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Magnetic nanoparticles (MNPs), Fe;04@SiO,, have been prepared and functionalized by
3-(chloropropyl)\trimethoxysilane and then by imidazole to synthesize Fe;0,@SiO,-Im. The
functionalized Fe;O,4 nanoparticles were used as a support to anchor manganese porphyrin via axial
ligation. The prepared catalyst was characterized by elemental analysis, FT-IR spectroscopy, X-ray
powder diffraction, UV—vis spectroscopy, and scanning electron microscopy. Application of immobi-
lized manganese porphyrin as a heterogeneous catalyst in oxidation of alkenes and sulfides was
explored. To find suitable reaction conditions, effect of different parameters such as solvent and tem-
perature on immobilization process and also various reaction parameters (oxidant, solvent, and time)
on oxidation reactions has been investigated. The results showed that the immobilized Mn-porphyrin
on functionalized MNPs is an efficient and reusable catalyst for oxidation of substrates.

Keywords: Magnetic nanoparticles; Surface functionalization; Nanocatalyst; Immobilized manganese
porphyrin; Oxidation reactions

1. Introduction

As biomimetic catalysts in oxidation reactions, metalloporphyrin complexes have been
employed. Immobilization of metalloporphyrin catalysts on insoluble organic and inorganic
supports improves their stability and selectivity because of the support environment and
other advantages with respect to recovery and reuse [1-5]. An attractive approach is
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preparation of the heterogeneous catalyst by immobilization of complexes on silica-coated
magnetic nanoparticles. Heterogenized homogeneous catalysts are an attractive option to
facilitate separation of catalyst, simplified product workup and continuity of the catalytic sys-
tem [6]. Although immobilization of a homogeneous catalyst on solid supports facilitates its
separation, normally this results in a decrease in the active surface area and reactivity of the
catalyst. Homogeneous catalysts immobilized on magnetic nanoparticles (MNPs) occupy a
unique position due to combining the advantages of both homogeneous and heterogeneous
catalysts [7-9]. In addition, superparamagnetic nature of MNPs enables very simple
separation of the immobilized catalysts from the reaction mixture using an external magnet.

In this article, we describe the preparation of imidazole functionalized Fe;O,4 nanoparti-
cles (Fes04@SiO,-Im). These modified particles have been utilized as a support for
immobilization of Mn-porphyrin. The catalytic activity of the supported catalyst in the
oxidation of alkenes and sulfides and also the effect of different parameters on immobiliza-
tion process and oxidation reactions have been investigated.

2. Experimental

2.1. Materials and methods

All reagents and solvents were purchased from Aldrich or Merck Chemical Companies.
Scanning electron microscopy (SEM) was carried out on a Philips XL30. FT-IR spectra
were recorded as KBr pellets using an ABB FT-IR spectrophotometer. Measures of pH were
carried out on a Mettler Toledo S40 SevenMulti™ pH-meter. X-ray diffraction (XRD) pat-
tern was obtained by D4 ENDEAVOR diffractometer (Bruker AXS Inc.) with Cu Ka as a
radiation source, the scan range (26) was from 5° to 100°. A Varian (AA220) flame atomic
absorption spectrometer (AAS) (air/acetylene flame) was used for manganese ion determi-
nations. Elemental analyses (CHN) were performed using a Heraeus Elemental Analyzer.
UV-vis spectra were recorded with a Shimadzu UV-2100 spectrometer. Gas chromato-
graphic (GC) analyses were performed on an Agilent Technologies 6890 N, 19,019 J-413
HP-5, capillary 60 m x 250 um x 1 pm.

2.2. Preparation of Fe;0, MNPs

Fe;04 nanoparticles were synthesized according to the procedure described previously [9, 10].
In brief, under N, atmosphere, 5.2 g (19.3 mmol) of FeCl;-6H,O, 2 g (10.0 mmol) of
FeCl,'4H,0, and 0.85 mL concentrated HCI were dissolved in 25 mL degassed water. This
solution was added dropwise at room temperature to 250 mL of NaOH solution (1.5 mol/L)
under N,. The reaction mixture was vigorously stirred for 30 min (1300 rpm). The formed
black precipitates were separated using a strong magnetic field (0.5 T magnet) and washed sev-
eral times with degassed water. Finally, for storage, Fe;O4 nanoparticles were dispersed in
200 mL degassed water under N,. Synthesis of Fe;O4 nanoparticles was confirmed by XRD.

2.3. Synthesis of Fe;0 (@SiO, nanoparticles

In the next step, Fe304MNPs were coated with a thin layer of silica [11, 12]. One gram of
freshly prepared Fe;O4 nanoparticles was added into 30 mL of an aqueous solution of citric
acid (0.02 g/mL), then the pH was adjusted to 5.2 using ammonia, and the mixture was
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heated to 80-90 °C for 1.5 h. After heating, the pH of the reaction mixture was increased
with ammonia to pH 11 and 1.25 mL of tetraethylorthosilicate (TEOS) dissolved in ethanol
(12.5 mL) was added dropwise into the suspension of particles. The mixture was stirred at
room temperature for 24 h to let the base-catalyzed hydrolysis and condensation of TEOS
monomers on the nanoparticle surface go to completion. Finally, the dark brown Fe;O4@-
SiO, nanoparticles were separated using a 0.5 T magnet and were washed with distilled
water (5 times, 150 mL) and ethanol (5 times, 150 mL). Synthesis of Fe;04@SiO,
nanoparticles was confirmed with X-ray diffraction analysis.

2.4. Preparation of imidazole functionalized Fe;0 4@Si0O, nanoparticles

In a typical reaction, Fe;04@SiO, nanoparticles (1.00 g) were suspended in dried toluene
(70 mL). 3-Chloropropyl trimethoxysilane (0.27 mL) was added, and the mixture was
refluxed for 24 h. There potassium iodide (0.25 g) was added to the mixture and stirred for
1 h; imidazole (0.20 g) was added, and the mixture was refluxed again for 24 h [13]. The
solid phase was filtered and washed with acetone and diethyl ether, respectively, to remove
impurities and dried at 120 °C. Functionalization of Fe;O4 nanoparticles was confirmed by
FT-IR spectroscopy, and elemental analysis (CHN).

2.5. Porphyrin synthesis and metallation

In this work, meso-tetrakis(4-methoxyphenyl)porphyrin; [T(4-OMeP)P], was prepared
according to the Adler procedure [14] and metallated with Mn(OAc),-4H,O by method of
Adler and coworkers to synthesize [MnT(4-OMeP)P]JOAc [15].

2.6. Catalyst preparation (immobilization process)

The synthesized Fe;O4@SiO,-Im (0.10 g) was suspended in CH,Cl, (10 mL) containing
metalloporphyrin (0.11 mmol). The mixture was refluxed for 24 h, the solid was filtered,
washed with CH,Cl, and ethanol and dried at 120 °C for 4 h. The quantity of immobilized
manganese porphyrin was determined by measuring the manganese content of the prepared
catalyst; Fe;O4@SiO,-Im@[MnT(4-OMeP)P], by AAS.

2.7. General oxidation procedure

A typical oxidation reaction using Fe;04@SiO,-Im@[MnT(4-OMeP)P] nanoparticles as
catalyst is described as follows. In a 10-mL round-bottom flask, the prepared catalyst
(0.01 g, containing 7 x 10”* mmol of MnPor), substrate (0.20 mmol), chlorobenzene
(0.20 mmol) as the internal standard and oxidant (0.40 mmol) were added in order with a
molar ratio of catalyst:substrate:oxidant of 1:285:570. The reaction mixture was stirred at
room temperature in a tightly closed flask. The reaction products were monitored in differ-
ent time intervals, 3 and 20 h, using GC. The catalyst nanoparticles were collected at the
bottom of the round-bottom flask using a magnet, supernatant carefully decanted and forma-
tion of products was monitored by GC. The oxidation products were identified by compar-
ison with authentic samples (retention times in GC). An internal standard method was used
to calculate yields. All reactions were repeated at least two times.
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2.8. Reusability of the catalyst

The reusability and the stability of the prepared catalyst were studied in repeated oxidation
reactions. The catalyst was filtered from the reaction mixture after each run and washed
with CH,Cl, and then dried in vacuum at room temperature for 4 h before reusing in the
subsequent oxidation reaction and could be reused about six times without significant loss
of the catalytic activity.

3. Results and discussion

Magnetically separable Fe;O4@SiO,-Im@[MnT(4-OMeP)P] (1) catalyst was synthesized
by the route schematically demonstrated in scheme 1. In the first step, Fes04 nanoparticles
were prepared using the coprecipitation method. Silica-coated nanoparticles were obtained
by hydrolysis and condensation of TEOS on the surface of the Fe;O4 nanoparticles. In the
next step, Fe;04@SiO, was functionalized by 3-(chloropropyl)trimethoxysilane and then by
imidazole to synthesize Fe;04@SiO,-Im. The supported catalyst (1) was prepared by reac-
tion of Fe;04@SiO,-Im with [MnT(4-OMeP)P]OAc. By modification of Fe;0,4 nanoparti-
cles surface with imidazole, imidazole groups on the surface of the functionalized Fe;O4
bond to the axial position of the manganese porphyrin. The bonding of the Fe;0,@SiO,-
Im and the metalloporphyrin is so strong that [MnT(4-OMeP)P]OAc is not eluted from the
support with common organic solvents.

3.1. Characterization of the catalyst, Fe;0 (@SiO,-Im@[MnT(4-OMeP)P]

The nitrogen content of Fe;04@SiO,-Im was 1.74 mmol/g as measured by CHN analysis.
This observation strongly justifies the conclusion that surface functionalization by imidazole
has been successful. Based on this value, the amount of available nitrogen for coordination
to Mn is 0.87 mmol/g. The manganese content of the supported catalyst as determined by
AAS was 0.07 mmol/g of the supported catalyst. Therefore, analysis shows about 8% of the
imidazole groups on the surface of Fe;O, nanoparticles were coordinated to the metallopor-
phyrin.

The XRD patterns for the nanoparticles before and after growing a SiO, shell and after
immobilization of the catalyst were obtained with X-ray diffraction analysis (figure 1). In
the XRD pattern of the prepared Fe;O, [figure 1(a)], six characteristic peaks (26 = 30.6,
35.7, 43.8, 54.2, 57.3, and 63.6), corresponding to (220), (311), (400), (422), (511), and
(440) Bragg reflections, respectively, were observed. These diffraction peaks are in agree-
ment with the database in JCPDS file (PCPDFWIN v.2.02, PDF No. 85-1436) and reveal
that the resultant nanoparticles were pure Fe;04 without impurity phases. This XRD pattern
is consistent with the pattern previously reported for Fe;O,4 samples [16, 17]. The XRD pat-
tern of Fe;04@SiO, core/shell is shown in figure 1(b). The same characteristic peaks can
also be found in this pattern suggesting that the crystalline structure of Fe;O,4 nanoparticles
does not change after the surface modification with silica. However, the weaker intensity in
figure 1(b) than that of figure 1(a) can be attributed to shielding of the amorphous silica
shell. Also, figure 1 shows the XRD pattern of the MNPs@MPor [figure 1(c)] with
characteristic peaks and relative intensity, which completely match with the standard Fe;O4
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Figure 1. XRD pattern of: (a) Fe;04, (b) Fe304@Si0,, and (c) MNPs@MPor: Fe;04@SiO,-Im@[MnT(4-OMeP)P].

sample. In addition, the average particle size of the immobilized catalyst was estimated by
Scherrer’s equation to be 24.9, which is in agreement with that observed in the SEM image.

The SEM image of Fe;04@SiO,-Im@[MnT(4-OMeP)P] nanocatalyst, as shown in
figure 2, clearly suggests a smooth morphology of the catalyst; particles were well distributed
with dimensions about 33 nm and rather high surface area. The high surface area of
nanoparticles is beneficial for high loading of catalyst during the complex anchoring step.

The FT-IR spectroscopy was employed for the characterization of supported catalyst.
figure 3 shows FT-IR spectra of the core-shell MNPs (Fe;04@Si0O,) before and after being
functionalized by imidazole. The FT-IR spectra of Fe;04@SiO, nanoparticles [figure 3(a)]
represent significant absorption bands at 593 and 637 cm™' which corresponds to Fe—O
vibrational modes of Fe;0,4. Furthermore, a strong absorption at 1084 cm ! (between 1200
and 1000 cm™ ") and a band at 802 cm™', which can be assigned to the Si-O-Si stretching
vibrations [18, 19], indicate that the Fe;0,4 core is coated by a silica layer. Bands at 1631
and 3443 cm™ ! are associated with vibrations of absorbed water [20].

Imidazole functionalized nanoparticles (Fe;O04@SiO,-Im) were systematically character-
ized by FT-IR in addition to elemental analysis. Compared with FT-IR spectra of Fe;04@-
Si0,, characteristic peaks at 2863 and 2935 cm™' ascribed to vibrations of the propyl
groups can be clearly observed in FT-IR spectra of Fe;0,@SiO,-Im [figure 3(b)],
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Figure 2. The SEM image of Fe;04@SiO,-Im@[MnT(4-OMeP)P].

confirming that 3-(chloropropyl)trimethoxysilane molecules bonded to the surface of the
silica-coated MNPs [21]. Additionally, two C-N vibrations between 1400 and 1600 cm ™'
[figure 3(b)], become visible after imidazole anchorage. These bands can be attributed to
conjugated C=N vibrations of cyclic systems (imidazole), proving imidazole incorporation
[22, 23]. As previously mentioned, this conclusion is further supported by elemental analy-
sis. Immobilization of metalloporphyrin on imidazole functionalized nanoparticles was
exhibited by FT-IR spectroscopy. Comparing FT-IR spectra of Fe;0,4@SiO,-Im and
Fe;04@Si0,-Im@MPor nanoparticles (figure 4), IR spectra of heterogenized manganese
porphyrin complex show new peaks at 1172, 1249, and 1607 cm ™' [figure 4(a)], also
observed in the FT-IR spectrum of [MnT(4-OMeP)P]OAc [figure 4(b)]. These peaks belong

Absorbed water Absorbed water

g £ 8
g b :E: g &
£ A
E C-H stretching C-N vibrations
Fe-O
vibration
Si—0-Si vibration >
4000 30.00 20‘00 10.00

Wavenumber (1/cm)

Figure 3. FT-IR spectra of: (a) Fe;04@Si0;, (b) Fe;04,@SiO,-Im.
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characteristic bands of the porphyrin units

Transmittance

4000 3000 2000 1000
Wavenumber (1/cm)

Figure 4. FT-IR spectra of: (a) Fe;04@SiO,-Im@[MnT(4-OMeP)P] (1), (b) [MnT(4-OMeP)P]OAc.

to the characteristic bands of the porphyrin units at 1172 (C—Hpy,), 1249 (C-N), and 1607
(C=N) cm™' [24].

The presence of metalloporphyrin on the functionalized MNPs was also confirmed by
UV-vis spectroscopy (figure 5). No absorption band was observed in the UV—vis spectra of
Fe;0,@Si0,-Im [figure 5(a), dash line]. However, the Soret band at 480 nm and Q
bands at 583 and 625 nm appear after immobilization of [MnT(4-OMeP)P] on the surface
[figure 5(b)].

The FT-IR spectrum, coupled with the UV-vis spectroscopy, provides evidence for
anchoring of the manganese porphyrin on imidazole functionalized silica-coated Fe;O4
nanoparticles via axial ligation.

400 500 600 700 800
Wavelength(nm)

Figure 5. UV-vis spectra of: (a) Fe304@SiO,-Im, (b) Fe;04@SiO0,-Im@[MnT(4-OMeP)P].
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Figure 6. Effect of solvent on immobilization of Mn-porphyrin at room temperature.

3.2. Effect of various parameters on immobilization process of MPor on Imidazole
functionalized Fe;0 (@SiO; nanoparticles

3.2.1. Effect of solvent on metalloporphyrin immobilization. Effect of solvent on the
immobilization of metalloporphyrin was studied by carrying out the reaction in various sol-
vents (CH,Cl,, CH3CN, and CH;0H) at room temperature. After 24 h, Fe;04 nanoparticles
were collected and the quantity of immobilized metalloporphyrins was calculated by mea-
suring the amount of manganese ions using AAS. The results show that CH,Cl, is a supe-
rior solvent for metalloporphyrin immobilization (figure 6), with less immobilized
metalloporphyrin when the reaction was carried out under acetonitrile or methanol. This
may be attributed to the coordination ability of these solvents to the metalloporphyrin,
which competes with imidazole groups on the surface of Fe;04 nanoparticles.

3.2.2. Effect of temperature on metalloporphyrin immobilization. To study the effect
of temperature on the immobilization of Mn-porphyrin on Fe;0,4 nanoparticles, the immobi-
lization was carried out at various temperatures in dichloromethane, and the quantity of
immobilized metalloporphyrins was calculated by measuring the manganese content of the
supported catalyst using AAS. It was determined that at higher temperatures, the amount of
immobilized metalloporphyrin increased (figure 7).
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Figure 7. Effect of temperature on immobilization of Mn-porphyrin.
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Scheme 2. Oxidation catalyzed by Fe;04@SiO,-Im@[MnT(4-OMeP)P] (1).
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3.3. Catalytic experiments

In this work, we report the catalytic activity of [MnT(4-OMeP)P]OAc supported on imida-
zole functionalized Fe;04@SiO, nanoparticles; Fe;04@SiO,-Im@[MnT(4-OMeP)P] (1), in
alkene epoxidation with tetra-n-butylammonium hydrogen monopersulfate (n-BuyNHSOs)
and sulfide oxidation in the presence of urea hydrogen peroxide (UHP) as an oxidant
(scheme 2).

3.3.1. Alkene epoxidation catalyzed by Fe;0,@SiO,-Im@[MnT(4-OMeP)P. The
catalytic performance of Fe;0,@SiO,-Im@[MnT(4-OMeP)P] was investigated in the
oxidation reactions. First, epoxidation of cyclooctene was chosen as a model substrate to
study the catalytic activity of heterogeneous catalyst 1. Catalytic activity of manganese
porphyrins is improved using a nitrogen base as cocatalyst [25]. Among the nitrogen bases,

After3 h
| After20 h

Conversion%

n-BusNHSOs

TBHP

Figure 8. Effect of different oxidants on cyclooctene epoxidation catalyzed by Fe;04@SiO,-Im@[MnT(4-OMeP)P].
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which have been used as an axial ligand, imidazole exhibited higher activity in the epoxida-
tion of alkenes. In this study, the Fe;04@SiO,-Im not only is used as support, but also
plays a role as an axial ligand. The optimum conditions used for the epoxidation of
cyclooctene were catalyst:substrate:oxidant in a molar ratio of 1:285:570. In order to find
suitable reaction conditions, the ability of different single oxygen donors such as tetra-n-
butylammonium hydrogen monopersulfate (n-BuyNHSOs), tert-butyl hydroperoxide
(TBHP), and UHP was investigated in the epoxidation of cyclooctene at room temperature
in CH,Cl, as a solvent. The obtained results, which are summarized in figure 8, show that
n-BuyNHSOj5 gives the highest conversion.

Under the same reaction conditions, the supported catalyst was used for epoxidation of
different olefins with n-BuyNHSOs (table 1). Fe;04@SiO,-Im@[MnT(4-OMeP)P] is an
efficient catalyst for epoxidation of alkenes in the presence of n-BuyNHSOs. In this hetero-
genized catalytic system, oxidation of cyclooctene produced cyclooctene oxide in 88.5%
yield after 20 h. The cyclohexene was oxidized in high yield and selectivity to cyclohexene
oxide and 2-cyclohexen-1-one was obtained in about 5% yield. The oxidation of styrene
produced 61.2% of styrene oxide and 9% benzaldehyde was produced as by-product after
20 h. To study the influence of time in the oxidation process, the reactions were carried out
in two different time intervals (3 and 20 h). As the results show in table 1 and figure 8, the
best conversion was obtained after 20 h in terms of calculated turnover numbers (TON).

Adding small linear alcohols like CH;0H with coordinating and hydrogen bonding abili-
ties produces the metal-oxo (Mn=0) activated form of the catalyst more rapidly [26]. It is
also believed that alcohols can act as general acid catalysts for the heterolytic cleavage of
0O-0 bonds in the peroxo species, accelerating metal-oxo formation [27]. Better polarization
in solution, more stability of the activated porphyrin, and longer lifetime occur in the pres-
ence of protic solvents. Therefore, epoxidation of cyclooctene was chosen as a model sub-
strate to study the effect of solvent in the oxidation reaction. Using a solvent mixture,
CH,Cl,:CH30H with molar ratio of 1:1, in cyclooctene epoxidation with Fe;O4@SiO,-
Im@[MnT(4-OMeP)P] produced a 10-15% increase in epoxy yields (figure 9).

Table 1.  Epoxidation of alkenes with n-BusNHSOs catalyzed by Fe;04@SiO,-Im@[MnT(4-OMeP)P].?

Entry Alkene Conversion%° Epoxide yield% TON

1 88.5%(70.2)° 88.5%(70.2)° 252.8

2 87.3%9(79.4)>¢ 82.3%(74.8) © 249.4

3 7079(58.5)%° 61.2°(51) © 200
X

“Reaction conditions: alkene (0.2 mmol), n-BuyNHSOs (0.4 mmol), catalyst (7 x 1074 mmol), CH,Cl, (I mL), reaction time: 20 h.
®Determined by GC using chlorobenzene as an internal standard.

“Values in parentheses were obtained after 3 h.

9The by-product is allylic ketone.

°The by-product is benzaldehyde.
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Figure 9. Effect of solvent on cyclooctene epoxidation catalyzed by Fe;04@SiO,-Im@[MnT(4-OMeP)P].

3.3.2. Sulfide oxidation catalyzed by Fe;0,@SiO,-Im@[MnT(4-OMeP)P]. The pre-
pared catalyst was applied for oxidation of various sulfides in the presence of UHP under
the same reaction conditions used in alkene epoxidation. As the results show in figure 10,
the best conversions were obtained after 20 h in terms of calculated TON values. The
oxidation reactions were carried out in solvent mixture; CH,Cl,:CH;OH with molar ratio of
1:1, and molar ratio of catalyst:sulfide:oxidant of 1:285:570.

100 4

TON=231.4
TON=211.4

80 TON=183.4
g = After3h
g 60-
4 B After20h
z
H 40 -
o

20 4

0 : . .

SCHg S CHy

OO
Figure 10. Oxidation of sulfides with UHP catalyzed by Fe;0,@SiO,-Im@[MnT(4-OMeP)P].

Table 2. The results of catalyst recovery in cyclooctene epoxidation and methyl phenyl sulfide oxidation.

Run Conversion (%)” Mn leached (%)™° Conversion (%)° Mn leached (%)"°
1 99 1.8 81 1.5

2 90.1 0.9 75 0.8

3 87.6 0.7 73 0.6

4 80.3 0.4 68.5 d

5 79.9 d 68 d

6 79.2 d 67.5 d

“Reaction conditions: cyclooctene (0.2 mmol), n-BuyNHSOs5 (0.4 mmol), CH,Cl,/CH30H (0.5 mL/0.5 mL), reaction time: 20 h.
PReaction conditions: methyl phenyl sulfide (0.2 mmol), UHP (0.4 mmol), CH,CL,/CH30H (0.5 mL/0.5 mL), reaction time: 20 h.
‘Determined by AAS.

9Not detected.
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3.3.3. Catalyst separation, reuse, and stability. Catalyst recovery and reuse are the two
most important features for many catalytic processes. The homogeneous manganese por-
phyrin cannot be recovered even once; in contrast, the heterogeneous catalysts can be mag-
netically separated and reused multiple times without significant loss of catalytic activity.
The stability of the magnetic nanocatalyst was monitored using a multiple sequential oxida-
tion reaction. Since chemically modified Fe;O,4 nanoparticles have high stability and Im-
[MnT(4-OMeP)P]OAc coordination is quite strong, the catalyst resists cleavage in organic
solvents. The reusability and the stability of the prepared catalyst were studied in repeated
oxidation reactions. The catalyst was separated from the reaction mixture after each run,
washed with CH,Cl, and dried before being used. The results show that the catalyst can be
reused six successive times for oxidation of substrates without any significant decrease in
yield. The results of catalyst recovery in the epoxidation of cyclooctene with n-Buy,NHSOs5
and the oxidation of methyl phenyl sulfide with UHP are presented in table 2. Also, the fil-
trates were collected for determination of Mn leaching by AAS analysis (table 2). The
results show that, during recycling runs, some Mn is leached from the support. This
observation and also decrease of catalytic efficiency after reusing for four runs may be due
to release of surface-adsorbed or loosely coordinated Mn-porphyrin.

Comparing our results on oxidation reactions with those of other similar studies [17, 28—
34] reveals that our catalytic system is superior to some of the previously reported catalysts
in terms of catalytic activity (TON) and reaction conditions. The high TON of our catalyst
compared to recently reported protocols [29-33] makes the Fe;0,4,@SiO,-Im@[MnT(4-
OMeP)P] more attractive for oxidation of substrates. Compared with these nonporphyrin
catalysts, our catalytic system exhibits high catalytic activity in terms of high TON.

Our heterogenized catalytic system can be recovered and reused in comparison with the
homogeneous complexes [29-33]. Metal complexes are stabilized upon immobilization on
solid supports because of the support environment. Also, the nanomagnet-supported cata-
lyst, this work, can be separated with a magnet and reused several times without significant
loss of activity.

According to the molar ratio of 1:285:570 for catalyst:substrate:oxidant which is carried
out in this work, the amount of catalyst which is used in each run (0.01 g, containing 7 X
10~ mmol of MnPor) is lower than that of previous work [28-34].

In addition, the effect of various parameters such as solvent and temperature on immobi-
lization process of metalloporphyrin on imidazole functionalized Fe;O4@SiO, nanoparticles
and also the effect of solvent and different oxidants on cyclooctene epoxidation have been
investigated, while the influence of these factors was not examined previously [17]. The
attractive features of this catalytic system such as low cost, easy preparation, simple recy-
clability, and reusability (considering the magnetic properties), high TON, mild reaction
conditions make it particularly suitable for oxidation reactions.

4. Conclusions

Fe;0,@Si0, nanoparticles were synthesized and conventionally functionalized with
imidazole. The nanoparticles were applied as support for the immobilization of manganese
porphyrin and used as an efficient and reusable catalyst for alkene epoxidation and sulfide
oxidation. The most important advantage of this heterogenized catalytic system is the
simplicity of the catalyst separation in which the catalyst can be separated from the reaction
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mixture by applying a magnet. Furthermore, the separation and reuse of the magnetic
Fe;O4 nanoparticles were very effective and economical. The catalyst was consecutively
reused about six times without significant loss of activity.
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