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a b s t r a c t

New monometallic dioxomolybdenum complexes, 2 and 3, containing the bis(oxazoline) B and the
oxazolinyl-pyridine C respectively, have been prepared and fully characterized both in solution and solid
state, including the single-crystal X-ray diffraction analysis for 2, which represents the first structure
of a Mo(VI) complex coordinated to a bis(oxazoline). These complexes, together with the bimetal-
eywords:
xomolybdenum(VI) complexes
xazoline
lefin epoxidation

onic liquids

lic system 1, were used as catalytic precursors for alkenes epoxidation (cyclooctene, (R)-limonene,
trans-�-methylstyrene) in imidazolium- and pyrrolidinium-based ionic liquids, exhibiting a high che-
moselectivity towards the epoxide formation, mainly for cyclooctene and (R)-limonene epoxidation,
without formation of the corresponding diols. In [BMP][NTf2] (BMP = butyl methyl pyrrolidinium;
NTf2 = bis(trifluoromethanesulfonyl)amide), complex 1 exclusively gave trans(R)-limonene 1,2-epoxide,
while monometallic catalytic systems led to a low diastereoselectivity. 95Mo NMR studies helped to

behav
iastereoselectivity understand the catalytic

. Introduction

Epoxides represent useful intermediates for the synthesis of
ne chemicals including drugs and fragrances [1]. High-valent oxo-
etal complexes have found applications as efficient catalysts for

xidation processes under homogeneous as well as heterogeneous
onditions [2]. In particular, molybdenum systems are commer-
ially applied to the production of propylene oxide using alkyl
ydroperoxides as oxidants [3]. With the aim to overcome the
etal leaching using homogeneous catalysts, several methodolo-

ies have been developed in order to immobilize the catalyst and
euse the catalyst without loss of catalytic efficiency. One of these
pproaches consists in the use of biphasic systems to preserve the
omogeneous advantages of the catalysts [4]. Ionic liquids (ILs),
olvents exhibiting negligible vapour pressure, thermal stability
nd high polarity, being their physico-chemical properties easily
uneable depending on the nature of the ions involved, turn into
convenient substitute to volatile organic solvents and a suitable
edium to immobilize the catalyst [5]. These features confer them

wide number of applications in organic synthesis, mainly in cata-

ysis [6]. IL phase containing the active catalyst could be readily
eused without significant loss of catalytic activity [7], fact parti-
ularly interesting for asymmetric catalysis, due to the high added

∗ Corresponding authors. Tel.: +33 561557734; fax: +33 561558204.
E-mail address: gomez@chimie.ups-tlse.fr (M. Gómez).
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iour of 1 and 2 in ionic liquid medium.
© 2011 Elsevier B.V. All rights reserved.

value of the chiral catalysts [8]. The pioneering work in this field
was published by Chauvin and co-workers in 1995, concerning the
use of N,N′-dialkylimidazolium salts in biphasic catalysis for Rh-
catalysed olefin hydroformylation, isomerisation and asymmetric
hydrogenation, demonstrating the feasibility to recover the cata-
lyst [9]. However, the first works using neat ILs appeared later,
in 2000, when Song’s team reported that N,N′-dialkylimidazolium
derivatives could be appropriated solvents to perform enantiose-
lective alkene epoxidations [10] and ring opening of epoxides [11].
Although many applications in metal-catalysed organic transfor-
mations have been reported in the last two decades as stated by
the literature mentioned above, few reports have been published
concerning the olefin epoxidation catalysed by oxomolybdenum
complexes in ionic liquid medium, being imidazolium-based ionic
liquids (Im-ILs) the solvents of choice for the most studies. The first
article was published in 2004 by Valente and co-workers where
cyclooctene epoxide was obtained in several imidazolium-based
ionic liquids using dioxomolybdenum(VI) complexes as catalytic
precursors, getting a better catalyst recycling for that containing
a tridentated amine [12]. Kühn et al. evaluated the catalytic beha-
viour of cyclopentadienyl-molybdenum complexes for cyclooctene
epoxidation in Im-ILs, demonstrating the importance of the anion

nature in the subsequent ring opening giving the corresponding
diol [13]. The catalytic activity could be improved and the selec-
tivity tuned using cyclopentadienyl ansa-bridged molybdenum
complexes in the appropriate Im-IL [14]. Under microwave-
assisted heating in [BMI][BF4], cyclopentadienyl molybdenum

dx.doi.org/10.1016/j.apcata.2011.03.024
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
mailto:gomez@chimie.ups-tlse.fr
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omplexes led to the exclusive formation of olefin epoxide [15].
ontilla et al. have recently studied olefins epoxidation catalysed

y oxodiperoxo- and dioxoperoxo-molybdenum(VI) complexes in
m-ILs using urea-epoxide and hydrogen peroxide as oxidants [16].
xodiperoxomolybdenum(VI) complexes have also become active

n the epoxidation of oleate derivatives using hydrogen peroxide
s oxidant in Im-ILs, being reused up to five consecutive runs
ith slight loss of activity [17]. With the aim to improve the

mmobilization of the catalyst in the ionic liquid phase, Poli and co-
orkers have used Mo(VI) complexes containing Schiff base ligands

agged with sulfonated groups, but after the third recycling the
ctivity considerably decreases [18]. Different molybdenum pre-
ursors have been recently applied in olefins epoxidation using
m-ILs and 1-butyl-4-methylpyridinium tetrafluoroborate, without
bserving remarkable differences between both kind of ILs [19].
o the best of our knowledge, only heterogenized oxomolybde-
um complexes onto supports such as mesoporous silicates [20]
ave led to reasonable recycling although somewhat activity loss

s observed comparing with the corresponding homogenous sys-
ems [21]. Concerning enantioselective epoxidation in ILs, only
wo contributions have been reported up to now (involving Im-
Ls and pyridinium derivatives), using a dioxomolybdenum(VI)
omplex containing a chiral tetradentate bisoxazoline ligand [22]
nd an amino acid-pendant arm-cyclopentadienylmolybdenum(II)
omplex [23]; asymmetric induction could not be achieved in
ny case.

Based on our previous experience with oxomolybdenum com-
lexes containing oxazoline ligands in epoxidation of olefins in
rganic solvents [24,25], we planned to study this kind of com-
lexes in olefin epoxidation reactions in ionic liquid medium.
imetallic complex 1 (Fig. 1) was previously described by us
s an efficient catalyst for cyclooctene epoxidation and what is
ore interesting, leading to an important diastereomeric induc-

ion for the epoxidation of (R)-limonene [25]. Besides this system
ontaining a bidentated oxazolinyl-pyridine ligand (A) (Fig. 1), we
ave synthesized and fully characterized two new dioxomolybde-
um complexes containing a bis(oxazoline) (B) and a tridentate
xazolinyl-pyridine (C) ligands, complexes 2 and 3, respectively
Fig. 1). In addition to Im-ILs, we have used for the first time in
hese processes pyrrolidinium-based ILs as solvents in order to
tudy the influence of the nature of the ionic liquid in the catalytic
rocess.

. Experimental

.1. General

All preparations and manipulations were performed using stan-
ard Schlenk techniques under an argon atmosphere. The ionic

iquids [BMI][PF6] 99.5%, [BMI][NTf2] 99% and [BMP][NTf2] 99%
ere purchased from Solvionic and heated at 70 ◦C under vacuum

vernight before use. Tert-butylhydroperoxide (TBHP) was purcha-
ed from Aldrich as ca. 5.5 M solution in n-decane over molecular
ieves. [MoO2Cl2], cyclooctene and trans-stylbene were purchased
rom Aldrich; (R)-limonene from Sigma–Aldrich and trans-�-

ethylstyrene from Acros Organic. H2O2 (aq) (30%) was purchased
rom VWR Prolabo. Ligands A [26], B [27] and complex 1 [25a]
ere obtained following the procedure previously described. 1H,

3C{1H} and 95Mo NMR spectra were recorded on Bruker Avance
00 and Bruker Avance 400 at 293 K. Chemical shifts were reported

ownfield from standards. IR spectra were carried out on pellets
f dispersed samples of the corresponding compounds in KBr and
ere obtained on an IR Varian 640-IR FTIR spectrometer. GC rou-

ine analyses were carried out using a Perkin Elmer Clarus 500 gas
hromatograph (25 m × 0.32 mm methyl siloxane with 5% de phe-
: General 398 (2011) 88–95 89

nyl siloxane (BPX5) column) with a FID detector and Perkin Elmer
Clarus 5605 mass spectrometer.

2.2. Synthesis of
2-(6-(4,5-dihydro-4-isopropyloxazol-2-yl)pyridin-2-yl)ethanol, C

m-CPBA (13.55 g, 70%, 55.0 mmol) was added to 2-
(hydroxyethyl)pyridine (5.64 g, 45.8 mmol) in chloroform (150 mL)
at 0 ◦C and stirred for 30 min. The suspension was then warmed
at room temperature and stirred for 24 h. Residual m-CPBA was
destroyed by the addition of paraformaldehyde (2.0 g, 66.6 mmol
CH2O). After stirring for 2 h, ammonia was bubbled through the
reaction mixture for 10 min. The suspension was then dried with
Na2SO4, filtered and the cake washed with dichloromethane
(250 mL). Evaporation of the solvent gave 5.42 g (38.95 mmol,
85% yield) of 2-(hydroxyethyl)pyridine-N-oxide. To a solution
of this N-oxide (0.47 g, 3.36 mmol) in CH2Cl2 (50 mL), N,N-
dimethylcarbamoyl chloride (0.36 mL, 3.36 mmol) was drop wise
added; after 2.5 h, trimethylsilyl cyanide (0.54 mL, 4.03 mmol)
was also added. The mixture was stirred overnight at room
temperature followed by 8 h at reflux and then cooled at room
temperature; 1 equiv. each of N,N-dimethylcarbamoyl chloride
and trimethylsilyl cyanide were again added. After an additional
night of stirring at reflux, the reaction was quenched by addition
of a saturated aqueous solution of Na2CO3 (25 mL). Both phases
were separated, the aqueous layer was extracted with CH2Cl2 (2×
15 mL) and the combined organic extracts were dried over Na2SO4.
Evaporation under reduced pressure gave a brown-red oil which
was purified by flash chromatography on silica gel (15 cm × 4 cm
column, ethyl acetate:hexane = 1:1, followed by ethyl acetate)
to give the expected nitrile product like a white product (0.25 g,
1.60 mmol, 50%).

This nitrile (2.50 mg, 1.69 mmol) was mixed with (R)-2-amino-
3-methylbutan-1-ol (2.62 mg, 2.54 mmol) and a pinch of CuCl2
under dried conditions. The neat reaction mixture was stirred
at 100 ◦C under reduced pressure overnight, and then dichloro-
methane (20 mL) was added and the organic phase was washed
with water (3× 15 mL), dried (Na2SO4) and solvent eliminated
under reduced pressure, to give the expected oxazoline C (3.76 mg,
1.60 mmol, 94%). [�]D

24 = −50 (c 0.3, CHCl3). HRMS (CI, CH4)
found m/z: 235.1445; C13H18N2O2 + H requires: 235.1447. IR(KBr):
1660 cm−1 (st, C N); 3374 cm−1 (st, C–OH). 1H NMR (400 MHz,
CD2Cl2) ı: 0.93 (3H, d, 6.7 Hz), 1.04 (3H, d, J = 6.7 Hz), 1.88 (1H, m),
3.08 (H2, t, 5.6 Hz), 4.08 (2H, t, 5.6 Hz), 4.14 (1H, m), 4.19 (2H, pq),
4.47, 4.50 (2H, dd, 9.01 Hz; 9.01 Hz), 7.28 (1H, d, 7.91 Hz), 7.70 (1H,
pt), 7.94 (1H, d, 7.7 Hz). 13C NMR (75 MHz, CD2Cl2) ı: 18.5 (CH3),
19.4 (CH3), 33.1 (CH), 39.6 (CH2), 62.1.9 (O–CH2), 71.9 (O–CH2), 73.2
(N–CH), 125.6 (CH), 137.4 (CH), 122.1 (CH), 146.9 (C), 160.8 (C N),
162.9 (C).

2.3. Synthesis of [MoO2Cl2(�2-N,N-B)], 2

The bis-oxazoline B (0.147 g, 1.15 mmol) dissolved in THF (5 mL)
was added to a THF solution (15 mL) of [MoO2Cl2(DME)] [28]
(0.100 g, 1.14 mmol) at−78 ◦C. After stirring overnight at room tem-
perature, the solvent was removed under reduced pressure. The
solid obtained was successively washed with ether (3× 10 mL) and
pentane (3× 10 mL). Recrystallization from CH3CN afforded a light
yellow solid. Yield: 0.130 g (60%). HRMS (ES) found m/z: 581.0885
[M−Cl]+; C25H30ClMoN2O6 requires 581.0860. IR(KBr): 1655 cm−1
(st, C N); 939 and 910 cm−1 (Mo O) cm−1. 1H NMR (400 MHz,
CD2Cl2) ı: 1.70 (s, 6H), 3.42 (s, 6H), 3.93 (dd, 2H, 10.24 and 3.05 Hz),
4.04 (dd, 2H, 10.29 and 4.61 Hz), 5.00 (m, 2H), 5.70 (d, 2H, 4.88 Hz),
7.41 (m, 10H) ppm. 13C NMR (75 MHz, CD2Cl2) ı: 24.2 (C–CH3),
40.0 (C), 58.7 (O–CH3), 72.2 (CH2), 75.0 (N–CH), 83.9 (O–CH), 126.4
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Fig. 1. Oxazoline-based ligands (A–C) and their c

CH), 128.9 (CH), 129.3 (CH), 138.2 (C), 171.1 (C N) ppm. 95Mo NMR
26.08 MHz, CD2Cl2) ı: +136.6 ppm.

.4. Synthesis of [MoO2Cl(�3-N,N′,O-C)], 3

To a pale brown solution of C (3.26 mg, 1.39 mmol) in THF
10 mL), triethylamine (0.19 mL, 1.39 mmol) was added and the

ixture was stirred for 30 min. The resulting solution was then
ransferred to a colorless solution of [MoO2Cl2(DME)] [28] (3.84 mg,
.33 mmol) in THF (20 mL) at −78 ◦C. After few minutes of the
ddition, the solution turned to violet with the formation of a
recipitate. The mixture was kept stirring overnight at room tem-
erature. The solution was then filtered, and then purified by a silica
el column with ethyl acetate as eluent. The solvent was then eli-
inated under reduced pressure to give a pale yellow solid. The

olid obtained was successively washed with ether (3× 10 mL) and
entane (3× 10 mL). Recrystallization from CH3CN afforded light
ellow solid. Yield: 193 mg (35%). MS (ES) m/z 365 [M−Cl]+. Anal.
alcd for C13H17ClMoN2O4: C, 39.36; H, 4.32; N, 7.06%. Found:
, 39.24; H, 4.65; N, 6.50%. IR(KBr): 1661 (C N); 939 and 910
Mo O) cm−1. 1H NMR (400 MHz, CD2Cl2) ı: 0.94 (3H, d, 6.8 Hz),
.98 (3H, d, 7.1 Hz), 2.67 (1H, m), 3.50 (2H, m), 4.65 (1H, m), 4.75
2H, st, 8.5 Hz), 4.90 (1H, m), 5.14 (1H, m), 7.67 (1H, d, 7.91 Hz), 7.90
1H, d, 7.50 Hz), 8.07 (1H, pt). 13C NMR (100 MHz, CD2Cl2) ı: 14.3
CH3), 18.3 (CH3), 28.8 (CH), 38.0 (CH2), 70.2 (N–CH), 73.1 (O–CH2),
5.0 (O–CH2), 123.7 (CH), 130.1 (CH), 139.8 (CH), 140.1 (C), 159.2
C N), 166.7 (C). 95Mo NMR (26.08 MHz, CD2Cl2) ı: +67.5 ppm.

.5. Mo-catalysed olefin epoxidation in dichloromethane

The molybdenum catalytic precursor (0.025 mmol of Mo:
1.6 mg for 1; 6.2 mg for 2; 4.0 mg for 3) was dissolved in 1 mL
f dichloromethane. 1 mmol of olefin (110 mg for cyclooctene
nd 136 mg for (R)-limonene) was then added, followed by a ca.
.5 M tert-butyl hydroperoxide aqueous solution (for 1, 0.27 mL,
.50 mmol; for 2 and 3, 0.36 mL, 2.00 mmol). The mixture was then

tirred for 22 h at 55 ◦C for cyclooctene epoxidation and at 30 ◦C for
R)-limonene. The catalytic mixture was then quenched by addition
f MnO2 and Na2SO4 in order to destroy peroxides and remove
ater, and filtered through celite. Analyses of organic products
ere performed by gas chromatography.
2 3

onding dioxomolybdenum(VI) complexes (1–3).

2.6. Mo-catalysed olefin epoxidation in ionic liquid

The molybdenum catalytic precursor (0.025 mmol of Mo:
11.6 mg for 1; 0.01 mmol of Mo: 6.2 mg for 2; 4.0 mg for 3)
was dissolved in 1 mL of ionic liquid ([BMI][PF6], [BMI][NTf2]
or [BMP][NTf2]) and CH2Cl2 (2.5 mL for [BMI][PF6] and 1.5 mL
for [BMI][NTf2] and [BMP][NTf2]). 1 mmol of olefin (110 mg for
cyclooctene and 136 mg for (R)-limonene) was then added, follo-
wed by a ca. 5.5 M tert-butyl hydroperoxide aqueous solution (for
1, 0.27 mL, 1.50 mmol; for 2 and 3, 0.36 mL, 2.00 mmol). After reac-
tion, several solvent extractions were performed with diethyl ether
(14× 1 mL). 0.5 mL of the extracted sample was then quenched by
addition of MnO2 and Na2SO4 in order to destroy peroxides and
remove water, and then diluted with diethyl ether (up to 1.5 mL).
The resulting slurry was then filtered on celite and eluted with die-
thyl ether. Analyses of organic products were performed by gas
chromatography.

2.7. Crystal structure determination

Yellow crystals of 2 obtained from an acetonitrile dissolution of
the complex were selected and mounted at 180 K on a Bruker Kappa
APEX II Quazar using a microfocus source with molybdenum radia-
tion (�Mo K� = 0.71073 Å). Crystal data are summarized in Table 1.
The structure was solved by direct methods [29] and all non hydro-
gen atoms were refined anisotropically using the least-squares
method on F2 [30]. ORTEP view was generated from the corres-
ponding software [31]. CCDC 800942 contains the supplementary
crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.htcm-3 (or
from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44
1223 336033; e mail: deposit@ccdc cam ac uk).

3. Results and discussion

3.1. Ligands and their corresponding dioxomolybdenum(VI)
complexes

Pyridino-oxazoline A [26] and bis(oxazoline) B [27] were

prepared as previously described. 2,6-Difunctionalized pyridino-
oxazoline C was obtained in a three-step sequence from
commercially available 2-pyridine ethanol, which was first activa-
ted by oxidation of the pyridine moiety by treatment with m-CPBA
(m-chloroperbenzoic acid). This intermediate was further modi-

http://www.ccdc.cam.ac.uk/conts/retrieving.htcm-3
mailto:deposit@ccdc%20cam%20ac%20uk
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Table 1
Crystal data and structure refinement for complex 2.

Complex 2

Empirical formula C25H30Cl2MoN2O6

Formula weight 621.35
T (K) 180(2)
Wavelength (Å) 0.71073
Crystal system, space group Monoclinic, P21
a (Å) 11.8113(5)
b (Å) 14.5654(4)
c (Å) 16.3202(6)
˛ (◦) 90
ˇ (◦) 105.570(2)
� (◦) 90
Volume (Å3) 2704.63(17)
Z, calculated density (Mg/m3) 4, 1.526
Absorption coefficient (mm−1) 0.724
F(0 0 0) 1272
Crystal size (mm) 0.16 × 0.04 × 0.04
� range for data collection (◦) 5.19 to 26.37
Limiting indices −10 ≤ h ≤ 14, −18 ≤ k ≤ 17, −20 ≤ l ≤ 17
Reflections collected/unique 17498/10545 [R(int) = 0.0241]
Completeness to theta 26.37 (98.8%)
Max. and min. transmission 0.9716 and 0.9600
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 10545/1/657
Goodness-of-fit on F2 1.030
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Final R indices [I > 2�(I)] R1 = 0.0294, wR2 = 0.0590
R indices (all data) R1 = 0.0340, wR2 = 0.0612
Largest diff. peak and hole (eÅ3) 0.332 and −0.313

ed by cyanation reaction using trimethylsilyl cyanide to give
-(2-hydroxyethyl)pyridine-2-carbonitrile in 50% yield. The nitrile
erivative led to the formation of the oxazoline heterocycle in 90%
ield, by condensation with l-valinol catalysed by copper dichlo-
ide (Scheme 1). Ligand C was obtained with a moderate overall
ield (36%).

Bimetallic complex 1 was prepared as previously described by
ur group [25]. New mono-metallic dioxomolybdenum(VI) com-
lexes containing chiral oxazoline-based ligands were prepared by
reatment of [MoO2Cl2(DME)] (DME = dimethoxyethane) with the
orresponding ligand in THF at room temperature (Scheme 2).

In the solid state, IR spectra of 2 and 3 exhibit a very
trong band around 1650 cm−1 due to the oxazoline imine bond
for 2, 1655 cm−1; for 3, 1653 cm−1) and two strong bands in

90–940 cm−1 range corresponding to Mo O stretching vibrations
for 2, 910 and 939; for 3, 895 and 933 cm−1). Single crystals of

were obtained from acetonitrile solution (Fig. 2). This struc-
ure represents the first example reported in the literature for

ig. 2. ORTEP view of compound 2 with ellipsoids representing 50% probabi-
ity. H atoms are omitted for clarity. Selected bond distances (Å) and angles
◦): Mo(1)–O(1) 1.686(2), Mo(1)–O(2) 1.695(2), Mo(1)–Cl(1) 2.383(1), Mo(1)–Cl(2)
.368(1), Mo(1)–N(1) 2.326(2), Mo(1)–N(2) 2.309(2), N(1)–Mo(1)–N(2) 76.41(8),
(1)–Mo(1)–O(2) 105.35(11), Cl(1)–Mo(1)–Cl(2) 160.57(3).
: General 398 (2011) 88–95 91

dioxomolybdenum(VI) complexes containing bis(oxazolines) [32].
A distorted octahedral arrangement around the metal atom is
observed, with both chlorine atoms in a trans position. Nitrogen
atoms are thus trans placed in relation to the oxo groups, lea-
ding to relatively long Mo–N bond distances (Mo–N1 = 2.326 Å and
Mo–N2 = 2.309 Å), due to the oxo trans influence as previously
observed for other oxomolybdenum(VI) complexes containing oxa-
zoline ligands [24]. The six-membered metallacycle adopts a very
flat conformation; the deviation of each atom from the equato-
rial plan constituted by the six atoms of the ring is really small
(Mo1: 0.057 Å; N1: −0.13 Å; C3: 0.065 Å; C4: 0.10 Å; C7: −0.15 Å;
N2: 0.056 Å). The angle between both heterocycle oxazoline rings
is ca. 22◦.

Concerning the structural characterisation in solution, 1H NMR
spectrum of 2 only exhibited one set of signals indicating a C2
symmetry for the bidentated ligand upon coordination. The non-
aromatic protons of the heterocycle are down-fielded in relation
to the free ligand (see Fig. S2 in Supplementary Information), in
particular the C–H close to the nitrogen atom (�ı = +0.78 ppm);
this deshielding can be attributed to the interaction of the pro-
ton with the oxo groups as shown by the average interatomic
distance H· · ·O Mo from the crystallographic data (2.61 Å), in
agreement with our previous observations for oxo- and peroxo-
molydenum(VI) complexes [24,25a]. 95Mo NMR spectrum of 2 in
solution showed one symmetric signal (width at middle height:
700 Hz) at +136.6 ppm (see Fig. S1 in Supplementary Informa-
tion), pointing to the presence of only one isomer in solution
in agreement with other related oxomolybdenum(VI) complexes
containing bis(oxazoline) ligands [33]. Comparing with analogous
structures containing bipyridine ligands, e.g. [MoO2Br2(4,4′-tBu-
bipyridine)] [34] which shows a chemical shift at +243.3 ppm
[35], the up-fielded shift observed for complex 2 indicates a
lower electron-donor ability of the bis(oxazoline) than that exhibi-
ted by related bipyridine oxo-molybdenum(VI) complexes, which
induces a lower electronic density around the metallic centre
[35]. 95Mo NMR spectrum of 3 containing the N,N′,O-tridentated
anionic ligand C showed one sharp symmetrical peak (width at
middle height: 358 Hz) at lower chemical shift (+67.5 ppm) (see
Fig. S1 in Supplementary Information). Comparing the three dioxo-
molybdenum complexes containing oxazoline-based ligands (1,
2, 3), the most electron rich metal centre corresponds to com-
plex 2 (+136.6 ppm), followed by 3 (+67.5 ppm), while complex 1
(−76.0 ppm) [25b] contains the molybdenum atom exhibiting the
lowest electronic density.

3.2. Catalytic epoxidation

In the present work, olefin epoxidations (cyclooctene,
(R)-limonene and trans-�-methylstyrene) using tert-
butylhydroperoxide in decane as oxidant, were carried out in
the presence of room temperature ionic liquids, catalysed by pre-
formed dioxomolybdenum complexes containing oxazoline-based
ligands, 1–3 (Fig. 1); for comparative purposes, reactions in dichlo-
romethane were also evaluated. Complexes and tBuOOH were
soluble in all the solvents tested; olefins were immiscible in the
three ionic liquids tested, [BMI][PF6], [BMI][NTf2] and [BMP][NTf2]
(BMI = 1-butyl-3-methyl-imidazolium; BMP = butyl methyl
pyrrolidinium; NTf2 = bis(trifluoromethanesulfonyl)amide).

Cyclooctene epoxidation was chosen as benchmark reaction
in order to compare the activity of complex 1 in different media
(Scheme 3). In all cases, the olefin was exclusively converted

into cyclooctene epoxide without observing the formation of by-
products (Table 2).

Under the same catalytic conditions, higher activity was obser-
ved in dichloromethane than in neat ionic liquids, [BMI][PF6],
[BMP][NTf2] and [BMI][NTf2] (entries 1–4, Table 2), probably due to
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Scheme 1. Synthesis of ligand C following a three-step synthetic strategy.
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this fact clearly points to a catalyst deactivation with the recycling.
In [BMI][PF6], the catalyst could be reused up to 5 times without loss
of activity working at 40 ◦C; but at higher temperature (55 ◦C), the
recycling was not effective (activity loss after the first run), probably

Table 2
Cyclooctene epoxidation catalysed by bimetallic dioxomolybdenum complex 1 in

a

Scheme 2. Synthesis of mono-metallic complexes 2 and 3 co

hase transfer limitations because cyclooctene is immiscible with
hese ionic liquids. When the reaction was carried out in the pre-
ence of dichloromethane as co-solvent (addition of the necessary
mount in order to get one single phase), the activity in IL/CH2Cl2
as slightly higher than that observed in dichloromethane (entries
vs 5, 7 and 9, Table 2). Comparing imidazolium-based IL contai-
ing two different anions, PF6 and NTf2, no remarkable differences
ere observed (entries 5 and 9, Table 2), in contrast to the benefit

ffect previously reported using [BMI][NTf2] [13,36].
The reaction monitoring carried out during 6 h evidenced

hat the reaction did not progress after 2 h of reaction using
midazolium-based ILs (up to ca. 85% conversion), however, in the
yrrolidinium IL, the reaction smoothly advanced during the reac-
ion time, pointing to a higher catalyst stability in [BMP][NTf2] than
n imidazolium-based ILs (Fig. 3). At lower temperatures and longer

imes, the catalytic system in [BMP][NTf2]/CH2Cl2 was also active,
iving 67% substrate conversion at 30 ◦C, achieving 80% conversion
t 40 ◦C after 22 h (entries 11 and 12, Table 2). Hydrogen per-
xide was used instead of tBuOOH, but unfortunately the system

+   tBuOOH
[Mo], IL

O

N N
Me Bu

PF6
-

N N
Me Bu

NTf2
-

N
Me Bu

NTf2
-

-  tBuOH

cheme 3. Mo-catalysed cyclooctene epoxidation in different ionic liquids,
BMI][PF6], [BMI][NTf2] and [BMP][NTf2].
35 %

ng bidentated oxazoline-based ligands, B and C, respectively.

was almost inactive (entry 13, Table 2). For the following studies,
[BMP][NTf2] was chosen as ionic liquid due to the higher catalyst
stability and the lower amount of co-solvent required in compari-
son with imidazolium-based ILs.

The catalytic system 1 in [BMP][NTf2] was recycled up to 3 times
at 40 ◦C preserving its catalytic behaviour (Fig. 4). The same trend
was observed when re-additions of olefin and oxidant were done;
different solvents .

Entry Solvent Co-solvent T (◦C) Oxidant Conv. (%)b

1 CH2Cl2 – 40 tBuOOH 78
2 [BMI][PF6] – 55 tBuOOH 42
3 [BMP][NTf2] – 55 tBuOOH 63
4 [BMI][NTf2] – 55 tBuOOH 72
5 [BMI][PF6] CH2Cl2c 55 tBuOOH 85
6 [BMI][PF6] CH2Cl2c 40 tBuOOH 68
7 [BMP][NTf2] CH2Cl2d 55 tBuOOH 90
8 [BMP][NTf2] CH2Cl2d 40 tBuOOH 68
9 [BMI][NTf2] CH2Cl2d 55 tBuOOH 87

10e [BMI][NTf2] CH2Cl2d 30 tBuOOH 74
11e [BMP][NTf2] CH2Cl2d 30 tBuOOH 67
12e [BMP][NTf2] CH2Cl2d 40 tBuOOH 80
13e [BMP][NTf2] CH2Cl2d 30 H2O2 4

a Results obtained from duplicated tests. Reaction conditions: 1 mmol cyclooc-
tene, 1.5 mmol tBuOOH in decane (ca. 5.5 M) and 0.025 mmol Mo for 4 h in 1 mL of
solvent.

b Determined by GC; only cyclooctene epoxide was formed.
c 2.5 mL of dichloromethane.
d 1.5 mL of dichloromethane.
e Reaction for 22 h.
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ig. 3. Cyclooctene epoxidation monitoring using the catalyst 1 in
BMI][PF6]/CH2Cl2 (�), [BMI][NTf2]/CH2Cl2 (�) and [BMP][NTf2]/CH2Cl2 (�);
onversions based on the substrate.

ue to the lower activity of NHC–molybdenum species formed in
he imidazolium-based ionic liquid (see below).

Mono-metallic complexes containing the neutral bis(oxazoline)
igand B, [MoO2Cl2(�2-N,N-B)] (2), and the anionic tridentate
xazolinyl-pyridine ligand C, [MoO2Cl(�3-N,N′,O-C)] (3), were also
ested in cyclooctene epoxidation using [BMP][NTf2] as ionic liquid.
hese catalytic systems exhibited higher activity than that obser-
ed using 1 (entries 2–3 vs 1, Table 3), obtaining nearly full substrate
onversion for catalyst 2 after 1 h of reaction (entry 2, Table 3). The
ctivity observed in dichloromethane for 2 and 3 (entries 4 and 5,
able 3) was somewhat higher than that in [BMP][NTf2]/CH2Cl2,
s stated for complex 1 (see above). When the molybdenum pre-
ursor used for the synthesis of 2 and 3, [MoO2Cl2(DME)], was
sed as catalyst, full substrate conversion was obtained after 1 h
f reaction, giving 15% of alcohol (entry 6, Table 3). The presence of
xazoline-based ligands in the catalyst avoids the epoxide aperture.
ffectively, [MoO2Cl2(DME)] in the absence of oxazoline ligand
ave formation of the corresponding diol even at short times of
eaction (after 10 min of reaction, 7% of the diol was observed), sho-
ing a lower chemoselectivity than that exhibited by complexes

–3 which exclusively gave the epoxide.
The cyclooctene epoxidation was monitored during 1 h of reac-

ion for the three catalysts, 1–3 (Fig. 5). During the first 30 min,
omplexes 1 and 3 showed a similar catalytic activity (after 10 min
f reaction: TOF for 1, 82 h−1; for 3, 74 h−1), while catalyst 2 was
learly less active (TOF for 2, 12 h−1). However, the activity of 2
ncreased faster at longer times (after 1 h, 98% conversion) than
hat observed for the other two systems, in particular for 1. It is

mportant to note that the catalytic system 2 preserved its activity
fter the recharge of olefin and oxidant after 1 h of reaction (90%
onversion without formation of by-products).

ig. 4. Recycling experiments using complex 1 as catalyst in [BMP][NTf2]/CH2Cl2
grey) and [BMI][PF6]/CH2Cl2 (black). For reaction conditions, see entries 8 (grey)
nd 6 (black) of Table 1.
Fig. 5. Cyclooctene epoxidation monitoring using complexes 1 (�), 2 (�) and 3 (�)
as catalysts in [BMP][NTf2]/CH2Cl2; conversions based on the substrate.

(R)-limonene and trans-�-methylstyrene epoxidations were
chosen to evaluate the diastereo- and enantio-selectivity induced
by the dioxomolybdenum(VI) complexes 1–3, which contain opti-
cally pure ligands.

Concerning (R)-limonene epoxidation (Scheme 4), complex 1
led to the formation of the corresponding 1,2-epoxide with 42%
conversion in [BMP][NTf2] at 30 ◦C for 22 h (entry 2, Table 4). This
activity is lower than that observed in dichloromethane (entry 2 vs
1, Table 4). However, the diasteroselectivity is remarkably higher
in [BMP][NTf2] than in the organic solvent, obtaining exclusively
the trans isomer in IL. Increasing the catalyst load (olefin/Mo = 20),
the activity remained practically invariable, but the formation of
the diol clearly increased (entry 3, Table 4). This behaviour can be
associated to the increase of the rate for the epoxide ring-opening in
the presence of higher amount of catalyst. In [BMI][PF6], the acti-
vity was similar to that obtained in dichloromethane, but with a
low diastereoselectivity induction (entry 4, Table 4). However, in
[BMI][NTf2] the activity and diastereoselectivity are similar to those
found in the pyrrolidinium-based ionic liquid (entry 5 vs 1, Table 4),
but the chemoselectivity is lower (ca. epoxide:diol ratio = 1:1). This
fact points to a higher rate of the epoxide ring-opening for the cis
isomer than for the trans one.

Mono-metallic complexes 2 and 3 were highly active, giving
more than 80% olefin conversion, but with a very low diastereo-
selectivity (entries 6 and 7, Table 4); at shorter times, no changes
in the selectivity were observed. The addition of free ligand in the
catalytic mixture for the system containing complex 2, did not lead
to a selectivity improvement, giving an activity decrease (entry
8 vs 6, Table 4). This behaviour points to a coordination compe-
tition between the olefin and/or oxidant and ligand towards the
metal; partial or total ligand dissociation during the epoxidation
in the absence of ligand excess could not be observed by the NMR
monitoring (see below).
In relation to the chemoselectivity, mono-metallic catalytic sys-
tems only gave the 1,2-epoxide, in contrast to the bimetallic system
1 which also led to alcohol formation even if in low yield (up to 6%,
entries 2 and 4, Table 4). It is important to note that alcohol for-
mation is more favoured in dichloromethane than in ionic liquid

+   tBuOOH
[Mo], 30 °C, 22h

O O

+

trans cis

IL/CH2Cl2

-  tBuOH

Scheme 4. Mo-catalysed (R)-limonene epoxidation in IL using dichloromethane as
co-solvent.
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Table 3
Cyclooctene epoxidation catalyzed by dioxomolybdenum complexes 1–3a.

Entry Catalyst Solvent Conv. (%)b Epoxide yieldb,c

1 1 [BMP][NTf2]/CH2Cl2 81 81 (0)
2 2 [BMP][NTf2]/CH2Cl2 98 98 (0)
3 3 [BMP][NTf2]/CH2Cl2 87 87 (0)
4 2 CH2Cl2 100 100 (0)
5 3 CH2Cl2 94 94 (0)
6 [MoO2Cl2(DME)] [BMP][NTf2]/CH2Cl2 100 85 (15)

a Results obtained from duplicated tests. Reaction conditions: 1 mmol cyclooctene, 1.5 mmol tBuOOH in decane (ca. 5.5 M) and 0.025 mmol Mo in 1 mL of [BMP][NTf2] and
1.5 mL of CH2Cl2, at 55 ◦C for 1 h.

b Determined by GC.
c In brackets, diol yield.

Table 4
(R)-limonene epoxidation catalysed by dioxomolybdenum complexes 1–3a.

Entry Catalyst Solvent Conv. (%)b Epoxide yield (%)b,c Trans/cis ratiob

1 1 CH2Cl2 87 62 (18)d 80/20
2 1 [BMP][NTf2]e 42 38 (4) 100/0
3 1 [BMP][NTf2]e 37f 18 (19) 100/0
4 1 [BMI][PF6]g 64 58 (6) 54/46
5 1 [BMI][NTf2]e 44 24 (20) 100/0
6 2 [BMP][NTf2]e 89 (47)h 89 (0) 60/40(60/40)h

7 3 [BMP][NTf2]e 82 (57)h 82 (0) 60/40(60/40)h

8i 2 [BMP][NTf2]e 57 57 (0) 50/50

a Results obtained from duplicated tests. Reaction conditions: 1 mmol (R)-limonene, 1.5 mmol tBuOOH in decane (ca. 5.5 M) and 0.025 mmol Mo in 1 mL of solvent, at 30 ◦C
for 22 h.

b Determined by GC.
c In brackets, diol yield.
d 18% diol and 7% double epoxide.
e 1 mL of [BMP][NTf2] and 1.5 mL of CH2Cl2 at 30 ◦C for 22 h.
f 0.050 mmol Mo used.
g 1 mL of [BMI][PF6] and 2.5 mL of CH2Cl2.
h In brackets, data at 3 h of reaction.
i Reaction in the presence of 0.10 mmol of free ligand (Mo/B ratio = 1/5).

Table 5
Trans-�-methylstyrene epoxidation catalysed by dioxomolybdenum complexes
1–3 in [BMP][NTf2]/CH2Cl2 a.

Entry Catalyst Conv. (%)b Epoxide yield (%)b,c

1 2 76 74 (2)
2 3 30 27 (3)
3 1 16 0 (10)d

a Results obtained from duplicated tests. Reaction conditions: 1 mmol trans-�-
methylstyrene, 1.5 mmol tBuOOH in decane (ca. 5.5 M) and 0.025 mmol Mo in 1 mL
of [BMP][NTf2] and 1.5 mL of CH2Cl2; 30 ◦C for 22 h.
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the cyclooctene epoxidation (see above kinetics profile, Fig. 3).
b Determined by GC.
c In brackets, benzaldehyde yield.
d 6% of benzylmethylketone was also obtained.

entry 1 vs 2 and 4, Table 4). The corresponding 8,9-epoxide (or the
ouble epoxide) was never observed, in contrast to that obtained

n organic solvents [25a].
In order to understand the effect of the ionic liquid in the

poxidation selectivity, a 95Mo NMR study was carried out. Com-
lex 1 was stable at 35 ◦C for a long period (at least for one
eek) in [BMP][NTf2]/dichloromethane, even in the presence of
R)-limonene (see Fig. S3 in Supplementary Information), exhibi-
ing one signal at −66.5 ppm (width at middle height: 1100 Hz;
he large width is due to the presence of several isomers due to
he relative position of the two oxazolinyl-pyridine ligands (A)

+ tBuOOH

[1], 30 °C, 22h

[BMP][NTf2]/CH2C

- tBuOH

Ph

MeO
2

Scheme 5. Catalytic decomposition of trans-�-methylsty
in the bimetallic structure; see Ref. [25a] for a detailed structu-
ral discussion). However, in [BMI][PF6]/dichloromethane, a new
broad signal can be distinguished at ca. 120 ppm which becomes
more intense after the olefin addition (+123 ppm, width at middle
height: 600 Hz) (see Fig, S4 in Supplementary Information). This
low-fielded shift points to an electronic density increase around
the metallic centre [35]. This behaviour, in contrast to that obser-
ved using pyrrolidinium-based ionic liquid [BMP][NTf2], can be
due to the formation of Mo–NHC carbene bond by partial de-
coordination of the chiral ligand; the presence of the olefin favours
the de-coordination of the isothiocyanate group in agreement with
that observed in neat dichloromethane [25b]. With the aim to evi-
dence the formation of Mo–carbene bond, 13C NMR spectrum for
complex 1 was recorded in [BMI][NTf2], observing the appearance
of new signals in the region 170–165 ppm corresponding to the
C N and plausible Mo–C(NHC) bonds [37] (see Fig. S5 in Supple-
mentary Information), in agreement with the low-fielded signal
observed by 95Mo NMR (see Fig. S4). This fact also explains the
higher activity of the catalyst at relative long times in [BMP][NTf2],
in contrast to that observed in imidazolium-based ionic liquids for
The lack of selectivity induced by complex 2 in pyrrolidinium-
based ionic liquid can be due to a ligand de-coordination,
in agreement with the large signal observed by 95Mo NMR,
both in the presence and in the absence of (R)-limonene (see

l2

CHO

+
O

Me

58% 42%

rene epoxide by complex 1 in [BMP][NTf2]/CH2Cl2.
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ig. S6 in Supplementary Information), as previously observed for
ioxomolybdenum complexes containing hemi-labile ligands [24].

Relative to trans-�-methylstyrene epoxidation, monometallic
omplexes 2 and 3 mainly led to the formation of the expec-
ed epoxide, being noticeably more active the complex containing
he bis(oxazoline) ligand, 2 (entries 1 and 2, Table 5); less than
% of benzaldehyde was observed in each case. Unfortunately,
o asymmetric induction was observed. However, the bimetallic
olybdenum system 1 was scarcely active, giving a mixture of ben-

aldehyde and benzylmethylketone instead of the corresponding
poxide (entry 3, Table 5). Starting with trans-�-methylstyrene
poxide in the presence of complex 1, benzaldehyde and benzyl-
ethylketone were quantitatively obtained (Scheme 5); this result

oints to that the epoxide is formed but it quickly decomposes
owards the formation of achiral by-products.

. Conclusions

In summary, bimetallic (1) and monometallic (2, 3) complexes
earing chiral oxazoline ligands have led to active and chemoselec-
ive catalytic systems in ionic liquids, in contrast to the behaviour
xhibited by [MoO2Cl2(DME)] for the cyclooctene epoxidation
hich gave an important amount of the corresponding diol. In par-

icular, complex 1 allowed the recycling of the catalytic system up
o 5 times without activity loss.

In relation to the diastereoselectivity, catalyst 1, in contrast
o monometallic systems 2 and 3, led to the exclusive forma-
ion of trans-1,2-(R)-limonene epoxide in the pyrrolidinium-based
onic liquid [BMP][NTf2]. However, this diastereoselectivity induc-
ion was lost when imidazolium ionic liquid was used due to the
lausible formation of Mo–NHC carbene complex by partial de-
oordination of the oxazolinyl-pyridine ligand A, in agreement with
he NMR observations.

Further studies are required concerning the catalyst design in
rder to induce enantioselectivity in the epoxidation reactions;
nfortunately, our systems failed in the trans-�-methylstyrene
poxidation.
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