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Abstract: The magnetically recoverable heterogeneous Fe,Oz@cellulose@Mn nanocomposite was
synthesized by a stepwise fabrication of Mn nanoparticles on cellulose-modified magnetic Fe,O3
nanocomposites, and the morphology of the nanocomposite was characterized through advanced
spectroscopic techniques. This nanocomposite was investigated as a heterogeneous catalyst for the
synthesis of medicinally important tetrazole derivatives through Knoevenagel condensation between
aromatic/heteroaromatic aldehyde and malononitrile followed by [3+2] cycloaddition reaction with
sodium azide. Thirteen potent (E)-1-aryl-2-(1H-tetrazol-5-yl)acrylonitrile derivatives are reported in
this paper with very high yields (up to 98%) and with excellent purity (as crystals) in a very short
period (3 min @ 120 W) using microwave irradiation. The present procedure offers several advantages
over recent protocols, including minimal catalyst loading, quick reaction time, and the utilization
of an eco-friendly solvent. Furthermore, the synthesized (E)-1-aryl-2-(1H-tetrazol-5-yl)acrylonitrile
derivatives (4b, 4c, and 4m) are shown to have excellent resistance against various fungal strains over
bacterial strains as compared to the standard drugs Cefixime (4 ug/mL) and Fluconazole (2 pg/mL).

Keywords: magnetic nanoparticles; heterogenous catalyst; malononitrile derivatives; tetrazole;
recyclable catalyst

1. Introduction

Heterocycles are crucial in various fields, including pharmaceuticals [1,2], natural
resources [3], veterinary medicine [4], analytical reagents [5], agricultural products [6],
and dyes [7]. Among the most widely utilized reactions for synthesizing five-membered
heterocyclic compounds are [3+2] cycloaddition reactions [8,9]. [3+2] cycloaddition reac-
tions involving three-atom components and alkene/alkyne molecular systems provide a
broad spectrum of opportunities for synthesizing various types of five-membered hetero-
cycles with one or more than one heteroatom [10,11]. Nowadays, synthesis of a variety
of five- and six-member heterocyclic compounds via multicomponent reaction (MCR) is
one of the most efficient techniques because it reduces human effort with the reduction in
chemical waste [12].

Tetrazoles, nitrogen-rich heterocyclic compounds, have attracted considerable interest
due to their extensive range of applications in pharmaceuticals, as well as biological sci-
ence [13,14]. Additionally, tetrazoles display acidic characteristics owing to the existence of
a free N-H group. This property facilitates the creation of various aliphatic and aromatic
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heterocyclic compounds via nucleophilic substitution reactions [15,16] as well as facilitates
their binding to enzymes and receptors within organisms. These interactions occur through
weak forces, including coordination bonds, hydrogen bonds, van der Waals forces, n—m
stacking, hydrophobic effects, and cation— interactions [17]. As a result, tetrazoles exhibit
diverse biological activities and play a significant role in the pharmaceutical domain. Clini-
cians commonly employ tetrazole-based antimicrobial medications, such as Cefamandole,
Ceftezole, Tedizolid [18], Flomoxef, Cefonicid [19], etc.

A variety of molecular systems are listed in the literature to catalyze the [3+2] cy-
cloaddition reactions of azides effectively. Organocatalysts and heterogeneous catalysts
were found to be best due to the enhanced efficiency, improved yields, and selectivity of
these reactions [20,21] and other broader applicability in synthetic chemistry [22]. Tra-
ditionally, the synthesis of tetrazoles has involved methods such as the cycloaddition of
azides with nitriles or the use of toxic reagents like sodium azide in the presence of strong
acids [23]. Moreover, the regioselectivity in azide cycloaddition reactions is dictated by a
combination of structural, steric, and electronic factors, making it a vital area of study in
organic chemistry [24]. These conventional methods often pose environmental and safety
hazards due to the usage of toxic chemicals and toxic reaction environments, along the
production of hazardous side products [25,26]. Consequently, there is a pressing need for
more sustainable and environmentally friendly approaches to tetrazole synthesis [27].

The nitrile triple bond typically exhibits inactivity in cycloaddition processes; there-
fore, typical or specific catalysts have been used for such transformations [25]. A unique
example of a non-catalyzed [3+2] cycloaddition involving these bonds was demonstrated
by P. Wolinski and co-workers, although the product yield was quite low [28]. To ad-
dress this, heterogeneous catalysts have demonstrated remarkable effectiveness. Recently,
employing heterogeneous catalysts has appeared as a promising approach for achieving
greener chemical processes [29]. This approach has been further refined over the decades
by utilizing different catalytic systems or modifying substrates [30,31]. Heterogeneous
catalysts offer several advantages, including ease of separation, recyclability, and reduced
environmental impact [32]. Among these, metal oxide nanoparticles have gained significant
attention owing to their high surface area and catalytic efficiency [33]. Iron oxides (Fe3O4)
synthesized using plant extracts nanoparticles have shown great potential as catalysts due
to their magnetic properties, which facilitate easy recovery and reuse [34]. The development
of greener synthesis methods for tetrazoles using heterogeneous catalysts is a critical step
towards sustainable chemistry [35,36].

In our study, we introduce an approach to synthesize (E)-1-aryl-2-(1H-tetrazol-5-
ylacrylonitrile under microwave irradiation using an Fe;Oz@cellulose@Mn nanocompos-
ite, which is both an efficient and recyclable heterogeneous catalyst. Microwave irradiation
offers the benefits of reduced reaction times and enhanced yields, making it an attractive
alternative to conventional heating methods. Our results demonstrate the high catalytic
activity and recyclability of Fe,O3;@cellulose@Mn nanocomposites, highlighting their po-
tential for sustainable chemical processes.

2. Results and Discussion
2.1. Characterization of Fe; O3@Cellulose@Mn Nanoparticle
2.1.1. FT-IR Characterization

The FT-IR spectra of Fe;O3, Fe,Os@cellulose, and Fe,Oz@cellulose@Mn nanoparti-
cles show distinct differences due to the incorporation of cellulose and Mn, as shown in
Figure 1. Fe,O3 nanoparticles exhibit strong Fe-O stretching vibrations at 898 cm~! and
545 cm~!, along with peaks for O-H stretching vibrations at 3253.12 cm~!. In contrast,
Fe,Os@cellulose nanoparticles display additional peaks characteristic of cellulose, such as
broad O-H stretching vibrations around 3340-3400 cm~!, C-H stretching at 2893, 1425, and
1332 cm ™!, the band at 1629 cm ™! is attributed to O-H bending arising from absorbed water,
and C-O stretching vibrations at 999 cm™! with Fe-O stretching vibrations at 889 cm~1
and 554 cm ™! [37]. The Fe,Os@cellulose@Mn nanoparticles show similar cellulose peaks,



Molecules 2024, 29, 4339

30f18

Transmittance (%)

such as broad O-H stretching vibrations around 3100-3600 cm !, C-H stretching at 2878,
1416, and 1334 cm ™!, the band at 1542 cm™! is attributed to O-H bending arising from
absorbed water, and C-O stretching vibrations at 1023 cm !, with Fe-O stretching vibrations
at 887 cm~! and 555 cm~! and additional Mn-O peaks in the range of 412 cm~!, indicat-
ing successful incorporation of Mn [38]. These differences reflect the interaction between
Fe;O3, cellulose, and Mn, resulting in a more complex and less crystalline structure in the
composite nanoparticles.
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Figure 1. FT-IR characterization of Fe;O3, Fe,O3@cellulose, and Fe,Os@cellulose@Mn nanocomposites.

2.1.2. SEM Characterization

SEM characterization of cellulose, Fe,O3, and Fe,Os;@cellulose@Mn offers valuable
insights into the surface morphology and structural features, as shown in Figure 2a—i. The
surface roughness observed via SEM significantly influences catalysis. Rough surfaces
tend to enhance the number of active sites available for reactions. However, alongside this
benefit, nanoparticles can also agglomerate, which may impact material properties, altering
surface area and reactivity. In Figure 2a—c, SEM illustrates the spherical, smooth, and
uniform surface before fabrication [39]. For Fe,Os, in Figure 2d—f, SEM typically reveals
its nanoparticle or microsphere form with distinct surface roughness and low particle
agglomeration, reflecting its high surface area and catalytic potential. When Fe,O3 is coated
with cellulose and manganese (Fe;Os@cellulose@Mn), as shown in Figure 2g—i, SEM can
illustrate the uniform distribution of the cellulose layer and the presence of manganese
particles or clusters on the surface. This multilayered composite structure often shows a
more complex morphology with improved stability and enhanced properties compared to
the bare Fe, O3 [37].
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Figure 2. SEM images of (a—c) cellulose, (d—f) Fe;O3, and (g—i) Fe,Oz@cellulose@Mn.

Through elemental investigation conducted on the microscope sector of Fe;O3 and
Fe,O3@cellulose@Mn using EDS, the atomic percentages of O and Fe were determined to
be 60.99 £ 3.99% and 39.01 + 2.88%, respectively, for Fe,O3, while the atomic percentages
of C, O, Mn, and Fe were determined to be 25.29 + 2.15%, 27.61 + 1.84%, 7.79 + 1.04%,
and 39.01 + 2.88%, respectively, for Fe,Os@cellulose@Mn nanocomposite. These results
confirm the composite nature of Fe,O3@cellulose@Mn as depicted in Figure 3.
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Figure 3. EDS characterization of (a) Fe;O3 and (b) Fe;O3@cellulose@Mn.
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2.1.3. XRD Characterization

Figure 4 displays the XRD patterns of the Fe;O3 and Fe,O3@cellulose@Mn nanocom-
posites within the range of 26 = 0-100°. The XRD peak at 40 KV was utilized to iden-
tify crystalline phases and estimate crystalline sizes. The XRD spectra of Fe,O3; and
Fe,Os@cellulose@Mn nanoparticles (Figure 4) exhibit distinct differences due to the incor-
poration of cellulose and Mn. The Fe,O3 nanoparticles display characteristic sharp peaks
at 20 values around 30.46, 35.72, 43.47, 53.77, 57.25, and 62.94, corresponding to the (110),
(110), (202), (116), (122), and (214) planes [37], respectively, indicating high crystallinity.
These findings are consistent with previous studies on Fe,O3 nanoparticles.
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Figure 4. XRD characterization of Fe;O3 and Fe,Oz@cellulose@Mn nanocomposites.

In contrast, the Fe,Os@cellulose@Mn nanoparticles show additional peaks due to
the presence of cellulose and Mn, with cellulose peaks appearing around 26 values of 15°
and 22.5°, corresponding to the (101) and (002) [38], respectively, which is consistent with
the literature on cellulose nanomaterials. The crystallinity of the composite nanoparticles
is generally lower, as evidenced by broader and less intense peaks, reflecting a more
disordered structure. This reduction in crystallinity is attributed to the amorphous nature
of cellulose and the interaction between Fe;O3 and Mn, which disrupts the ordered crystal
structure of Fe,Os.

2.1.4. VSM Characterization

The synthesized nanocomposite displays magnetic characteristics, allowing for its
separation using a magnet. VSM was employed to analyze the magnetic behavior of
the Fe,O3@cellulose@Mn nanocomposite. The hysteresis loop, plotted within a range
of 10,000 to —10,000 Oersted fields (Figure 5), reveals that the magnetization curve of the
particles originates from the origin. Notably, no observable coercive field or residual magne-
tization indicates the nanoparticles possess superparamagnetic properties. The saturation
magnetization value, measured at 58.8/68.8 emu/g, further supports this characterization.
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Figure 5. VSM characterization of Fe,O3 and Fe,Os@cellulose@Mn nanocomposites.

2.2. One-Pot Synthesis of (Z)-3-Phenyl-2-(1H-tetrazol-5-yl)acrylonitrile (4a) Using
Fe,Os@cellulose@Mn Nanocatalyst

In our preliminary experiments, we observed the presence of Fe,O3 catalyst produced
(2)-3-phenyl-2-(1H-tetrazol-5-yl)acrylonitrile (4a) in low yields (Table 1, entry 1), while in
the presence of cellulose alone there is no change in the yield of the reaction (Table 1, entry
2). The synergistic effect of Fe;O3 and cellulose in our nanocatalyst formulation signifi-
cantly enhances the reactivity of the reactants, leading to the desired product formation.
Additionally, we incorporated Mn into the catalyst to further enhance its reactivity. This
modification with Mn significantly improved the catalytic performance, demonstrating the
importance of each component in the overall effectiveness of the nanocatalyst.

Table 1. Impact of the amount of catalyst on the model reaction.

Entry (mg) Yield * (%)

1 Fe;O3 (5 mg) low
2 Cellulose (5 mg) -

3 Fe,O3@cellulose@Mn (5 mg) 71

4 Fe,O3@cellulose@Mn (10 mg) 83
5 FeyOz@cellulose@Mn (15 mg) 92
6 Fe,O3@cellulose@Mn (20 mg) 92
7 Fe,O3@cellulose@Mn (25 mg) 93

* Yield refers to the cumulative production output of all crops. Reaction conditions: benzaldehyde (1 mmol),
malononitrile (1 mmol), sodium azide (1.1 mmol), ethanol (5 mL), 100 watts.

To optimize the conditions, we established a model reaction, in which a mixture of
aldehyde 1 (1 mmol), malononitrile 2 (1 mmol), and sodium azide 3 (1.1 mmol) was added
successively in ethanol (5 mL) containing Fe,Oz@cellulose@Mn nanocatalyst at 100 watts in
a monowave reactor for 10 min to synthesize desired product 4a. We confirmed the reaction
progress using TLC (hexane/ethyl acetate (8:2)) and validated the product by comparing
its melting point to literature data.
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Initially, the influence of catalyst loading for Fe;Os;@cellulose@Mn nanocatalyst at
different levels of catalytic loading was tested, and it was observed that increasing the
amount of catalyst increased the yield, as shown in Table 1. The optimal amount of
Fe,Os3@cellulose@Mn nanocatalyst was found to be 15 mg (Table 1, entry 5). Furthermore,
the increase in the amount of Fe,O3;@cellulose@Mn nanocatalyst exhibits minimal impact
on percentage yield.

For screening the effect of solvent, several solvents, including methanol, glycerol,
water, ethanol, ethylene glycol, and PEG, were tested on a model reaction in the presence of
15 mg of Fe;O3@cellulose@Mn nanocatalyst. Among all these solvents, ethanol emerged as
the most effective solvent, as demonstrated in Table 2, entry 4, yielding an excellent product.

Table 2. Influence of solvents on the synthesis of compound 4a.

Entry Solvent Yield * (%)
1 Methanol 88
2 Glycerol 80
3 Water -
4 Ethanol 92
5 Ethylene glycol 85
6 PEG 78

* Yield refers to the cumulative production output of all crops. Reaction conditions: benzaldehyde (1 mmol),
malononitrile (1 mmol), sodium azide (1.1 mmol), Fe;O3@cellulose@Mn nanocatalyst (15 mg), 100 watts.

Finally, the optimization of power was examined for the condensation reaction be-
tween aldehyde 1 (1 mmol), malononitrile 2 (1 mmol), and sodium azide 3 (1.1 mmol)
conducted in the presence of 15 mg of Fe,O3@cellulose@Mn nanocatalyst in ethanol (5 mL),
as depicted in Table 3. It was observed that with an increase in power, the product yield
showed a notable increase over time. Conversely, elevating the power beyond 120 watts
led to a decline in product yield, attributed to the decomposition of products at higher
temperatures. As a result of this, the optimal power for the modified model reaction is
120 watts (Table 3, entry 4).

Table 3. Impact of power on the percentage yield of compound 4a.

Entry Watt Time (min) Yield * (%)
1 Reflux 600 66
2 100 10 92
3 110 7 93
4 120 3 98
5 130 3 96
6 140 3 92

* Yield refers to the cumulative production output of all crops. Reaction conditions: benzaldehyde (1 mmol),
malononitrile (1 mmol), sodium azide (1.1 mmol), ethanol (5 mL), Fe,Oz@cellulose@Mn nanocatalyst (15 mg).

After the optimization of reaction conditions, it is important to investigate the recy-
clability of the Fe,Oz@cellulose@Mn nanocatalyst (Table 4). After the separation from
the previous reaction, the Fe,O3;@SiO, nanocatalyst was washed with dry acetone and
vacuum-dried before being reused for the synthesis of compound 4a. Impressively, product
4a was obtained with a remarkable yield of 98%. The catalyst maintained its efficiency over
four runs, showing no significant decrease in yield, as shown in Table 4, which confirms its
continued utility.
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Table 4. Reusability of Fe,Os@cellulose@Mn nanocomposites for the synthesis of compound 4a.

Cycle Yield * (%)
1 98
2 95
3 94
4 91
5 90

* Reaction conditions: benzaldehyde (1 mmol), malononitrile (1 mmol), sodium azide (1.1 mmol), ethanol (5 mL),
Fe;O3@cellulose@Mn nanocatalyst (15 mg), 100 watts.

The synthesis of (E)-1-aryl-2-(1H-tetrazol-5-yl)acrylonitrile 4a—m in a one-pot
reaction involved the sequential addition of sodium azide 3 (1.1 mmol) to previously
synthesized 2-benzylidene malononitrile derivatives 4a—m under the optimized condi-
tions. Furthermore, a screening of reaction time was conducted to optimize this step.
By varying the duration of the reaction time, the ideal timeframe for the conversion of
the 2-benzylidene malononitrile derivatives to the desired (E)-1-aryl-2-(1H-tetrazol-5-
yl)acrylonitrile was identified. At different time intervals, the progress of the reaction
was monitored, using TLC with a solvent system of hexane/ethyl acetate (8:2), to
determine the optimal conditions for maximum yield and efficiency. From Table 5,
it is evident that as the reaction time increases from 1 to 3 min, there is a notable
enhancement in the yield percentage, with a significant jump from 75% at 1 min to 98%
at 3 min. This suggests that the synthesis reaction reaches an optimal state at around
3 min, resulting in the highest yield achieved in the experiment (Table 5, entry 3).
Beyond the optimal condition, prolonged exposure to the reaction conditions causes
the product to start decomposing, which results in a reduction in the overall yield of
the desired product.

Table 5. Optimization of reaction time for the synthesis of (E)-1-aryl-2-(1H-tetrazol-5-yl)acrylonitrile
derivatives 4a-m.

Entry Time (min) Yield * (%)
1 1 75
2 2 80
3 3 95
4 4 96
5 5 94

* Yield refers to the cumulative production output of all crops. Reaction conditions: benzaldehyde (1 mmol),
malononitrile (1 mmol), sodium azide (1.1 mmol), ethanol (5 mL), Fe;O3@cellulose@Mn nanocatalyst (15 mg),
100 watts.

The reaction yielded excellent results with various aromatic or heterocyclic aldehydes
1a—m, as depicted in Table 6. Notably, high to excellent yields of the desired products 4a—m
were achieved within short reaction durations. Aromatic aldehydes with carbocyclic rings
possessing electron-withdrawing groups 1la—g were tested (entries 1-7, Table 4), alongside
aromatic aldehydes with carbocyclic rings containing electron-donating groups 1h-1 and
electron-rich heterocycle 1m. These substrates successfully engaged under optimized con-
ditions to produce the corresponding (E)-1-aryl-2-(1H-tetrazol-5-yl)acrylonitrile derivatives
4h—m (entries 8-13, Table 4).
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Table 6.  Synthesis of (E)-1-aryl-2-(1H-tetrazol-5-yl)acrylonitrile derivatives 4a-m using

Fe; Oz@cellulose@Mn in ethanol under MW irradiations.

Time Yield ? Obs. mp

Lit. mp

Entry Aldehydes (1a-m) Product (4a-m) (min) (%) ©C) e References
H H NN
I N
1 [:::T/L§O > N 3 98 165-167  168-170 [8]
CN
(1a) (4a)
H H NN
I N
6} X H
2 CN 2 97 161-163 159-163 [40]
NO, NO,
(1b) (4b)
H H N-N
/N
(0] X N
3 en M 2 96 168-169 166-168 [41]
O,N O,N
(1c) (o)
H H w—N
O X N
4 @ H 3 97 171-173 175-177 [42]
Cl cl CN
ad @d
H H N-N
I N
(@] X N
5 H 3 95 160-161 158-159 [40]
CN
Cl Cl
(1e) (4e)
H H N-N
I N
¢} X H
6 CN 3 96 163-164 165-167 [41]
Br Br
(1£) (4f)
H N-N
H I N
X N
o H
7 /@ CN 3 93 165-167 168-169 [8]
Br Br
1
‘g (4g)
H H N-N
I N
(0] X N
8 eN H 2 97 152-153 153-155 [41]
H3CO H,CO
(1h) (4h)
H H N-N
| N
O X H
9 HO . CN 3 96 161-164 159-161 [43]

OCH; OCH;
(1i) (4i)
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Table 6. Cont.

Entry Aldehydes (1a-m) Product (4a-m)

Time Yield 2 Obs. mp Lit. mp

(min) (%) o) ©0) References

H \
| °N
0 XN
10 CN H 3 95 188-190 189-191 [40]
HsC

aj

H W
I N
1 QMO N \CN N 3 98 167-169  168-170 [8]

(1k)

H NI
I °N
12 HsC~y HsCyy CN 2 94 170-171 171-172 [41]
CHy

an

H
13 G{go
\_0

(Im)

CHy
(G3))
H NN
I N
e N 3 98 87-89 85-86 [40]
O CN
(4m)

2 Yield refers to the cumulative production output of all crops. Reaction conditions: benzaldehyde (1 mmol),
malononitrile (1 mmol), sodium azide (1.1 mmol), ethanol (5 mL), Fe;O3@cellulose@Mn nanocatalyst (15 mg),
100 watts.

2.3. Characterization of (Z)-3-Phenyl-2-(1H-tetrazol-5-yl)acrylonitrile 4a Using
FeyOz@cellulose@Mn Nanocomposite

The structure of the compound is identified through the utilization of different spec-
troscopic methodologies such as FT-IR, 'H NMR, and !3C NMR. In the FT-IR spectrum of
compound 4a, stretching peaks at 3032.93 cm ™! have been observed for sp? hybridized
C-H bond, and peaks at 2222.61 cm~! belong to C=N stretching. The 'H NMR spectra
(500 MHz, CDCl3) of compound 4a indicate the formation of a final product with high
purity, singles at 6 7.78 ppm and 3.14 ppm were observed for C-H and N-H, respectively,
and singles from & 7.52 to 7.91 have been observed for the aromatic protons [8]. In 13¢
NMR (125 MHz, CDCl3), the most down-shielded peak at 6 159.05 ppm and 81.70 ppm was
observed for the C-1 and C-2 carbon. Peaks at § 133.62 (C-1/), 129.91 (C-2’ and C-6'), 129.71
(C-3’ and C-5'), and 128.61 (C-4') ppm were observed for the aromatic region. The peaks of
one C=N group and C-3 were observed at 112.74 and 111.59, respectively [8]. Further, the
melting point of the synthesized compound 4a (165-167 °C) was compared with its melting
point in the literature (168-170 °C), also indicating the formation of the final product 4a.

2.4. Plausible Mechanism

Scheme 1 illustrates the cascade one-pot synthesis pathway for the production
of (E)-l-aryl-2-(1H-tetrazol-5-yl)acrylonitrile derivatives 4a—m utilizing the magnetic
Fe,Os@cellulose@Mn nanocomposites. In the initial step, aromatic aldehydes 1a-m are
incrementally activated by magnetic Fe,Oz@cellulose@Mn nanocomposites, leading to their
condensation with the C-H of malononitrile 2, resulting in the formation of a Knoevenagel
aryl/heteroarylidene malononitrile intermediate. Subsequently, this intermediate partici-
pates in a concerted [3+2] cycloaddition reaction with sodium azide 3. This cycloaddition
event results in the formation of a five-membered tetrazole ring, ultimately yielding the
desired product [44].
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Scheme 1. Proposed mechanism for the synthesis of (E)-1-aryl-2-(1H-tetrazol-5-yl)acrylonitrile
derivatives 4a—m using Fe;O3@cellulose@Mn nanocatalyst.

2.5. Antimicrobial Activity

The antimicrobial activities of the synthesized (E)-1-aryl-2-(1H-tetrazol-5-yl)acrylonitrile
derivatives 4a—m were examined by the minimum inhibitory concentration (MIC) method.
Cefixime (4 pg/mL) and Fluconazole (2 pg/mL) were taken as standard drugs to compare
the effectiveness of the prepared (E)-1-aryl-2-(1H-tetrazol-5-yl)acrylonitrile derivatives
4a-m against the mentioned bacterial and fungal strains. From Table 7, it is evident that all
the (E)-1-aryl-2-(1H-tetrazol-5-yl)acrylonitrile derivatives 4a—m exhibit excellent interaction
with the mentioned microbes as compared to the standard drugs. Interestingly, all the
1H-tetrazole derivatives show excellent resistance against the fungal strains (A. janus, S.
aureus, and A. niger) as compared to the bacterial strains. Further, (E)-1-aryl-2-(1H-tetrazol-
5-yl)acrylonitrile derivatives 4a—m which have polar groups attached to the phenyl ring
(4b, 4c, and 4m) were found to be the most efficient drugs against all the tested strains with
almost equal MIC values because they tend to form H-binding with the microbe’s protein.
Compounds containing non-polar groups (4h, 4i, and 4j) were also efficient but at higher
MIC values (16-64 pg/mL).



Molecules 2024, 29, 4339

12 of 18

Table 7. Minimum inhibitory concentration (MIC in pug/mL) of synthesized (E)-1-aryl-2-(1H-tetrazol-
5-ylacrylonitrile derivatives 4a—m against various microbial agents.

Ent Gram (—ve) Bacteria Gram (+ve) Bacteria Fungi
ntry
K. pneumonia E.coli  S.pyogenes  B.subtilis  A.sclerotiorum  A.janus  S. aureus A. niger
4a 8 8 8 16 8 8 16 4
4b 16 8 16 16 4 4 4 8
4c 4 8 4 8 4 4 8 4
4d 8 4 4 4 8 16 8 8
de 8 8 16 16 - 8 16 16
4f 8 16 8 8 8 16 16 16
4g 8 8 32 16 - 8 4 16
4h 16 32 16 64 16 32 - 64
4i 32 32 32 16 4 8 8 4
4j 64 8 16 32 32 64 64 16
4k 32 16 16 8 8 16 8 8
41 16 8 8 8 8 8 8 16
4m 32 16 16 16 4 4 4 4
Cefixime 4 4 4 4 - - 4 -
Fluconazole - - - - 2 2 - 2
2.6. Comparison of the Catalytical Activity of Fe;O3@cellulose@Mn Nanocatalyst with Other
Heterogeneous Catalysts in the Synthesis of Tetrazole Derivatives
Table 8 compares previously reported methods for synthesizing tetrazole 4a and the
current protocol. The advantages of our method are evident, including high to excellent
yields, the avoidance of toxic or carcinogenic solvents like DMF, shorter reaction times,
and the easy separation of the catalyst from the reaction mixture. These benefits make our
protocol superior to most of the previously reported methods.
Table 8. Comparison of Fe;O3;@cellulose@Mn nanocatalyst with other heterogeneous catalysts in the
synthesis of tetrazole derivatives.
Entry Catalyst Catal()IIIleII:);)?dmg Conditions Time (min)  Yield 4a (%) Reference
1 Silica molybdic acid 0.1 H,O/MW /70 °C 20 91 [43]
2 Fe;0,@PMO-ICS-ZnO 10 EtOH /reflux 180 98 [36]
3 Fe304@fibroin-SOs;H 10 Solvent-free/100 °C 40 89 [45]
4 Fep,Os@cellulose@Mn 0.003 EtOH/MW /120 W 3 98 This work

3. Materials and Methods
3.1. Materials and Instruments

The chemicals utilized in this study were sourced from Sigma Aldrich (Uttar Pradesh,
India) and were used without further purification, whereas solvents were procured from
Changshu Song Sheng Fine Chemical (Mumbai, India). The melting points of all resulting
products were measured using a digital melting point apparatus employing the open
capillary method. FT-IR spectra of the targeted compound were obtained using the ATR
mode on a Perkin Elmer Spectrum II instrument (Chandigarh University, Gharuan, Punjab,
India). '"H NMR and 3C NMR spectra were recorded on a Bruker Avance NEO 500 MHz
NMR spectrometer (Punjab University, Chandigarh, Punjab, India), utilizing CDCl; as
the solvent. The thin-layer chromatography (TLC) technique was employed to monitor
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Stirring at R.T

reaction progress and assess compound purity, with TLC visualized using a UV chamber.
SEM micrographs were acquired using a JSM IT500 scanning electron microscope (Chandi-
garh University, Gharuan, Punjab, India). Elemental analysis of microscopic sections of
the Fe,O3@Cellulose@Mn sample was performed via EDS. SEM images were captured
under high vacuum mode, ranging from 30 nm (30 kV) to 15.0 nm (1.0 kV). XRD patterns
of dried (lyophilized) samples were obtained at room temperature using a Bruker D8
advanced instrument (Chandigarh University, Gharuan, Punjab, India). The magnetic prop-
erties of compounds were investigated using a Lake Shore 7410 Series vibrating sample
magnetometer (Punjab Agricultural University, Ludhiana, Punjab, India).

3.2. Synthesis of Fe;O3 MNPs

The synthesis of iron magnetic nanoparticles (MNPs) followed the co-precipitation
method outlined in Scheme 2. FepO3 MNPs were prepared by combining 12.0 g of FeCls
(0.4 M) and 6.0 g of FeSO4-7H,0 (0.2 M) dissolved in 100 mL of deionized (DI) water. The
mixture was purged with N, gas and stirred for approximately one hour. Subsequently,
liquid ammonia (25%) was added dropwise to the flask. The pH of the solution was further
adjusted to ~10 by the addition of 2.0 M NaOH solution. The solution temperature was
then raised to 70 °C with continuous stirring and N gas purging for 5 h, resulting in the
formation of a black precipitate in the flask. The precipitate was filtered, washed with
acetone, and then rinsed with DI water until reaching a neutral pH. Finally, the precipitate
was dried at 60 °C in a vacuum oven, and the solid Fe;O3 MNPs were isolated by filtration.

oH

/ OH 4

P N o, M7~ L & //X\\/’O\

/H M N \\L/AO HO3 19
(

OH

“oH

FeSO,. TH,0 Fe,0; NPs

S .
Ma(OAS)]

Fe,0;@cellulose@Mn

Scheme 2. Graphical illustration of the synthesis of Fe,O3;@cellulose@Mn nanocatalyst.

3.3. Synthesis of Fe,O3@Cellulose

The preparation of Fe,O3;@Cellulose was conducted following the procedure (Scheme 2).
FepO3 MNPs (1.5 g) were placed in 250 mL of ethanol/water (1:1) with sonication for 30 min,
and then 2 g of cellulose was added. Under the N, atmosphere, the reaction mixture was
stirred at 40 °C for 6 h. The nanoparticle product (Fe,Os@Cellulose) was dried at room
temperature. This solid was filtered to isolate the solid Fe,Oz@Cellulose.
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3.4. Synthesis of Fe,O3@Cellulose@Mn

Fe,Os@Cellulose (2.5 g) in absolute ethanol (30 mL) was mixed with Mn(OAc);
(5 mmol) and stirred under reflux for 8 h. Magnetic decantation was then used to separate
the synthesized nanosolid (Fe,Os;@cellulose@Mn) (Scheme 2). Several times, absolute
ethanol was used to wash and dry the nanomagnetic catalyst at room temperature under
a vacuum.

3.5. Synthesis of (E)-1-Aryl-2-(1H-tetrazol-5-yl)acrylonitrile Derivatives (4a-m)

A mixture containing aldehyde 1la-m (1 mmol) and malononitrile 2 (1 mmol) in
the presence of Fe;Os@cellulose@Mn magnetic nanocatalyst was exposed to microwave
irradiation at 120 watts for 3 min in 5 mL ethanol (Scheme 3). The reaction progress was
monitored via TLC using ethyl acetate /n-hexane (1:3) while the product confirmation was
achieved by comparing its melting point to the literature values. The consistency with the
literature values indicates successful synthesis.

CN (i) Fe,O3@cellulose@Mn (15 mg) H NN
MW (120 watt), 3 min, EtOH (5 mL) AL N
- Ar ”
CN (i) NaN3 3 (1.1 mmol), MW (120 watt), 3 min CN
2 4a-m

Scheme 3. Synthesis of (E)-1-aryl-2-(1H-tetrazol-5-yl)acrylonitrile derivatives 4a—m using
Fe; Oz@cellulose@Mn under MW irradiations.

After the reaction completion, (E)-1-aryl-2-(1H-tetrazol-5-yl)acrylonitrile derivatives
4a—-m were synthesized by sequentially adding sodium azide 3 (1.1 mmol) to the reaction
mixture and then exposing them to MW irradiations at 120 watts for 3 min. The progression
of the reaction was monitored using TLC (n-hexane/ethyl acetate/8:2); then, to isolate
the crude product, distilled water was added to the reaction mixture, and then it was
recrystallized using ethanol, dried, and the desired product was recovered with an efficiency
of 97-98%.

(Z)-3-phenyl-2-(1H-tetrazol-5-yl)acrylonitrile (4a): Yield 98%; pale yellow crystals; mp:
165-167 °C, Lit. mp: 168-170 °C; FT-IR (v, cm~1): 3252 (NH), 3032.93 (C-H), 2222.61 (C=N).
'H NMR spectrum (5, ppm, CDCls, 500 MHz): 7.91-7.89 (d, 1H, Ar-H), 7.78 (s, 1H, CH),
7.65-7.61 (t, 2H, Ar-H), 7.55-7.52 (t, 2H, Ar-H), 3.1 (br.s, 1H, NH, exchangeable). 13C NMR
spectrum (8, ppm, CDCl3, 125 MHz): 159.05 (C-1), 133.62 (C-1"), 129.91 (C-2" and C-¢'),
129.71 (C-3’ and C-5'), 128.61 (C-4"), 112.74 (C=N), 111.59 (C-3), 81.70 (C-2). Anal. calcd. for
Cy0H7N5: C, 60.91%; H, 3.58%; N, 35.51%. Found: C, 60.89%; H, 3.55%; N, 35.56%; ESI-MS
(m/z); M +1=198.07.

3.6. Antimicrobial Studies

The synthesized (E)-1-aryl-2-(1H-tetrazol-5-yl)acrylonitrile derivatives 4a—m were
tested against three fungal strains (Aspergillus janus MTCC 2751, Aspergillus niger MTCC
281, and Aspergillus sclerotiorum MTCC 1008), three Gram-negative bacteria (Staphylococcus
aureus MTCC 96, Klebsiella pneumonia MTCC 3384, and Escherichia coli MTCC 443), and
two Gram-positive bacteria (Bacillus subtilis MTCC 441 and Streptococcus pyogenes MTCC
44?2). Fungal strains were cultured in malt extract medium at 28 °C for 72 h, while bacterial
samples were grown in nutrient broth at 37 °C for 24 h. We conducted triplicate tests on
each synthesized compound, dissolving it in DMSO at varying concentrations (2, 4, 8, 16,
32, 64, and 128 g/mL) using a serial dilution method.

4. Conclusions

In summary, the magnetically recoverable Fe,Oz@cellulose@Mn nanocatalyst serves
as an efficient heterogeneous catalyst for synthesizing medicinally important (E)-1-aryl-
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2-(1H-tetrazol-5-yl)acrylonitrile derivatives. The procedure involves sequential [3+2] cy-
cloaddition reactions and cascade condensation of sodium azide with 2-benzyldiene mal-
ononitrile derivatives. Remarkably, this procedure offers rapid reaction times, high yields,
and eco-friendly conditions. By enabling rapid synthesis of (E)-1-aryl-2-(1H-tetrazol-5-
ylacrylonitrile derivatives with high yields and excellent purity using microwave irradia-
tions, this procedure offers advantages over existing protocols. Notably, the reusability of
nanocatalysts enhances their practical applicability. Further, the synthesized (E)-1-aryl-2-
(1H-tetrazol-5-yl)acrylonitrile derivatives with polar groups on the phenyl ring (5b, 5¢, and
5m) exhibited excellent resistance against the mentioned fungal strains over the bacterial
strains as compared to the standard drugs Fluconazole (2 pg/mL).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules29184339/s1, Figure S1: FT-IR spectra of cellulose;
Figure S2: FT-IR spectra of Fe203@cellulose@Mn nanocomposite; Figure S3: FI-IR spectra of (Z)-3-
phenyl-2-(1H-tetrazol-5-yl)acrylonitrile (4a); Figure S4: 1H NMR spectra of (Z)-3-phenyl-2-(1H-tetrazol-
5-yl)acrylonitrile (4a); Figure S5: 1H NMR spectra of (Z)-3-phenyl-2-(1H-tetrazol-5-yl)acrylonitrile
(4a); Figure S6: 13C NMR spectra of (Z)-3-phenyl-2-(1H-tetrazol-5-yl)acrylonitrile (4a); Figure S7:
FT-IR spectra of (Z)-3-(3-nitrophenyl)-2-(1H-tetrazol-5-yl)acrylonitrile (4b); Figure S8: 1H NMR
spectra of (Z)-3-(3-nitrophenyl)-2-(1H-tetrazol-5-yl)acrylonitrile (4b); Figure S9: 1H NMR spectra
of (Z)-3-(3-nitrophenyl)-2-(1H-tetrazol-5-yl)acrylonitrile (4b); Figure S10: 13C NMR spectra of (Z)-3-(3-
nitrophenyl)-2-(1H-tetrazol-5-yl)acrylonitrile (4b); Figure S11: FT-IR spectra of (Z)-3-(4-nitropheny]l)-
2-(1H-tetrazol-5-yl)acrylonitrile (4c); Figure S12: 1H-NMR spectra of (Z)-3-(4-nitrophenyl)-2-(1H-
tetrazol-5-yl)acrylonitrile (4c); Figure S13: 1H-NMR expanded spectra of (Z)-3-(4-nitrophenyl)-2-(1H-
tetrazol-5-yl)acrylonitrile (4c); Figure S14: 13C-NMR spectra of (Z)-3-(4-nitrophenyl)-2-(1H-tetrazol-5-
yD)acrylonitrile (4c); Figure S15: FT-IR spectra of (Z)-3-(2-chlorophenyl)-2-(1H-tetrazol-5-yl)acrylonitrile
(4d); Figure S16: 1IH NMR spectra of (Z)-3-(2-chlorophenyl)-2-(1H-tetrazol-5-yl)acrylonitrile (4d);
Figure S17: 1TH NMR expanded spectra of (Z)-3-(2-chlorophenyl)-2-(1H-tetrazol-5-yl)acrylonitrile
(4d); Figure S18: 13C NMR spectra of (Z)-3-(2-chlorophenyl)-2-(1H-tetrazol-5-yl)acrylonitrile (4d);
Figure S19: FT-IR spectra of (Z)-3-(4-chlorophenyl)-2-(1H-tetrazol-5-yl)acrylonitrile (4e); Figure S20:
1H NMR spectra of (Z)-3-(4-chlorophenyl)-2-(1H-tetrazol-5-yl)acrylonitrile (4e); Figure S21: 1H
NMR expanded spectra of (Z)-3-(4-chlorophenyl)-2-(1H-tetrazol-5-yl)acrylonitrile (4e); Figure S22:
13C NMR spectra of (Z)-3-(4-chlorophenyl)-2-(1H-tetrazol-5-yl)acrylonitrile (4e); Figure S23: FT-
IR spectra of (Z)-3-(3-bromophenyl)-2-(1H-tetrazol-5-yl)acrylonitrile (4f); Figure S24: 1H NMR
spectra of (Z)-3-(3-bromophenyl)-2-(1H-tetrazol-5-yl)acrylonitrile (4f); Figure S25: 1H NMR ex-
panded spectra of (Z)-3-(3-bromophenyl)-2-(1H-tetrazol-5-yl)acrylonitrile (4f); Figure S26: 13C NMR
spectra of (Z)-3-(3-bromophenyl)-2-(1H-tetrazol-5-yl)acrylonitrile (4f); Figure S27: FI-IR spectra
of (Z)-3-(4-bromophenyl)-2-(1H-tetrazol-5-yl)acrylonitrile (4g); Figure S28: 1H-NMR spectra of
(2)-3-(4-bromophenyl)-2-(1H-tetrazol-5-yl)acrylonitrile (4g); Figure 529: 1IH-NMR expanded spec-
tra of (Z)-3-(4-bromophenyl)-2-(1H-tetrazol-5-yl)acrylonitrile (4g); Figure S30: 13C-NMR spectra
of (Z)-3-(4-bromophenyl)-2-(1H-tetrazol-5-yl)acrylonitrile (4g); Figure S31: FT-IR spectra of (Z)-3-
(4-methoxyphenyl)-2-(1H-tetrazol-5-yl)acrylonitrile (4h); Figure S32: 1H-NMR spectra of (Z)-3-(4-
methoxyphenyl)-2-(1H-tetrazol-5-yl)acrylonitrile (4h); Figure S33: 1H-NMR expanded spectra of
(2)-3-(4-methoxyphenyl)-2-(1H-tetrazol-5-yl)acrylonitrile (4h); Figure S34: 13C-NMR spectra of (Z)-
3-(4-methoxyphenyl)-2-(1H-tetrazol-5-yl)acrylonitrile (4h); Figure S35: FT-IR spectra of (Z)-3-(4-
hydroxy-3-methoxyphenyl)-2-(1H-tetrazol-5-yl)acrylonitrile (4i); Figure S36: 1H-NMR spectra of (Z)-
3-(4-hydroxy-3-methoxyphenyl)-2-(1H-tetrazol-5-yl)acrylonitrile (4i); Figure S37: 1H-NMR expanded
spectra of (Z)-3-(4-hydroxy-3-methoxyphenyl)-2-(1H-tetrazol-5-yl)acrylonitrile (4i); Figure S38: 13C-
NMR spectra of (Z)-3-(4-hydroxy-3-methoxyphenyl)-2-(1H-tetrazol-5-yl)acrylonitrile (4i); Figure 539:
FT-IR spectra of (Z)-3-(4-methoxyphenyl)-2-(1H-tetrazol-5-yl)acrylonitrile (4j); Figure S40: 1TH-NMR
spectra of (Z)-3-(4-methoxyphenyl)-2-(1H-tetrazol-5-yl)acrylonitrile (4j); Figure S41: 1H-NMR ex-
panded spectra of (Z)-3-(4-methoxyphenyl)-2-(1H-tetrazol-5-yl)acrylonitrile (4j); Figure 542: 13C-
NMR spectra of (Z)-3-(4-methoxyphenyl)-2-(1H-tetrazol-5-yl)acrylonitrile (4j); Figure S43: FT-IR spec-
tra of (2Z,4e)-5-phenyl-2-(1H-tetrazol-5-yl)penta-2,4-dienenitrile (4k); Figure S44: 1H-NMR spectra
of (2Z 4e)-5-phenyl-2-(1H-tetrazol-5-yl)penta-2,4-dienenitrile (4k); Figure S45: 1H-NMR expanded
spectra of (2Z,4e)-5-phenyl-2-(1H-tetrazol-5-yl)penta-2,4-dienenitrile (4k); Figure S46: 13C-NMR
spectra of (2Z,4e)-5-phenyl-2-(1H-tetrazol-5-yl)penta-2,4-dienenitrile (4k); Figure S47: FT-IR spec-
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tra of (Z)-3-(4-(dimethylamino)phenyl)-2-(1H-tetrazol-5-yl)acrylonitrile (41); Figure S48: 1H-NMR
spectra of (Z)-3-(4-(dimethylamino)phenyl)-2-(1H-tetrazol-5-yl)acrylonitrile (41); Figure S49: 1H-
NMR expanded spectra of (Z)-3-(4-(dimethylamino)phenyl)-2-(1H-tetrazol-5-yl)acrylonitrile (41);
Figure S50: 13C-NMR spectra of (Z)-3-(4-(dimethylamino)phenyl)-2-(1H-tetrazol-5-yl)acrylonitrile
(41); Figure S51: FI-IR spectra of (Z)-3-(furan-2-yl)-2-(1H-tetrazol-5-yl)acrylonitrile (4m); Figure S52:
1H-NMR spectra of (Z)-3-(furan-2-yl)-2-(1H-tetrazol-5-yl)acrylonitrile (4m); Figure S53: 1TH-NMR
expanded spectra of (Z)-3-(furan-2-yl)-2-(1H-tetrazol-5-yl)acrylonitrile (4m); Figure S54: 13C-NMR
spectra of (Z)-3-(furan-2-yl)-2-(1H-tetrazol-5-yl)acrylonitrile (4m); Figure S55: Structures of (Z)-3-
phenyl-2-(1H-tetrazol-5-yl)acrylonitrile 5a-m.

Author Contributions: A.N. and N.K.: data collection, manuscript preparation, and editing; H.S.S.:
supervision, visualization, methodology, data analysis, and review; H.H.: review and editing; FM.H.
and P.K.B.: investigation, analysis, review, and editing; M.K.: investigation, analysis. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by Researchers Supporting Project Number (RSPD2024R729),
King Saud University, Riyadh, Saudi Arabia.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in this
published article (and its Supplementary Materials).

Acknowledgments: The authors would like to thank the Researchers Supporting Project Number
(RSPD2024R729), King Saud University, Riyadh, Saudi Arabia. P.K.B. sincerely acknowledges the
financial support of an industrial sponsored project supported by Koshee Company, Las Vegas, USA.
PK.B. sincerely acknowledges the Knowledge Fund that is administered by the Nevada Governor’s
Office of Economic Development (GOED) and University of Nevada Las Vegas (UNLV). H.H. sincerely
acknowledges the Faculty Opportunity Award (FOA) that is administered by the Office of Sponsored
Programs (OSP) at UNLV. All authors are also thankful to Chandigarh University, Gharuan, Mohali,
India, for their support and all other essential facilities for conducting this research.

Conflicts of Interest: The author declares that they have no conflicts of interest.

References

1. Wei, CX,; Bian, M.; Gong, G.H. Tetrazolium compounds: Synthesis and applications in medicine. Molecules 2015, 20, 5528-5553.
[CrossRef] [PubMed]

2. Meghani, N.M.; Amin, H.H.; Lee, B.]. Mechanistic applications of click chemistry for pharmaceutical drug discovery and drug
delivery. Drug Discov. Today 2017, 22, 1604-1619. [CrossRef] [PubMed]

3. Cantillo, D.; Gutmann, B.; Kappe, C.O. Mechanistic Insights on Azide—Nitrile Cycloadditions: On the Dialkyltin
Oxide—Trimethylsilyl Azide Route and a New. J. Am. Chem. Soc. 2011, 133, 4465-4475. [CrossRef]

4. Shelkar, R.; Singh, A.; Nagarkar, J]. Amberlyst-15 catalyzed synthesis of 5-substituted 1-H-tetrazole via [3+2] cycloaddition of
nitriles and sodium azide. Tetrahedron Lett. 2013, 54, 106-109. [CrossRef]

5. Prathyusha, J.; Deepti, C.A. Synthesis, Characterization and Evaluation of Anticancer Activity of New Pyrazole-5-carboxamide
Derivatives. Asian J. Chem. 2023, 35, 2007-2014. [CrossRef]

6. Nasrollahzadeh, M.; Bayat, Y.; Habibi, D.; Moshaee, S. FeCl3-SiO; as a reusable heterogeneous catalyst for the synthesis of
5-substituted 1H-tetrazoles via [2+3] cycloaddition of nitriles and sodium azide. Tetrahedron Lett. 2009, 50, 4435-4438. [CrossRef]

7. Matthews, D.P; Green, ].E.; Shuker, A.]. Parallel synthesis of alkyl tetrazole derivatives using solid support chemistry. J. Comb.
Chem. 2000, 2, 19-23. [CrossRef]

8. Yuan, X;; Wang, Z.; Zhang, Q.; Luo, J. An intramolecular relay catalysis strategy for Knoevenagel condensation and 1,3-dipolar
cycloaddition domino reactions. RSC Adv. 2019, 9, 23614-23621. [CrossRef]

9.  Huisgen, P.D.R. 1,3-Dipolar Cycloadditions Past and Future. Angew. Chem. 1963, 2, 565-632. [CrossRef]

10. Kras, ].; Sadowski, M.; Zawadziriska, K.; Nagatsky, R.; Woliniski, P.; Kula, K.; Lapczuk, A. Thermal [3+2] cycloaddition reactions as
most universal way for the effective preparation of five-membered nitrogen containing heterocycles. Sci. Radices 2023, 2, 247-267.
[CrossRef]

11.  Boukis, A.C.; Reiter, K.; Frolich, M.; Hofheinz, D.; Meier, M.A.R. Multicomponent reactions provide key molecules for secret
communication. Nat. Commun. 2018, 9, 1439. [CrossRef] [PubMed]

12. Xiong, Q.; Dong, S.; Chen, Y.; Liu, X.; Feng, X. Asymmetric synthesis of tetrazole and dihydroisoquinoline derivatives by

isocyanide-based multicomponent reactions. Nat. Commun. 2019, 10, 2116. [CrossRef] [PubMed]


https://doi.org/10.3390/molecules20045528
https://www.ncbi.nlm.nih.gov/pubmed/25826789
https://doi.org/10.1016/j.drudis.2017.07.007
https://www.ncbi.nlm.nih.gov/pubmed/28754291
https://doi.org/10.1021/ja109700b
https://doi.org/10.1016/j.tetlet.2012.10.116
https://doi.org/10.14233/ajchem.2023.28078
https://doi.org/10.1016/j.tetlet.2009.05.048
https://doi.org/10.1021/cc990035z
https://doi.org/10.1039/C9RA04081A
https://doi.org/10.1002/anie.196305651
https://doi.org/10.58332/scirad2023v2i3a03
https://doi.org/10.1038/s41467-018-03784-x
https://www.ncbi.nlm.nih.gov/pubmed/29651145
https://doi.org/10.1038/s41467-019-09904-5
https://www.ncbi.nlm.nih.gov/pubmed/31073191

Molecules 2024, 29, 4339 17 of 18

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Mardirossian, M.; Pompilio, A.; Degasperi, M.; Runti, G.; Pacor, S.; Di Bonaventura, G.; Scocchi, M. D-BMAP18 antimicrobial
peptide is active In Vitro, resists to pulmonary proteases but loses its activity in a murine model of Pseudomonas aeruginosa lung
infection. Front. Chem. 2017, 5, 40. [CrossRef] [PubMed]

Bhatt, U. Five-Membered Heterocycles with Four Heteroatoms: Tetrazoles. Mod. Heterocycl. Chem. 2011, 3, 1401-1430. [CrossRef]
Khodamorady, M.; Bahrami, K. Fe;O4@BNPs-CPTMS-Chitosan-Pd(0) as an Efficient and Stable Heterogeneous Magnetic
Nanocatalyst for the Chemoselective Oxidation of Alcohols and Homoselective Synthesis of 5-Subestituted 1H-Tetrazoles.
ChemistrySelect 2019, 4, 8183-8194. [CrossRef]

Himo, F; Demko, Z.P.; Noodleman, L.; Sharpless, K.B. Why is tetrazole formation by addition of azide to organic nitriles catalyzed
by zinc(Il) salts? J. Am. Chem. Soc. 2003, 125, 9983-9987. [CrossRef]

Roh, J.; Vavrova, K.; Hrabalek, A. Synthesis and functionalization of 5-substituted tetrazoles. Eur. |. Org. Chem. 2012, 2012,
6101-6118. [CrossRef]

Szulczyk, D.; Bielenica, A.; Dobrowolski, M.A.; Dobrzycki, L.; Krawiecka, M.; Kuran, B.; Struga, M. Synthesis and structure
evaluation of new complex butylarylpiperazin-1-yl derivatives. Med. Chem. Res. 2014, 23, 1519-1536. [CrossRef]

Pochini, L.; Galluccio, M.; Scumaci, D.; Giangregorio, N.; Tonazzi, A.; Palmieri, E; Indiveri, C. Interaction of (3-lactam antibiotics
with the mitochondrial carnitine /acylcarnitine transporter. Chem. Biol. Interact. 2008, 173, 187-194. [CrossRef]

Yousfi, Y.; Benchouk, W.; Mekelleche, S.M. Prediction of the regioselectivity of the ruthenium-catalyzed [3+2] cycloadditions
of benzyl azide with internal alkynes using conceptual DFT indices of reactivity. Chem. Heterocycl. Comp. 2023, 59, 118-127.
[CrossRef]

Yang, E.S.; Mapp, A.; Taylor, A.; Beer, P.D.; Goicoechea, ] M. Cyaphide-Azide 1,3-Dipolar Cycloaddition Reactions: Scope and
Applicability. Chem.—A Eur. ]. 2023, 29, €202301648. [CrossRef] [PubMed]

Revathi, S.; Shinde, A.L.; Rajashekhar, M.K.; Mandal, D.; Maity, A.R.; Garai, S.; Ghatak, T. N-Heterocyclic imino-catalyzed
1,4-regioselective azide-alkyne cycloaddition (AAC): A metal-free approach. Chem. Commun. 2023, 59, 12699-12702. [CrossRef]
[PubMed]

Heravi, M.M.; Zadsirjan, V.; Dehghani, M.; Ahmadi, T. Towards click chemistry: Multicomponent reactions via combinations of
name reactions. Tetrahedron 2018, 74, 3391-3457. [CrossRef]

Jasinski, R.; Dresler, E. On the Question of Zwitterionic Intermediates in the [3+2] Cycloaddition Reactions: A Critical Review.
Organics 2020, 1, 49-69. [CrossRef]

Gyoung, Y.S.; Shim, ].G.; Yamamoto, Y. Regiospecific synthesis of 2-allylated-5-substituted tetrazoles via palladium-catalyzed
reaction of nitriles, trimethylsilyl azide, and allyl acetates. Tetrahedron Lett. 2000, 41, 4193-4196. [CrossRef]

Abdollahi-Alibeik, M.; Moaddeli, A. Multi-component one-pot reaction of aldehyde, hydroxylamine and sodium azide catalyzed
by Cu-MCM-41 nanoparticles: A novel method for the synthesis of 5-substituted 1H-tetrazole derivatives. New J. Chem. 2015, 39,
2116-2122. [CrossRef]

Gutmann, B.; Roduit, ].P.; Kappe, C.O.; Roberge, D. Synthesis of 5-substituted 1H-tetrazoles from nitriles and hydrazoic acid by
using a safe and scalable high-temperature microreactor approach. Angew. Chem.—Int. Ed. 2010, 49, 7101-7105. [CrossRef]
Woliniski, P.; Kacka-Zych, A.; Demchuk, O.M.; Lapczuk-Krygier, A.; Miroslaw, B.; Jasifiski, R. Clean and molecularly pro-
grammable protocol for preparation of bis-heterobiarylic systems via a domino pseudocyclic reaction as a valuable alternative for
TM-catalyzed cross-couplings. J. Clean. Prod. 2020, 275, 122086. [CrossRef]

El-Sewedy, A.; El-Bordany, E.A.; Mahmoud, N.EH.; Ali, K.A.; Ramadan, S.K. One-pot synthesis, computational chemical study,
molecular docking, biological study, and in silico prediction ADME/pharmacokinetics properties of 5-substituted 1H-tetrazole
derivatives. Sci. Rep. 2023, 13, 17869. [CrossRef]

El Anwar, S.; Razi¢kova, Z.; Bavol, D.; Fojt, L.; Griiner, B. Tetrazole Ring Substitution at Carbon and Boron Sites of the Cobalt
Bis(dicarbollide) Ion Available via Dipolar Cycloadditions. Inorg. Chem. 2020, 59, 17430-17442. [CrossRef]

Aali, E.; Gholizadeh, M.; Noroozi-Shad, N. 1-Disulfo-[2,2-bipyridine]-1,1-diium chloride ionic liquid as an efficient catalyst for
the green synthesis of 5-substituted 1H-tetrazoles. . Mol. Struct. 2022, 1247, 131289. [CrossRef]

Duncia, ].V.; Santella, J.B.; Pierce, M.E. Three Synthetic Routes to a Sterically Hindered Tetrazole. A New One-Step Mild
Conversion of an Amide into a Tetrazole. J. Org. Chem. 1991, 56, 2395-2400. [CrossRef]

Clémencon, LE; Ganem, B. Tandem multicomponent/click reactions: Synthesis of functionalized oxazoles and tetrazoles from
acyl cyanides. Tetrahedron 2007, 63, 8665-8669. [CrossRef]

Maddila, S.; Naicker, K.; Momin, M.LK,; Rana, S.; Gorle, S.; Maddila, S.; Yalagala, K.; Singh, M.; Koorbanally, N.A.; Jonnalagadda,
S.B. Novel 2-(1-(substitutedbenzyl)-1H-tetrazol-5-yl)-3-phenylacrylonitrile derivatives: Synthesis, in vitro antitumor activity and
computational studies. Med. Chem. Res. 2016, 25, 283-291. [CrossRef]

Neochoritis, C.G.; Zhao, T.; Domling, A. Tetrazoles via Multicomponent Reactions. Chem. Rev. 2019, 119, 1970-2042. [CrossRef]
Safapoor, S.; Dekamin, M.G.; Akbari, A.; Naimi-Jamal, M.R. Synthesis of (E)-2-(1H-tetrazole-5-yl)-3-phenylacrylenenitrile
derivatives catalyzed by new ZnO nanoparticles embedded in a thermally stable magnetic periodic mesoporous organosilica
under green conditions. Sci. Rep. 2022, 12, 10723. [CrossRef]

Suresh, S.; Karthikeyan, S.; Jayamoorthy, K. Effect of bulk and nano-Fe,Oj3 particles on peanut plant leaves studied by Fourier
transform infrared spectral studies Effect of Fe,O3 particles on peanut plant leaves. . Adv. Res. 2016, 7, 739-747. [CrossRef]
Liu, S.; Zhang, L.; Zhou, J.; Wu, R. Structure and properties of cellulose/Fe;O3 nanocomposite fibers spun via an effective
pathway. J. Phys. Chem. C 2008, 112, 4538-4544. [CrossRef]


https://doi.org/10.3389/fchem.2017.00040
https://www.ncbi.nlm.nih.gov/pubmed/28674688
https://doi.org/10.1002/9783527637737.ch15
https://doi.org/10.1002/slct.201901497
https://doi.org/10.1021/ja030204q
https://doi.org/10.1002/ejoc.201200469
https://doi.org/10.1007/s00044-013-0740-z
https://doi.org/10.1016/j.cbi.2008.03.003
https://doi.org/10.1007/s10593-023-03173-3
https://doi.org/10.1002/chem.202301648
https://www.ncbi.nlm.nih.gov/pubmed/37338223
https://doi.org/10.1039/D3CC04065H
https://www.ncbi.nlm.nih.gov/pubmed/37752875
https://doi.org/10.1016/j.tet.2018.04.076
https://doi.org/10.3390/org1010005
https://doi.org/10.1016/S0040-4039(00)00563-3
https://doi.org/10.1039/C4NJ01042F
https://doi.org/10.1002/anie.201003733
https://doi.org/10.1016/j.jclepro.2020.122086
https://doi.org/10.1038/s41598-023-44615-4
https://doi.org/10.1021/acs.inorgchem.0c02719
https://doi.org/10.1016/j.molstruc.2021.131289
https://doi.org/10.1021/jo00007a027
https://doi.org/10.1016/j.tet.2007.03.127
https://doi.org/10.1007/s00044-015-1482-x
https://doi.org/10.1021/acs.chemrev.8b00564
https://doi.org/10.1038/s41598-022-13011-9
https://doi.org/10.1016/j.jare.2015.10.002
https://doi.org/10.1021/jp711431h

Molecules 2024, 29, 4339 18 of 18

39.

40.

41.

42.

43.

44.

45.

Fattahi Meyabadi, T.; Dadashian, F.; Mir Mohamad Sadeghi, G.; Ebrahimi Zanjani Asl, H. Spherical cellulose nanoparticles
preparation from waste cotton using a green method. Powder Technol. 2014, 261, 232-240. [CrossRef]

Behloul, C.; Benlahrech, M.; Foubelo, E; Njjera, C.; Yus, M. Indium-, Magnesium-, and Zinc-Mediated Debenzylation of Protected
1 H -Tetrazoles: A Comparative Study. Synth. 2018, 50, 3430-3435. [CrossRef]

Akbarzadeh, P.; Koukabi, N.; Kolvari, E. Three-component solvent-free synthesis of 5-substituted-1H-tetrazoles catalyzed by
unmodified nanomagnetite with microwave irradiation or conventional heating. Res. Chem. Intermed. 2019, 45, 1009-1024.
[CrossRef]

Tisseh, Z.N.; Dabiri, M.; Nobahar, M.; Khavasi, H.R.; Bazgir, A. Catalyst-free, aqueous and highly diastereoselective synthesis of
new 5-substituted 1H-tetrazoles via a multi-component domino Knoevenagel condensation/1,3 dipolar cycloaddition reaction.
Tetrahedron 2012, 68, 1769-1773. [CrossRef]

Ahmed, N.; Siddiqui, Z.N. Silica molybdic acid catalysed eco-friendly three component synthesis of functionalised tetrazole
derivatives under microwave irradiation in water. RSC Adv. 2015, 5, 16707-16717. [CrossRef]

Saghian, M.; Dehghanpour, S.; Bayatani, Z. A facile, rapid procedure for Knoevenagel condensation reaction catalyzed by efficient
amino-bifunctional frameworks under mild conditions. Sci. Rep. 2023, 13, 15563. [CrossRef]

Nouri Parouch, A.; Koukabi, N.; Abdous, E. Tetrazole derivatives synthesis using Fe3O,@fibroin-SO3H as a magnetically
separable green solid acid nanocatalyst under solvent-free conditions. Res. Chem. Intermed. 2020, 46, 3295-3310. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.powtec.2014.04.039
https://doi.org/10.1055/s-0037-1610170
https://doi.org/10.1007/s11164-018-3657-9
https://doi.org/10.1016/j.tet.2011.12.044
https://doi.org/10.1039/C5RA01073J
https://doi.org/10.1038/s41598-023-42832-5
https://doi.org/10.1007/s11164-020-04131-w

	Introduction 
	Results and Discussion 
	Characterization of Fe2O3@Cellulose@Mn Nanoparticle 
	FT-IR Characterization 
	SEM Characterization 
	XRD Characterization 
	VSM Characterization 

	One-Pot Synthesis of (Z)-3-Phenyl-2-(1H-tetrazol-5-yl)acrylonitrile (4a) Using Fe2O3@cellulose@Mn Nanocatalyst 
	Characterization of (Z)-3-Phenyl-2-(1H-tetrazol-5-yl)acrylonitrile 4a Using Fe2O3@cellulose@Mn Nanocomposite 
	Plausible Mechanism 
	Antimicrobial Activity 
	Comparison of the Catalytical Activity of Fe2O3@cellulose@Mn Nanocatalyst with Other Heterogeneous Catalysts in the Synthesis of Tetrazole Derivatives 

	Materials and Methods 
	Materials and Instruments 
	Synthesis of Fe2O3 MNPs 
	Synthesis of Fe2O3@Cellulose 
	Synthesis of Fe2O3@Cellulose@Mn 
	Synthesis of (E)-1-Aryl-2-(1H-tetrazol-5-yl)acrylonitrile Derivatives (4a–m) 
	Antimicrobial Studies 

	Conclusions 
	References

