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ABSTRACT 

In the present work, first, magnetic nanoparticles (MNP) were synthesized, and a layer of silica was placed on the magnetite 

nanoparticles through the reaction with TEOS. Next, the pyridine-2-(1H)-tetrazole ligand was fixed on the core-shell magnetite 

nanoparticles, and finally, the nanocatalyst copper complex was synthesized. The synthesized copper (II) complex of magnetic 

nanocatalyst was identified through different analyses such as FT-IR, SEM, EDX, XRD, VSM, BET, and atomic absorption. 

After characterizing the nanocatalyst Fe3O4@SiO2-(CH2)3-Pyridine-2-(1H)-tetrazole-Cu(II), by applying this catalyst in the 

reaction of benzaldehyde with 4-hydroxycoumarin, the reaction conditions such as solvent type, reaction temperature and The 

amount of catalyst was optimized. Ethanol was chosen as the optimal solvent as an environmentally friendly solvent. The 

recycling cycle of the magnetic catalyst was also studied, and the slight decrease in the catalyst's efficiency after six times 

reactions indicates the high efficiency of this nanocatalyst in the synthesis reaction of bis-coumarin derivatives as a green 

catalyst. 
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1. Introduction 

The focus of green chemistry is on performing 

chemical reactions with the most negligible impact on 

the environment. In order to achieve this goal, a lot of 

effort is needed to advance in the catalytic fields. This 

indicates the high importance of catalysts to achieve 

green chemistry goals. Catalyst recycling and their 

reuse through old methods is a severe problem in the 

path of achieving the goals of green chemistry. For this 

purpose, in the past decades, the use of magnetic 

nanocatalysts has been taken into consideration due to 

their easy separation [1, 2]. In order to solve this 

problem and prevent the oxidation of Fe2+, which 

reduces the magnetic properties of nanoparticles, 

various mineral and polymer coatings are used. Among 

different coatings, due to high porosity, high surface 

area, very low toxicity, and the ability to modify 

surface silanol groups with various functional groups, 

silica coatings are widely used [3-6].  
*Corresponding author: 
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Based on their unique physical and chemical 

properties, magnetic nanoparticles are used in various 

biological fields, such as image enhancement in MRI, 

tissue repair, immunoassays, biological fluid 

detoxification, heat therapy, drug delivery, and cell 

isolation [7-13]. The synthesis methods of magnetic 

nanoparticles play an important role in determining the 

morphology (shape, size, and size distribution), 

composition, magnetic properties, surface properties, 

and catalytic applications of nanoparticles. Several 

methods have been invented to make magnetic 

nanoparticles; among the standard methods are co-

precipitation [14-17], microemulsion [18], sol-gel 

method [19, 20], spray and laser pyrolysis, 

hydrothermal reaction [21, 22], microwave radiation, 

and biological synthesis. Among these methods, sol-

gel and co-precipitation are more important [23].  

Coumarins are a class of heterocyclic compounds that 

have been noticed due to their various applications in 

the perfumery, pharmaceutical, and agrochemical 
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industries [24, 25]. Among the various coumarin 

derivatives, bis-coumarins are of great importance due 

to their unique medicinal and biological properties [26, 

27]. Bis-coumarin derivatives form an essential part of 

the structure of heterocyclic drugs that have important 

biological activities [28]. Bis-coumarins have wide 

applications as anticoagulant, antibiotic, antimicrobial, 

antitumor, anti-HIV, and anti-fever drugs. In addition, 

some bis-coumarin derivatives are used as additives in 

cosmetics and food products, and these derivatives are 

used in the manufacture of fluorescent and colorimetric 

sensors as well as luminescent agents [26, 29-34]. 

Some of the pharmaceutical structures related to 

coumarins and bis-coumarins are shown in Fig. 1. 

Dicoumarol (1), warfarin (2), and acenocoumarol (3) 

are the structures used as natural anticoagulants [35]. 

Also, the structure of 4, which is called 

aminocoumarin, is used as an antibiotic for the 

treatment of staphylococcal infections [36]. 

In this project, magnetic nanocatalyst Fe3O4@SiO2-

(CH2)3-Pyridine-2-tetrazole-Cu(II) was synthesized as 

a catalyst with high recovery capability and green. In 

order to use heterogeneous and magnetic nanocatalysis, 

we first synthesized magnetite nanoparticles, then 

using  

3-chloropropyltrimethoxysilane as a linker, 2-pyridine 

tetrazole was fixed on the magnetic substrate, and 

using Cu(OAc)2, nanocatalyst Fe3O4@SiO2-(CH2)3-

Pyridine-2-tetrazole-Cu(II) was synthesized. In the 

continuation of the research work, a green method with 

high efficiency for the synthesis of bis-coumarin 

derivatives as active medicinal compounds will be 

provided using this catalyst (Scheme 1). 

 

 

Fig. 1. Coumarin and bis-coumarin pharmaceutical derivatives.  

Scheme 1. The synthesis of bis-coumarin derivatives. 

  



A. O. Moghanlou  et al. / Iran. J. Catal. 13(2), 2023, 187-199 

2. Experimental 

2.1. Materials 

(3-chloropropyl)trimethoxysilane and ammonium 

chloride were purchased from Exir (Austria). The dry 

solvents were dried according to the methods described 

in different papers [37]. The other chemicals used in 

this article were obtained from Merck. 

2.2. General protocol for the synthesis of the 

Fe3O4@SiO2-(CH2)3- Pyridine-2-(1H)-tetrazole -Cu(II) 

2.2.1. Pyridine-2-(1H)-tetrazole synthesis  

For the synthesis of Pyridine-2-(1H)-tetrazole into a 

100 ml round bottom flask containing 30 ml of dry 

DMF, pyridine-2-carbonitrile (5.000 g, 48.80 mmol), 

ammonium chloride (3.350 g, 62.50 mmol) and sodium 

azide (4.060 g, 62.50 mmol) were added. The mixture 

was refluxed for 17 h with vigorous stirring. After the 

completion of the reaction time, the reaction mixture 

was cooled to room temperature, and the contents of 

the flask were added to the Erlenmeyer flask 

containing 150 ml of distilled water, with the gradual 

addition of concentrated hydrochloric acid, the pH of 

the mixture reached 2, and the precipitate of the 

product was formed. The precipitate was filtered under 

a vacuum and washed with distilled water. Using 

ethanol (95%), the precipitate was recrystallized to 

obtain white crystals as a pure product with an 

efficiency of 54%. The melting temperature of the 

obtained crystals was measured as 216-218 ℃ [38]. 

2.2.2. Fe3O4@SiO2@(CH2)3Cl synthesis 

Silica-coated magnetite nanoparticles were synthesized 

according to the published article in this field [39, 40]. 

In the next step, 2.000 g of Fe3O4@SiO2 and 6.67 

mmol of (3-chloropropyl)trimethoxysilane was added 

to the flask containing 50 ml of dry toluene, and  

stirred for 12 hours under nitrogen and reflux 

temperature. The formed Fe3O4@SiO2@(CH2)3Cl was 

separated by an external magnet and washed with 

toluene, and dry ethanol and dried at 80°C for 8 hours 

[41]. 

2.2.3. Fe3O4@SiO2-(CH2)3- Pyridine-2-(1H)-tetrazole -

Cu(II) synthesis 

Pyridine-2-(1H)-tetrazole (0.588 g, 4.0 mmol) and 

K2CO3 (0.552 g, 4.0 mmol) were added to 30 ml of 

DMF containing 2 g of Fe3O4@SiO2@(CH2)3Cl. The 

reaction mixture was stirred for 24 hours at reflux 

temperature. The synthesized material was removed 

from the reaction medium with a magnet and washed 

repeatedly with DMF, distilled water, and ethanol, and 

finally dried at 80°C for 8 hours [41]. In the last step, 

Fe3O4@SiO2-(CH2)3- Pyridine-2-(1H)-tetrazole was 

complexed with copper(II) using a solution of 

Cu(OAc)2 in acetonitrile, and the catalyst 

Fe3O4@SiO2-(CH2)3- Pyridine-2-(1H)-tetrazole -Cu(II) 
was synthesized. 

2.3. Synthesis of bis-coumarin derivatives  

1.0 mmol of aldehyde and 2.0 mmol of 4-

hydroxycoumarin were added to a flask (10 ml) 

containing ethanol as a reaction solvent, and then 50 

mg of the catalyst Fe3O4@SiO2-(CH2)3- Pyridine-2-

(1H)-tetrazole-Cu(II) was added to the reaction vessel. 

The reaction was stirred at reflux temperature. The 

progress of the reaction was checked by TLC in an  
n-hexane/EtOAc/MeOH solvent mixture with a ratio of 

5:2:1. After making sure that the reactants were 

consumed, the heterogeneous catalyst was removed 

from the reaction vessel with a magnet. The reaction 

product was extracted with dichloromethane. Other 

bis-coumarin derivatives were synthesized via the 

procedure described above. 

2.4. Catalyst recovery 

The nanocatalyst was removed from the contents of the 

reaction vessel using a magnet, repeatedly washed with 

ethanol and acetone, dried, and catalyzed the 

subsequent reactions again. 
3. Results and Discussion 

3.1. Preparation and characterization of the catalyst 

Magnetite nanoparticles coated with silica were 

synthesized according to the method reported in 

different articles and identified through common 

analyses. Next, in dry toluene,  

3-chloropropyltrimethoxysilane was stabilized on 

Fe3O4@silica core shells. The synthesized pyridine-2-

(1H)-tetrazole reacted with Fe3O4@SiO2@(CH2)3Cl in 

the presence of K2CO3 and DMF as reaction solvent, 

and the compound Fe3O4@SiO2@(CH2)3-Pyridine-2-

(1H)- tetrazole was synthesized. In the last step, the 

copper (II) complex of the magnetic nanocatalyst was 

obtained using a solution of Cu(OAc)2 in acetonitrile 

(Scheme 2). The copper content (0.36 mmol g-1) was 

measured by atomic absorption analysis. 

FT-IR analysis was used to investigate the processes 

performed during different stages of catalyst synthesis 

and to confirm the structure and formation of 

Fe3O4@SiO2-(CH2)3 Pyridine-2-(1H)-tetrazole-Cu (II) 

magnetic nanocatalyst (Fig. 2). 
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Scheme 2. Synthesis of Fe3O4@SiO2-(CH2)3-Pyridine-2-(1H)-tetrazole -Cu(II). 

In Fig. 2a-c, the broad peak in the 

3600-3100 cm-1 corresponds to the O-H stretching 

vibration. A double peak at 578 cm-1 and  

650 cm-1 (Fig. 2a) indicates the formation of Fe3O4, 

and the absorption peak at 578 cm-1 indicates the Fe-O 

vibration. The peaks in 808 cm-1 and 952 cm-1 are 

attributed to Si-O bending and Si-OH stretching 

vibrations. A strong absorption band at 1090 cm-1 is 

proof of the stretching vibration of the Si-O-Si bond, 

which indicates the correct coating of magnetite 

nanoparticles with a silica shell. Also, the absorption 

peaks at 1656 cm and 1422 cm can be attributed to the 

stretching vibrations of C=C and C=N bonds and the 

scissor vibration of CH2 (Fig. 2b). It should be noted 

that the peaks related to stretching vibrations of C=C 

and C=N bonds and CH2 scissor vibration in Fig. 2b 

have shifted to low frequencies, which can be 

considered a reason for the complexation of the ligand 

with copper [41]. SEM images of magnetite 

nanoparticles and magnetic catalyst Fe3O4@SiO2-

(CH2)3 Pyridine-2-(1H)-tetrazole-Cu(II) are shown in 

Fig. 3. By studying these images, it can be seen that 

the size of the particles is smaller than 100 nm. 

 

 
Fig. 2. FT-IR spectra (Neet) of: (a) Fe3O4@SiO2; (b) Fe3O4@SiO2-(CH2)3-Pyridine-2-(1H)-tetrazole; (c) Fe3O4@SiO2-(CH2)3-

Pyridine-2-(1H)-tetrazole -Cu(II).
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Fig. 3. SEM images of magnetic nanocatalyst Fe3O4@SiO2-(CH2)3-Pyridine-2-(1H)-tetrazole-Cu(II). 

In Fig. 4, the graph related to TGA analysis of coated 

magnetite nanoparticles and synthesized nanocatalysts 

is shown. The weight loss up to 220 °C in magnetite 

and nanocatalyst is due to the removal of water and 

other solvents used during the synthesis of the 

nanocatalyst. From the temperature of 230-535 °C, a 

weight loss is observed, which is due to the thermal 

decomposition of the organic ligand stabilized on the 

magnetite nanoparticles. 

The XRD pattern of magnetite nanoparticles and 

Fe3O4@SiO2-(CH2)3-Pyridine-2-(1H)-tetrazole-Cu(II) 

in the region of 2θ=10-80° is shown in Fig. 5. By 

studying the XRD pattern of magnetite nanoparticles 

and magnetic nanocatalyst (5a and 5b), it was observed 

that the peaks in the regions of 2θ= 30.35°, 35.95°, 

43.45°, 53.70°, 57.25° and 62.88° which were 

characterized by Miller indices (220), (311), (400), 

(422), (511) and (440), indicates the crystal structure of 

inverted spinel with space group Fd-3m for magnetite 

nanoparticles and magnetic nanocatalyst. Which 

corresponds to the JCPDS reference No. 0417-79. The 

absence of additional peaks indicates the high purity of 

the synthesized compound.  

 

 
Fig. 4. TGA curve of a) Fe3O4@SiO2 nanoparticles; b) Fe3O4@SiO2-(CH2)3-Pyridine-2-(1H)-tetrazole-Cu(II) (under N2 

atmosphere, scan rate 10ºC /min). 
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Fig. 5. XRD pattern: a) magnetite; b) Fe3O4@SiO2-(CH2)3-Pyridine-2-(1H)-tetrazole-Cu(II). 

Vibrating sample magnetometer (VSM) analysis was 

used to investigate the magnetic properties of coated 

magnetite nanoparticles and Fe3O4@SiO2-(CH2)3-

Pyridine-2-(1H)-tetrazole-Cu(II) nanocatalyst. VSM 

analysis was performed at 298 K and with magnetic 

field scanning from -12500 to +12500 Oe for magnetic 

samples, and the related curve is shown in Figure 6. 

The interpretation and study of Fig. 6 show the 

superparamagnetic property of Fe3O4@SiO2 

nanoparticles and Fe3O4@SiO2-(CH2)3-Pyridine-2-

(1H)-tetrazole-Cu(II) nanocatalyst. Also, due to the 

high superparamagnetic property of the nanocatalyst, 

the synthesized magnetic catalyst can be easily 

separated from the reaction medium with a magnet. 

Energy dispersive X-ray spectroscopy (EDS) analysis 

was used to study the composition of nanocatalyst 

elements. The EDS spectrum (Fig. 7) confirms the 

presence of Fe, Si, N, C, O and Cu elements in the 

synthesized catalyst composition. 

 

 
Fig. 6. Magnetometry curve, Fe3O4@SiO2 nanoparticles and Fe3O4@SiO2-(CH2)3-Pyridine-2-(1H)-tetrazole-Cu(II). 
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Fig. 7. The EDS spectra of Fe3O4@SiO2-(CH2)3-Pyridine-2-(1H)-tetrazole-Cu(II). 

3.2. Synthesis of bis-coumarin derivatives 

To optimize the synthesis conditions of bis-coumarin 

derivatives, the reaction between benzaldehyde (1.0 

mmol) and 4-hydroxycoumarin (2.0 mmol) was 

selected as a model reaction. Different reaction 

conditions such as type of solvent, amount of catalyst, 

and temperature were investigated (the results obtained 

are summarized in Table 1). Solvent screening of the 

reaction (entries 1-7) indicates that the reaction has a 

high efficiency in polar protic solvents such as water 

(entry 1, 70% conversion) and ethanol (entry 7, 94% 

conversion). As an environmentally friendly solvent, 

ethanol was selected as the optimum solvent. Also, the 

reaction in solvent-free conditions (entry 14) had poor 

conversion. As can be seen in Table 1, the amount of 

50 mg of catalyst shows the highest efficiency for this 

reaction (entry 7, 94% conversion), and in amounts 

less than 50 mg (entries 8-9), moderate conversions are 

observed. At high amounts of catalyst (entry 10), a 

very small increase in reaction efficiency is observed. 

It should be noted that the reaction had low efficiency 

in the absence of a catalyst (entry 11). Also, the 

reaction temperature was optimized (entry 7, 12-13), 

and the reflux temperature (entry 7) was chosen as the 

optimal temperature. In addition, the reaction was 

performed in the presence of Cu(OAc)2 (entry 15), 

Fe3O4@SiO2 (entry 16) and Fe3O4@SiO2-(CH2)3-

Pyridine-2-(1H)-tetrazole (entry 17) as catalysts. The 

obtained efficiencies show the high efficiency of 

Cu(OAc)2 (95%) compared to Fe3O4@SiO2 and 

Fe3O4@SiO2-(CH2)3-Pyridine-2-(1H)-tetrazole for 

carrying out the reaction of bis-coumarin derivatives 

synthesis. 

A wide range of aldehyde derivatives was used for the 

synthesis of bis-coumarin derivatives, and the results 

are summarized in Table 2. The purified products were 

identified by melting point measurements and FT-IR 

and NMR spectra. By comparing the reaction 

efficiency of different aldehyde derivatives and the 

synthesis time of bis-coumarin derivatives, it can be 

said that the presence of electron-withdrawing and 

electron-donating substitutions in aldehyde has a very 

small effect on the reaction rate. 

Based on various articles in Scheme 3, a mechanism 

for the synthesis of bis-coumarin derivatives with the 

catalyst Fe3O4@SiO2-(CH2)3-Pyridine-2-(1H)-

tetrazole-Cu(II) is proposed. As can be seen, in this 

mechanism, copper acts as a Lewis acid and activates 

the carbonyl group in aldehydes and intermediates. In 

the first step, as a result of the nucleophilic attack of 4-

hydroxycoumarin on the aldehyde activated by the 

catalyst, intermediate (A) is formed, which is then 

converted to compound (B) by losing H2O. Compound 

(B) is reactivated by the catalyst and reacts again with 

4-hydroxycoumarin through the Michael addition 

reaction, and compound (c) is obtained. In the last step, 

compound (C) becomes the final product during the 

tautomerization process [26, 36, 51]. 
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Table 1. Optimization for bis-coumarin synthesis from benzaldehyde with 4-hydroxycoumarin.a 

 
Entry Solvent T (°C) Cat. (mg) Conversion (%) 

1 H2O Reflux 50.0 70 

2 THF Reflux 50.0 55 

3 Toluene Reflux 50.0 63 

4 CH3Cl Reflux 50.0 25 

5 CH3CN Reflux 50 45 

6 EtOH/H2O (1:1) Reflux 50.0 82 

7 EtOH Reflux 50.0 94 

8 EtOH Reflux 30.0 60 

9 EtOH Reflux 40.0 77 

10 EtOH Reflux 60.0 95 

11 EtOH Reflux - 20 

12 EtOH 50 50.0 45 

13 EtOH 70 50.0 82 

14 - 80 50.0 30 

15 EtOH Reflux 50.0 (Cu(OAc)2) 95 

16 EtOH Reflux 50.0 (Fe3O4@SiO2) 78 

17 EtOH Reflux 50.0 (Fe3O4@SiO2-(CH2)3-

Pyridine-2-(1H)-tetrazole) 

54 

a)Optimal reaction conditions are in bold. 

b) Reaction conditions: Aldehyde (1.0 mmol); 4- hydroxycoumarin (2.0 mmol); solvent (3.0 mL); and reaction time 80 min. 

Table 2. Synthesis of bis-coumarin derivatives from aromatic aldehydes with  4-hydroxycoumarin using nanocatalyst 

Fe3O4@SiO2-(CH2)3-Pyridine-2-(1H)-tetrazole-Cu(II).a 

 
Yield 

(%)b 
m.p. (C) Time 

(min) 

Product Substrate Entry 

Reported 

[Ref.] 

Found 

94 230-232 

[42] 

230-233 80 

 

 

1 

87 240-242 

[43]  
240-244 100 

 

 

2 
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90 190-195  

[44] 

192-194 80 

 

 

3 

90 201-201 

[45] 

201-203 80 

 

 

4 

93 214-216 

[46] 

213-215 70 

 

 

5 

95 213-215 

[44] 

211-213 120 

 

 

6 

89 265-267 

[47] 

265-268 50 

 

 

7 

87 226-227 

[33] 

225-228 120 

 

 

8 

90 250-252 

[48] 

251-254 100 

 

 

9 
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91 202-205 

[49] 

201-204 90 

 

 

10 

91 250-252 

[50] 

250-253 110 

 

 

11 

a) Reaction conditions:  Aldehyde (1.0 mmol); 4- hydroxycoumarin (2.0 mmol); solvent (3.0 mL) and catalyst (50 mg). 

b) Yields are given for isolated products. 

 
Scheme 3. Proposed mechanism for the synthesis of bis-coumarin derivatives in the presence of Fe3O4@SiO2-(CH2)3-Pyridine-

2-(1H)-tetrazole-Cu(II). 

3.3. Recyclability 

By applying the catalyst in several consecutive 

reactions of benzaldehyde with 4-hydroxycoumarin, 

the reusability of nanocatalyst Fe3O4@SiO2-(CH2)3-

Pyridine-2-(1H)-tetrazole-Cu(II) in the synthesis of 

bis-coumarin derivatives was investigated, Fig. 8. 

After each reaction, the magnetic nanocatalyst was 

separated from the reaction mixture by a magnet, 

washed with ethanol several times, and after drying, it 

was used in the subsequent reaction. By looking at Fig. 

8, it can be seen that this nanocatalyst has lost only 4% 

of its initial activity after six times of reaction.  
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Fig. 8.  Recycling diagram of magnetic catalyst 

Fe3O4@SiO2-(CH2)3-Pyridine-2-(1H)-tetrazole-Cu(II) in the 

reaction of bis-coumarin derivatives synthesis. 

Therefore, Fe3O4@SiO2-(CH2)3-Pyridine-2-(1H)-

tetrazole-Cu(II) can be mentioned as an effective 

catalyst with high recyclability in the synthesis of 

various bis-coumarin derivatives. 

4. Conclusions 

Briefly, pyridine-4-tetrazole was immobilized on core-

shell magnetite nanoparticles. Next, using Cu(OAc)2 

solution in acetonitrile, nanocatalyst Fe3O4@SiO2-

(CH2)3-Pyridine-2-(1H)-tetrazole-Cu(II) was 

synthesized. The synthesized heterogeneous catalyst 

was used in the reaction of the synthesis of bis-

coumarin derivatives through the reaction between 4-

hydroxycoumarin and different aromatic aldehydes. 

The use of Fe3O4@SiO2-(CH2)3-Pyridine-2-(1H)-

tetrazole-Cu(II) catalyst increased the reaction 

efficiency and carried out the reaction in mild 

conditions and ethanol as a green solvent. Easy 

removal from the reaction mixture without time-

consuming and expensive methods and a slight 

decrease in the catalyst’s efficiency in the reuse of the 

catalyst have been used from the advantages of the 

heterogeneous catalyst. 
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