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Abstract
A convenient, rapid, and highly efficient procedure for synthesis of 5-substi-
tuted-1H-tetrazoles was developed via multicomponent domino Knoevenagel 
condensation/1,3-dipolar cycloaddition reaction between aromatic aldehydes, malo-
nonitrile, and sodium azide in presence of Fe3O4 magnetic nanoparticles, using 
microwave irradiation and conventional heating, under solvent-free conditions. The 
procedure is efficient due to the low cost and nontoxicity of the catalyst, elimina-
tion of volatile and toxic solvents, very short reaction time, excellent product yield, 
easy methodology, and simple workup. The magnetite catalyst was recycled using 
an external magnet and could be reused in at least five consecutive runs, delivering 
high product yield.

Graphical abstract  We illustrate that green, efficient, and recoverable Fe3O4 mag-
netic nanoparticles can catalyze Knoevenagel condensation/1,3-dipolar cycloaddi-
tion of aromatic aldehydes, malononitrile, and NaN3 to synthesize 5-substituted-
1H-tetrazoles using microwave irradiation and conventional heating.
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Introduction

In the context of green chemistry, design and development of organic syntheses 
performed via multicomponent domino reactions (MDRs) have become a signifi-
cant area of research in organic chemistry due to their improved atom economy, 
efficiency, and convergence [1]. In addition, MDRs reduce reaction time, min-
imize reaction and purification steps, and save raw materials, without complex 
product isolation [2]. In a condensation reaction, on the other hand, two, three, 
or four molecules or moieties, often functional groups, combine to form a larger 
molecule, together with loss of a small molecule [3]. Because of these advan-
tages, multicomponent coupling reactions are preferred to tune reaction steps 
in combinatorial synthesis [4]. Various heterocyclic compounds such as benzo-
pyrans [5], benzoxanthene [6], polyhydroquinoline [2], and benzochromene [7] 
can be developed by applying this one-pot multicomponent reaction strategy. 
Huisgen et al. [8] were the first to fully recognize the general concept and scope 
of 1,3-dipolar cycloaddition, a reaction with considerable scope for synthesis of 
five-membered heterocyclic rings. Also, the 1,3-dipolar cycloaddition reaction, 
which can be used to synthesize tetrazole ring, is classified as (2 + 3) cycload-
dition, in which two atoms of the first component (imine or nitrile groups as 
1,3-dipolarophiles) react with three atoms of the second component (azide group 
as a 1,3-dipolar molecule) [9]. Tetrazoles are an interesting and useful class of 
heterocyclic compounds with a five-membered ring containing one carbon and 
four nitrogen atoms, possessing the highest nitrogen content among known sta-
ble heterocycles. Such heterocyclic systems rarely occur in nature and are well 
known for their pharmacological properties such as antifungal, antiinflammatory, 
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antibacterial, antihypertensive, and anticancer activities [10–12]. Tetrazoles have 
a wide range of applications in coordination and organic chemistry, informa-
tion recording systems, photographic industry, organometallic and high-energy 
chemistry, and in particular, medicinal chemistry [13–15]; For example, in drug 
design, 5-monosubstituted tetrazoles are nonclassical bioisosteres of carboxylic 
acids, and 1,5-disubstituted tetrazoles are bioisosteres of the cis-amide bond of 
peptides. These bioisosteres have displayed similar types of biological activities, 
such as enhancing metabolic stability [16]. Recently, antiproliferative proper-
ties of tetrazole derivatives with antitumor applications have also been reported 
[17]. Also, a tetrazole-based peptidomimetic was discovered as a human growth 
hormone secretagogue [18]. Lately, tetrazole moieties have been widely used to 
bind aryl thiotetrazolylacetanilides with human immunodeficiency virus (HIV)-1 
reverse transcriptase [19]. Also, amino-substituted tetrazoles exhibit receptor 
modulator activities [20]. Tetrazoles can be used to synthesize drugs of the sartan 
family, including losartan and valsartan [21]. They have also been shown to be 
tumor necrosis factor (TNF)-α inhibitors [22], potential P2X7 antagonists [23], 
and inhibitors of anandamide cellular uptake [24]. Because of their usefulness, 
research on synthesis of tetrazoles has attracted great attention over recent years. 
Various protocols for synthesis of tetrazoles from oximes, nitriles, amines, iso-
cyanides, acyl cyanides, amides, thioamides, imidoyl chlorides, or ketones have 
been reported [25–28]. Recently, tetrazole derivatives were synthesized based 
on click reactions using various homogeneous and heterogeneous catalysts or 
reagents [29, 30]. Although synthesis of tetrazole derivatives from nitriles and 
sodium azide has been carried out using Fe3O4-based nanocatalyst [31–34], no 
reports on synthesis of 2-(1H-tetrazole-5-yl) acrylonitrile derivatives by multi-
component domino reaction between aldehydes, malononitrile, and sodium azide 
using Fe3O4-based catalyst were found. To the best of the authors’ knowledge, 
there are only a limited number of reports on use of multicomponent domino 
reaction between aldehydes, malononitrile, and sodium azide for synthesis of 
2-(1H-tetrazole-5-yl) acrylonitrile derivatives [35–39]. Although these methods 
are beneficial, a number of them have several deficiencies such as use of expen-
sive and toxic reagents, long reaction time, tedious workup, and difficulty in 
separation and reusability of the catalyst. Moreover, many catalysts require use 
of dimethylformamide (DMF) as solvent during the reaction, while from a green 
chemistry viewpoint, it is highly desirable to develop solvent-free processes.

The choice of an appropriate catalyst for each reaction is of great importance to 
achieve excellent results. Recently, application of solid acids as heterogeneous cata-
lysts has attracted particular attention in different areas of organic synthesis [40]. 
On the other hand, magnetic nanoparticles such as Fe3O4 have emerged as one of 
the useful, high-efficiency, and green heterogeneous solid-acid catalysts, because 
of their high surface-to-volume ratio, good thermal stability, and ready availabil-
ity [41]. Moreover, their magnetic properties enable perfect recovery of the catalyst 
using an external applied magnetic field, eliminating the need for filtration, tedi-
ous centrifugation, or membrane separation steps. Various strategies have success-
fully demonstrated the applications of Fe3O4 nanoparticle-supported or nanoparti-
cle-immobilized catalysts [42, 43]. However, investigation of Fe3O4 nanoparticles 
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without modification as a magnetically retrievable catalyst for organic synthesis is 
rare [44–47]. It is clear that development of “free” nanoparticles with tunable cata-
lytic activity is of great significance for both industry and academia [48].

In addition, it is well established that the combination of microwaves and a het-
erogeneous catalyst can lead to development of fast, efficient, and environmentally 
benign synthetic procedures [49]. Interestingly, few protocols on preparation of 
5-substituted-1H-tetrazole derivatives in presence of heterogeneous catalysts using 
microwave irradiation have been reported [50]. Regarding the advantages and green 
aspects of application of microwaves in organic reactions, it was thought worth-
while to apply microwave irradiation in the current research [51, 52]. As part of our 
ongoing investigation into development of multicomponent reactions for synthesis 
of heterocyclic compounds using heterogeneous catalytic systems [48, 53–55], we 
therefore report herein an easy and efficient method for preparation of 2-(1H-tetra-
zole-5-yl) acrylonitrile derivatives through three-component domino Knoevenagel 
condensation/1,3-dipolar cycloaddition reaction of aldehydes, malononitrile, and 
sodium azide using Fe3O4 magnetic nanoparticles (MNPs) as catalyst under both 
conventional heating and microwave irradiation.

Experimental

Materials and instrumentation

All chemicals were obtained from Merck and Sigma chemical companies and used 
without further purification. An LG MG 3017S microwave oven was used. Product 
formation was confirmed by thin-layer chromatography (TLC) on Merck silica gel 
60 F254 plates. The melting point of all products was determined using a Thermo 
Scientific 9100 apparatus. The mass spectrum of the newly synthesized compounds 
was recorded on an Agilent 6410 triple-quadrupole liquid chromatography (LC)/
mass spectrometry (MS) device. Fourier-transform infrared (FT-IR) spectra were 
obtained in the range from 4000 to 400 cm−1 using a Shimadzu 8400 spectrometer. 
X-ray powder diffraction (XRD) analysis was performed using a Philips device with 
Cu Kα radiation at wavelength of 1.54 Å. Transmission electron microscopy (TEM) 
was carried out using a Philips CM120 microscope. Nuclear magnetic resonance 
(NMR) spectra were recorded in deuterated dimethylsulfoxide (DMSO) on a Bruker 
Advance 400 MHz spectrometer with tetramethylsilane (TMS) as internal reference.

General procedure for synthesis of Fe3O4

Magnetic nanoparticles were prepared by a reduction–precipitation procedure 
according to previous literature [56]. Briefly, initially, 1.5 mL ferric chloride (2 M) 
was added to 5.1 mL ultrapure water. Then, 1 mL sodium sulfite (1 M) was added 
dropwise to the prior solution with vigorous stirring for 1 min. As soon as Fe3+ and 
SO3

2− were mixed, the color of the solution changed from yellow to red, indicat-
ing complex ion formation between the two ions. When the color of this solution 
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altered to yellow again, the solution was mixed in 40 mL 0.85 M ammonia solution 
under magnetic stirring. After 30 min, black precipitate of MNPs formed, which was 
washed several times with distilled water by magnetic decantation (to pH < 7) and 
dried at 60 °C under vacuum.

General procedure for synthesis of tetrazole derivatives

Heating method (method A)

A mixture of aromatic aldehyde (1 mmol), malononitrile (1 mmol), sodium azide 
(1.5 mmol), and nano-Fe3O4 (20 mol%) was heated at 80  °C for appropriate time 
(Table 3). Upon consumption of the starting material, as indicated by TLC, the reac-
tion mixture was cooled and a small amount of water (5 mL) was added, then the 
catalyst was separated through magnetic absorption with a permanent magnet and 
the mixture was filtered. To the filtered solution, 15 mL 2 N HCl was added, fol-
lowed by stirring to afford the tetrazole in powder form. The product was filtered 
and dried in an oven to give pure product.

Microwave irradiation method (method B)

A mixture of aromatic aldehyde (1 mmol), malononitrile (1 mmol), sodium azide 
(1 mmol), and nano-Fe3O4 (20 mol%) was placed in a microwave reaction vial for 
appropriate time (Table 3). The LG MG 3017S microwave oven was programmed 
to 250 W. Reaction completion was monitored by TLC. Upon consumption of the 
starting material, the reaction mixture was allowed to cool and water was added 
(5 mL), then the catalyst was separated magnetically and the mixture was filtered. 
To the filtered solution, 15 mL 2 N HCl was added, followed by stirring to afford the 
tetrazole in powder form. The precipitate was filtered and dried in a drying oven to 
give pure product. The products were identified using melting point, 1H NMR, 13C 
NMR, FT-IR, and mass spectroscopy techniques.

Spectroscopic data of synthesized compounds

3‑Phenyl‑2‑(1H‑tetrazole‑5‑yl) acrylonitrile (Table  3, entry  1)  Powder. IR (KBr) 
(υmax/cm−1): 3157 (NH), 2229 (CN), 1585 (C=C). 1H NMR (400 MHz, DMSO-d6): 
δH (ppm) 3.64 (br s, NH, overlap with solvent), 7.59–7.62 (3H, m, CH-Ar), 8.00–
8.03 (2H, m, CH-Ar), 8.39 (1H, s, CH). 13C NMR (100 MHz, DMSO-d6): δC (ppm) 
97.1, 115.5, 129.4, 129.5, 129.9, 132.2, 132.4, 148.5.

3‑(2‑Chlorophenyl)‑2‑(1H‑tetrazole‑5‑yl) acrylonitrile (Table  3, entry  3) (new com‑
pound)  Powder. IR (KBr) (υmax/cm−1): 3157 (NH), 2235 (CN), 1587 (C=C). MS, 
m/z: 232 (M + H)+, 254 (M + Na)+. 1H NMR (400  MHz, DMSO-d6): δH (ppm) 
3.64 (br s, NH, overlap with solvent), 7.56–7.63 (2H, d, CH-Ar), 7.68–7.70 (2H, d, 
CH-Ar), 8.13–8.14 (1H, d, CH-Ar), 8.54(s, 1H, CH). 13C NMR (100 MHz, DMSO-
d6): δC (ppm) 101.4, 114.7, 127.9, 129.7, 130.1, 130.5, 133.3, 134.0, 144.1, 155.3.
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3‑(5‑Bromo‑2‑hydroxyphenyl)‑2‑(1H‑tetrazole‑5‑yl) acrylonitrile (Table  3, entry  4) 
(new compound)  Powder. MS, m/z: 292.1 (M + H)+, 314.1 (M + Na)+. 1H NMR 
(400 MHz, DMSO-d6): δH (ppm) 3.54 (br s, NH, overlap with solvent), 7.54–7.63 
(1H, CH-Ar), 7.64–7.71(1H, CH-Ar), 8.12–8.14 (1H, CH-Ar), 8.44(s, 1H, CH). 13C 
NMR (100  MHz, DMSO-d6): δC (ppm) 115.9, 119.9, 121.4, 126.1, 128.6, 136.3, 
143.9, 146.9, 148.3, 149.6.

3‑(4‑Fluorophenyl)‑2‑(1H‑tetrazole‑5‑yl) acrylonitrile (Table  3, entry  5) (new com‑
pound)  Powder. IR (KBr) (υmax/cm−1): 3109 (NH), 2228 (CN), 1595 (C=C). MS, 
m/z: 216 (M + H)+, 238 (M + Na)+. 1H NMR (400 MHz, DMSO-d6): δH (ppm) 3.50 
(br s, NH, overlap with solvent), 7.45–7.49 (2H, CH-Ar), 8.098–8.120 (2H, CH-Ar), 
8.40 (1H, CH). 13C NMR (100  MHz, DMSO-d6): δC (ppm) 96.7, 119.8, 119.9, 
123.8, 131.8, 132.5, 132.6, 147.0.

3‑(2‑Hydroxy‑3‑methoxyphenyl)‑2‑(1H‑tetrazole‑5‑yl) acrylonitrile (Table 3, entry 6) 
(new compound)  Powder. IR (KBr) (υmax/cm−1): 3174 (NH), 2201 (CN), 1580 
(C=C). MS, m/z: 243 (M + H)+, 266 (M + Na)+. 1H NMR (400  MHz, DMSO-
d6): δH (ppm) 3.50 (br s, NH, overlap with solvent), 3.81 (3H, OCH3), 7.36–7.44 
(2H, CH-Ar), 7.53–7.55 (2H, CH-Ar), 9.00 (1H, CH), 11.00 (1H, OH). 13C NMR 
(100  MHz, DMSO-d6): δC (ppm) 56.2, 112.6, 115.9, 118.9, 120.9, 125.1, 128.6, 
142.9, 144.4, 146.3, 149.6.

3‑(4‑Methylphenyl)‑2‑(1H‑tetrazole‑5‑yl) acrylonitrile (Table  3, entry  9)  Powder. 
IR (KBr) (υmax/cm−1): 3124 (NH), 2223 (CN), 1596 (C=C). 1H NMR (400 MHz, 
DMSO-d6): δH (ppm) 3.64 (br s, NH, overlap with solvent), 2.39 (3H, s, CH3), 
7.40–7.42 (2H, d, CH-Ar), 7.91–7.93 (2H, d, CH-Ar), 8.33 (1H, s, CH). 13C NMR 
(100  MHz, DMSO-d6): δC (ppm) 21.3, 95.4, 115.7, 129.5, 130.0, 130.0, 130.0, 
143.1, 148.5.

3‑(4‑Methoxyphenyl)‑2‑(1H‑tetrazole‑5‑yl) acrylonitrile (Table  3, entry  10)  Powder. 
IR (KBr) (υmax/cm−1): 3135 (NH), 2225 (CN), 1589 (C=C). 1H NMR (400 MHz, 
DMSO-d6): δH (ppm) 3.57 (br s, NH, overlap with solvent), 3.85 (3H, s, OCH3), 
7.14–7.16 (2H, d, CH-Ar), 8.01–8.03 (2H, d, CH-Ar), 8.27 (1H, s, CH). 13C NMR 
(100  MHz, DMSO-d6): δc (ppm) 55.7, 92.9, 114.4, 114.9, 116.1, 124.7, 132.3, 
148.1, 155.3.

3‑(Thiophene‑2‑yl)‑2‑(1H‑tetrazole‑5‑yl) acrylonitrile (Table  3, entry  12)  Powder. 
IR (KBr) (υmax/cm−1): 3196 (NH), 2223 (CN), 160 (C=C). 1H NMR (400  MHz, 
DMSO-d6): δH (ppm) 3.64 (br s, NH, overlap with solvent), 7.32–7.34 (t, 1H, 
CH), 7.93–7.94 (d, 1H, CH), 8.11–8.12 (d, 1H, CH), 8.59 (s, 1H, CH). 13C NMR 
(100  MHz, DMSO-d6): δC (ppm) 99.2, 115.8, 128.6, 134.9, 136.1, 137.8, 141.3, 
155.1
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Results and discussion

Characterization of catalyst

The XRD pattern of the Fe3O4 nanoparticles is shown in Fig.  1. A number of 
prominent Bragg reflections with indices of (220), (311), (400), (422), (511), and 
(440) reveal that the resultant nanoparticles were Fe3O4 with spinel structure. The 
crystallite diameter (D) of the magnetic nanoparticles was calculated using the 
Debye–Scherrer formula (D = Kλ/βcosθ), where β is the angular line width at half-
maximum intensity in radians, θ is the position of the maximum of the diffraction 
peak, K is the so-called shape factor, which usually takes a value of about 0.9, and λ 
is the X-ray wavelength (1.5406 Å for Cu Kα). The average size of the Fe3O4 nano-
particles was estimated to be around 17 nm.

Figure 2 shows TEM images of the Fe3O4 nanoparticles before and after the cata-
lyst was used five times in the reaction medium. They appear almost unchanged in 
their size and shape. The observation of spherical Fe3O4 nanoparticles with mean 
size of 10–20 nm agrees with the average size estimated using the Debye–Scherrer 
formula.

The FT-IR spectrum of the Fe3O4 nanoparticles is shown in Fig. 3. The charac-
teristic peak at 584.3 cm−1 corresponds to Fe+2O−2. The signals at 584.3 cm−1 and 
1400 cm−1 are the basic absorption peaks of Fe3O4 particles. OH stretching vibra-
tion at 3000–3600 cm−1 and OH bending vibration at 1629 cm−1 were observed, in 
good agreement with reported IR spectra for spinel Fe3O4 [57–59].

Optimization of reaction conditions

The initial optimization focused on determining the best iron source, using the reac-
tion of benzaldehyde, malononitrile, and sodium azide as model system under ther-
mal conditions. The results (Table  1) showed that Fe3O4 nanoparticles acted as a 
highly active catalyst for this kind of reaction. The increased catalytic activity of the 

Fig. 1   Powder X-ray diffraction pattern of Fe3O4 nanoparticles
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Fig. 2   TEM images of Fe3O4 nanoparticles before use (left) and after being reused five times (right)

Fig. 3   FT-IR spectrum of Fe3O4 nanoparticles

Table 1   Iron-based catalysts for 
synthesis of tetrazoles

a Reaction conditions: aldehyde (1  mmol), malononitrile (1  mmol), 
sodium azide (1.5 mmol)
b Isolated yield

Entry Catalyst (20 mol%) Time (h) Yield (%)

1 Fe2Cl2·4H2O 4.5 30
2 Fe2Cl3·6H2O 4.5 55
3 Fe(SO4)·7H2O 4.5 40
4 Nano-MnFe2O4 4.5 75
5 Nano-Fe3O4@SiO2 4.5 80
6 Nano-Fe3O4 4.5 90
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iron nanoparticles (entries 4–6) over iron(II) and iron(III) salts (entries 1–3) can be 
attributed to their higher surface area (Fig. 4).  

Later, the reaction was performed using different ratios of nano-Fe3O4 and NaN3, 
and different temperatures to determine their influence under both microwave irra-
diation and conventional heating (Table  2). When the model reaction was carried 

Fig. 4   Recycling experiment of Fe3O4 nanoparticles

Table 2   Optimization of reaction conditions for synthesis of 3-phenyl-2-(1H-tetrazole-5-yl) acrylonitrilea

a Reaction conditions: aldehyde (1 mmol), malononitrile (1 mmol), sodium azide, nano-Fe3O4
b Isolated yield

Catalyst 
(mol%)

NaN3 (mmol) Temp. (°C) Solvent Conventional Microwave

Time (h) Yield (%)b Time (min) Yield (%)b

– 1.5 80 – 10 Trace 35 Trace
– 1.5 110 – 10 Trace – –
20 1.5 80 – 4.5 90 35 92
15 1.5 80 – 6 70 35 74
25 1.5 80 – 4.5 90 35 92
20 1.5 rt – 10 Trace – –
20 1.5 50 – 4.5 70 – –
20 1.5 110 – 4.5 90 – –
20 1 80 – 4.5 75 35 92
20 2 80 – 4.5 90 – –
20 1.5 80 DMF 4.5 60 35 70
20 1.5 80 CH2Cl2 4.5 22 35 45
20 1.5 80 H2O 4.5 55 35 65
20 1.5 80 EtOH 4.5 30 35 48

+ + NaN3

H

NC N
H

N
NN

CN

CN

O H Reaction condition
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without catalyst at 80 °C or 110 °C, the desired product was formed in low yield. 
Under the same reaction condition, addition of 20 mol % nano-Fe3O4 to the reaction 
medium resulted in very good product yield. In an effort to develop better reaction 
conditions, different amounts of nano-Fe3O4 as heterogeneous catalyst were tested 
under solvent-free condition at temperature of 80  °C. An amount of 20  mol% of 
catalyst gave the best results in terms of time and yield. Higher mole ratio of cata-
lyst did not further improve the result, while lower catalyst loading decreased the 

Table 3   Synthesis of various tetrazoles catalyzed by nano-Fe3O4
a

 

Entry Product
Conventional Microwave

M.p. (°C) [ref]
Time (h) Yield 

(%)b
Time (min) Yield 

(%)b

1

(a)

4.5 90 35 92 168–170 [38]

2

b

5.5 81 35 85 165–168 [39]

3

c

4.5 93 35 95 175–177 (New 
compound)

4

d

6.5 88 35 89 195–199 (New 
compound)

5

e

5 91 35 91 176–179 (New 
compound)

6

f

6.5 82 35 88 185–189 (New 
compound)

7

g

4.5 89 35 92 166–168 [38]

+ + NaN3
solvent-free

80 oC or Microwave
H

NC N
H

N
NN

R

Nano-Fe3O4 (20 mol%)CN

CN

O H

R
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product yield even after longer reaction time. To determine the optimal tempera-
ture, we designed reactions at different temperatures (ranging from 50 to 110 °C and 
room temperature). Temperature of 80 °C resulted in the highest yield. Increasing 
the temperature to 110°C did not further improve the yield of the reaction. The influ-
ence of the amount of sodium azide on the reaction was also investigated, reveal-
ing that 1.5 mmol (under conventional heating) or 1 mmol (under microwave irra-
diation) NaN3 was sufficient to achieve excellent product yield. Therefore, use of 
microwaves enhanced the greenness of the method by making the reaction more 
economical. We next studied the effect of solvents in the reaction. The model reac-
tion was investigated in presence of various solvents as well as solvent-free condi-
tion. The results showed that the solvent-free condition was the approach of choice 
in comparison with use of various solvents. Thus, the best result was obtained at 
80 °C with 20 mol% nano-Fe3O4 and 1.5 mmol NaN3 after 4.5 h using the conven-
tional heating method and at 80 °C with 20 mol% nano-Fe3O4 and 1 mmol NaN3 
after 35 min under microwave irradiation. It was observed that, under similar condi-
tions, the reaction yield was higher under microwave irradiation compared with the 
thermal reaction condition (Table 2).

As shown in Table 3, the reaction was carried out in presence of aldehydes con-
taining electron-releasing and electron-withdrawing substituents on the aryl ring; 

Table 3   (continued)

8

h

5.5 85 35 88 159–163 [39]

9

i

6 83 35 86 189–191 [35]

10
j

7 78 35 82 153–155 [39]

11
k

5 82 35 83 159–161 [38 ]

12

l

6.5 78 35 82 132–137 [39]

Entry Product
Conventional Microwave

M.p. (°C) [ref]
Time (h) Yield 

(%)b
Time (min) Yield 

(%)b

a Reaction conditions: aldehyde (1 mmol), malononitrile (1 mmol), nano-Fe3O4 (20 mol %)
b Isolated yield



1020	 P. Akbarzadeh et al.

1 3

the position of similar groups on the aromatic ring played no considerable role in the 
result of the reaction. All reactions were completed in appropriate time, with pure 
tetrazoles isolated in good to high yield. Although nano-Fe3O4 offered good yield 
under conventional heating, giving the products in 4.5–7 h, high product efficiency 
was obtained in 35 min under microwave irradiation.

Table 4   Calculated TON and 
TOF for all products

a TON, turnover number: yield of product per mole of Fe
b TOF, turnover frequency: TON/time of reaction (h)

Entry Product Conventional Microwave

TONa TOFb TONa TOFb

1 a 4.50 1.00 4.60 7.93
2 b 4.05 0.73 4.25 7.32
3 c 4.65 1.03 4.75 8.18
4 d 4.40 0.67 4.45 7.67
5 e 4.55 0.91 4.55 7.84
6 f 4.10 0.63 4.40 7.58
7 g 4.45 0.98 4.6 7.93
8 h 4.25 0.77 4.4 7.58
9 i 4.15 0.69 4.3 7.41
10 j 3.9 0.55 4.1 7.06
11 k 4.1 0.82 4.15 7.15
12 l 3.9 0.60 4.1 7.06

HH
CNC

OH
CN

CN
H

CN

CN

CN

N
+N

N -

-N

Na+

CN

N
N

N-

N H

H

Na+

CN

N
N

N
HN

H

R

R

R

RR

R

Knoevenagel
condensation

-H2O

NaN3

2+3+H+

H

A

B

C

3+Fe

N
Fe3+

Fe3+

NC

H
C N-

CN

H
C-N3+Fe

O

H

Fe3+

Fe3+

-H+

+H+

Scheme 1   Plausible mechanism for preparation of tetrazole derivatives by nano-Fe3O4
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In addition, according to stoichiometry calculations, the amount of Fe in the 
catalyst was determined to be 12.95  mmol  g−1. The turnover number (TON) and 
turnover frequency (TOF) calculated for all products for both microwave and con-
ventional heating experiments are listed in Table 4.

Reaction mechanism

A plausible mechanism for formation of tetrazole derivatives is illustrated in 
Scheme 1. Based on the presented experimental results together with some literature 
data [60, 61], it is supposed that the catalytically active site of Fe3O4 NPs, Fe3+, 
behaves as a Lewis acid and coordinates to carbonyl group of aldehyde. On the other 
hand, Fe3+ as a Lewis acid also attaches to nitrogen atom of cyano group of malon-
onitrile and facilitates its deprotonation. This interaction accelerates the conjugation 
and directs the additions of the nucleophiles to the corresponding substrates. Thus, 
the first step involves formation of ylidenemalononitrile A by Knoevenagel conden-
sation between malononitrile and aldehyde. The nitrogen atom of this intermediate 
A, forming a complex with the catalyst, forms complex B, which activates it towards 
attack of the azide ion. The [3 + 2] cycloaddition reaction between the nitrile group 
of arylidene malononitrile and azide ion produces intermediate C. Addition of HCl 
finally generates the tetrazole derivatives.

Comparison of catalytic activity of nano‑Fe3O4 with precedents in literature

To illustrate the advantages of the presented method, we compared its results with 
previously reported methods for synthesis of 3-phenyl-2-(1H-tetrazole-5-yl) acry-
lonitrile (Table  3, entry  1) as model reaction. The results (Table  4) indicate that 
these procedures are beneficial, but a number of them have several deficiencies such 
as use of volatile solvents (Table 5, entries 1, 2, 5) or long reaction time (Table 5, 
entry 3, 4), while preparation of tetrazoles using nano-Fe3O4 was achieved under 
solvent-free condition in shorter reaction time with good to high product yield.

Table 5   Comparison of nano-Fe3O4 with other catalysts for synthesis of tetrazoles

a o-Phthalimide-N-sulfonic acid
SF solvent free

Entry Catalyst Condition Time (h) Yield (%) Ref.

1 Nano-ZrP2O7 DMF, 70 °C 6 91 34
2 Nano-ZrP2O7 DMF, ultrasound 40 min 93 34
3 OPNSAa S.F., 100 °C 10 80 35
4 – H2O, 50 °C 24 81 32
5 Nano-NiO DMF, 70 °C 6 90 33
6 Nano-Fe3O4 S.F., 80 °C 4.5 90 This work
7 Nano-Fe3O4 S.F., microwave 35 min 92 This work
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Recycling and reuse of catalyst

After reaction completion, the magnetic Fe3O4 nanoparticles were simply retrieved 
using a permanent magnet. The catalyst was washed several times with water and 
ethanol, then dried at 80 °C. As shown in Fig. 1, the separated catalyst could be used 
in five consecutive runs with only small loss in activity.

Conclusions

We introduce a novel, safe, and ecofriendly procedure for synthesis of 2-(1H-tetra-
zole-5-yl) acrylonitrile derivatives by multicomponent domino Knoevenagel 
condensation/1,3-dipolar cycloaddition reaction in presence of Fe3O4 magnetic nan-
oparticles as reusable heterogeneous catalyst. A wide range of aryl aldehydes were 
used for synthesis of a variety of 5-substituted-1H-tetrazoles in good to high yield. 
Salient features of the presented protocol include use of microwaves, elimination of 
toxic solvents, short reaction time, inexpensive and recyclable catalyst, mild reaction 
condition, and easy workup.

Acknowledgements  The authors gratefully acknowledge Semnan University Research Council for finan-
cial support of this work.
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