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functionalized magnetite nanoparticles catalyzed oxidation
of stilbenes to benzil derivatives at room temperature
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A new ruthenium/dendrimer complex stabilized on the surface of silica-

functionalized nano-magnetite was fabricated and well characterized. The

nano-catalyst showed good activity in the synthesis of benzil derivatives via

the oxidation of stilbenes with high turnover frequency (TOF) at room temper-

ature. Moreover, the catalyst could also be reused up to fifteen times without

any loss of its activity.
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1 | INTRODUCTION

One of the most significant building blocks in a wide
range of natural products and biologically active com-
pounds are 1,2-diketones.[1] They are also important
as a precursor for the synthesis of N-heterocyclic
carbenes.[2] Especially, diaryl-1,2-diketones (benzils) have
shown an extensive ability as corrosion inhibitors,[3]

photoinitiators,[4] and antitumors.[5] Various methods are
available in the literatures for the synthesis of benzils,
mainly from the oxidation of a suitable precursor[6] or
oxidative-coupling pathways.[7] Among them, oxidation
of alkenes constitutes one of the most straightforward
routes towards their synthesis since they are cheaper and
more easily available than other precursors. In 2011,
Wan et al. reported a ruthenium complex catalyzed oxi-
dation of alkenes towards synthesis of α–diketones using

TBHP as an oxidant at room temperature.[6e] Subse-
quently, an elegant protocol was reported for synthesis of
benzil derivatives by Sun et al. at 2013, via oxidation of
stilbenes in an I2–H2O system.[6g] It was an acid– and
metal–free protocol for this family of compounds,
although two equivalent (not catalytic) of iodine
was used.

From the view of green chemistry, employment of a
recoverable and reusable catalytic system especially when
a toxic and costly transition metal (e.g. Pd and Ru) is
exploited as the catalyst, has warranted attention since it
is desirable from economic and environmental point of
view. Moreover, catalytic methods are greener than
approaches in which stoichiometric reagents are
exploited.

Because of the importance of diaryl-1,2- diketones
and taking into account the principles of green
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chemistry, we set our minds to introducing a new
heterogeneous catalytic system consisting of
ruthenium/dendrimer complex immobilized on silica-
functionalized magnetite nanoparticles as a highly effi-
cient and magnetically separable catalyst in oxidation
of stilbenes to benzil derivatives at room temperature.
Dendrimers, are highly branched molecules that can
be synthesized in well-defined patterns and sizes (gen-
erations) that allow control over molecular weight,
topology, cavity size, and surface functionality.[8]

Lately, much attention has been devoted to the synthe-
sis and characterization of variously modified dendri-
mers because of the numerous potential applications
that such materials present. Of the other virtues of this
system is its magnetic hallmark which gives rise to
easy separation of catalyst from the reaction media
and straightforward work-up.

2 | RESULTS AND DISCUSSIONS

2.1 | Experimental

Chemicals, Instrumentation and Analysis.
All reagents were purchased from commercial sup-

pliers and used without further purification. The cata-
lyst was characterized using spectroscopic techniques
(FT-IR, inductively coupled plasma (ICP), vibrating
sample magnetometry (VSM), thermal gravimetric
analysis (TGA), scanning electron microscopy–energy-
dispersive X-ray analysis (SEM–EDX) and transmission
electron microscopy (TEM)). FT-IR spectra were
obtained over the region 400–4000 cm−1 with NICO-
LET IR100 FT-IR with spectroscopic-grade KBr. Pow-
der X-ray diffraction spectrum was recorded at room
temperature by a Philips X'pert 1710 diffractometer
using Cu-Kα (α = 1.54056 Å) in Bragg–Brentano
geometry (θ–2θ). ICP analysis was accomplished using
a VISTA-PRO, CCD simultaneous ICP analyzer.
Magnetic properties of catalyst were obtained by
vibrating sample magnetometer/Alternating Gradient
Force Magnetometer (VSM/AGFM, MDK Co, Iran,
www.mdk-magnetic.com). TGA was performed on a
Thermal Analyzer with a heating rate of 20 �C min−1

over a temperature range of 30–600 �C under flowing
compressed N2. SEM images were observed using
Philips XL 30 and S-4160 instruments with gold coat-
ing equipped with EDX. TEM measurements were car-
ried out at 120 kV (Philips model CM120). 1H-NMR
and 13C-NMR spectra were recorded on a Bruker
Avance (DRX 400 MHz) in pure deuterated CDCl3 sol-
vent with tetramethylsilane (TMS) as internal standard.

3 | CATALYST PREPARATION

3.1 | Preparation of silica-functionalized
magnetite nanoparticles (Fe3O4@SiO2)

Silica-coated magnetite nanoparticles were synthesized
by a chemical co-precipitation technique of ferric and fer-
rous ions in alkali solution.[9] of FeCl3�6H2O (5 mmol)
and FeCl2�4H2O (2.5 mmol) salts were dissolved in
100 ml of deionized water under vigorous stirring
(800 rpm). Then NH4OH solution (25% w/w, 30 ml) was
added to the mixture at room temperature. The addition
of NH4OH solution followed to maintain the reaction pH
between 11 and 12 at which a black suspension was
formed. The resulting black dispersion was continuously
stirred for 1 hr at room temperature and then refluxed
for another 1 hr. Coating of a layer of silica on the surface
of the Fe3O4 nanoparticles was achieved by adding etha-
nol (40 ml) to the purified nanoparticles and heating for
1 hr at 40 �C. Subsequently, tetraethyl orthosilicate
(TEOS; 10 ml) was charged to the reaction vessel, the
mixture was continuously stirred for 24 hr. The silica-
coated nanoparticles (Fe3O4@SiO2) were collected using
a magnet, followed by washing five times with EtOH and
diethyl ether, respectively, and drying at 100 �C in vac-
uum for 12 hr.

3.2 | Surface modification of Fe3O4@SiO2
nanoparticles with propylamine groups
(Fe3O4@SiO2-PA)

Propylamine groups were stabilized on the
surface of Fe3O4@SiO2 nanoparticles based on the
previously reported procedure.[10] The synthesized
Fe3O4@SiO2 nanoparticles (1.0 g) was suspended in
50 ml of dry toluene and then an excess of
3-aminopropyltrimethoxysilane (3.0 ml) was added,
followed by addition of triethylamine (2.5 ml). The sus-
pension was magnetically stirred and refluxed for 12 hr.
The reaction was then stopped and the resultant modi-
fied nanoparticles cooled to room temperature, trans-
ferred to a vacuum glass filter, and washed with a
mixture of toluene, ethanol, deionized water, and even-
tually with methanol. Fe3O4@SiO2-PA was dried under
vacuum at 60 �C for 12 hr.

3.3 | Synthesis of Fe3O4@SiO2-PA-TDIC1

In a 50 ml round bottomed flask was added Fe3O4@SiO2-
PA (1.0 g), toluene-2,4-diisocyanate (TDIC) (1.04 g,
6 mmol), THF (10.0 ml) and the reaction mixture stirred
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overnight at room temperature. Finally, the resulting
nanoparticles were separated using an external magnet,
washed with EtOH (3 × 10 ml) and dried at 60 �C for
24 hr.

3.4 | Synthesis of first generation of
dendrimer stabilized on the surface of
magnetite nanoparticles (G1)

In a 50 ml round bottomed flask was added Fe3O4@SiO2-
PA-TDIC1 (1.0 g), pentaerytheritol (0.816 g, 6 mmol),
DMF (15.0 ml) and the reaction mixture stirred at 80 �C
for 24 hr. Finally, the resulting nanoparticles were sepa-
rated using an external magnet, washed with EtOH
(3 × 10 ml) and dried at 60 �C for 24 hr.

3.5 | Synthesis of Fe3O4@SiO2-AP-TDIC2
via the reaction of toluene-2,4-diisocyanate
with G1

In a 50 ml round bottomed flask was added G1 (1.0 g),
toluene-2,4-diisocyanate (TDIC) (3.12 g, 18 mmol), THF
(10.0 ml) and the reaction mixture stirred at 50 �C for
24 hr. Finally, the resulting nanoparticles were separated
using an external magnet, washed with EtOH (3 × 10 ml)
and dried at 50 �C for 24 hr.

3.6 | Synthesis of second generation of
dendrimer stabilized on the surface of
magnetite nanoparticles (G2)

In a 50 ml round bottomed flask was added Fe3O4@SiO2-
PA-TDIC2 (1.0 g), pentaerytheritol (2.44 g, 18 mmol),
DMF (15.0 ml) and the reaction mixture stirred at 80 �C
for 24 hr. Finally, the resulting nanoparticles were sepa-
rated using an external magnet, washed with EtOH
(3 × 10 ml) and dried at 60 �C for 24 hr.

3.7 | Preparation of
dendrimer/ruthenium complex
(Fe3O4@SiO2-CD-Ru (III)

In a 50 ml round bottomed flask was added G2
(1.0 g), RuCl3.xH2O (0.2 g, 0.8 mmol), distilled water
(10.0 ml) and the reaction mixture stirred at room
temperature for 12 hr. Finally, the Fe3O4@SiO2-CD-Ru
(III) nanoparticles were separated using an external
magnet, washed with distilled water (3 × 5 ml) and
dried at 60 �C for 24 hr.

3.8 | General procedure for the synthesis
of benzil derivatives

1,2-diarylethene 1 (1 mmol), TBAI (20 mol%, 0.2 mmol),
TBHP (5 mmol) and catalyst (5 mg, 0.06 mol% of Ru)
were added to a 10 ml Schlenk tube and the mixture
stirred at room temperature for 1 hr. The progress of the
reaction was monitored by thin-layer chromatography. It
was then quenched by an aqueous Na2SO3 solution
(1 ml), to remove excess TBHP, diluted with ethyl acetate
and the catalyst was easily separated from the reaction
mixture by using an external magnet and washed twice
with EtOAc (3 × 10 ml). The combined organic layers
were dried over Na2SO4, filtered, and evaporated under
vacuum. The residue was purified by column chromatog-
raphy on silica gel (n-hexane/ethyl acetate = 20:1) to
afford the desired product. All the products were known
and gave satisfactory physical and spectral data (melting
points, FT-IR, 1H- and 13C-NMR) compared with those
reported in the literatures. The spectral data of product
2d, for example, are as follows:

3.9 | 1-(4-methoxyphenyl)-
2-phenylethane-1,2-dione (2d)

Following the general procedure, the product 2d was
obtained in 82% yield as yellow oil. 1H–NMR (400 MHz,
CDCl3): δ 8.02–7.96 (m, 4H), 7.70–7.65 (m, 1H), 7.55–7.51
(m, 2H), 7.02–6.99 (m, 2H), 3.91 (s, 3H); 13C–NMR
(CDCl3, 100 MHz): δ 194.9, 193.2, 165.0, 134.8, 133.2,
132.4, 129.9, 129.0, 126.1, 114.4, 55.7; IR (KBr cm−1):
3065, 2935, 2843, 1671, 1597, 1510, 1453, 1314, 1264,
1167, 1024, 879, 842, 758, 718, 684. Anal. Calcd for
C15H12O3 (240.25): C, 74.99; H, 5.03. Found: C, 75.07; H,
5.13.

4 | RESULT AND DISCUSSION

As can be seen in Schemes 1 and 2, our magnetic cata-
lytic system was prepared in several steps (for details see
Experimental section).

Prepared catalyst was then characterized using vari-
ous microscopic and spectroscopic techniques such as,
FT-IR, VSM, ICP, TGA, SEM–EDX and TEM. FT-IR spec-
tra of the synthesized samples are depicted in Figure 1.
In the spectrum in Figure 1(a), corresponding to the mag-
netite nanoparticles coated with silica, the signals at
560 and around 1000–1100 cm−1 are assigned to the
stretching vibrations of Fe–O and Si–O–Si bonds, respec-
tively. In addition, the peak related to the silanol groups
has appeared around 3200–3400 cm−1. The FT–IR
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SCHEME 1 Pathway to preparation of G2
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spectrum of Fe3O4@SiO2–AP is shown in Figure 2(b). In
addition to the signals appearing in Figure 1(a), the peak
related to the aliphatic C–H bond is visible at 2950 cm−1.
In the IR spectra for Fe3O4@SiO2–AP–TDIC1 and
Fe3O4@SiO2–AP–TDIC2 (Figures 2c and 2e), the peak at
3200 cm−1 can be ascribed to the N–H band stretching
frequency. The peak related to the NCO groups has
appeared around 2270 cm−1. Also, the observed bonds in
the range of 1400–1600 cm−1 and 650–900 cm−1 are
related to the stretching vibrations of C–C bonds and out
of plan vibrations of C–H aromatic ring, respectively. The
broad and strong bonds around 3200–3400 cm−1, related
to the hydroxyl groups of pentaerytheritol, is well
observed in G1 and G2 spectra (Figures 2d and 2f).

Quantitative determination of the organic groups
loaded on the surface of magnetite nanoparticles was
studied by thermo-gravimetric analysis and elemental
analysis (Figure 2 and Table 1). The weight loss of the
catalyst between 30–600 �C as a function of

temperature was determined using TGA. The TGA
plots of Fe3O4@SiO2–AP, Fe3O4@SiO2–AP–TDIC1, G1,
Fe3O4@SiO2–AP–TDIC2, and G2 (Figure 2) depict a
two-step thermal decomposition. A slight weight loss
below 250 �C corresponds to the removal of physically
adsorbed water, whereas, the main weight loss in the
second step is due to the removal of organic moieties
on the surface. The TGA results are summarized
in Table 1. The observed total weight losses
for Fe3O4@SiO2–AP, Fe3O4@SiO2–AP–TDIC1, G1,
Fe3O4@SiO2–AP–TDIC2, and G2 are 5.76%, 17.68%,
28.72%, 53.75%, and 63.40% respectively. On the basis
of these values, the theoretical conversion is 43% for
first step, 97% for second step, 78% for third step, and
76% for fourth step. The amount of organic group
loaded on the surface of magnetite nanoparticles at
each step was calculated based on the TGA data
(Table 2). A summary of the elemental analysis is also
included in Table 1. As can be seen in this table, a

SCHEME 2 Synthesis of dendrimer/ruthenium complex
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good agreement was observed between elemental anal-
ysis and TGA data for these conversions.

Magnetic hysteresis measurement for the
Fe3O4@SiO2-CD-Ru (III) was done in an applied mag-
netic field at r.t., with the field sweeping from −8000 to
8000 Oersted. As shown in Figure 3, the M (H) hysteresis
loop for the sample was completely reversible, showing
that the nanoparticles exhibited superparamagnetic char-
acteristics. The hysteresis loops reached saturation up to
the maximum applied magnetic field. The magnetic satu-
ration value of the catalyst was 25 emu g−1 at r.t.

Nanoparticles morphology was evaluated by Figure 4
SEM (a) and TEM (b) images. Core-shell structure and
spherical in shape with a smooth surface morphology of
the particles are clearly seen in these images. On the

FIGURE 1 FT–IR spectra of (a) Fe3O4@SiO2,

(b) Fe3O4@SiO2–AP, (c) Fe3O4@SiO2–AP–TDIC1, (d) G1,

(e) Fe3O4@SiO2–AP–TDIC2, (f) G2

FIGURE 2 Thermogravimetric weight loss plots for the

(a) Fe3O4@SiO2–AP, (b) Fe3O4@SiO2–AP–TDIC1, (c) G1,

(d) Fe3O4@SiO2–AP–TDIC2, (e) G2

TABLE 1 Elemental analysis and TGA results for the synthesis of catalyst

%

Fe3O4@SiO2-AP Fe3O4@SiO2-TDIC1 G1 Fe3O4@SiO2-TDIC2 G2

EA TGA EA TGA EA TGA EA TGA EA TGA

C 3.70 3.64 10.86 10.97 15.85 15.76 33.40 33.32 34.18 34.27

H 0.76 0.71 1.00 0.87 1.80 1.86 2.74 2.61 3.80 3.82

N 1.52 1.41 3.02 3.05 2.97 2.97 5.47 5.27 5.40 5.86

O - - - 2.79 - 8.13 - 12.55 - 19.45

T 5.98 5.76 17.70 17.68 28.80 28.72 54.18 53.75 62.88 63.40

T: Total weight

TABLE 2 Thermogravimetric analysis (TGA) results

Sample Organic (mmolg−1) Yield (%)

Fe3O4@SiO2–AP 1 -

Fe3O4@SiO2–AP–TDIC1 0.43 43

G1 0.42 97

Fe3O4@SiO2–AP–TDIC2 0.33 78

G2 0.25 76

FIGURE 3 VSM curve of the Fe3O4@SiO2-CD-Ru (III) at r.t
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other hand, these images confirm that the particle size is
below 30 nm.

A typical way to show the particle size and its distri-
bution is in the form of a number-frequency histogram.
Histograms obtained from 100 nanoparticles illustrate
the frequency of occurrence versus the size range, the
average particle size of Fe3O4@SiO2-CD-Ru (III)
(25 nm ± 0.5) were obtained (Figure 5a). To confirm the
presence of ruthenium in the catalyst structure energy-
dispersive X-ray analysis (EDX) was performed

(Figure 5b). In addition to ruthenium, other atoms such
as silicon, oxygen, iron and nitrogen, related to the cata-
lyst structure, are seen in the spectrum.

Ruthenium content of the catalyst was probed by
Inductively Coupled Plasma analysis (ICP). For this pur-
pose, the catalyst (50 mg) was dissolved in a mixture of
nitric acid and hydrochloric acid (1:3, 20 ml) and after
analysis, the amount of the ruthenium loaded on the sur-
face of magnetic nanoparticles was obtained as 0.12 mmol
per gram of catalyst.

FIGURE 4 TEM and SEM images of Fe3O4@SiO2-CD-Ru (III) before (a and b) and after (c and d) being reused 15 times

FIGURE 5 histograms generated from the sizes of the Fe3O4@SiO2-CD-Ru (III) (a), EDX pattern (b)
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After characterization of the catalyst structure, its cat-
alytic activity was studied in oxidation reaction of stil-
benes to diaryl–1,2-diketones. Oxidation of stilbene to
benzil was chosen as the model reaction to find the opti-
mum conditions. The results are summarized in Table 3.

When the model reaction was carried out under the
following conditions: TBHP (5 mmol) as oxidant, TBAI
(20 mol%) as co-catalyst and solvent-free at room

temperature under air atmosphere for 5 hr, no product
was formed (Table 3, entry 1). Employment of
Fe3O4@SiO2 or Fe3O4@SiO2-CD (5 mg) as catalyst did
not have an effect on the progression of the reaction too
(Table 3, entries 2 and 3). Formation of product 2a with
85% yield after 1 hr of the reaction time in the presence
of the Fe3O4@SiO2-CD-Ru (III) (5 mg, 0.06 mol% of Ru)
as catalyst shown that the Ru play a vital role for this

TABLE 3 Screening the reaction conditionsa

Entry Catalyst (mg) Oxidant Co-catalyst Solvent Time (hr) Yield (%)b

1 - TBHP TBAI - 5 -

2 Fe3O4@SiO2 (5) TBHP TBAI - 5 -

3 Fe3O4@SiO2-CD (5) TBHP TBAI - 5 -

4 Fe3O4@SiO2-CD-Ru (III) (5) TBHP TBAI - 1 85

5 Fe3O4@SiO2-CD-Ru (III) (4) TBHP TBAI - 1 80

6 Fe3O4@SiO2-CD-Ru (III) (6) TBHP TBAI - 1 85

7 Fe3O4@SiO2-CD-Ru (III) (5) - TBAI - 5 -

8 Fe3O4@SiO2-CD-Ru (III) (5) H2O2 TBAI - 5 -

9 Fe3O4@SiO2-CD-Ru (III) (5) DTBP TBAI - 5 -

10 Fe3O4@SiO2-CD-Ru (III) (5) NaOCl TBAI - 5 -

11 Fe3O4@SiO2-CD-Ru (III) (5) PhI (OAc)2 TBAI - 5 -

12c Fe3O4@SiO2-CD-Ru (III) (5) TBHP TBAI - 2 75

13d Fe3O4@SiO2-CD-Ru (III) (5) TBHP TBAI - 1 85

14 Fe3O4@SiO2-CD-Ru (III) (5) TBHP - - 5 -

15 Fe3O4@SiO2-CD-Ru (III) (5) TBHP I2 - 5 -

16 Fe3O4@SiO2-CD-Ru (III) (5) TBHP TBAB - 5 -

17 Fe3O4@SiO2-CD-Ru (III) (5) TBHP Bu4NCl - 5 -

18e Fe3O4@SiO2-CD-Ru (III) (5) TBHP TBAI - 1 70

19f Fe3O4@SiO2-CD-Ru (III) (5) TBHP TBAI - 1 85

20 Fe3O4@SiO2-CD-Ru (III) (5) TBHP TBAI EtOAc 3 40

21 Fe3O4@SiO2-CD-Ru (III) (5) TBHP TBAI Toluene 1 60

22 Fe3O4@SiO2-CD-Ru (III) (5) TBHP TBAI CH3CN 1 60

23 Fe3O4@SiO2-CD-Ru (III) (5) TBHP TBAI n-hexane 3 20

24 Fe3O4@SiO2-CD-Ru (III) (5) TBHP TBAI H2O 1 80

25e Fe3O4@SiO2-CD-Ru (III) (5) TBHP TBAI - 1 70

26 CD-Ru (III) complex TBHP TBAI - 1 85

aReaction conditions: stilbene (1 mmol), oxidant (5 mmol), co-catalyst (20 mol%), solvent (2 ml), under air atmosphere
bThe yields refer to the isolated pure products
c4 and 6 mmol of TBHP was used, respectively
d10 and 30 mol% of TBAI was used, respectively
ePerforming the reaction at 60 �C.
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transformation (Table 3, entry 4). The 5 mg of catalyst,
used in row 4, was also optimized, as the product yield
did not change by increasing the amount of catalyst to
6 mg, and by reducing the amount of catalyst to 4 mg,
the efficiency was reduced to 80% (Table 3, entries 5 and
6). Next, the effect of oxidant on the yield of the reaction
was taken into account. Hence the reaction was carried
out in the presence of several oxidizing reagents, such as
H2O2, DTBP, NaOCl, and PhI (OAc)2 as well as
attempted in oxidant-free conditions. But in neither case,
the benzil was formed (Table 3, entries 7–11). This shows
that the presence and type of oxidant are important for
this reaction. The amount of oxidant also affected the
reaction efficiency. When 4 mmol of oxidant was used,

the efficiency decreased to 75%, although the increase in
the amount of oxidant did not result in higher efficiency
(Table 3, entries 12 and 13). Almost identical results were
obtained in the case of TBAI as auxiliary catalyst. No
product formation in the absence of TBAI or in the pres-
ence of I2, TBAB, and Bu4NCl showed the importance of
TBAI for this reaction (Table 3, entries 14–17). Increasing
the amount of TBAI to 30 mol% made no difference to
the reaction yield. Conversely, the reduction in catalyst
loading to 10 mol% gave rise to a drop in yield (Table 3,
entries 18 and 19). The effect of solvent was also studied.
For this propose, some organic solvents as well as H2O
were examined but none of them had the effect of
solvent-free conditions. (Table 3, entries 20–24). The

TABLE 4 The structures of the synthesized diaryl–1,2–diketonesa

Reaction conditions: 1,2-diaryl ethene (1 mmol), catalyst (5 mg, 0.06 mol% of Ru), TBAI (20 mol%), TBHP (5 equiv), r.t., under air atmosphere. The yields refers

to the isolated pure products.
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increase in temperature also had a negative effect on the
yield of the product, and at 60 �C, the product achieved
with 70% yield (Table 3, entry 25). Although the
ruthenium-dendrimer complex also performed these
transformations well (Table 3, entry 26), easy separation,
by using an external magnet, and high reusability, up to
fifteenth times, are two salient features of this complex
fixed on the surface of magnetic nanoparticle.

To evaluate the activity of Fe3O4@SiO2-CD-Ru (III) in
the synthesis of other 1,2-diketones by this method, vari-
ous 1,2-diaryl ethene derivatives were subjected to the
reaction conditions (Table 4). Under the standard reac-
tion conditions, various 1,2-diaryl ethene derivatives hav-
ing different functional groups on aromatic rings were
well converted to the corresponding 1,2-diketones at
short reaction time in good to high yields. Generally
speaking, those having electron-donating groups on the
aromatic ring has a better efficiency than that of
electron-withdrawing groups. Moreover, 1-styryl naph-
thalene, a polycyclic stilbene, and 2-styryl-1H-pyrrole
were oxidized to the corresponding 1,2-diketones with
good efficiency.

The aim of stabilizing the catalytic core on the surface
of magnetic nanoparticles was its easy magnetic separa-
tion, recovery, and reusability. For this purpose and after
completion of the reaction in the first run at the model
reaction, the catalyst was easily separated from the reac-
tion mixture by using an external magnet; it was washed
with ethyl acetate (3 × 10 ml), dried at 60 �C and immedi-
ately used in the next step. The reaction was repeated for
up to 15 consecutive runs without significant change in
the efficiency of the catalyst (Scheme 3).

Also, the obtained ICP-OES data from the reused cat-
alyst (after recycling fifteenth times) show that only a
low amount of Ru nanoparticles (<1%) are lost from the
surface of magnetic nanoparticles during reaction pro-
cess. So, these results confirmed that the Fe3O4@SiO2-

CD-Ru (III) catalyst provides the high catalytic activity,
and not any leached Ruthenium. Moreover, the TEM and
SEM images of the catalyst showed that the morphology
and size of the catalyst after recycling fifteenth times does
not change significantly (Figure 4c and 4d).

A series of control experiments was performed on the
model reaction to study the reaction mechanism. It has
previously been shown that without the presence of
TBAI, no product is formed (Table 3, entry 14). The oxi-
dation of alpha-iodo ketone 3, which is thought to be one
of the reaction intermediates, was evaluated. Contrary to
expectation, the product did not form, which indicates
that the 3 is not intermediate in the pathway for the reac-
tion (Scheme 4, Equation 1). In order to prove the pres-
ence of alpha-hydroxy ketone 4 as an intermediate,
benzoin was subjected to the optimized reaction condi-
tions and benzil obtained with 83% yield. This showed
that benzoin 4 could be an intermediate in this reaction
(Scheme 4, Equation 2). Moreover, in the presence of
2,2,6,6-tetra-methylpiperidine-N-oxyl (TEMPO), a well-
known radical scavenger, the model reaction was not
hampered and no TEMPO-bound intermediate was
observed. This shows that the transformation may not
involve a radical pathway (Scheme 4, Equation 3).

On the basis of our experimental observation and pre-
cedent reports,[6e, f, 11] a possible mechanism as outlined
in scheme 5 was proposed for this oxidative transforma-
tion. First, the intermediate A is formed, by the reaction
of TBHP with Ru (III), which is then converted to inter-
mediate B, by the loss of two molecules of t-BuOH. Inter-
mediate C is formed through a [3 + 2] cycloaddition
reaction between B and the alkene. The nucleophilic
attack of iodide on ruthenium of intermediate C, affords
intermediate D which then undergoes β-hydrogen elimi-
nation, leading to α-hydroxyl ketone 4, and the subse-
quent oxidation of 4 would produce the desired α-
diketone.

SCHEME 3 Recycling of the catalyst in the

model reaction carried out for 1 hr
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For comparison, the efficacy of several catalytic
systems as well as the present magnetic catalyst, view the
point of reaction conditions, time, efficiency, and ulti-
mately turnover frequency, is illustrated in Table 5 for

the synthesis of benzil. As can be seen in this table, our
magnetic catalytic system performs this transformation
in the short reaction time with high TOF under the mild
reaction conditions. In addition, the catalyst is easily

SCHEME 5 Plausible reaction

mechanism

TABLE 5 Comparison of different catalysts in the conversion of stilbene to benzila

Entry Catalyst (mol%) Time (h) Yield (%) TOF (h−1) Ref.

1 [Ru (cymene)Cl2]2 (1) 1 91 91 [6e]

2 I2 (2 equiv) 20 96 - [6g]

3b [Ru (cymene)Cl2]2 (0.001) 12 93 7750 [6h]

4b RuCl3�3H2O (0.5) 2 82 82 [6k]

5b Pd–Fe3O4 (1) 28 98 3.5 [6i]

7c Fe3O4@SiO2-CD-Ru (III) (0.06) 1 85 1417 Present work

aConditions: For entries: (1) TBAI, TBHP, toluene/MeCN/H2O, r.t.; (2) H2O, 140 �C; (3) I2, dioxane, 80 �C; (4) Diethylcarbonate, NaOCl, r.t.; (5) CuBr2,
1,4-dioxane/H2O, 95 �C
b1,2-Diphenylacetylene has compared instead of stilbene
cReusability of the catalyst is ignored to calculate the TOF.

SCHEME 4 Control experiment to understand the reaction mechanism
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separated from the reaction medium, and exhibits high
reusability (up to 15 times).

5 | CONCLUSION

We developed a novel and alternative route to
catalyze oxidation reaction of alkenes. To this end,
ruthenium/dendrimer complex immobilized on silica-
functionalized magnetite nanoparticles was prepared and
its catalytic activity was explored in the synthesis of
benzil derivatives via the oxidation of 1,2-diaryl ethenes.
The synthesized catalytic system could catalyze these
transformations in short reaction time with a high TOF.
Straightforward separation, remarkable aptitude to be
recycled up to fifteen times and good stability are all
salient features of this catalytic system.
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