salen)]
nd [MoO2Cl2(H2salen)]. The calculated wavenumbers were
caled by a factor of 0.961 before comparison with the experi-
ental values [50].

.6. Catalysis

The liquid-phase catalytic epoxidations were carried out at
tmospheric pressure in a reaction vessel equipped with a mag-
etic stirrer and immersed in a thermostated oil bath. A 1%
olar ratio of complex/substrate and a substrate/oxidant molar

atio of 0.63 were used. tert-Butyl hydroperoxide was used as
he oxygen donor (5.5 M in decane) and different substrates
ere studied, namely cyclooctene, (R)-(+)-limonene, styrene
nd �-pinene. The reactions were carried out without addi-
ional solvent (other than the decane present in the t-BuOOH
olution) or using n-hexane or 1,2-dichloroethane as co-solvent
2 mL solvent for 1.7 mmol substrate). The course of the reac-

http://www.ccdc.cam.ac.uk/conts/retrieving.html
mailto:deposit@ccdc.cam.ac.uk
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ion was monitored using a gas chromatograph (Varian 3800)
quipped with a capillary column (DB-5, 30 m × 0.25 mm) and
flame ionisation detector. Products were identified by gas

hromatography–mass spectrometry (HP 5890 Series II GC;
P 5970 Series Mass Selective Detector) using He as carrier
as. The catalytic properties for the asymmetric epoxidation of
ro-chiral olefins were investigated and these experiments were
onitored using a Varian 3900 GC equipped with a CyclosilB

0 m × 0.25 mm column.

. Results and discussion

.1. Crystal structure of oep-H2saldpen

The salen-type ligand oep-H2saldpen with two OC(O)
H2CH2NC4H4 pendant arms was prepared in a multi-step pro-
edure as described previously [40]. The molecule crystallised
from CH2Cl2/Et2O) in the centrosymmetric triclinic space
roup P1̄, with the asymmetric unit comprising only half of the
olecular unit (Fig. 1) and, remarkably, no solvent molecules.
he crystallographic evidence is in good agreement with the
ymmetry of the individual molecule, which is formed by two
dentical fragments joined together by a C C bond between the
wo tertiary carbon atoms.

In the crystal structure of oep-H2saldpen, the majority of
he internal bonds of the molecular unit, which are chemically
apable of internal conformational rotations, are actually
istributed in a way that significantly minimises the steric
indrance imposed by the close proximity of several large
unctional groups. This is particularly evident for the central
(7) C(7)i bond [1.537(4) Å; symmetry code: (i) 2-x, 1-y, 1-z]
hich appears rotated such that each of the large substituents
s located, within the molecular unit, as far as spatially possible
rom its symmetry-generated identical fragment. Indeed, as
epresented in Fig. 1, the two benzyl groups and the two
-substituted salicylidene residues are placed in two planes

v
o
e
i

ig. 1. Schematic representation of the molecular unit of oep-H2saldpen. Atoms be
t the 50% probability level. The intramolecular O H. . .N hydrogen bonding interac
ines. Selected bond lengths and angles are given in Tables S1 and S2 in the Electron
lysis A: Chemical 270 (2007) 185–194

ntersecting at the inversion centre located in the middle of the
forementioned C(7) C(7)i bond. The dihedral angle between
hese two planes is about 70.8◦ and is geometrically imposed
olely by the rigid tetrahedral environment of the C(7) atom. The
otation around the C(7) C(7)i bond is also largely facilitated
y the intramolecular hydrogen bond interaction within the
eighbouring 3-substituted salicylidene residues. This was also
egistered for N,N′-ethylenebis(salicylideneimine), as reported
y Pahor et al. [51]. Indeed, the spatial proximity between the
ydroxyl group and the nitrogen atom leads to the formation of
n energetically favourable internal O H. . .N hydrogen bonding
nteraction (dO. . .N 2.5787(18) Å and ∠(OHN) 146◦), thus
reating an extra five-membered ring (Fig. 1) best described
y the graph set motif S(6) [52]. This reduces conformational
exibility and creates additional steric hindrance for this moiety.

The spatial arrangement of the external pyrrole-
H2 CH2 CO2 moiety in the crystal structure of
ep-H2saldpen reflects, as expected, the various degrees
f conformational flexibility arising from the presence of the
wo CH2 secondary groups. However, the structural arrange-
ent of this group is also largely driven by the existence of

ntermolecular interactions with other molecular units, namely
eak, but highly directional C H. . .� contacts between a C H
ond of the pyrrole group and the 3-substituted salicylidene
romatic ring of a neighbouring oep-H2saldpen (dC. . .Cg

.390(1) Å with ∠(CHCg) ca. 156◦ – see Fig. 2; Cg stands
or the centroid of the 3-substituted salicylidene aromatic
ing). Interactions between adjacent oep-H2saldpen moieties
re further assured by �–� contacts between neighbouring
-substituted salicylidene aromatic rings which are in close
roximity due to crystal packing (not shown), which is also
ediated by the need to effectively fill the void space via
an der Waals interactions. Remarkably, the crystal structure
f N,N′-ethylenebis(salicylideneimine) does not show any
vidence for the presence of such weak C H. . .� or �–�
ntermolecular interactions.

longing to the asymmetric unit are represented with thermal ellipsoids drawn
tions [with dO. . .N 2.5787(18) Å and ∠(OHN) 146◦] are represented as dashed
ic Supplementary Material.
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Fig. 2. Schematic representation of the highly directional C H. . .� contacts (white-filled dashed lines) connecting neighbouring molecules of oep-H2saldpen: dC. . .Cg

3 ubstit
n ) or C
a

3
d

1
[
r
s
n
b
w
R

s
D
i
c
t
a
1

.390(1) Å and ∠(CHCg) ca. 156◦ (where Cg stands for the centroid of the 3-s
ot involved in either hydrogen bonding interactions (black-filled dashed lines
toms, have been omitted for clarity.

.2. Synthesis and characterisation of the
ioxomolybdenum(VI) complexes

Reaction of [MoO2(acac)2] or [MoO2Cl2(THF)2] with
eq. of oep-H2saldpen in CH2Cl2 gave the complexes

MoO2(oep-saldpen)] (1) and [MoO2Cl2(oep-H2saldpen)] (2),
espectively. Assuming that both compounds are monomeric and
ix-coordinate, the molecular formulae indicate that the coordi-

ation mode of the ligand is tetradentate [N2(imine)O2] in 1 and
identate [N2(imine)] in 2 (Plate 2). These coordination modes
ere confirmed and further investigated using 1H-NMR, IR and
aman spectroscopy.

Plate 2.

b
f
o
t
[
f
i
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e
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[

uted salicylidene aromatic ring of oep-H2saldpen). Hydrogen atoms which are
H. . .� contacts, and symmetry transformations used to generate equivalent

The 1H NMR spectrum of the free ligand oep-H2saldpen
hows a resonance at about 13.5 ppm for the aromatic OH group.
isappearance of this signal after reaction with [MoO2(acac)2]

ndicates a coordination of the phenolic oxygen to the metal in
ompound 1. A signal at 10.1 ppm for compound 2 is attributed
o unbound aryl-OH groups. Coordination of both nitrogen
toms of the organic ligand to the metal centre in compounds
and 2 is indicated by a shift of the signal for the imine car-

on protons from 8.1 ppm for the free ligand to about 8.5 ppm
or the complexes. Similar shifts were reported previously for
ther dioxomolybdenum(VI) complexes bearing tridentate or
etradentate Schiff base ligands derived from salicylaldehyde
38,53,54]. The presence of only one azomethine resonance
or 1 and 2 is consistent with the presence of only the �-cis
somer in solution (Plate 3). This is because the �-cis isomer
ossesses a two-fold axis which bisects the N CHR CHR N
hain, and therefore the two CH N protons are expected to be
quivalent [33,34]. The �-cis isomer is less symmetrical and

ompounds with this structure usually give at least two sig-
als in the 1H-NMR spectrum. Like complex 1, the compound
MoO2(saldpen)] was reported to show only one resonance for

Plate 3.
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he azomethine group and therefore its structure in solution was
roposed to be �-cis [34].

The IR spectrum of the free ligand oep-H2saldpen in the
olid state exhibits a weak broad ν(OH) absorption in the region
600–2800 cm−1 assignable to the intramolecularly hydrogen-
onded OH group. This band disappears in the spectra of the
omplexes, consistent with a change in the conformation of the
igand and (in the case of complex 1) deprotonation of the OH
roup and the formation of the Mo O bonds. The assignment
f the vibrational spectra was assisted by carrying out ab ini-
io calculations for the trans, �-cis and �-cis isomers using
MoO2(salen)] and [MoO2Cl2(H2salen)] as model complexes
Plate 3 and Table 2). Complexes 1 and 2 exhibit the C O (pen-
ant arm) and C N(imine) bond stretching vibrations as strong
ands in the IR spectra at 1752 and 1628 cm−1, respectively,
nd these are unshifted relative to the positions of the corre-
ponding bands in the free ligand. On the other hand, the lower
avenumber component of the new ν(C N) mode at 1586 cm−1

or the free ligand is replaced by bands at 1597 cm−1 for 1 and
606 cm−1 for 2. The IR spectra of the complexes also exhibit
wo strong ν(Mo O) bands at 907 and 941 cm−1 for 1, and
19 and 967 cm−1 for 2, characteristic of the asymmetric and
ymmetric stretching vibrations of the cis-[MoO2]2+ fragment
30]. The comparatively higher ν(Mo O) frequencies observed
or 2 indicate that the Mo O bonds are strengthened when the

o O(phenolate) bonds are replaced by Mo Cl bonds. Similar
rends were also found for chloro and triphenylsiloxy derivatives
f the type [MoO2X2L] (X = Cl or OSiPh3) chelated with biden-
ate pyrazolylpyridine ligands (L) [55]. The ν(Mo N), ν(Mo O)
phenolate) and ν(Mo Cl) vibrations for complexes 1 and 2
ppear below 650 cm−1. In the Raman spectrum of 1 (a good
uality spectrum for 2 could not be obtained), a weak band at
26 cm−1 is assigned to ν(Mo N) and lies within the reported
ange of 310–340 cm−1 for dioxomolybdenum(VI) complexes
earing sugar-derived chiral Schiff-base ligands of general for-
ula [MoO2(L)(Solv)] [12]. A band at 607 cm−1 is assigned

o the ν(Mo O) vibration coming from the molybdenum-bound
henolic oxygen. For complex 2, a band at 336 cm−1 in the IR
pectrum is assigned as the ν(Mo Cl) vibration.

A comparison of the calculated Mo O, Mo N and Mo O
r Mo Cl stretching frequencies with the experimental values
llows us to infer which type of isomer is likely to be dominant
n the solid state. It was shown by 1H-NMR that the complex
MoO2(salen)] has a �-cis configuration in solution [32–34]. In
he solid-state, the ν(Mo O) vibrations are found at 885 and
15 cm−1 [34], in very good agreement with the calculated val-
es for the �-cis isomer (Table 2). The �-cis configuration also
eems to be the dominant species in the solid state for com-
lex 1, while for complex 2 there is a better match between the
xperimental and calculated wavenumbers for the �-cis isomer
56]. As described above, the 1H NMR data for 1 and 2 suggest
hat the �-cis structures are the main isomers present in solu-
ion. If the solid-state configuration for 1 is �-cis, this indicates

hat isomerisation occurs in solution. Isomerisation has been
haracterised previously for complexes of the type [MoO2L]
ontaining tetradentate salen-type ligands by comparing solu-
ion 1H NMR data with the solid-state structures determined by

a
a
p
a

ig. 3. Kinetics of the epoxidation of cyclooctene with t-BuOOH (in decane),
sing different co-solvents, at 55 ◦C in the presence of 1 (DCE × , n-hexane *,
one +) or 2 (DCE 
, n-hexane �, none ©).

ingle crystal X-ray diffraction [34]. Attempts to prepare suit-
ble crystals of 1 have so far been unsuccessful and therefore an
somerisation process in solution is yet to be confirmed.

.3. Catalysis

Compounds 1 and 2 were tested as catalysts for olefin epox-
dation using cyclooctene as a model substrate and tert-butyl
ydroperoxide (t-BuOOH in decane) as oxygen donor, without
o-solvent, at 55 ◦C. Control experiments showed that prac-
ically no epoxide was formed without catalyst or with the
ure Schiff base ligand oep-H2saldpen. In the presence of the
oVI complexes, 1,2-epoxycyclooctane was obtained as the

nly product with yields after 24 h of 75% for 1 and 98% for 2.
hese results indicate that the active species contain molybde-
um. The kinetic profile of 2 is typical of dioxomolybdenum(VI)
omplexes belonging to the [MoO2Cl2L] family, tested as cata-
ysts under similar reaction conditions (Fig. 3). After an initially
brupt increase in cyclooctene conversion, the reaction slows
own considerably with the course of time. Previous inves-
igations revealed that, in a first elementary step, t-BuOOH
oordinates to the Mo centre and a proton is transferred from
-BuOOH to one of the Mo O groups of the complex, leading
o the formation of an intermediate MoVI alkylperoxo complex
26]. An oxygen atom is then transferred from the Mo-bound
eroxo to the olefin, resulting in the formation of the epoxide
nd tert-butanol. The latter is a by-product that competes with t-
uOOH for coordination to the metal centre, gradually retarding

he overall reaction [26,30].
The epoxidation reaction is much faster in the presence of
than of 1 (Fig. 3), with initial catalytic activities of 280
nd 12 mol molMo
−1 h−1, respectively (Table 3). The different

ctivities are probably a consequence of the complex inter-
lay of steric and electronic factors. Differences in solubility
re unlikely to be relevant since the solubility of 1 and 2 in
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Table 2
Selected IR and Raman stretching frequencies of complexes 1 and 2 and calculated (B3LYP) frequencies for the three possible isomers of the model complexes
[MoO2(salen)] and [MoO2Cl2(H2salen)]

Complex Calcda for the isomers IR (cm−1)b Raman (cm−1) Tentative assignment

trans �-cis �-cis

1 392, 422 427, 428 378, 489 – 326w ν(Mo N)
628 577, 588 519, 625 607m 607w ν(Mo O)
803, 820 911, 912 881, 917 907s, 941m 905vw, 948m ν(Mo O)
1614, 1617 1575, 1579 1567, 1610 1597m, 1628vs 1599m, 1630vs ν(C N)

2 335, 355 270c,313 338 336m – ν(Mo Cl)
493, 497 270c, 388 218 – – ν (Mo N)
833, 853 915, 925 893, 922 919s, 967s – ν(Mo O)
1645 1602, 1625 1616, 1639 1606w, 1630vs – ν(C N)

a −1

= wea

t
b
c
m
m
p
n
a
c
i

b
b
a
A
p
t
f

T
C

C

1

2

Scaled values above 500 cm (scale factor = 0.961).
b Abbreviations: vs = very strong, vw = very weak, s = strong, m = medium, w
c Highly mixed stretching vibrations.

he reaction medium is quite poor and apparently similar for
oth catalysts. The Lewis acidity of dioxomolybdenum(VI)
omplexes is one of the most important characteristics that deter-
ines catalytic performance in olefin epoxidation [26,57]. The
ajor role of the MoVI centre is to withdraw electrons from the

eroxidic oxygen making it more susceptible to be attacked by
ucleophiles such as olefins. High turnover frequencies (TOFs)

re often associated with a low electron density at the metal
entre [26]. We may assume that an increase in the Lewis acid-
ty at the metal centre will increase the molybdenum–oxygen

t
f
a

able 3
atalytic performance of 1 and 2 in the epoxidation of olefins with t-BuOOH

at. Substrate Solvent

Cycloooctene None (run 1)
None (run 2)d

Nonee

Dichloroethane
n-hexane

(R)-(+)-Limonene Dichloroethane
�-Pinene Dichloroethane
Styrene Dichloroethane
trans-�-Methylstyreneg Dichloromethane
cis-�-Methylstyreneg Dichloromethane

Cyclooctene None (run 1)
None (run 2)d

Nonee

Dichloroethane
n-hexane

(R)-(+)-Limonene Dichloroethane
�-Pinene Dichloroethane
Styrene Dichloroethane
trans-�-Methylstyreneg Dichloromethane
cis-�-Methylstyreneg Dichloromethane

a Turnover frequency calculated for 10 min of reaction.
b Olefin conversion at 24 h.
c Selectivity to the corresponding epoxides, at 24 h.
d Recycled catalyst.
e An aqueous solution (70 wt.%) of t-BuOOH was used.
f Campholenic aldehyde and epoxy campholenic aldehyde were formed with 62%
g Reaction temperature = 40 ◦C.
h Enantiomeric excess (only epoxides were formed).
k.

ond order [26,58,59]. Hence, the higher ν(Mo O) wavenum-
ers observed for 2 against 1 are consistent with a higher Lewis
cidity at the metal centre for the bis(chloro) complex [58,59].
ssuming that the reaction mechanism is the same for both com-
ounds, the coordination of t-BuOOH to the metal centre to form
he active oxidising species should therefore be more favourable
or complex 2, which would contribute to a higher initial reac-

ion rate. We may also expect that steric hindrance in 1 resulting
rom the presence of the coordinated phenoxide groups will have
detrimental effect on catalytic activity.

TOFa (mol molMo
−1 h−1) Conv.b (%) Select.c (%)

12 75 100
8 57 100
9 41 100
5 81 100

<1 12 100
– 50 100
– 9 24f

– 2 100
<1 5 1 (ee)h

3 6 8 (ee)h

280 98 100
33 88 100
59 71 100

578 100 100
221 81 100

– 65 100
– 45 100
– 22 100

29 19 0 (ee)h

73 28 2 (ee)h

and 14% selectivity, respectively.
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Considerable catalytic performance data for cyclooctene
poxidation now exists for complexes of the type [MoO2Cl2L]
measured under similar reaction conditions) and it is clear
hat the equatorial donor ligands L have a strong influ-
nce. The catalytic activity of complex 2 is higher than
hat reported for complexes bearing 1,4-diazabutadienes
58–179 mol molMo

−1 h−1) [29,60], 2,2′-bis[(4S)-4-benzyl-2-
xazoline] (147 mol molMo

−1 h−1) [15], substituted 2,2′-
ipyridines (25–248 mol molMo

−1 h−1) [30,61] and ethylenedi-
mines (<63 mol molMo

−1 h−1) [62], and somewhat lower than
hat reported for the complex bearing ethyl[3-(2-pyridyl)-1-
yrazolyl]acetate (360 mol molMo

−1 h−1) [63]. The catalytic
ctivity of 1 is typical of complexes of the type [MoO2L]
ith tetradentate Schiff base ligands [39] and [MoO2(L)2] with
identate 2-pyridyl alcoholate ligands (54 mol molMo

−1 h−1)
64].

Further tests were carried out to assess the influence of
he solvent on the catalytic properties of compounds 1 and 2
or the epoxidation of cyclooctene at 55 ◦C. The use of aque-
us t-BuOOH (70 wt.%) instead of the 5.5 M decane solution
ecreased the epoxidation rate for both catalysts, although the
poxide continued to be the only observed product (Table 3).
his may be due to the insolubility of the catalysts in water and/or

he coordinating ability of water towards the metal complexes,
hich might restrict the number of free coordination sites for

he catalytic reaction. The addition of the non-coordinating co-
olvents n-hexane or 1,2-dichloroethane (DCE) to the catalytic
ystems containing either compounds 1 or 2 and t-BuOOH in
ecane did not have an effect on product selectivities. However,
he addition of hexane had a negative effect on the catalytic
ctivities, most likely due to the very poor solubilities of the cat-
lysts in this solvent. While the addition of DCE to the system
ontaining compound 1 did not have a significant effect on the
eaction rate, its addition to the system containing 2 increased
he initial activity from 280 to 578 mol molMo

−1 h−1 and led to
early quantitative epoxide yield after 10 min reaction (Fig. 3
nd Table 3).

For cyclooctene epoxidation using t-BuOOH in decane and
o additional co-solvent, the catalysts were successfully sepa-
ated from the reactants and products by adding n-hexane to the
eaction solution after a catalytic run of 24 h. The resultant solids
ere washed thoroughly with n-hexane, dried at room temper-

ture and used in a second run. Product selectivity remained
nchanged for both systems. However, from the first to the sec-
nd run, epoxide yield at 24 h decreased from 98 to 88% for
and from 75 to 57% for 1. FTIR and Raman spectra were
easured for the solids recovered after the first run. The FTIR

pectra for both of the used catalysts showed new bands at 1655
nd 1705 cm−1 [as high frequency shoulders on the band at
630 cm−1 assigned to C N(imine) stretching], the origin of
hich is unclear at the time of writing. Apart from these two
ands, the IR and Raman spectra of the used catalyst 1 remained
ssentially unchanged compared with those for the fresh cata-

yst. For the system containing complex 2, the FTIR spectrum
f the recovered catalyst was substantially different from that
or the fresh catalyst. Changes in the MoVI first coordination
phere were indicated by shifts in the Mo O symmetric stretch-

i
c
e

lysis A: Chemical 270 (2007) 185–194

ng vibration from 967 to 943 cm−1 and the Mo Cl stretching
requency from 336 to 352 cm−1. Some changes were also noted
or the bands related with the ligand oep-H2saldpen. For exam-
le, bands in the range of 700–760 cm−1 changed from 704, 728,
49 and 759 cm−1 for the fresh catalyst, to 699 and 759 cm−1

or the used catalyst. The band at 728 cm−1 has been assigned to
he C H out-of-plane bending of pyrrole and therefore its dis-
ppearance in the spectrum for the used catalyst suggests either
oss or modification of the pyrrole groups. Work is in progress to
ully characterise and elucidate the natures of the used catalysts
erived from 1 and 2.

The catalytic performance of complexes 1 and 2 was fur-
her investigated in the oxidation of other olefins, namely
R)-(+)-limonene, styrene and �-pinene, using DCE as a co-
olvent, at 55 ◦C. Catalytic activity is always higher for 2
han for 1, and tends to decrease as the olefin becomes less
ubstituted and, therefore, less reactive, following the order: cis-
yclooctene > (R)-(+)-limonene > �-pinene > styrene (Table 3).
his trend is consistent with the mechanistic assumptions men-

ioned above, since the higher electronic density of an internal
lefinic double bond (compared with a terminal C C bond)
hould favour nucleophilic attack on an electrophilic oxidising
pecies. For all substrates, complex 1 only exhibited epoxida-
ion activity. Reactive epoxides such as styrene oxide did not
ndergo consecutive epoxide ring opening reactions, suggest-
ng that 1 is a quite efficient and selective catalyst for olefin
poxidation. A similar high selectivity was observed for com-
ound 2 apart from �-pinene epoxidation. In this case, pinene
xide was primarily formed, but eventually underwent epoxide
ing opening to a certain extent giving campholenic aldehyde as
major by-product.

Since the salen-type ligand oep-H2saldpen has chirality cen-
res, the chiral induction abilities of 1 and 2 were investigated in
he asymmetric epoxidation of cis- and trans-�-methylstyrene
ith t-BuOOH in decane, using dichloromethane as a co-

olvent, at 40 ◦C. The corresponding epoxide enantiomers
ere the only observed products, namely (1R,2R)-(+)-1-
henylpropylene oxide and (1S,2S)-(−)-1-phenylpropylene
xide from trans-�-methylstyrene, and the (S,R)-(−) and (R,S)-
−) enantiomers from cis-�-methylstyrene. As observed for the
ther olefins, compound 2 is more active than 1. The conver-
ion of cis-�-methylstyrene was faster than that of the trans
iastereoisomer, especially in the presence of 2, suggesting that
he interaction of the cis spatial configuration of the reacting
lefin with the active oxidising species is less hindered than
he trans one (Table 3). Less than 6 and 28% �-methylstyrene
onversion was achieved after 24 h in the presence of 1 and 2,
espectively, and the enantiomeric excesses were very low or
egligible. Based on these results, compounds 1 and 2 do not
eem to be suitable catalysts for asymmetric epoxidations.

. Conclusions
Two monomeric cis-dioxomolybdenum(VI) complexes bear-
ng a salen-type ligand in either tetradentate or bidentate
oordination were synthesised and tested as catalysts for olefin
poxidation. The bis(chloro) complex is the more active of
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he two and compares very favourably with other complexes
f the type [MoO2Cl2L] used as catalysts for the epoxidation
f cyclooctene with tert-butyl hydroperoxide. We have shown,
owever, that the good activity is limited to the first catalytic run
nd that the lower activity exhibited by the recycled catalyst is
ue to a change in its structure compared with the as-synthesised
omplex. This is a fairly common occurrence for these types of
omplexes and is driving our ongoing efforts to fully characterise
he catalysts both during and after the epoxidation reactions.
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94 S.M. Bruno et al. / Journal of Molecular

55] S.M. Bruno, C.C.L. Pereira, M.S. Balula, M. Nolasco, A.A. Valente, A.
Hazell, M. Pillinger, P. Ribeiro-Claro, I.S. Gonçalves, J. Mol. Catal. A:
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