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In this research, we reported Fe304@SiO; @NCs@ Al,O3 [FSNCA] nanoparticles as an efficient
catalyst for the synthesis of Tetrahydrobenzopyrans (THBPS) in water solvent at room temperature
with short reaction time. The catalyst exhibits excellent catalytic activity, selectivity, and recycla-
bility. The nanocatalyst structure was characterized by FT-IR, SEM, XRD, TGA, VSM, and EDS.
There are significant advantages of using the FSNCA nanocatalyst such as the primary benefit is
the increase in production efficiency. By enabling a one-pot synthesis process, this nanocatalyst
decreases the stages required for reaction, reducing time and energy consumption. Furthermore,
the possibility of recycling the catalyst contributes to economic efficiency, minimizing waste

production, thereby aligning with the principles of green chemistry.
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1. Introduction

One of the fundamental principles of green chemistry is
the utilization of catalysts in synthesis [1, 2]. The quest for
sustainable chemical reactions has led to the development
of green catalysts that offer high efficiency, selectivity, and
reduced environmental impact. Nanocatalysts have emerged
as a promising field due to the unique properties of nanopar-
ticles, including large surface area, high catalytic activity,
and ease of recovery [3—12].

Tetrahydrobenzo[b]pyran is an important chemical com-
pound in the class of heterocycles, which has been consid-
ered due to its biological properties and activities such as
antioxidant and antimicrobial effects. In addition, THBPS
are involved in the synthesis of various reactions, making
them very important in the pharmaceutical and chemical
industries. They are used as drugs, anticancer agents, an-
tibacterial agents, antifungal agents, and antiviral agents
[13-25]. Due to the importance of pyrane derivatives, sig-
nificant research efforts have been devoted in recent years to

the development of new synthetic methods for the synthesis
of these compounds. However, these methods have some
drawbacks such as: long reaction times, high temperatures,
tedious work-up, and in some cases, environmental pollu-
tion, and require the use of expensive devices.

As the synthesis of THBPS is a vital process in
the chemical industry, the use of suitable catalysts in
this process is of great importance. In this research,
Fe304@Si0, @NCs@Al, O3 [FSNCA] was synthesized as
an efficient and recyclable nanocatalyst, and then this cata-
lyst was successfully used in the efficient one-pot synthesis
of THBPS in a green and high-yield method. The nanocat-
alyst used in this study consists of three different layers
obtained through synthesis and coating processes. FSNCA
nanocomposite is a heterogeneous catalyst that has shown
excellent performance in various THBP derivatives.
FSNCA nanocatalyst consists of a magnetite core (Nano-
Fe304), SiO; intermediate layer, nanocellulose and Al,O3
nanoparticles. Cellulose is a non-toxic, and biocompatible
renewable raw material. Al,O3 provides active sites for the
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synthesis of THBPS and increases the catalytic ability of
the compound.

Also, using water as a solvent eliminates the need for harm-
ful organic solvents. In addition, due to the properties
of magnetite, the catalyst is easily separated at the end
of the reaction, reducing waste. Also, due to the afford-
ability of the raw materials and the high recycling rate,
Fe;0,@S10, @ NCs @ Al, O3 remains a cost-effective cata-
lyst (Scheme 1).

2. Experimental

2.1 General

The progress of the reactions was checked by thin-layer
chromatography (TLC) using UV light. The products were
characterized by FT-IR spectra recorded on a BRUKER-
ALPHA spectrometer on a KBr disc.

2.2 Synthesis of green nanocatalyst Fe;04@Si0, @NCs
@Al O3 [FSNCA]

Nano-Fe304 @SiO, was synthesized based on our previ-
ous reports in papers 1 and 2. In a flask, nanocellulose
(1.000 g) was added to Water: EtOH (1:1) under stirring for
10 min. Then magnetic nanoparticles (0.5 g) were added
and mixed under stirring for 1 hour at room temperature.
Then, the Fe304@Si0, @NCs were collected by an exter-
nal magnet and then washed with H,O (2x5mL). Function-
alized Nano-Al,O3 on Fe304@Si0, @NCs nanoparticles
was prepared by the addition of the Al(O-ipr); (1 mmol) to
Fe304@Si0, @NCs (1.000 g) and grinded at room temper-
ature for 5 minutes. Then aloe vera extract was added to the
reaction mixture and grinded at room temperature for 20
minutes. The resulting Fe304@Si0, @NCs@ Al, O3 was
collected by an external magnet after washing with H,O

Fe;0,@Si0,@NCs@Al,O;
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(2x5mL) and drying at room temperature (Scheme 2).

2.3 General procedure for the synthesis of THBPS
derivatives(4a-4p)

In a flask, malononitrile (1 mmol), aromatic aldehyde
(I mmol), 5,5-dimethylcyclohexane-1,3-dione or 1,3-
cyclohexanedione (1 mmol), FSNCA (25 mg) and H,O
(2.0 mL) were grinded at room temperature and the comple-
tion of the reaction was monitored by TLC. Then, water (5
mL) was added into the reaction mixture and the nanocat-
alyst was separated from the product by using an external
magnet. The product was purified by recrystallization in
ethanol (96%). Also, FSNCA was washed with deionized
water (2x5mL) and dried at room temperature. A range
of the different THBPS derivatives were synthesized with
excellent yields (Table 1).

2.4 Spectral data of compound (4a)
2-amino-7,7-dimethyl-5-oxo-4-phenyl-5,6,7,8-tetrahydro-
4H-chromene-3-carbonitrile (4a); IR (KBr, cm™!): 3410
m~!, 3327 cm™!, 2221 em™!, 1671 cm™!, 1211 cm™!,
742 cm~'. "TH NMR (500.13 MHz, DMSO); 2.07 (d, J=16.1
Hz, 1H), 2.20 (d, J=16.1 Hz, H), 2.41-2.54 (m, 2H), 4.11
(s, 1H), 6.91 (s, 2H), 7.09 (d, J=7.4 Hz, 2H), 7.17 (t, J=7.4
Hz, 1H) 7.23 (t, J=7.5 Hz, 2H). '3C NMR (125.75 MHz,
DMSO); 195.4, 162.4, 159.3, 144.2, 129.3, 128.0, 127.2,
121.7,113.6,58.4,51.9, 34.2, 32.5, 28.2, 27.6.

3. Results and discussion

The synthesis of Fe304@Si0, @NCs@ Al,O3 nanocata-
lyst begins with the co-precipitation of iron salts, FeCl,,
and FeCls, this result in the formation of magnetite
nanoparticles. FeszO4 acts as a magnetite core in the
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Scheme 1. Green synthesis of Tetrahydrobenzo[b]pyran using Fe304@Si0, @NCs@ Al,O3 as a green catalyst.
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Scheme 2. Clean synthesis of multilayer magnetite Fe304 @SiO, @ NCs@ Al, O3 as a green catalyst.
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Table 1. Catalyst optimization for the synthesis of THBP in H,O at room temperature.

Entry Catalyst Time (min) Yield(%)
1 FSNCA(25 mg) 10 95
2 FSNCA(20 mg) 10 92
3 FSNCA(30 mg) 10 95
5 Cellulose(25 mg) 480 —_
6 Nano-Alumina(25 mg) 10 58
7 Magnetic Cellulose(25 mg) 10 42
8 Fe304@8Si0,(25 mg) 10 36

Fe3;04@Si0, @NCs@ Al,O3 nanocatalyst for easy sepa-
ration and recyclability of the catalyst. The addition of
tetraethyl orthosilicate (TEOS) to the reaction mixture leads
to the deposition of a layer of silica (SiO;) around FezOq4
nanoparticles. The SiO; shell acts as a protective layer
and enhances the catalyst’s durability due to its excellent
thermal and chemical stability. In addition, the presence
of SiO; provides an ideal surface for further functionaliza-
tion. Nanocellulose was added to the system as a biopoly-
mer by dispersing nanocellulose in the reaction mixture,
NCs a natural polymer, serves as a linker material in the
Fe;04@Si0, @NCs@ Al, O3 nanocatalyst. Its unique struc-
ture and abundant hydroxyl groups enable strong interaction
with both the FezO4 core and SiO, shell. This linker role
enhances the stability of the overall nanocatalyst, preventing
the separation of active species during catalytic reactions.

Finally, the addition of the Al(O-ipr)s, allows the deposi-
tion of an alumina layer (Al,O3) on FezO4@SiO, @NCs
nanoparticles. The presence of Al,O3 contributes to the
mechanical strength, and durability of the nanocatalyst and
in enhancing the overall activity of this nanocatalyst, which
makes it especially suitable for catalytic reactions. It also
provides sites for reactions, thus increasing the overall cat-
alytic activity. The resulting catalyst exhibits a core-shell
structure, with magnetite, silica, nanocellulose, and alumina
layers, offering unique properties for various catalytic appli-
cations. The catalyst structure was characterized by SEM
(Figure 1), FT-IR (Figure 2 (a-c)), XRD (Figure 3 (a-c)),
EDS (Figure 4), VSM (Figure 5 (a-c)) and TGA (Figure 6).

3.1 Scanning electron microscope (SEM) analysis

First, the catalyst morphology was analyzed by SEM (Fig-
ure 1). The SEM image and histogram confirmed that they
exist as core-shell structures with an average size range of
44 nm.
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Figure 1. Scanning electron microscope (SEM) and his-
togram of Fe304@Si0; @NCs @ Al, O3 nanocatalyst.

3.2 FT-IR analysis

The FT-IR spectra of (a)Fe3O0s4 (b)Fe304@SiO; and
(c)Fe304@Si0,@NCs@Al,03 were recorded and are
given below (Figure 2 (a-c)). The Fe-O bond stretch-
ing appeared at around 400-600 cm~' in Fe3O4 mag-
netite nanoparticles and the absorbance peaks at around
1114cm™! are assigned to Si-O in silicon dioxide groups
(Figure 2 (a-b)). After the immobilization of Al;O3 NPs
on Fe3 04 @Si0, @NCs (Figure 2 ¢), a broad band at 3000-
3500 cm™! is assigned to the stretching vibrations of O-H
groups. The absorption bands at 1000-1200 cm™! are as-
signed to stretching vibrations of C-O bonds in nanocellu-
lose and Si-O-C in silicon dioxide groups which coated by
nanocellulose. The absorption band around 400-600 cm ™!
are assigned to Fe-O bond stretching in Fe304 magnetite
nanoparticles. Also, the absorption band around 700-1000
cm~! are assigned to the Al-O-C band for Al,Oj3 attached
to nanocellulose.

3.3 X-ray Diffraction Spectroscopy (XRD) analysis

Fe304 @SiO, @NCs @ Al, O3 nanoparticles were analyzed
by X-ray Diffraction Spectroscopy (XRD) (Figure 3 (a—c)).
The XRD pattern clearly shows the structure of the catalyst.
The diffraction peaks at around 18.3°, 30°, 35.4°, 43.05°,
53.4°,56.9°, and 62.5° are corresponded to the (1 1 1), (2
20),(311),(400),(422),(511)and (4 4 0) surfaces,
which are readily recognized in the XRD patterns and show
good agreement with the cubic structure of Fe3O4 (JCPDS
File No. 19-0626). The presence of amorphous SiO; is
clearly indicated by a broad signal around 22.5°, suggesting
that the nanoparticles are coated with silica. The diffraction
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Figure 2. FT-IR spectrum of (a) Fe304, (b) Fe304@Si0,,
(¢) Fe304@Si0, @NCs@Al,O3.
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Figure 3. XRD patterns of (a) SiO», (b) Fe304 @SiO;, (¢)
Fe;04@Si0, @NCs@Al,O3.

peaks 16.44 and 22.17 indicate the presence of nanocel-
Iulose. Also, the diffraction peaks at 35.1°, 37.8°, 43.4°,
57.5°, and 66.5° correspond to the (1 04), (1 10), (11 3),
(116), and (2 1 4)) surfaces and showing good agreement
with the rhombohedral (corundum) alumina phase (JCPDS
File No. 46-1212).

3.4 EDS analysis

In the EDS analysis (Figure 4) clearly indicates the pres-
ence of iron, oxygen, silicon, carbon, and aluminum in the
structure of the catalyst. Therefore, the above results fully
confirmed the synthesis of the nanocatalyst.

3.5 VSM analysis

In the VSM analysis of the nanocatalyst
[Fe304@Si0, @NCs@Al,03] (Figure 5 (a—c)), the
nanocatalyst exhibited a superparamagnetic behavior due to
zero remanence since the hysteresis loop was not observed.
The magnetic property of the nanocatalyst is sufficient for
separation using a simple external magnet. According to
(Figure 5 a), the highest saturation magnetization belongs
to FesOgnanoparticles. In addition, the curves showed a
decrease in saturation magnetic values for Fe;04 @SiO,.

The lower MS value for Fe;04 @SiO; is due to the presence
of non-magnetic silica on the surface of the Fe304 nanopar-
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Figure 4. EDS spectrum of Fe304@Si0, @NCs@Al,O3.
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Figure 5. VSM diagram (a) Fe30y4, (b) Fe304@SiO(c)
Fe3O4 @Si02 @NCS@A1203.

ticles [26-28]. It confirms that silica nanoparticles bond on
the surface of FezO4 nanoparticles and the non-magnetic
Si0; layer is coated on the Fe;O4nanoparticles. It indicates
the layer-by-layer coating and the successful synthesis of
the Fe304 @Si0, @ NCs @ Al, O3 nanocatalyst.

3.6 Thermal analysis (TGA)

According to the TGA analysis (Figure 6), the stability of
Fe3;04 @Si0, @ NCs @ Al, O3 nanoparticles was observed
up to 400-600 °C. Additionally, the TGA indicates an initial
weight loss due to moisture evaporation from the sample.
The main weight loss step in the temperature occurs within
the range of 200-350 °C, which corresponds to the decom-
position of the NCs units on the nanocatalyst. The weight
loss at 400 °C temperature is attributed to the thermal crystal
phase transformation. Additionally, the presence of nanocel-
lulose and alumina layers provides excellent stability of the
nanocatalyst under harsh reaction conditions.

3.7 Catalytic activity

To investigate the ability of this catalyst, the three-
component reaction involving benzaldehyde (1), malononi-
trile (2). and dimedone (3) was chosen as a model reaction
to produce THBP (4a) (Scheme 3). Then, the reaction con-
ditions were optimized by various catalysts and solvents
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Figure 6. TGA analysis of Fe304@Si0; @NCs@Al,O3.
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Scheme 3. Green synthesis of THBPS by using FSNCA nanocatalyst.

(Table 1, Table 2). This nanocatalyst exhibited high selec-
tivity, excellent yield (95%), efficiency, and high purity in
a short reaction time (10 minutes), green solvent (H,O),
and low temperature (room temperature). After identify-
ing the optimal conditions, other pyran derivatives were
synthesized using the catalyst (Table 3).

3.8 Suggested mechanism for the synthesis of THBPS
by using green catalyst Fe;0,@Si0, @NCs@Al,03

The mechanism involves the formation of intermediate
5, followed by the cyclization, subsequent neutralization,
and tautomerization to yield THBPS compounds. The
unique structure and composition of the green catalyst
[Fe304 @Si0, @NCs @ Al, O3] facilitate the key steps of
this mechanism, leading to enhanced reaction efficiency
and selectivity (Scheme 3).

3.9 Catalyst stability and recyclability

Catalyst recyclability is a critical factor in the development
of sustainable and environmentally friendly processes. The
Fe;04@Si0, @NCs @ Al Osnanocatalyst exhibited excel-

Table 2. Solvents effect in the synthesis of THBP by
FSNCA at room temperature at 10 min.

Entry Solvent Yield (%)
1 Solvent-free 92
2 H,O 95
3 EtOH/H,0 90
4 EtOH 84
5 Ethyl acetate 80

lent recyclability, with no significant loss in catalytic activ-
ity even after multiple cycles (Figure 7). The nanocatalyst
could be separated using a simple external magnet. This
feature not only reduces waste generation but also lowers
the overall cost of production.

3.10 Hot filtration test

A hot filtration test for Dimedone (1 mmol), benzaldehyde
(1 mmol), and malononitrile (1 mmol) model reaction was
performed by FSNCA-Catalyst (25 mg). Then, the catalyst
was separated and the reaction mixture was monitored and it
was found that there was almost no further conversion after
catalyst separation. The results clearly confirmed that the
nanocatalyst is stable under artificial conditions and can be
reused several times without reducing the catalytic activity
(Figure 7).
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Figure 7. Catalyst reusability.
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Table 3. One-pot synthesis of THBPS%*derivatives by using FSNCA.

O 0 0
H CN Fe;0,@S10,@NCs@AL0;
R <CN Grmding -
Hgo. rt
1 2 3

98% 92% 919
16min 17min

¢ Reaction conditions: dimedone (1mmol), benzaldehyde (1mmol), malononitrile (Immol), FSNCA (25 mg), green catalyst / room
temperature, H>O.
b Isolated yield.
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Table 4. Comparison of the catalytic efficiency of FSNCA green catalyst to some reported catalysts for the synthesis of
Tetrahydrobenzo[b]pyran.

Entry Catalyst Solvent Conditions Time (min) Yield (%) Ref
1 FSNCA H,0 r.t 10 95 this work
2 PhB(OH), EtOH/H,0 Reflux 30 88 [29]
3 Fe;04@Si0, @TiO, Solvent-free 95°C 20 93 [30]
4 Thiamine mononitrate ~ Water: ethanol Ultrasonication 20 82 [31]
5 Ce Mg, Zri_,Oo Ethanol Reflux 35 91 [32]
6 Sodium bromide Solvent free Microwave /70 °C 10 95 [33]
7 CA-SiO, EtOH/H,0O Reflux 17 93 [34]
8 CuO decorated on CNs Water r.t 20 97 [35]

3.11 Comparison of the catalytic efficiency of
Fe;0,@Si0, @NCs@Al, O3 with other reported
catalysts for the synthesis of THBPS

According to Table 4, Fe304@Si0O,@NCs@Al,0O3
has emerged as an ideal catalyst for the green
synthesis of THBPS due to its unique properties.
Fe;04@Si0, @NCs@ Al, O3 exhibits superior performance
in terms of green reaction conditions, green solvent (H,O),
reaction temperature (room temperature), reaction time (10
minutes), product’s purity and excellent efficiency (95%),
one-pot grinding-methodology, the absence of side reac-
tions, recovery and reusability of the nanocatalyst. Environ-
mentally friendly, availability, high efficiency, short reaction
time, mild reaction conditions, stability and recyclability of
the catalyst, and clean separation of the catalyst are the most
important features of this method compared to previously
reported catalysts.

4. Conclusion

Fe;04@Si0, @NCs@Al,O3 (FSNCA) nanocatalyst offers
a sustainable and efficient approach for the synthesis
of the Tetrahydrobenzo[b]pyran (THBPS). The unique
combination of magnetite, silica, nanocellulose, and
alumina provides enhanced catalytic properties and easy
separation and recyclability, making it an ideal catalyst for
green organic synthesis. The development and application
of this green catalyst pave the way for the development of
more sustainable and environmentally friendly chemical
processes.
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