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Abstract A Mo(VI) complex, [MoO,HL(HOCH3;)], HL =
2-[(2-hydroxy-benzylidene)-amino]-3-(4-hydroxy-phenyl)-
propionic acid, was reacted with 3-(chloropropyl)-
trimethoxysilane-functionalized silica that had been fused
with magnetite to yield a magnetically separable catalyst in
which the Mo complex was covalently linked to the silica
matrix through a silane linkage. Both the free [MoO,.
HL(HOCH3)] and the immobilized complex function as
efficient catalysts for the oxidation of olefins in the pres-
ence of fert-butylhydroperoxide as primary oxidant. The
Fe;0,@8Si10,/[MoO,L(HOCHj3;)] showed lower catalytic
activity and turnover numbers compared to its homoge-
neous counterpart. However, the immobilized catalyst
could be readily recovered from the reaction mixture by
using a magnet and could be reused up to seven times
without any loss of activity.

Introduction

Molybdenum possesses several oxidation states and vari-
able coordination numbers from four to eight. Together
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with its roles in many molybdoenzymes, this has led to
much interest in Mo-based catalysts [1]. Epoxidation and
hydroxylation of olefins [2] are important enzymatic roles
of molybdenum.

In the last decades, homogeneous catalysts have been
used for the oxidation of alkenes [3, 4]. Despite this at-
tention, such materials have disadvantages such as diffi-
culty in separation from the reaction mixture, deactivation
of the catalyst via self-aggregation of active sites, high
price and difficulty of recycling, which make them inap-
propriate for large-scale applications [5]. Hence, new
oxidative processes based on the activation of fert-butyl-
hydroperoxide (TBHP) by robust, efficient and recyclable
heterogeneous catalysts have been developed. In this re-
gard, the immobilization of homogeneous catalysts onto
inorganic solid supports constitutes a potential strategy [6].

In continuation of our research into the design and
synthesis of organic—inorganic hybrid materials and their
applications as catalysts for oxidation reactions [5, 7], we
now report the synthesis, characterization and application
of a magnetic nanoparticle (MNP)-supported molybdenum
catalyst for the oxidation of various olefins to the corre-
sponding epoxides.

Experimental
Materials and characterization

Chemicals were purchased from Merck. Elemental analyses
were determined on a CHN PerkinElmer 2400 analyzer.
FTIR spectra were recorded as KBr pellets on a PerkinElmer
model 597 FTIR spectrometer. Magnetic measurements
were taken on an MPMS XL7 magnetometer. The >’Fe
Mossbauer spectra were recorded in transmission mode at
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room temperature using a conventional constant accel-
eration spectrometer and a 50-mCi °’Co source in a Rh
matrix. The velocity scale was calibrated using a-Fe foil.
The spectra were fitted to Lorentzian lines using the
WinNormos software program [8], and the isomer shifts are
reported relative to metallic o-Fe at room temperature.
Metal contents were determined by atomic absorption
spectroscopy. Scanning electron micrographs were taken on
a MIRA3FE6 SEM instrument. XRD patterns were recorded
on a Philips PW1130 X-ray diffractometer with Cu Ka
target (A = 1.54 A). The products of the oxidation reactions
were analyzed with an HP Agilent 6890 gas chromatograph,
equipped with an HP-5 capillary column (phenyl methyl
siloxane 30 m x 320 pm x 0.25 pm) and a flame ioniza-
tion detector.

Synthesis

The Schiff base ligand H3L was synthesized by the con-
densation of salicylaldehyde with L-tyrosine in 1:1 molar
ratio in methanol [9].

FTIR (KBr, cm™") 3208 (w) (O-H), 3026 (w), 2963 (w),
2930 (w), 1612 (vs) (C=N), 1609 (s), 1514 (m), 1455 (m),

Scheme 1 Schematic
representation of the formation
of Fe304@5102/
[MoO,(L)(HOCH3)]

Y
N OH
HO

O

1364 (m), 1332 (s), 1245 (s), 1100 (m), 842 (s), 740 (m),
650 (s), 576 (s), 530 (s), 493 (w), 434 (w), cm™ .

Its molybdenum complex, [MoO,HL(HOCH;)] was
synthesized according to a published procedure [10], and
its identity was confirmed by CHN elemental analysis.
Calc.: C46.1, H 3.9, N 3.2, Mo 21.7 %. Found: C 45.9, H
3.6, N 3.0, Mo 21.2 %.

FTIR (KBr, cm™') 3467 (br) v(o-H), 3195 (m), 2924 (w),
2843 (w), 1634 (s) (C=N), 1590 (vs) [v,(COO)], 1514 (s),
1446, 1368 (s) [vy(COO0)], 1337 (s), 1248 (m), 1115 (m),
1033 (m), 943 (m), 884 (m), 747 (w), 652 (m), cm ™.

Magnetite Fe;0,4 nanoparticles were prepared accord-
ing to the procedure of Wang et al. [11] and characterized
by the FTIR band at 586 (vs) cm™'. Silica-coated mag-
netite nanoparticles, denoted as Fe;0,@Si0,, were pre-
pared according to the literature method [12] and
characterized by their FTIR bands: 3437 (br, O-H), 1110
(vs), 963 (w), 809 (w), 591 (s), 482 (m), 434 (w) cm ™.
The Fe;0,@Si0, nanoparticles were functionalized with
3-(chloropropyltrimethoxysilane (CPTMS) to give a
material, denoted by Fe;0,@SiO,/CPTMS, according to
a reported procedure [13]. CPTMS loading was 0.65 m-
mol g~' MNP silica gel.
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Fig. 1 FTIR spectra of a HiL, b [MoO,(HL)(HOCH3)] (from
500-4000 and 500-1750 cm™")

To prepare the immobilized catalyst, Fe;0,@SiO,/
CPTMS (0.25 g) and [MoO,HL(HOCH3)] (0.04 g) were
refluxed in CH,Cl, for 24 h followed by washing with
CH,Cl, for 4 h in order to eliminate all the adsorbed
[MoO,HL(HOCH3)] (Scheme 1). The resulting black ma-
terial, Fe;0,@Si0,/[MoO,L(HOCHj;)], was dried at room
temperature and characterized by CHN, SEM, A.A, IR
spectroscopy, VSM and Mossbauer measurement. The Mo
loading and the complex loading were 0.30 mmol g~ '
MNP silica gel and 0.3 mmol g=' MNP silica gel,
respectively.

FTIR (KBr, cm™') 3437 (br, O-H), 1631 (s), 1592 (s),
1515 (m), 1440 (w), 1416 (m), 1367 (m), 1327 (w), 1293
(w), 1124 (vs), 949 (m), 843 (w), 742 (w), 708 (w), 577
(vs), 482 (vs).
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Fig. 2 FTIR spectra of a FC304, b Fe304@SiOz, Cc Fe';04@5102/
[MoO,L(HOCH;] (fresh), d Fe;0,@SiO,/[MoO,L(HOCH;] (recycled)

General oxidation procedure

Oxidation reactions were carried out under air at 80 °C,
with 1,2-dichloroethane as solvent and aqueous TBHP
(80 %) as oxidant. In a typical experiment, a mixture of
0.013 mmol of [MoO,HL(HOCH5)], 1.0 mL solvent and
1.0 mmol of cyclooctene was placed in a 25-mL round-
bottomed glass flask. The mixture was heated to 80 °C, and
after addition of TBHP, the solution was placed in an oil
bath at 80 °C. At appropriate intervals, aliquots were re-
moved and analyzed immediately by GC. The oxidation
products were identified by the comparison of their reten-
tion times with those of authentic samples. Yields are
based on cyclooctene.

Results and discussion
Characterization of the catalyst

The MoO,(HL)(CH5OH) complex was prepared in good
yield by the condensation of 2-[(2-hydroxy-benzylidene)-
amino]-3-(4-hydroxy-phenyl)-propionic acid (HzL) with
MoO,(acac), in methanol. The FTIR spectrum of the free
Schiff base (Fig. 1a) showed an intense band at 1614 as-
sociated with the C=N stretching frequency, which was
shifted to 1634 cm™" for the corresponding dioxo complex
(Fig. 1b), consistent with coordination of the azomethine
nitrogen. In the spectrum of the complex (Fig. 1b),
an extremely broad band at about 3467 cm ™! is assigned to
—OH, possibly involved in intermolecular hydrogen
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Fig. 3 Room-temperature 57Fe Mossbauer spectra of a Fe;Oy4, b Fes;_
0,@Si0,, ¢ Fe;0,@Si0,/[MoO,L(HOCH3;)]

bonding. The v,,(COO) band is observed at 1590 cm ™',
while v{(COO) is identified as a medium to strong
bond at 1368 cm™'. Hence, Av [vas(COO)—-v,(COO0)] is
191-225 cm™!, characteristic of monodentate coordina-
tion of the carboxylate group [14].
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Finally, two characteristic bands assigned to v(Mo=0)
of the cis-MoO, moiety at 884 and 943 cm ™' confirm the
presence of this unit in MoO,(HL)(CH3;OH) [15] (Fig. 1b).

The FTIR spectrum of Fe;O,4 (Fig. 2a) exhibited the
expected Fe—O stretching absorption at 586 cm™'. This
peak also appears in all the FTIR spectra of the heteroge-
neous compounds. In the FTIR spectra of both Fe;0,/SiO,
and Fe3;0,@8Si0O,/[MoO,L(HOCH3)], the absorption in-
tensity of the Fe—O group decreases with the addition of
silica [16] and a strong absorption arising from the Si—O-Si
group was observed. In Fig. 2b, bands at 482, 963 and
1110 cm™' are assigned to J(Si—O-Si), v(Si—-OH) and
V,5(Si—O-Si), respectively.

The FTIR spectrum of the supported catalyst, Fes
0,@S5i0,/[MoO,L(HOCH3;)] (Fig. 2c), exhibits character-
istic new bands assigned to the complex units at
1631[v(C=N)], 1592 [v,5(COO)], 1368 [v,(COO)] and
949 ¢cm ™! [v(Mo=0)], together with silica and magnetite
matrix bands. Hence, the FTIR characterization confirmed
the successful immobilization of the Mo(VI) complex on
the modified Fe;0,@Si0, nanoparticles.

>"Fe Mossbauer spectroscopy measurements were taken
at room temperature for samples of Fe;0,4, Fe;0,@Si0O,
and the catalyst, Fe;0,@Si0,/[MoO,L(HOCH3)], in order
to verify the stability of the magnetic nanoparticles after all
stages of the synthesis. The room temperature >’Fe Moss-
bauer spectra of these compounds are shown in Fig. 3.

Experimental and fitted Mossbauer spectra for Fe;Oy,
Fe;0,@Si0, and Fe;0,@Si0,/[MoO,L(HOCH;)] col-
lected at room temperature are illustrated in Fig. 3, and the
hyperfine parameters are shown in Table 1. The best fits to
the spectra were obtained with two strong sextets and a
weak doublet, indicating dominant ferromagnetic behavior.
For Fe;0,, the sextet with hyperfine field 481.71 kOe and
isomer shift (I. S.) 0.20 mm s~ ! indicates the presence of
tetrahedral Fe> " sites, while the other sextet with hyperfine
field 450.30 kOe and isomer shift 0.50 mm s~' is assigned
to the presence of both octahedral Fe*t and Fe?* [17]. The
extra doublet with isomer shift —0.01 mm s™' and quad-
rupole shift (Q. S.) 0.49 mm 5! may be due to the finite
size effect which can cause some of the Fe;0, display
superparamagnetic behavior.

Magnetic hysteresis curves obtained by vibrating sample
magnetometry at room temperature are shown in Fig. 4.

Although the starting magnetite powder shows satura-
tion magnetization behavior around 0.017 Npg™', as ex-
pected for Fe;Oy4, it is observed that coating of the
magnetic nanoparticles with the silica layer and subsequent
functionalization with the Mo complex results in a
reduction in the magnetization of about ~0.012 NBg™'
for Fe;0,@Si0O, and 0.0085 at Fe;0,@Si0O,/[MoO,.
L(HOCH3;)]. Although the mass saturation magnetization
in the last two composites is decreased, due to the
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Table 1 Room-temperature Mossbauer parameters obtained for Fe;0,4, Fe;0,@SiO, and Fe;0,@Si0O,/[MoO,L(HOCH;)]

Sample Fe component LS. Q. S. Hyperfine Line width Area
(mm s~ ") (mm s~ " field (kOe) (mm s~ ratio (%)
Fe;0,4 Sextet (1) 0.20 —0.06 481.71 0.54 50.8
Sextet (2) 0.50 —0.07 450.30 0.47 42.6
Doublet (1) —0.01 0.49 - 0.58 6.6
Fe;0,@Si0, Sextet (1) 0.16 —0.03 490.26 0.31 40.9
Sextet (2) 0.53 0.00 457.69 0.50 55.9
Doublet (1) 0.55 2.30 - 0.25 32
Fe;0,@SiO,—[MoL(HOCH3;)] Sextet (1) 0.21 —0.02 492.15 0.58 48.2
Sextet (2) 0.49 0.00 456.23 0.58 48.4
Doublet (1) 0.37 2.49 - 0.58 34
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Fig. 4 Hysteresis loops of a Fe;04, b Fe;0,@Si0,, ¢ Fe;0,@Si0,/
[MoO,L(HOCHj3)]

contribution of the non-magnetic silica shell and func-
tionalized groups [18], they still could be efficiently
separated from solution media with a permanent magnet.

The crystalline structures of the nanoparticles were
identified by XRD (Fig. 5). Figure 5 shows the XRD pat-
terns of the nanoparticles at different steps: specifically,
(a) Fe30,4 nanoparticles, (b) Fe;0,@SiO, nanoparticles
and (c) Fe;0,@Si10,/[MoO,L(HOCHj3)] nanoparticles. As
shown in Fig. 5a, the X-ray powder diffractogram of the
iron oxide prepared in this study matches that of magnetite
(JCPDS No. 72-2303) [18]; however, when coated with
silica, the intensity of the Fe;O,4 phase decreases but some
new low-intensity peaks appear. As peaks corresponding to
silica are absent, the material must be amorphous [19], with
the Fe;O4 phase retaining its crystallinity [20]. For Fe;.
0,@Si0,/[MoO,L(HOCH3)], peak characteristic of
[MoO,HL(HOCH;)] is absent, which is indicative of an
amorphous nature [21].

The morphologies of Fe;0,@Si0, and Fe;0,@Si0,/
[MoO,L(HOCHj3;)] were further investigated via SEM, as
revealed in Fig. 6. The nanoparticle sizes of Fe;0,@Si0O,
and Fe;0,@Si0,/[MoO,L(HOCH3)] were about 39 and
52 nm, respectively, both with spherical shape.

Catalytic activity

Using [MoO,HL(HOCH;)] as a homogeneous catalyst for
the oxidation of cyclooctene to the corresponding epoxide,
oxidation did not take place in the absence of tert-butyl-
hydroperoxide. Without the catalyst, the oxidation was
only 5 % complete after 24 h [22]. The conversion in-
creased with increasing amounts of fert-butylhydroperox-
ide (Table 2, entries 1-3).

The oxidation was also affected by the nature of the
solvent (Table 3, entries 1-6).

High epoxide yields were obtained in arange of chlorinated
solvents such as CCly, CHCls, 1,1,2,2-tetrachloroethane and
1,2-dichloroethane [23]. This can be explained by hard—soft
acid-base theory. Solvents such as methanol, ethanol and
acetonitrile, containing hard donor atoms (O and N), tend to
coordinate strongly to hard metal centers such as Mo(VI). On
the other hand, chlorinated solvents coordinate only very
weakly to the metal [molybdenum(VI)]. As the coordination
ability of the solvent increases, the solvent competes with
TBHP for coordination to the molybdenum(VI), resulting in a
decrease in the conversion.

When the temperature was increased (from 40 to 80 °C),
the conversion correspondingly increased (from 2 to
98 %). Also the amount of catalyst had a significant effect
on the oxidation of cyclooctene. A relatively low conver-
sion (89 %) was obtained with 6.5 x 103 mmol catalyst,
but a higher conversion (98 %) with 13 x 107> mmol
catalyst. A still larger quantity resulted in lower conver-
sion, 84 % with 19.5 x 10~ mmol catalyst. This may be
due to increased degradation of the oxidant at higher
concentration of catalyst [24].
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Fig. 5 XRD pattern of a Fe;04, b Fe;0,@Si0,, ¢ Fe;0,@Si0,/
[MoO,L(HOCH3)]
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To establish the scope for the activity of [MoO,.
L(HOCH3;), this study was further extended to the catalytic
epoxidation of several linear and cyclic olefins, namely
styrene, o-methylstyrene, 1-heptene, 1-hexene, cyclohex-
ene, norbornene and indene, using [MoO,L(HOCH;)]
(Table 4).

Generally, excellent epoxide selectivity was observed
for the tested aliphatic substrates and cyclooctene (Table 4,
entries 6-8). A similar result for cyclooctene was also re-
ported for Schiff base molybdenum complexes immobi-
lized on MCM-41 [25]. Moreover, the present catalytic
system was completely selective for the epoxide for all
substrates except for styrene and o-methyl styrene, with
benzaldehyde and acetophenone, respectively, as the side
products. The production of benzaldehyde in the oxidation
of styrene is due to the overoxidation of styrene oxide with
TBHP. The conversion of styrene and selectivity for styr-
ene oxide were also affected by the reaction time. The
selectivity for styrene oxide dramatically increased from 65
to 87 % upon decreasing the reaction time from 7 to 2 h,
which is mainly caused by overoxidation at higher reaction
times and temperatures (Table 4, entry 1) [26].

The lower catalytic activity of o-methyl styrene com-
pared to styrene seems to be due to the steric hindrance of
the methyl substituent of the former [27]. It should be
noted that if electronic effects due to the methyl substituent
were important, then a-methyl styrene as a more electron-
rich olefin would be expected to show higher reactivity
than styrene.

The relatively low catalytic activity for the epoxidation
of indene does not seem to be caused by catalyst decom-
position, since an increase in the reaction time indene re-
sulted in a significant increase in the yield of oxidation, as
shown in Table 4, entry 4.

In the present system, the oxidizing agent TBHP is
transformed to fert-butyl alcohol during the reaction, which
can coordinate to the Mo(VI) center and consequently re-
tard the reaction, as shown in Table 2, entry 4 [28].

To confirm that these oxidation reactions are catalyzed
under heterogeneous conditions with Fe;0,@SiO,/
[MoL(HOCH3)], we tested the oxidation reaction in the
presence of Fe;0, and Fe;0,@Si0, instead of the catalyst.
Under these conditions, the oxidations were only about 12
and 10 % complete after 7 h, respectively [29, 30]. The
epoxide yields for the homogeneous and heterogeneous
systems under the same experimental conditions are com-
pared in Table 5.

The heterogeneous catalyst is less active than its ho-
mogenous analogue (Tables 4, 5); however, some species
show enhanced selectivity and longer lifetime due to the
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Fig. 6 SEM image of a Fe;0,@Si0s, b Fe;0,@Si0»/[MoO,HL(HOCH;)]

Table 2 Catalytic activity of [MoO,HL(HOCHj3;)] on cyclooctene
oxidation®

Entry [TBHP)/[CsH},] Conversion (%)° (TON)®
Molar ratio
1 0.5 41 (31.5)
2 0.75 78 (60)
3 1 98 (75.4)
4 1 867
74°
34°

# Reaction conditions: catalyst [MoO,HL(HOCH3)] (0.013 mmol);
reaction temperature, 80 °C; cyclooctene, 1 mmol; 1,2-DCE (as sol-
vent), 1 mL; reaction time, 7 h; ® conversions are based on the
starting substrate for homogeneous conditions; © TON = (mmol of
epoxide)/(mmol of catalyst); 91 mmol #BuOH was added to the
reaction medium; © 2 mmol -BuOH was added to the reaction
medium; f excess amount of +-BuOH was added to the reaction
medium; £ in the absence of TBHP; in the absence of catalyst

Table 3 Effect of various solvents on cyclooctene oxidation by
[MoO,HL(HOCH3)]*

Entry Solvent Conversion (%)b (TON)®
1 MeOH 6 (4.6)

2 EtOH 1 (0.77)

3 1,2-DCE 98 (75.4)

4 CH;CN 3(2.3)

5 CH,Cl, 15 (11.5)

6 CHCl; 72 (55.5)

# Reaction conditions: catalyst [MoO,HL(HOCH3)] (0.013 mmol);
reaction temperature, 80 °C; cyclooctene, 1 mmol; solvent, 1 mL;
reaction time, 7 h; TBHP, 1 mmol; ® conversions are based on the
starting substrate for heterogeneous conditions; ¢ TON = (mmol of
epoxide)/(mmol of catalyst)

site isolation that prevents catalyst deactivation in the case
of heterogeneous catalyst. Also, since the catalyst is inti-
mately combined with magnetite, it can be easily separated

on the completion of the reaction by magnetic decantation.
In this way, the heterogeneous catalyst could be reused at
least seven times without noticeable loss of activity
(Table 6, entries 1-8).

Other important features of the system include the high
formation of benzaldehyde over styrene oxide for the
heterogeneous catalyst. In the homogeneous phase, the
formation of epoxide was favored. The reason for ben-
zaldehyde formation may be linked to the high acidity of
the host materials, which according to a proposed
mechanism leads to preferential formation of that product
[31].

Table 7 compares the efficiency of our catalyst with
some found in the literature.

Overall, all reported systems showed high activity and
recyclability. For instance, Grivani and coworkers have
also performed epoxidation of cyclooctene, styrene, o-
methylstyrene, indene, 1-octene with TBHP promoted by a
polymer-bound molybdenum carbonyl Schiff base catalyst.
The performance of their catalyst was better than the pre-
sent example. Similarly, oxidation of styrene also yielded
benzaldehyde as major product [27].

Compared with the previously reported catalysts, both
[MoO,HL(HOCH3;)] and [Fe;0,@SiO,/[MoO,L(HOCH3)]
exhibited superior activity for the oxidation of hydrocar-
bons. The previously reported glypy-Mo(VI) [32] showed
lower catalytic activity for the oxidation of cyclooctene.
Moreover, our catalysts showed higher catalytic activity
than the glypy-Mo(VI), PMO-Mo(VI), MCM-glypy-
Mo(VI) and [MoO,L(CH;CN)] for the oxidation of styr-
ene. Our homogeneous and heterogeneous catalysts are
also very efficient compared to ZPS-PVPA-MoO,(HOEt)
(Schiff base) [23] and cis-MoO,{salnptn(3-OMe),}, cis-
MoO;{hnaphnptn} for the oxidation of o-methylstyrene
[33]. However, for the oxidation of indene, our catalytic
system is less effective than the cis-MoO,{salnptn
(3-OMe),} and cis-MoO,{hnaphnptn} systems. In
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Table 4 Oxidation of alkenes with TBHP catalyzed by the [MoO,HL(HOCH3)]*

Entry Substrate Conversion (%)° Epoxide selectivity (%)° Time (h)
1 Styrene 75 65°¢ 7
43 76 4
13 87¢ 2
9 (at 55 °C) 86" 7
2 a-Methyl styrene 65 528 7
3 Indene 12 100 7
25 100 23
4 Cyclohexene 100 87" 7
5 1-Hexene 46 >99 7
6 Norbornene 70 100 7
7 1-Heptene 33 >99 7

? Reaction conditions: catalyst (0.0064 g, 0.013 mmol), substrate (1.0 mmol), 1,2-dichloroethane (1 mL), TBHP (1 mmol) and temperature
80 °C; ® conversions are based on the starting substrate; ¢ the other products are benzaldehyde 25 % and benzoic acid 10 %.; 4 the other products
are benzaldehyde 21 % and benzoic acid 3 %; ° the other products are benzaldehyde 13 %; f the other products are benzaldehyde 25; ¢ the other

product is acetophenone; " the other product is 2-cyclohexene-1-ol

Table 5 Oxidation of alkenes with TBHP catalyzed by the [Fe30,@SiO,/[MoO,L(HOCH;)]*

Entry Substrate Conversion (%)b Epoxide selectivity (%)° Time (h)
Cyclooctene 77 100 2
2 Styrene 67 42°¢ 4
36 524 2
9 79¢ 1
4 (at 55 °C) 76" 4
3 a-Methyl styrene 58 39¢ 4
4 1-Octene 17 >99 4
5 Indene 11 100 7
6 Cyclohexene 82 69" 2
7 1-Hexene 36 100 4
8 Norbornene 62 100 4
9 1-Heptene 26 100 4

4 Reaction conditions: catalyst (0.06 g, 0.013 mmol), substrate (1.0 mmol), 1,2-dichloroethane (1 mL), TBHP (1 mmol) and temperature 80 °C;
" conversions are based on the starting substrate;  the other products are benzaldehyde 40 % and benzoic acid 18 %; ¢ the other products are
benzaldehyde 34 % and benzoic acid 14 %; © the other products are benzaldehyde 17 % and benzoic acid 4 %; T the other products are
benzaldehyde 24; € the other product is acetophenone; " the other product is 2-cyclohexene-1-ol

addition, the Mo-oxodiperoxo core was previously used by
Thiel’s group in the oxidation of olefins using TBHP as
oxidant. Their catalysts showed high activity even for
terminal unbranched olefins such as 1-octene [34].

Catalyst recycling
The present -catalyst, Fe;0,@Si0,/[MoO,L(HOCH3)],
could be reused seven times without any perceptible loss of

activity, and leaching was not observed in the subsequent
runs by ICP-AES analysis, so that no regeneration was

@ Springer

required at the end of the reaction [35]. The stability of the
catalyst is also indicated by the similarity of the FTIR
spectra (Fig. 1d).

Possible reaction mechanism

In recent years, many researchers have investigated the
mechanistic aspects of the molybdenum(VI)-catalyzed
epoxidation reactions in the presence of TBHP. The
mechanism for the oxidation of various olefins to epoxides
using the catalyst [MoO,HL(HOCH3)] has been proposed
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by comparison with the literature report [23]. According to
the suggested mechanism (Scheme 2), the second stage of
the process is the interaction between the olefin and the
TBHP molecule, activated in the coordination sphere of the
molybdenum complex. It is well known that early transi-
tion metal ions in their highest oxidation states such as
Mo(VI) tend to be stable toward changes in their oxidation
state. Thus, in epoxidation reactions with alkyl hydroper-
oxides, they form adducts (MOOR) which are the key

Table 6 Effect of [Fe;0,@SiO,/[MoO,L(HOCH3;)] catalyst recy-
cling on oxidation of cyclooctene

Number of recycle Conversion (%) TON
Fresh 98 75.4
1 97 74.6
2 98 75.38
3 96 73.8
4 97 74.6
5 95 73

6 97 74.6
7 97 74.6

4 Reaction conditions: catalyst (0.013 mmol catalyst); cyclooctene,
1 mmol; 1,2-DCE (as solvent), 1 mL; temperature, 80 £ 1 °C; re-
action time, 7 h; TBHP, 1 mmol

intermediates in the epoxidation and the role of the metal
ion is that of a Lewis acid site. The metal center acts as a
Lewis acid by removing charge from the O-O bond, fa-
cilitating its dissociation and activating the proximal O
atom for insertion into the olefin double bond, whereas the
distal oxygen constitutes a good leaving group in the form
of —O'Bu (see Scheme 2).

Conclusion

In summary, in the present study, we demonstrated that
[MoO,HL(HOCH3;)] as homogeneous catalyst and Fe;.
0,@S5i0,/[MoO,L(HOCHj3;)] as heterogeneous catalyst
both promote oxidation reactions efficiently in association
with fert-butylhydroperoxide as an oxidant. The oxide
yields show that the efficiency of the catalytic system is
strongly dependent on the temperature and nature of sol-
vent, and the best yields were achieved in 1,2-dichlor-
oethane and at 80 °C. The supported catalyst Fe;0,@SiO,/
[MoO,L(HOCHj3;)] gave lower activity and turnover num-
ber compared to its homogeneous counterpart. However,
the supported catalyst was easily separated from the reac-
tion mixture by the use of a magnet and could be recycled
for several catalytic runs, without significant loss of

Table 7 Comparison of literature catalysts and our catalyst system for oxidation of alkenes

Entry Catalytic system Reaction conditions Conv.
(%)
1 glypy-Mo(V]) [31] The catalytic reactions using 1:100:200 mol ratio of catalyst:substrate:TBHP unless 19/30
otherwise stated, after 24 h, styrene/cyclooctene
2 PMO-Mo(VI) [31] The catalytic reactions using 1:100:200 mol ratio of catalyst:substrate:TBHP unless 14
otherwise stated, after 24 h, styrene
3 MCM-glypy-Mo(VI) [31] The catalytic reactions using 1:100:200 mol ratio of catalyst:substrate:TBHP unless 22
otherwise stated, after 24 h, styrene
[MoO,L(CH;CN)] [32] The molar ratios for using [MoO,L(CH3CN)]:olefin:TBHP are 1:5000:5000, styrene 51
5 [MoO,HL(HOCH3;) [this Cyclooctene/styrene/o-methylstyrene/1-octene/indene 98/75/65/
work] 24/12
6 [Fe;0,@Si0,/ Cyclooctene/styrene/a-methylstyrene/1-octene/indene 77167/58/
[MoO,L(HOCHj;)] [this 17/11
work]
7 ZPS-PVPA- Reactions were performed in 1,2-dichloroethane (3 mL) with catalyst (2 mmol%), substrate 43

MoO,(HOE()(L) [23]
o-Methylstyrene

(1 mmol), and TBHP (2 mmol) at 75 °C

8 cis-MoO,{hnaphnptn} [33] = The molar ratio of catalyst:indene:TBHP was 0.032:10:30, 0.032 mmol dioxo- 5.6
molybdenum(VI) complexes, 10 mL 1,2-DCE, 10 mmol alkene, 30 mmol TBHP

9 cis-MoO, {salnptn(3-OMe),} The molar ratio of catalyst:indene:TBHP was 0.032:10:30, 0.032 mmol dioxo- 8.2
[33] molybdenum(VI) complexes, 10 mL 1,2-DCE, 10 mmol alkene, 30 mmol TBHP

10 cis-MoO,{hnaphnptn} [33]  The molar ratio of catalyst:indene:TBHP was 0.032:10:30, 0.032 mmol dioxo- 36

molybdenum(VI) complexes, 10 mL 1,2-DCE, 10 mmol alkene, 30 mmol TBHP

11 cis-MoO, {salnptn(3-OMe), }

The molar ratio of catalyst:indene:TBHP was 0.032:10:30, 0.032 mmol dioxo- 42

[33] molybdenum(VI) complexes, 10 mL 1,2-DCE, 10 mmol alkene, 30 mmol TBHP

12 1Mo @SMNP [34]

1 mmol of 1-octene, 1.2 mmol of ~BuOOH, 1 mol% of catalyst, 5 mL of CHCl;, 6 h, reflux 72

@ Springer
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Scheme 2 Probable
mechanism of epoxidation of
cyclooctene with TBHP in the

presence of 0
[MoO,(HL)(HOCH;)] Me;C-OH o§/ ~HOCHs Me;C—O
[o]
O NNVA\ —
! \o\o 0—H
HO o
Q\? HOCH,
HOCH; SMo’—OH
O§M {[-0>H N\ / \\
N\ NN /0-\ CMe
Ng 0 ~CMe, HO@ﬁo

o

activity. This system could prove useful for many other
base-catalyzed oxidations.
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