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Abstract: The natural diatomite nanoparticles (Dt) were covalently
functionalized by 3-(trimethoxysilyl)-propylamine (MSPA) and salicylaldehyde
to support VO(acac)2 and MoOz(acac)2 precursor complexes. The prepared
compounds were characterized by FT-IR, PXRD, SEM, EDX, ICP, and BET
techniques. Then they were used to catalyze the heterogeneous epoxidation of
cis-cyclooctene as a model alkene using tert-butyl hydroperoxide (TBHP).
Various parameters that affect catalytic efficiency were investigated, and the
optimized experimental conditions were successfully used for the epoxidation of
other linear and non-linear alkenes. The important advantages of these new
catalytic systems are their simple preparation, low catalyst loading, and high 4
product yield. Moreover, these catalysts can be used up to three times for an -
efficient epoxidation of cis-cyclooctene.
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Diatomite (SiO2.nH20) is one of the insoluble inorganic
catalyst carriers. It is a siliceous sedimentary rock
containing diatom formed at low temperature and
pressure.?>?” The silanol groups on the surface of
diatomite are active and display a tendency to react with
different functional groups.?® Due to its high porosity,
high specific surface area, high reusability, low density,
and high chemical stability, the diatomite has been widely

1. INTRODUCTION

Epoxides, one of the most known valuable precursors,
play a key role in producing several commercially
important chemicals and intermediates, as well as in the
field of pharmacology.! Ethylene oxide and propylene
oxide are two important commodity chemicals produced
by the epoxidation of ethylene and propylene,
respectively.? In recent years, various homogeneous®® and

heterogeneous®® catalytic systems have been developed
for epoxidation reactions. Most homogeneous catalytic
systems consist of main group elements and transition
metals. Amongst these, the early transition metals such as
molybdenum and vanadium are of particular interest
because they are stable in their highest oxidation state
during the catalytic procedure.’®** The vanadium and
molybdenum complexes have drawn much attention as
catalysts in different oxidation reactions such as
epoxidation of olefins, oxidation of sulfides to sulfoxides,
hydroxylation of phenols, and oxidation of alcohols to
aldehydes and ketones.'>2° The high cost and toxicity are
important challenges in the metal-containing catalytic
systems. The immobilization of the metal ions onto
insoluble supports can solve these problems and improve
the efficiency of the catalyst.?%?2

used as filter media, % filler,®-3* absorbent,*%" and
abrasive® material. There is great interest in using it as a
catalyst carrier in various catalytic reactions such as
carbonylation of amine,® nitration of toluene,*
hydroxylation of phenol,* oxidative desulfurization,*
oxidation of benzene,”® hydrogenation of aliphatic
esters,* Heck,*® Suzuki,*® and Sonogashira*’ reactions.
Furthermore, metal-diatomite composites have been
utilized as catalysts in photocatalytic degradation of
gaseous formaldehyde,*® rhodamine B,*® methylene
blue,*®and ciprofloxacin.®!

Some years ago, we reported a diatomite-supported
manganese(l11) Schiff base complex, which exhibited
significant catalytic activity for epoxidation of alkenes
and hydroxylation of alkanes using sodium periodate as
an oxidant.® As part of our continuing studies on the
catalytic epoxidation of alkenes using V and Mo-
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containing catalysts,>*%¢ we herein prepare amine and
imine-functionalized diatomite nanoparticles to support
VO(acac), and MoOz(acac), complexes, and study their
catalytic activity in the epoxidation of alkenes using
TBHP.

2. EXPERIMENTAL

All solvents and chemicals were purchased from commercial
reagents and used without further purification. The natural
diatomite was obtained from the Shahrood region in the north of
Iran, and then purified by the method described in the
literature.® For this purpose, the raw diatomite (1 g) was washed
with 15 mL of HCI solution (2 M), and then heated at 105 °C for
4 h. The diatomite dispersion was centrifuged, and the resulting
powder was washed with water. The acid-washing process was
repeated until the diatomite was free of chloride anions as
determined by AgNOs. The precipitate was collected and dried
at 80 °C overnight.

Characterization methods

Infrared spectra were measured with a Perkin-Elmer 521
spectrophotometer using KBr pellets. Powder X-ray diffraction
was collected on a Bruker D8 Advance with Cu Ka irradiation.
The morphology of the products was analyzed by a Zeiss Sigma
300-HV scanning electron microscope. The BET analysis was
carried out on a Belsorp mini Il apparatus (BEL, Japan) to
obtain the surface area, pore volume, and pore size distribution
of the support and the catalyst. Gas-liquid chromatography
(GLC) experiments were carried out on a Gostar Faraz GC-2560
instrument using a 2-m column packed with silicon DC-200 or
Carbowax 20 M. In the GLC tests, n-decane was used as an
internal standard. The other operating parameters were as
follows: injector temperature, 180 °C; detector temperature, 200
°C; oven temperature, 70-200 °C. The conversions and yields
were calculated by normalizing the areas of the GC peaks by
means of the area of the internal standard peak (n-decane).

Preparation of vanadium-supported amine-
functionalized diatomite (V-AF-Dt)

To a solution of 3-(trimethoxysilyl)-propylamine (2 mL, 11.37
mmol) in dry toluene (50 mL) was added 1 g of pure diatomite
(Dt) and refluxed for 20 h at 110 °C to yield the amine-
functionalized diatomite (AF-Dt). The resulting white solid was
isolated, washed twice with dry toluene, and left at 70 °C
overnight. The AF-Dt was used to support the VO(acac)2
precursor complex. To achieve this, a mixture of AF-Dt (0.3 g)
and VO(acac)2 (0.07 g, 0.26 mmol) was refluxed in ethanol
(60 mL) for 12 h. The final mixture was centrifuged, washed
with ethanol, and then dried at 60 °C to give the vanadium-
supported amine-functionalized diatomite (V-AF-Dt) (Scheme
1).

Preparation of molybdenum-supported  imine-
functionalized diatomite (Mo-IF-Dt)

The imine-functionalized diatomite (IF-Dt) was prepared from
the condensation reaction of AF-Dt (1 g) and salicylaldehyde
(0.3 mL, 2.87 mmol) in ethanol (20 mL) for 15 h. The resulting
product was filtered, washed with ethanol, and dried at 70 °C.
The IF-Dt was used to support the MoO2(acac). complex. To
achieve this, the MoO2(acac)2 (0.07 g, 0.21 mmol) was reacted
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with IF-Dt (0.3 g) in ethanol (60 mL) under reflux conditions
for 12 h. After centrifugation, the resulting solid was washed
several times with ethanol, and then dried at 60 °C to afford
the molybdenum-supported imine-functionalized diatomite
(Mo-1F-Dt) (Scheme 1).

AF-Dt

Epoxidation of Alkenes

V-AF-Dt

Mo-1F-Dt

Scheme 1. Attempt to support VO(acac), and MoO,(acac), on AF-Dt
and IF-Dt

Catalytic epoxidation of alkenes

The cis-cyclooctene was employed as a model alkene in the
catalytic epoxidation reactions using TBHP. A general
procedure was used for all the reactions. First, a solvent was
mixed with cis-cyclooctene, and then an oxidant was added to
the solution. The prepared mixture was poured into a 25 mL
round-bottom flask containing the catalyst, and then stirred for a
certain time. The reactions were monitored by GLC equipped
with a flame ionization detector. The alkene conversions and
product selectivity were calculated using their peak areas by the
standard addition method. After completing the reaction, the
catalyst was recovered by centrifugation, washed with solvent,
dried at 60 °C overnight, and used in the next cycle (Table 6).

3. RESULTS AND DISCUSSION

Preparation of catalysts

The natural diatomite nanoparticles (Dt) were covalently
functionalized with MSPA to generate the amine-
functionalized diatomite (AF-Dt). In the next step, the
AF-Dt was reacted with salicylaldehyde to yield the
imine-functionalized diatomite (IF-Dt). The AF-Dt and
IF-Dt were used to support the VOf(acac), and
MoO,(acac), complexes, respectively.

FT-IR analysis

The FT-IR spectra of the diatomite nanoparticles in the
absence and presence of MSPA are shown in Fig. 1. The
infrared spectrum of the pure diatomite (Fig. 1a) indicates
a band at 3413 cm? corresponding to the stretching
vibration of hydroxyl groups. Also, the stretching
vibration bands of the Si-O-Si groups can be seen in the
FT-IR spectrum of the pure diatomite. The higher
frequency band at 1084 cm is related t0 vasym, and the
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lower one at 791 cm™ is assigned to veym of the Si-O-Si
groups. The band at 517 cm™ is ascribed to the Si-OH
vibrations.5”%8 The FT-IR spectrum of the AF-Dt (Fig. 1b)
shows new adsorption bands in the 2800-2950 cm™ region
corresponding to the aliphatic -CH, stretching vibrations
of the propyl chain of MSPA. The band at 1618 cm™ is
related to the bending vibrations of the NH> group.>®
These observations reveal that the MSPA is anchored on
the surface of the diatomite nanoparticles. The FT-IR
spectrum of the IF-Dt (Fig. 1c) exhibits a sharp band at
1633 cm? corresponding to the imine group.®® This
confirms the formation of the Schiff base compound on
the diatomite surface. The two bands appeared at 1496
and 1454 cm are ascribed to the aromatic C=C stretching
vibrations.>® The Mo=0 and V=0 vibration bands usually
appear in the 900-1000 cm? region in the FT-IR
spectrum.® These bands were not observed in the FT-IR
spectra of the V-AF-Dt and Mo-IF-Dt (Fig. 2). It is
probably due to the overlapping of these bands with the
Si-O vibration bands. However, the FT-IR results
confirmed the successful immaobilization of the vanadium
and molybdenum complexes to the surface of the AF-Dt
and IF-Dt, respectively.
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Figure 1. FT-IR spectra of Dt (a), AF-Dt (b), and IF-Dt (c).
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Figure 2. FT-IR spectra of V-AF-Dt (a) and Mo-IF-Dt (b).

PXRD patterns
The PXRD analysis was applied to study the crystalline
structure of the pure diatomite, V-AF-Dt, and Mo-IF-Dt.
The XRD patterns of the samples are shown in Fig. 3. The
results show that the diatomite nanoparticles are formed
in a hexagonal phase which corresponds well with the
standard crystallographic data for quartz mineral (JCPDS
No. 00-046-1045).5t The main reflections of the
crystalline patterns are located at about 26 = 22°, 26°, 36",
397, 50°, and 60°, which can be perfectly related to the
(100), (101), (110), (102), (112), and (211) planes,
respectively. The presence of the characteristic peaks in
the XRD patterns of the V-AF-Dt and Mo-IF-Dt, and also
the comparison of the d values reveal that the crystalline
phase of the diatomite particles has not been changed
upon immobilization of the vanadium and molybdenum
complexes on their surfaces. The average crystallite size
of Dt, V-AF-Dt, and Mo-IF-Dt was calculated as 64, 66,
and 67 nm, respectively using the Debye-Scherrer
equation given below.

L = KMpcosb
Where K is the Scherrer constant, A refers to the
wavelength of the X-ray beam, B is the full width at half
maximum (FWHM) of the peak, and 0 is the Bragg angle.
The (101) peak was used to estimate the particle sizes.
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Figure 3. PXRD patterns of Dt (a), V-AF-Dt (b), and Mo-IF-Dt (c).

Nitrogen physisorption

The nitrogen adsorption-desorption isotherms of the Dt,
V-AF-Dt, and Mo-IF-Dt samples are shown in Fig. 4. The
average pore diameters of the solids were calculated
between 2-50 nm, classified as mesoporous materials®?
(Table 1). The results obtained show that the pore
diameter for the Dt is smaller than that for the Mo-IF-Di
and V-AF-Di. The main reason for these observations is
that the porosity on the surface of the diatomite
nanoparticles decreases after functionalization. All the
samples represent the type V isotherm classified by
IUPAC.® Another important factor is Brunauer-Emmett-
Teller (BET) specific surface area, which was calculated
at 29.83, 12.14, and 7.12 m? g** for the Dt, Mo-IF-Dt, and
V-AF-Dt, respectively. Moreover, the pore volume of the
Dt, Mo-IF-Dt, and V-AF-Dt was measured at 0.097,
0.067, and 0.057 cm?® g%, respectively. The BET specific
surface area and the pore volume of the Dt have been
decreased compared to those of the V-AF-Dt and Mo-IF-
Dt, which can be related to the immobilization of the
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V(IV) and Mo(VI) complexes onto the surface of the
diatomite nanoparticles.
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Figure 4. Nitrogen sorption isotherms for Dt, V-AF-Dt, and Mo-IF-Dt.

Table 1. Specific surface area, pore volume, and pore size for Dt, V-AF-
Dt, and Mo-IF-Dt

sample Specific s;]rleice area Pore vglglme Pore size
(m*g?) (cm®g™) (nm)
Dt 29.83 0.097 13.13
Mo-IF-Dt 12.14 0.067 22.12
V-AF-Dt 7.12 0.057 32.15

FE-SEM and EDX analysis

The surface morphology and structural feature of the
prepared samples were studied by FE-SEM analysis. The
FE-SEM images of the V-AF-Dt and Mo-IF-Dt samples
exhibit porous particles with a spherical structure of
diameter between 60-70 nm (Fig .5). As shown in Fig. 5,
the vanadium and molybdenum complexes are
successfully immobilized onto the surface of the diatomite
nanoparticles.

The EDX analysis was also carried out to confirm the
formation of the V-AF-Dt and Mo-IF-Dt compounds
(Fig. 6). The peaks corresponding to V, Si, Al, and K
elements were observed in the EDX spectrum of the
diatomite nanoparticles. The increase in the height of the
peak V-La in the EDX spectrum of the V-AF-Dt sample
is attributed to the immobilization of the VO(acac),
complex onto the diatomite surface. In the EDX spectrum
of the Mo-IF-Dt, in addition to the peaks corresponding to
V, Si, Al, and K elements, the peaks related to Mo were
also seen. These results confirmed the immobilization of
the MoO»(acac), complex onto the diatomite surface.
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Figure 6. EDX analysis of Dt (a), V-AF-Dt (b), and Mo-IF-Dt (c).

Alkene epoxidation catalyzed by V-AF-Dt and Mo-IF-
Dt

Since the epoxidation of cis-cyclooctene has only one
product, it was used as a model reaction to investigate
the catalytic activities of the V-AF-Dt and Mo-IF-Dt
catalysts. Our tests involved the optimization of different
experimental parameters of the model reaction, such as
the solvent, oxidant, amount of catalyst, temperature, and
time. The results for the epoxidation of cis-cyclooctene
using TBHP catalyzed by the V-AF-Dt and Mo-IF-Dt
catalysts in different solvents are presented in Fig. 7. The
solvents with coordinating ability, such as CH3OH and
CH3CN, can compete with the oxidant to bind to the
transition metal centers. Therefore, the observed yield was
very low in the presence of these solvents. For both
catalytic systems, the 1,2-dichloroethane gave the best
yields.
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Figure 7. The effect of solvents in the epoxidation of cis-cyclooctene
catalyzed by V-AF-Dt (a) and Mo-IF-Dt (b) [solvent: 2 ml, cis-
cyclooctene: 0.5 mmol, TBHP: 1 mmol, catalyst loading: 0.008 mmol
(a) and 0.002 mmol (b), reaction time: 180 min (a) and 120 min (b), and
temperature: reflux].
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The epoxidation of cis-cyclooctene was also carried out in
the presence of other oxidants such as hydrogen peroxide
(H202) and sodium periodate (NalO,). For both catalysts,
the highest yield of the epoxide product was found in the
presence of TBHP as an oxidant (Table 2). The higher
activity obtained when using TBHP in comparison with
H,0, can be related to the weaker O-O bonds of TBHP,
which make it an efficient oxidant. Moreover, the
epoxidation of cis-cyclooctene using TBHP did not
proceed in the absence of the catalysts under mild
conditions.

Table 2. The effect of oxidant on the epoxidation of cis-cyclooctene®

Solvent Oxidant vield (%6)°
V-AF-Dt Mo-IF-Dt

TBHP 0 0

CHiCN H20. 31 38
NalOa 0 0
TBHP 98 98

C2H4Cl2 H20. 6 5
NalOq 0 0

®Reaction conditions: [C2H4Cla: 2 ml, cis-cyclooctene: 0.5 mmol, oxidant:
1 mmol, catalyst loading: 0.008 mmol (V-AF-Dt) and 0.002 mmol (Mo-IF-
Dt), reaction time: 180 min (V-AF-Dt) and 120 min (Mo-IF-Dt), and
temperature: 85 °C]. "GLC yields are based on the starting cyclooctene.

As another parameter, the effect of the reaction time on
the epoxidation of cis-cyclooctene using TBHP was
studied (Fig. 8). The results show that the Mo-IF-Dt is
more reactive than the V-AF-Dt catalyst. For the Mo-IF-
Dt catalyst, the epoxide yield reaches a maximum after
120 min and then becomes constant, while the V-AF-Dt
catalyst needs 180 min to accomplish this goal.
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100 - Mo-IF-Dt
< 80
e
>
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20
0

20 40 60 80 100 120 140 160 180 200 220
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Fig. 8. The effect of the reaction time in the epoxidation of cis-
cyclooctene catalyzed by V-AF-Dt and Mo-IF-Dt [C,H,Cl,: 2 ml, cis-
cyclooctene: 0.5 mmol, TBHP: 1 mmol, catalyst loading: 0.008 mmol
(V-AF-Dt) and 0.002 mmol (Mo-IF-Dt), and temperature: 85 °C].

Figure 9 illustrates the effect of the amount of catalyst in
the epoxidation of cis-cyclooctene. The results show that
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by increasing the amount of the Mo-IF-Dt and V-AF-Dt
catalysts up to 10 mg (0.002 mmol) and 20 mg
(0.006 mmol), respectively, the epoxide yield increases
and then becomes constant. In addition, a blank system
with no catalyst was tested that proved using the catalyst
was necessary to proceed the reaction.

B— V-AF-Dt

100 A

80 4
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Figure 9. The effect of the amount of catalyst in the epoxidation of cis-
cyclooctene catalyzed by V-AF-Dt and Mo-IF-Dt [C;H4Cly: 2 ml, cis-
cyclooctene: 0.5 mmol, TBHP: 1 mmol, reaction time: 180 min (V-AF-
Dt) and 120 min (Mo-IF-Dt), and temperature: 85 °C].

The oxidant/substrate molar ratio is one of the most
important parameters in catalytic epoxidation procedures.
As shown in Fig. 10, the optimum oxidant/substrate molar
ratio for both catalysts was found to be 2. For both
catalysts, increasing the ratio from 2 to 3 does not change
the epoxidation yields considerably while decreasing it to
1 reduces the yields significantly.

100 + B— V-AF-Dt - a
—O— Mo-IF-Dt
90 A
80
=
2 70 1
V3
&
60
50
40 o
30 T T T T T
1.0 1.5 2.0 25 3.0
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Fig. 10. The effect of the oxidant/substrate molar ratio in the epoxidation
of cis-cyclooctene catalyzed by V-AF-Dt and Mo-IF-Dt [C,H,Cl,: 2 ml,
catalyst loading: 0.006 mmol (V-AF-Dt) and 0.002 mmol (Mo-IF-Dt),
reaction time: 180 min (V-AF-Dt) and 120 min (Mo-IF-Dt), and
temperature: 85 °C].
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Moreover, the effect of the reaction temperature on the
epoxidation yield was studied at four different
temperatures (25, 45, 65, and 85 °C), keeping the other
parameters fixed (Fig. 11). For both catalysts, the best
epoxide yields were obtained at 85 °C.

i 98 98
100 EE VAF-Dt ]
[ Mo-IF-Dt
57 72 69
= 60
I
=
= 40 1 S
31
20 A
4 5
0 m ]
25 45 65 85

Temperature “C
Fig. 11. The effect of the reaction temperature in the epoxidation of cis-
cyclooctene catalyzed by V-AF-Dt and Mo-IF-Dt [C,H,Cl,y: 2 ml, cis-
cyclooctene: 0.5 mmol, TBHP: 1 mmol, catalyst loading: 0.006 mmol
(V-AF-Dt) and 0.002 mmol (Mo-IF-Dt), and reaction time: 180 min
(V-AF-Dt) and 120 min (Mo-IF-Dt)].

Since the epoxidation of cis-cyclooctene using the new
catalysts showed high efficiency, their catalytic activities
for epoxidation of other linear and cyclic alkenes were
also studied (Table 3). The results show that the catalytic
epoxidation of the cyclic alkenes needs a shorter reaction
time than the linear ones. The probable reason for this is
that the electron density of the cyclic alkenes is higher
than the linear ones, which facilitates access to the
oxidant with a high electron affinity. For both catalysts,
the cyclohexene showed a lower epoxidation yield in
comparison to cyclooctene. These observations can be
due to some cyclooctene conformations that decrease the
activation energy of the reaction.5 The a-methyl styrene
was more reactive than styrene. This can be related to its
more electron density because of the existence of the
electron-donating methyl group connected to the ring. The
linear alkenes, 1-hexene and 1-octene, showed lower
epoxide yields (Table 3, entries 6 and 7). In both catalytic
systems, the conversion of 1-hexene was higher than that
for l-octene, which can be related to a more steric
hindrance around 1-octene.5®

We also compared the catalytic activities of the prepared
immobilized catalysts (V-AF-Dt and Mo-IF-Dt) with the
corresponding homogeneous VO(acac), and MoOz(acac);
complexes in the epoxidation of cis-cyclooctene under the
optimized reaction conditions (Table 4). The results
showed that the immobilization of VO(acac), and
MoOy(acac), complexes onto AF-Dt and IF-Dt increases
the catalytic activity and the selectivity for the
corresponding epoxide.
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Table 3. Epoxidation of some alkenes using TBHP catalyzed by V-AF-
Dt and Mo-IF-Dt catalysts®

V-AF-Dt Mo-IF-Dt

Entry Alkene Time  Yield  Time  Yield

(min) (%)° (min) (%)°

1 O 180 98 120 98

cis-cyclooctene

2 O 180 93 120 94

Cyclohexene

3 ©—< 180 82 120 88

a-methyl styrene

4 180 81 180 87
a -Pinene
5 360 75 240 81
Styrene
NN
6 360 52 240 61
1-hexene
NSNS
7 360 48 240 56
1-octene

Reaction conditions: [C2H4Cl: 2 mL, cis-cyclooctene: 0.5 mmol, TBHP:
1 mmol, catalyst loading: 0.006 mmol (V-AF-Dt) and 0.002 mmol (Mo-IF-Dt),
and temperature: 85 °C]. °GLC yields are based on the starting alkenes.

Table 4. Comparison between the catalytic activities of VV-AF-Dt, Mo-
IF-Dt, VO(acac);, and MoO,(acac), in the epoxidation of cis-
cyclooctene?

Catalyst Epoxide yield
(%0)°
VO(acac)2 73
V-AF-Dt 98
MoO2(acac)2 68
Mo-IF-Dt 98

®Reaction conditions: [C2H4Clz: 2 ml, cis-cyclooctene: 0.5 mmol, TBHP:
1 mmol, reaction time: 180 min (V-AF-Dt) and 120 min (Mo-IF-Dt), and
temperature: 85 °C]. "GLC yields are based on the starting cyclooctene.

Based on our previous report, a probable mechanism can
be proposed for the epoxidation of cis- cyclooctene by the
V-AF-Dt and Mo-IF-Dt catalysts (Scheme 2).5 During a
catalytic cycle, the hydroxyl proton of TBHP transfers to
a terminal oxygen atom of the metal-oxo complex, which
results in the coordination of the tert-butylperoxide anion
to the Lewis acidic metal centers. Then the alkene is
coordinated to the metal center and, as a nucleophile, is
inserted into the metal-oxygen bond of the coordinated
peroxide electrophile anion. In the next step, the epoxide
product is generated, and the tert-butylperoxide anion is
converted to the tert-butoxide anion. According to this
mechanism, the electron-rich olefins can facilitate the
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epoxidation reaction compared with the electron-poor
ones.
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Scheme 2. Proposed mechanism for the epoxidation of alkenes with
TBHP catalyzed by V-AF-Dt

These new catalytic systems were compared with other
heterogeneous catalytic systems containing molybdenum
and vanadium metal centers (Table 5). As given in
Table 5, the Mo-IF-Dt/TBHP catalytic system displays a
higher turn-over frequency (TOF) than the V-AF-
Dt/TBHP system. Compared to other catalysts, the Mo-
IF-Dt is superior in terms of catalyst loading and TOF.

Table 5. Comparison of the results obtained for the epoxidation of cis-
cyclooctene catalyzed by V-AF-Dt and Mo-IF-Dt catalysts with other
reported heterogeneous catalytic systems containing Mo and V metal
centers

Catalyst . . Amount of
Catalyst loading T(l[r:)]e \E;I;i cyclooctene -5101'): Ref.
(mmol) o (mmol)
Sep-Am-
MoO2 0.0074 1.25 98 0.7 74.16 56
Mo-Im-
BNPs 0.0064 1 97 0.5 126 59
MoOzsalen-
SBA-15 0.0026 8 4.1 5 10 65
This
Mo-IF-Dt 0.0026 2 98 0.5 94.23
work
V-en-BNPs 0.0132 1 95 0.5 60 59
Fe@B-N-V 0.0020 45 98 0.5 55 54
Fe@B-Im-V 0.0112 0.75 98 0.5 58 54
V-AFBNPs 0.0056 3 93 0.7 39 55
V-AF-Dt 0.0064 3 98 05 2552 NS
work

Catalyst recovery and reuse

The new heterogeneous catalysts were recovered and
reused several times. The results showed few or no
decrease in the product yield even after three runs
(Table 6). This can be related to the strong binding of the
metal centers to the amine and imine-functionalized
diatomite, which kept connected even after washing. The
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reason for the gradual decrease in the yields is the
separation of metals from the diatomite surface.

Table 6. Epoxidation of cis-cyclooctene with TBHP using recycled
catalysts®

Epoxide Metal

Number . TOF Content
Catalyst yield Tve leached e
of cycles (%) (hhy (%) (mmol g%)
1 98 25.52 ND 0.32
2 96 25 ND 0.32
V-AF-DL 3 92 2395  ND 0.31
4 90 23.43 ND 0.29
1 98 94.23 ND 0.26
2 97 93.26 ND 0.26
Mo-IF-Dt 3 9 9230  ND 0.25
4 92 88.46 ND 0.23

#Reaction conditions: [C2H4Cl2: 2 ml, cis-cyclooctene: 0.5 mmol, TBHP:
1 mmol, reaction time: 180 min (V-AF-Dt) and 120 min (Mo-IF-Dt), and
temperature: 85 °C]. "GLC yields are based on the starting cyclooctene. ‘TOF =
(mole of reactant) (yield)/(mole of catalyst)(time). “Determined by ICP analysis.
ND: not detected. ®Metal content of the recycled catalyst.

5.CONCLUSIONS

In summary, two new catalysts were prepared by
anchoring VO(acac), and MoOz(acac), precursor
complexes onto the surface of amine and imine-
functionalized diatomite nanoparticles. Immobilization of
VO(acac), and MoOz(acac); complexes onto diatomite
nanoparticles, as an insoluble inorganic carrier, can
improve their catalytic efficiency. The prepared catalysts
exhibited good catalytic activity in the epoxidation of
different alkenes using TBHP as an oxidant. The results
showed that the Mo-IF-Dt/TBHP catalytic system was
more reactive than the V-AF-Dt/TBHP system. Compared
with other reported heterogeneous catalytic systems
containing Mo and V metal centers, our catalytic systems
are superior in cost, reaction time, catalyst loading,
epoxide yield, and turn-over frequency (TOF). The type
of solvent is one of the most important factors that
influence the efficiency of the catalytic system. In both
catalytic systems, 1,2-dichloroethane as an aprotic,
non-polar, and hydrophobic solvent gave the best results.
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