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Abstract
In this work, an oxovanadium(IV) complex supported on the surface of modified 
Fe3O4 with a silica shell has been synthesized. The obtained nanostructures were 
characterized using FT-IR, XRD, SEM, EDX, VSM, TGA and ICP-AES analyses. 
The synthesized magnetic nanocatalyst has been applied as an efficient catalyst for 
the synthesis of 2-amino-4H-benzo[h]chromenes via three-component one-pot reac-
tion and also selective oxidation of sulfides to sulfoxides under solvent-free condi-
tions. The synthesized nanocatalyst could be easily separated from the reaction mix-
ture using an external magnet and reused several consecutive runs for both reactions 
without noticeable reducing in its catalytic activity.

Keywords  Oxovanadium complex · Magnetic nanoparticles · Recyclable 
nanocatalyst · 2-amino-4H-chromene derivatives · Sulfoxidation

Introduction

Heterogeneous supported nanocatalysts are an important, versatile reagents and 
emerging field in catalysis science, because of the small size, the active metal atoms 
are exposed to the surface and thus minimize the specific cost per function [1–3]. 
Despite the high activity and selectivity of homogeneous catalysts, the use of hetero-
geneous catalytic systems has been favored over the use of homogeneous ones. The 
major disadvantage of metal-based homogeneous catalyst systems is their difficult 

Electronic supplementary material  The online version of this article (https​://doi.org/10.1007/s1114​
4-020-01749​-0) contains supplementary material, which is available to authorized users.

 *	 Niaz Monadi 
	 Nimonadi@umz.ac.ir

1	 Department of Inorganic Chemistry, Faculty of Chemistry, University of Mazandaran, 
Babolsar 47416‑95447, Iran

http://crossmark.crossref.org/dialog/?doi=10.1007/s11144-020-01749-0&domain=pdf
https://doi.org/10.1007/s11144-020-01749-0
https://doi.org/10.1007/s11144-020-01749-0


660	 Reaction Kinetics, Mechanisms and Catalysis (2020) 129:659–677

1 3

separation from the reaction solution by classical methods as well as they may pos-
sibly leave toxic traces of heavy metals in the products. Hence, such drawbacks can 
be overcome by immobilization of a catalytically active molecule on a solid support 
[4–13]. From the various solid supports, magnetic nanoparticles (MNPs) such as 
Fe3O4 are valuable supports for the immobilization of inorganic and organic cata-
lysts due to their unique advantages including high dispersion, low toxicity, good 
degree of chemical stability and high active surface for adsorptions or immobiliza-
tion of metals and ligands. On the other hand, MNPs can be separated by magnetic 
decantation after the reaction, which is easier rather than cross flow filtration and 
centrifugation, thus making it a more sustainable nanosupprt [14–18].

Although numerous developments have been achieved in the synthesis and appli-
cation of magnetic nanoparticles but unfortunately, they sometimes tend to aggre-
gate in a liquid phase due to the anisotropic dipolar attraction. Hence, it is crucial 
to develop efficient strategies to strengthen the chemical stability of magnetic nan-
oparticles. In order to resolve such problems, the magnetic cores are usually pro-
tected with an outer stabilizing or coating materials, such as organic (polymers and 
surfactants) and inorganic (silica and carbon-based materials) stabilizers [19–21]. 
These coating materials not only provide stability to the magnetic nanoparticles but 
they also generate a type of high-performance composite materials that can be used 
in a wide range of research protocols, such as Mannich type reactions, carbon–heter-
oatom bond formation, coupling reactions, alkylation, oxidation, reductions, asym-
metric synthesis and biology related ones [22–28]. Hence, many efforts have been 
devoted to immobilize various metal complexes (e.g., Sc, Cu, Fe, Mn, Co, Ni, Mo 
and V) on magnetite with silica shell as heterogeneous nanocatalysts for various 
organic transformations [29–38].

The selective oxidation of sulfides as environmental pollutants to sulfoxides is an 
important transformation in organic chemistry. Moreover, a basic obstacle during 
the oxidation of sulfides is overoxidation of the sulfoxides to their corresponding 
sulfones. Therefore, it is very important that the catalyst has a high selectivity. Some 
of biologically active sulfoxides play an important role as therapeutic agents such as 
antifungal, antibacterial, anti-atherosclerotic, anti-ulcer, antihypertensive and anti-
atherosclerotic as well as psychotropic and vasodilators [39, 40].

Multi-component reactions (MCRs) have recently gained prime interest in field 
of organic synthesis due to their ability of building up the complex molecules in 
a single step. Nowadays, MCRs are considered as a substantial route in the syn-
thesis of many important heterocyclic compounds such as chromene derivatives. 
2-Amino-4H-chromenes are an important class of natural oxygen-containing hetero-
cyclic compounds, which are extensively found in edible fruits, vegetables and used 
in cosmetics and pigments. Derivatives of these compounds are known to possess 
antibacterial, antifungal, antioxidant, antitumor, important pharmaceutical and other 
bioorganic properties [41–43].

Owing to the context of green chemistry and heterogeneous nanocatalysis, we 
herein report an oxovanadium(IV) complex supported on modified Fe3O4 by a step-
wise procure and study its catalytic performance for preparation of 2-amino-4H-
benzo[h]chromene derivatives in an one-pot three-component reaction and also 
selective oxidation of sulfides under solvent-free condition.
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Experimental section

Materials and measurements

All the chemicals and solvents without any further purification were analytical rea-
gent grade where purchased from Aldrich, Merck or Fluka. FT-IR spectra of nano-
structures were recorded using KBr disks on a Bruker vector 22 instrument in the 
spectral range 4000–400 cm−1. Thermogravimetric (TGA) analysis was performed 
on a Perkin Elmer analyzer under nitrogen atmosphere from room temperature 
to 800  °C. Ultrasonic irradiation was carried out with a SONICA-2200 Ep, input 
50–60 Hz/305 W. The nanoparticles were analyzed using a Holland Philips X Pert 
X-ray diffraction diffractometer with Cu Kα radiation (λ = 1.5404 Å) in the 2θ range 
of 10°–70° at room temperature. Scanning electron microscopy (SEM) images were 
recorded with a VEGA/TESCAN KYKY-EM3200 microscope. Magnetic properties 
of samples were detected at room temperature from − 10,000 to + 10,000 Oe using a 
vibrating sample magnetometer (VSM, Meghnatis Kavir Kashan Co., Kashan, Iran). 
The metal content of the catalysts was measured by inductively coupled plasma 
atomic emission analysis (ICP-AES, Varian company VISTA-PRO model).

Synthesis of oxovanadium complex supported on modified Fe3O4 
nanoparticles (Fe3O4@SiO2@VO) as nanocatalyst

Iron oxide magnetic nanoparticles (Fe3O4), silica-coated Fe3O4 nanoparticles 
(Fe3O4@SiO2) and functionalized Fe3O4 nanoparticles with amine group (Fe3O4@
SiO2-amine) were synthesized according to the literature method [14, 44, 45]. 
For synthesis of the nanocatalyst, brown solid Fe3O4@SiO2-amine (0.3  g) and 
VO(acac)2 (5 mmol, 1.32 g) were sonicated in 30 mL dry toluene for 5 min. Then, 
the suspended mixture was refluxed for 24 h under N2 atmosphere. The final product 
was isolated by magnetic decantation and washed with ethanol/dry toluene and then 
dried at 80 °C. In the next step, in order to remove the unreacted VO(acac)2, Soxhlet 
extraction was carried out with ethanol.

General procedure for the synthesis of 2‑amino‑4H‑benzo[h]
chromenes

A mixture of aldehyde (1 mmol), 1-naphthol (1 mmol), malononitrile (1 mmol), and 
Fe3O4@SiO2@VO(IV) (0.2 g) was heated to 125 °C under solvent-free conditions. 
Using TLC, the progress of the reaction was controlled until the aldehyde had disap-
peared. After completion of the reaction, the resulting mixture was cooled to room 
temperature and the nanocatalyst separated using an external magnet, washed with 
ethanol, dried and then reused in next run. The obtained products were filtered and 
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washed with ethanol to remove any unreacted starting materials. The synthesized 
2-amino-4H-benzo[h]chromene derivatives were crystallized from hot ethanol in 
order to gain pure products.

General procedure for oxidation of sulfides

In a typical experiment, a mixture of sulfide (1.0 mmol), TBHP (2 mmol) and the 
nanocatalyst (50 mg) were added in a round-bottom flask and stirred under solvent-
free condition in room temperature. Then, the mixture was stirred for the appropri-
ate time at room temperature. The progress of the reaction was monitored by TLC. 
After completion of the reaction, the nanocatalyst was separated by magnetic decan-
tation, washed with water/ethanol and reused for subsequent recycling runs. Also, 
the corresponding product was dried over anhydrous Na2SO4. All the experiments 
were carried out three times and mean value for each experiment was reported in 
this study for accuracy of the results.

Selected spectral data

All obtained products were characterized by FT-IR and melting point [46–48]. Also, 
1H and 13C NMR spectra for some of 2-amino-4H-benzo[h]chromenes are reported 
(see the supporting information). Some of selected spectroscopic data is provided as 
below.

2-Amino-4-(4-chlorophenyl)-4H-benzo[h]chromene-3-carbonitrile: νmax (KBr) 
3468, 3327, 2192,1669, 1599, 1407,1374, 1101 cm−1; δH (400 MHz, CDCl3): 4.82 
(br s, 2H, NH2), 4.88 (s,1H, CH), 7.01–8.20 (10H, Ar).

2-Amino-4-(4-nitrophenyl)-4H-benzo[h]chromene-3-carbonitrile: νmax (KBr) 
3473, 3349, 2191,1650, 1624,1511,1402,1350, 1099 cm−1; δH (400 MHz, CDCl3): 
4.90 (br s, 2H, NH2), 5.0 (s,1H, CH), 6.96–8.22 (10H, Ar).

2-Amino-4-(3-nitrophenyl)-4H-benzo[h]chromene-3-carbonitrile: νmax (KBr) 
3470, 3328, 2192,1666, 1601,1525,1406,1375, 1102 cm−1; δH (400 MHz, CD3CN): 
5.73 (br s, 2H, NH2), 5.09 (s,1H, CH), 7.04–8.30 (10H, Ar).

Results and discussion

Preparation and characterization of the nanostructures

The procedure for the covalent attachment of oxovanadium(IV) complex immo-
bilized on the surface of modified Fe3O4 nanoparticles is depicted in Scheme 1. 
In the first step, bare Fe3O4 nanoparticles were synthesized using Fe(III) and 
Fe(II) salts via a co-precipitation method. Subsequently, in order to protect the 
Fe3O4 nanoparticles from oxidation and agglomeration, silica shell was used. 
Then, modified Fe3O4 nanoparticles with a silica shell were functionalized with 
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3-aminopropyltriethoxysilane (APTES). Finally, VO(acac)2 was reacted with 
functionalized Fe3O4 nanoparticles to obtain Fe3O4@SiO2@VO as nanocatalyst.

The structural features of the prepared nanostructures were characterized by 
FT-IR, TGA, XRD, EDX, SEM, ICP-AES and VSM.

Scheme 1   Preparation process of Fe3O4@SiO2@VO as nanocatalyst

Fig. 1   FT-IR spectra for Fe3O4 (a), Fe3O4@SiO2 (b), Fe3O4@SiO2-amine (c) and Fe3O4@SiO2@VO (d)
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The FT-IR spectra of the nanostructures are shown in Fig.  1. In the FT-IR 
spectrum of the Fe3O4 (Fig. 1a), an intense broad band characteristic of the Fe–O 
at 578 cm−1 is observed. The broad band appearing around 3390 cm−1 is ascribed 
to O–H stretching of FeOH groups or adsorbed water of the magnetic surface. 
In the spectrum of Fe3O4@SiO2 peaks at 577, 800 and 1089  cm−1 is assigned 
to the stretching mode of Fe–O, symmetric Si–O–Si and asymmetric Si–O–Si. 
These peaks have been indicated the formation of a silica layer on Fe3O4 nano-
particles (Fig.  1b). The FT-IR spectrum of Fe3O4@SiO2-amine (Fig.  1c) shows 
a peak at 584 cm−1 assigned to Fe–O stretching vibration and bands at 799 and 
1082 cm−1 are attributed to the symmetric and asymmetric of Si–O–Si, respec-
tively. The presence of C–H vibration band at 2924 cm−1 confirmed the anchored 
APTES group on the surface of the silica. In the FT-IR spectrum of the Fe3O4@
SiO2@VO peaks at 581, 1093, 1630 and 2931 cm−1 are observed, which are due 
to Fe–O, Si–O–Si, C=N and –CH2 group vibrations.

Fig.  2 shows the powder XRD patterns of Fe3O4, Fe3O4@SiO2 and Fe3O4@
SiO2@VO. In the XRD pattern of Fe3O4 (Fig.  2a) observes six characteristic 
peaks at 2θ of 30.2°, 35.5°, 43.2°, 53.6°, 57.1°, and 62.7°, which is correspond to 
(220), (311), (400), (422), (511), and (440) reflections, respectively. These results 
were in agreement with standard data (JCPDS Card No. 19-629) and reveal that 
the Fe3O4 nanoparticles have inverse cubic spinel structured without impurity 
phases. The XRD pattern of Fe3O4@SiO2 (Fig. 2b) reveals the same diffraction 
peaks to that of Fe3O4 nanoparticles. However, the observed broad peak about 
2 = �20°–24° can be attributed to existence of amorphous silica. Compared with 
XRD pattern of Fe3O4 (Fig. 2a), almost no additional peaks are observed in XRD 
pattern of Fe3O4@SiO2@VO (Fig.  2c) and just a slight decrease in the inten-
sity of the diffraction peaks is observed. According to the obtained results, the 

Fig. 2   XRD pattern for Fe3O4 (a), Fe3O4@SiO2 (b) and the Fe3O4@SiO2@VO (c)
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comparison of Fig. 2a–c shows that the characteristic peaks of Fe3O4 nanoparti-
cles did not change after coating with silica and grafting of metal complex.

To investigate the morphology and sizes of the prepared nanostructure, SEM 
images were studied (Fig. 3). As it can be seen in Fig. 3a, Fe3O4 nanoparticles 
have approximately spherical morphology. The morphology of the nanocatalyst 
was also observed by FE-SEM, which contains a fairly uniform spherical shape 

Fig. 3   SEM images of Fe3O4 (a) and Fe3O4@SiO2@VO (b)

Fig. 4   EDX analysis of the Fe3O4@SiO2@VO
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and narrow size distributions (Fig. 3b). It is obvious that nanocatalyst still has the 
morphological features of the support except for a slightly larger particle size.

The EDX analysis of Fe3O4@SiO2@VO indicate the presence of C, N, O, Si, 
Fe and V which provides further evidence for attachment of the vanadium com-
plex on the surface of Fe3O4@SiO2 (Fig. 4).

The magnetic properties of Fe3O4, Fe3O4@SiO2 and Fe3O4@SiO2@VO nano-
catalyst were investigated by VSM at room temperature (Fig.  5). As can be 
observed, magnetization curves of the materials exhibited no remanence effect, 
which indicate superparamagnetic nature of the synthesized nanostructures. The 
specific saturation magnetization values for Fe3O4, Fe3O4@SiO2 and Fe3O4@
SiO2@VO are 56.12, 38.59 and 30.04 emu g−1. The decrease of magnetic satura-
tion of the nanocatalyst indicates anchoring the metal complex on the surface of 
Fe3O4@SiO2. Nevertheless, by using an external magnetic field and then removed 
it, the nanocatalyst can still be well re-dispersed, indicating that nanocatalyst pos-
sess good redispersibility and magnetic responsivity.

TGA analysis was carried out under N2 atmosphere and the profiles are exhib-
ited in Fig.  6. The profile of Fe3O4 shows a small weight loss (~ 3%) at about 
100 ºC owing to the removal of physically adsorbed solvent and surface hydroxyl 
groups. As it can be seen, there is no significant weight loss in the range of 
100–800 °C. Nonetheless, the profile of Fe3O4@SiO2@VO shows two step weight 
losses. Initially shows a very similar weight loss in the range of 80–120 °C, which 
corresponds to removal of physically adsorbed solvents. Second mass loss hap-
pens above 210 °C (~ 21%), which is due to thermal decomposition of the organic 
chemicals (Fig. S1 in the Supplementary Information). Additionally, the loaded 
vanadium of the magnetic nanocatalyst was found to be 1.37 mmol g−1 based on 
ICP-AES analysis.

Fig. 5   Magnetization curves for 
Fe3O4 (a), Fe3O4@SiO2 (b) and 
the Fe3O4@SiO2@VO (c)
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Catalytic performance of the synthesized nanocatalyst

Part A: Catalytic performance of Fe3O4@SiO2@VO for the synthesis 
of 2‑amino‑4H‑benzo[h]chromenes

After synthesis and characterization of Fe3O4@SiO2@VO, we have been investi-
gated its catalytic activity for the synthesis of 2-amino-4H-benzo[h]chromenes via 
the one-pot, three-component reaction of aldehydes, malononitrile and 1-naphthol. 
For this aim, the reaction of 2-chlorobenzaldehyde with malononitrile and 1-naph-
thol was chosen as a model reaction to obtain the optimization of the conditions. 
In order to investigate the effects of catalytic active centers, background reactions 
were performed (Table 1, entries 1–4). The use of Fe3O4, Fe3O4@SiO2, and Fe3O4@
SiO2-amine instead of the nanocatalyst, the reaction did not proceed after 24 h. Also, 
this reaction was examined in the absence of the catalyst. It was found that when 
the reaction occurred without catalyst, it showed poor yield even after 24 h. There-
fore, the existence of nanocatalyst is necessary for this reaction. To study optimum 
reaction conditions, the influences of various factors such as solvents, amount of the 
nanocatalyst and temperature, were studied. Initially, the effect of various solvents 
such as H2O, EtOH, CH3CN and also solvent-free condition were studied; highest 
catalytic activity was observed when solvent-free condition was employed (Table 1, 
entries 5–8). In the next step, amount of the nanocatalyst on catalytic activity was 
studied; which the best catalytic performance was obtained using 0.2 g of Fe3O4@
SiO2@VO. Increasing the amounts of the nanocatalyst obtain no further improve-
ment (Table 1, entries 9–12). Also, The effect of temperature on the performance of 
the nanocatalyst was investigated. Among them, 110 °C was selected as the optimum 
temperature. At the above 110 °C, yield was decreased (Table 1, entries 13–16).

CHO

Cl

OH
CN

CN

O

NH2

CN

Cl

++ First Run
97%

Second Run

Third Run

Fourth Run

Fifth Run 86%

96%

93%

91%

110 oC
Solvent-free

Fig. 6   Reusability test of the nanocatalyst for the model reaction (reaction condition: 0.2 g of the used 
nanocatalyst under solvent-free condition at 110 °C)
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Finally, after optimization of different parameters in three-component reaction 
of 2-chlorobenzaldehyde, malononitrile and 1-naphthol (0.2  g of the nanocatalyst 
under solvent free condition at 110 °C), we used the optimized reaction conditions 
to different aldehydes. As can be seen from Table 2, the electronic impacts indicate 
a minor effect on the reaction yield and this method tolerates various electron-poor 
and electron-rich aldehydes. The corresponding products obtain in good to excellent 
yields. However, the presences of electron-withdrawing substituents on the benzene 
ring were obtained the best results.

Nanocatalyst recycling and leaching test  The reusability and stability of the anchored 
catalysts are a very important issue from practical, environmental and sustainability 
viewpoints [49]. The recyclability of the catalyst was surveyed using the reaction 
of 2-chloro benzaldehyde, malononitrile and 1-naphthol under the optimized condi-
tions. In order to regenerate the nanocatalyst, after each run, it was separated by an 
external magnet, then washed several times with deionized water/EtOH and finally 
dried under vacuum for reuse. Fe3O4@SiO2@VO could be recycled for at least five 
times without significant change in its activity (Fig. 6).

Study of metal leaching by ICP technique after the reusability test is an important 
issue. After the nanocatalyst was separated, the filtrate was used for ICP analysis as 

Table 1   Optimization and screening of the nanocatalyst for synthesis of desired product

All reactions were carried out with 2-chlorobenzaldehyde (1  mmol), malononitrile (1  mmol), and 
1-naphthol (1 mmol)
Bold indicates the optimized conditions
a Isolated yield

Entry Catalyst (amount) Solvent Temperature 
(°C)

Time Yielda

1 Without catalyst Solvent-free 110 24 h trace
2 Fe3O4 Solvent-free 110 210 min trace
3 Fe3O4@SiO2 Solvent-free 110 120 min trace
4 Fe3O4@SiO2-NH2 Solvent-free 110 60 min trace
5 Fe3O4@SiO2@VO (0.2 g) Solvent-free 110 1 h 98%
6 Fe3O4@SiO2@VO (0.2 g) H2O 110 90 min 44%
7 Fe3O4@SiO2@VO (0.2 g) EtOH 110 90 min 90%
8 Fe3O4@SiO2@VO (0.2 g) CH3CN 110 100 min 52%
9 Fe3O4@SiO2@VO (0.05 g) Solvent-free 110 75 min 68%
10 Fe3O4@SiO2@VO (0.1 g) Solvent-free 110 60 min 73%
11 Fe3O4@SiO2@VO (0.3 g) Solvent-free 110 55 min 99%
12 Fe3O4@SiO2@VO (0.4 g) Solvent-free 110 50 min 90%
13 Fe3O4@SiO2@VO (0.2 g) Solvent-free 25 24 h trace
14 Fe3O4@SiO2@VO (0.2 g) Solvent-free 50 210 min 40%
15 Fe3O4@SiO2@VO (0.2 g) Solvent-free 90 120 min 60%
16 Fe3O4@SiO2@VO (0.2 g) Solvent-free 150 60 min 82%
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Table 2   Synthesis of various 2-amino-4H-benzo[h]chromene derivatives using the Fe3O4@SiO2@VO
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leaching test. The vanadium leaching in the first and 5th run were 0.0012 (~ 0.14%) 
and 0.0029 mmol g−1 (~ 0.34%), respectively. Leaching experiments confirmed that 
the nanocatalyst is truly heterogeneous and that no catalytically active oxovanadium 
species are dissolved in the solution. It seems that strong interactions between the 
oxovanadium complex and magnetic support play a significant role in preventing 
metal leaching during the reaction.

SEM and FT-IR of the reused nanocatalyst after the 5th run in order to check the 
stability were studied. Based on SEM image, the morphology and structure of the 
reused nanocatalyst has been maintained during the recycling reaction (Fig. S2 in 
the Supplementary Information). Furthermore, FT-IR spectrum of the reused nano-
catalyst was similar to that of fresh one and showed expected C–H, C=N, Si–O–Si 
and Fe–O vibration bands (Fig. S3 in the Supplementary Information). These results 
confirm the good stability and strong attachment of the oxovanadium complex on 
the surface of magnetic nanoparticles.

Proposed catalytic mechanism  On the basis of some related literatures [50, 51], 
a plausible mechanism was proposed for the preparation of 2-amino-4H-benzo[h]
chromenes using Fe3O4@SiO2@VO (Scheme 2). According to the mechanism, the 
nanocatalyst could be attached to the carbonyl groups of the aldehyde and cyano 
group and activates it for nucleophilic attack. First, the reaction between maloni-
trile and aldehyde give an α,β-unsaturated nitrile (I) which reacts with 1-naphthol 
to form the dicyano compound (II). The rapid nucleophilic addition of phenolic 
hydroxyl group to the C=N group, and intramolecular cyclization to gives intermedi-
ate (III), after tautomerization of intermediate (III) forms the 2-amino-4H- benzo[h]
chromenes (IV).

Part B: Catalytic performance of the nanocatalyst in the oxidation of sulfides

In continuation of our research in the area of developing homogeneous metal com-
plexes supported onto surface of the magnetic support and their applications as cata-
lyst in organic transformations [52–55], we were interested in finding a simple and 
efficient procedure for the selective oxidation of sulfides using synthesized nanocat-
alyst. The oxidation of sulfides was investigated in detail by optimizing the reaction 
variables such as solvent, substrate/oxidant molar ratio and amount of nanocatalyst. 
For this purpose, methyl phenyl sulfide was used as a sample.

At the first stage for optimization, the model reaction was carried out in the 
absence of nanocatalyst or oxidant (blank run). The result showed that reac-
tion was incomplete even after prolonging the reaction time, which confirms the 
importance of the nanocatalyst and oxidant for the reaction completion (Table 3, 

Table 2   (continued)
All reactions were carried out with aldehyde (1  mmol), malononitrile (1  mmol), and 1-naphthol 
(1 mmol) in the presence Fe3O4@SiO2@VO (0.2 g)under solvent-free condition at 110 ºC
a Isolated yield
b From Ref [46, 47]
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entries 1–2). In continue the reaction was done in different solvents and also in 
solvent -free conditions (Table 3, entries 3–7 and 10). The results show that the 
highest conversion and selectivity is obtained under solvent-free condition within 
2 h. However, it is noteworthy that the nanocatalyst is capable to act selectively 
in different solvents, which is a noticeable advantage. To optimize the amounts 
of nanocatalyst, different amounts of Fe3O4@SiO2@VO (10, 30, 50 and 100 mg) 
were used in the oxidation of methyl phenyl sulfide using tert-butyl hydrogenper-
oxide (TBHP) under solvent-free condition (Table 2, entries 8–11). As observed, 
when 10 and 50 mg of catalyst were used, conversion was increased from 59 to 
99% under same reaction conditions respectively. A further increase in the cata-
lyst amount decreases the selectivity which is undesired. The effect of TBHP/sub-
strate mole ratio on model reaction was investigated at regular intervals of time 
(Table  3, entries 10, 12 and 13). The maximum conversion and selectivity was 
observed at 2:1 mol ratio of TBHP/methyl phenyl sulfide. It should be noted that 
the use of Fe3O4, Fe3O4@SiO2 and Fe3O4@SiO2-amine instead of Fe3O4@SiO2@
VO gives a trace yield of the corresponding product even after 12  h (Table  3, 
entries 14–16).

Scheme 2   Proposed mechanism for the preparation of 2-amino-4H-benzo[h]chromenes
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According to the experimental results (as it was shown in Table  3), solvent-
free condition at room temperature using 50 mg of nanocatalyst and 2:1 mol ratio 
of TBHP to methyl phenyl sulfide during 2  h is the best choice for the model 
reaction (Table 3, entry 10). After optimization of different parameters for methyl 
phenyl sulfide reaction as model substrate, the catalytic activity of Fe3O4@
SiO2@VO was examined in the oxidation of other sulfides under the optimized 
conditions. The results have been summed up in Table  4. As it is clear, in all 
of the reactions, different sulfides were oxidized selectively to their correspond-
ing sulfoxides in excellent yield in the short reaction times and no any by-prod-
ucts were observed. However, the lower activity of diaryl sulfide than arylalkyl 

Table 3   Optimization of reaction conditions in the oxidation of methyl phenyl sulfide as model substrate

a Isolated yield

Entry Catalyst (amount) Sulfide/TBHP ratio Solvent Time Yield 
(selectivity to 
sulfoxide)a

1 – 1:2 Solvent-free 24 h Trace
2 Fe3O4@SiO2@VO

(50 mg)
without TBHP Solvent-free 24 h Trace

3 Fe3O4@SiO2@VO
(50 mg)

1:2 MeOH 3 h 46%(100)

4 Fe3O4@SiO2@VO
(50 mg)

1:2 EtOH 3 h 39%(100)

5 Fe3O4@SiO2@VO
(50 mg)

1:2 H2O 3 h 59%(100)

6 Fe3O4@SiO2@VO
(50 mg)

1:2 CH2Cl2 3 h 33%(100)

7 Fe3O4@SiO2@VO
(50 mg)

1:2 Toluene 3 h 21%(100)

8 Fe3O4@SiO2@VO
(10 mg)

1:2 Solvent-free 4 h 59%(100)

9 Fe3O4@SiO2@VO
(30 mg)

1:2 Solvent-free 3 h 71%(100)

10 Fe3O4@SiO2@VO
(50 mg)

1:2 Solvent-free 2 h  > 99%(100)

11 Fe3O4@SiO2@VO
(100 mg)

1:2 Solvent-free 1:30 h  > 99%(75)

12 Fe3O4@SiO2@VO
(50 mg)

1:1 Solvent-free 3:30 h  > 99%(100)

13 Fe3O4@SiO2@VO
(50 mg)

1:5 Solvent-free 1:45 h  > 99%(80)

14 Fe3O4
(50 mg)

1:2 Solvent-free 12 h Trace

15 Fe3O4@SiO2
(50 mg)

1:2 Solvent-free 12 h Trace

16 Fe3O4@SiO2-amine
(50 mg)

1:2 Solvent-free 12 h Trace
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sulfides seems to be due to the steric hindrance of the diaryl group. Therefore, the 
obtained results show that this methodology will be applicable for the oxidation 
of a wide range of other sulfides.

Reusability and leaching test in the reaction of sulfides  As the recyclability of a het-
erogeneous nanocatalyst is a significant factor, we investigated the recyclability and 
reusability of Fe3O4@SiO2@VO was investigated under the optimized conditions. 
After the magnetic separation of nanocatalyst from the reaction mixture, the nano-
catalyst was washed with ethanol/H2O and dried to remove any remaining solvent, 
and then reused in the further reactions for several times. Results indicated that nano-
catalyst is recyclable during six consecutive runs with preserving catalytic activity 
(Fig. 7).

Similar to previous section, a leaching test for methyl phenyl reaction under the 
optimized conditions was carried out. Only a low amount of vanadium leaching is 
observed (only 0.61% after 6th reaction run). Negligible amount of leaching during 
oxidation process confirms a strong interaction between magnetic support and metal 
complex and heterogeneous character of the synthesized nanocatalyst.

Table 4   Oxidation of sulfides in the presence of Fe3O4@SiO2@VO using TBHP under solvent-free

Reaction condition: sulfide (1 mmol), TBHP (2 mmol), nanocatalyst (50 mg) and reaction was performed 
under solvent-free condition at room temperature
a Isolated yield on the basis of the weight of the pure product obtained
b From Ref. [48]
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Fig. 7   Reusability test of the nanocatalyst in the oxidation of methyl phenyl sulfide as model substrate 
(reaction conditions: 50 mg of the used nanocatalyst with 2:1 mol ratio of TBHP to methyl phenyl sulfide 
under solvent-free condition at room temperature)

Table 5   Comparison catalytic activity of Fe3O4@SiO2@VO with other reported catalysts in the reac-
tion of 2-chlorobenzaldehyde, malononitrile and 1-naphtol (entries 1–4) and oxidation of methyl phenyl 
sulfide (entries 6–10)

Entry Catalyst (amount) Time Solvent Temp Yield (selectivity) References

1 Silica tungstic acid
(0.1 g)

180 min Solvent-free 120 ºC 90% [56]

2 HTMAB
(10 mol%)

240 min H2O 100 ºC 93% [57]

3 H14[NaP5W30O110]
(0.03 g)

180 in H2O 100 ºC 91% [58]

4 Fe3O4@SiO2@Mo–
Schiff base

(0.2 g)

60 min Solvent-free 125 °C 95% [59]

5 Fe3O4@SiO2@VO
(0.2 g)

60 min Solvent-free 110 ºC 98% This work

6 Fe3O4/salen of Cu(II) 
(0.05 g)

180 min EtOH 60 ºC 83% (-) [60]

7 Ni(II)-salen-MCM‐41 
(0.02 g)

156 min EtOH Room condi-
tion

95% (-) [61]

8 Polymer-anchored 
Cu(II)

(0.05 g)

180 min CH3CN Room condi-
tion

93% (90) [62]

9 Cd(II)-salen-MCM‐41 
(0.02 g)

150 min EtOH Room condi-
tion

98% (-) [61]

10 Cu/isatin@Fe3O4
(0.03 g)

360 min EtOH 60 ºC 99% (97) [63]

11 Fe3O4@SiO2@VO
(0.05 g)

120 min Solvent-free Room condi-
tion

 > 99%(100) This work
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Comparison of catalytic efficiency with the previous works

In order to further investigate the eligibility of the present work, we compared this 
procedure with the previously reported catalysts for both reaction of 2-chlorobenza-
ldehyde, malononitrile and 1-naphtol for the preparation of corresponding product 
and oxidation of methyl phenyl sulfide, as shown in Table 5 [56–63] As can be seen, 
our catalytic system operated under mild conditions such as room temperature with 
minimum amounts of used catalyst in the oxidation of sulfides. Additionally, good 
stability of nanocatalyst, high product purity, commercially available materials and 
easy separation of the nanocatalyst are other advantages of this protocol.

Conclusions

In summary, we have reported a green, efficient and environmentally method for 
the synthesis of 2-amino-4H-benzo[h] chromene derivatives and selective oxidation 
of sulfide in the presence of oxovanadium(IV) complex immobilized on the surface 
of modified Fe3O4 nanoparticles as a nanocatalyst. The structure, morphology and 
chemical composition of the prepared nanostructures and nanocatalyst were con-
firmed by different spectroscopic and microscopic techniques like FT-IR, XRD, 
SEM, EDX, VSM, TGA, and ICP-AES analyses. Mild reaction conditions, use the 
green and non-toxic materials, good to excellent product yields, good stability of 
the nanocatalyst, ease of separation and recyclability of the catalyst and also use 
of solvent-free reaction conditions are the advantageous features of the presented 
work. It is noteworthy that the nanocatalyst also acted selectively in the oxidation 
of sulfide. Furthermore, the leaching experiments in the reaction of chromenes and 
sulfides proved that the oxovanadium complex was anchored firmly to the magnetic 
support. In addition, the results demonstrate that the nanocatalyst could be reused 
for several times in both reactions without significant loss in its activity.
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