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Received: Fe3;04@Si0, supported vanillin/Indole-sulfonic acid (Fe3;04 @SiO,Pr@ Vanillin@Indole-sulfonic acid)
7 February 2025 nanoparticles were synthesized and were characterized by FE-SEM, FT-IR, XRD, VSM, TEM, EDX, and
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TGA-DTG. Then, the application of this new nano catalyst for the multicomponent synthesis of azo-derived

iii];: (5025 dihydropyridines via the reaction of azo-linked aldehydes, dimedone, and ammonium acetate was investigated.
17 May 2025 The procedure was carried out in high yields and short reaction times. Easy preparation of the catalyst and
Published online: easy work-up are the main advantages of the protocol. The nanocatalyst can be reused for six reaction cycles
28 May 2025 with no notable decrease in catalytic efficiency. It is the first report to use Fe304@SiO,Pr@ Vanillin@Indole-
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follows: 1) All of the synthesized azo-linked acridines are new. 2) The catalyst synthesized is completely new.
3) There is the first report for the synthesis of azo-linked dihydropyridines using Fe;O4 @SiO; supported
vanillin/Indole-sulfonic acid. 4) Shorter reaction times and higher yields, rather than most of the reported
methods, are two major benefits of this work. 5) The reaction was carried out under solvent-free conditions,
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1. Introduction ine, nicardipine (second generation), amlodipine, barnidip-

) o ) ine, lercanidipine (third generation), and clinidipine (fourth
1,4-Dihydropyridines were first synthesized by Arthur generation) [4].

Hantsch in 1882 and have numerous biological proper-  Arthyr Hantsch synthesized 1,4-DHPs from the conden-

ties such as antibacterial, antifungal, anti-Alzheimer, anti- (.00 of ethylacetoacetate, aldehyde, and ammonia in

diabetic, anti-atherosclerotic, vasodilator, and muscle relax- refluxing EtOH [5-7]. After the Hantsch method, vari-

ant [1-3]. In figure 1, some biologically active compounds, 14 methods for the synthesis of DHPs were carried out.

such as calcium channel blockers, were shown. Nifedip-  gome of them, are catalysts such as iodobenzene diacetate
ine was introduced in the early 1970s. After that, another [8], Fe304 nanoparticles [9], aluminum phosphate [10]

calcium antagonist with more antihypertensive activity and o1 mine trisulfonic acid [11], gadolinium triflate [12], bis-
better tissue selectivity was introduced. Felodipine, isradip-
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muth nitrate [13], mesoporous vanadium ion doped titania
nanoparticles [14] and glycine nitrate (GlyNO3) ionic liquid
[15].

Multicomponent reactions are procedures in which three or
more components react together to synthesize a combined
structure of all components. Multicomponent reactions have
advantages such as breadth of molecular diversity, decreas-
ing the reaction time, more effortless performance rather
than multi-step syntheses, high efficiency of the reaction,
being environmentally friendly, and a one-step procedure
[16].

Magnetic nanoparticles have attracted a lot of interest be-
cause of their unique properties in various fields such as
drug delivery [17], solar cells [18], biological labeling [19],
heterogeneous catalysis [20], magnetic resonance imaging
(MRI) [21], magnetic separations [22] and tissue engineer-
ing. It has superparamagnetic properties, a higher surface-
to-volume ratio, and high biocompatibility. Fe304 MNPs
have advantages due to their high surface area, easy synthe-
sis and handling, simple recoverability, oxidative stability,
and nontoxicity. For these reasons, they are important in
organic transformations. Fe3O4 nanoparticles are oxidized
in the air, so the nanoparticles are protected by a modifier
against oxidation. They can be readily removed from the re-
action vessel by an external magnetic field and are reusable
[23-31].

As mentioned, there are a lot of avenues and methods for

Amlodipine
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the synthesis of DHPs [32]. However, there are some de-
fects to these methods, such as being very expensive, toxic,
and difficult to separate, clean, and recycle, which makes
them difficult to use. Tedious workup procedures, being
time-consuming, insufficient yields, requiring intense heat,
and using risky solvents are other defects of reported meth-
ods. Therefore, the design and production of new catalytic
alternates, which are active and stable, easily separable,
and reusable, are highly interesting to use in organic reac-
tions. On the other hands, synthesis of new derivatives of
DHPs based on their essential biologically properties and
evaluation of their biological activity such as anti-bacterial
properties are of interest.

2. Experimental

2.1 General procedure and materials

We bought all the chemicals from Fluka and Merck. Melting
points were determined by an Electrothermal 9100, and the
data are accurate. '"H NMR and '3C NMR spectra were
recorded in CDCl3; on a Bruker DRX Advance instrument
spectrometer using TMS as internal standard. IR spectra
were obtained with an FT-IR 8600 with KBr pellets. XRD
spectra were taken using a Bruker AXS (D8 Advance) X-
ray diffractometer with Cu Ko radiation (A = 0.15418 nm).
The TESCAN Vega model instrument was used to take
energy-dispersive spectroscopy (EDS).
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Figure 1. Some biologically active 1,4-DHPs.
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2.2 Preparation of Fe3;04 and Fe3;04@SiO;-prFe;Oy
and Fe3;04@SiO,-Pr

Preparation of Fe3;04 and Fe;04@SiO,-prFe;O4 and
Fe304@Si0,-Pr were prepared via the reported methods
by Zare Fekri et al. [33, 34]

2.3 Fe304@SiO;-pr @vanilline

0.5 g of Fe304@8SiO;,-Pr NPs was stirred with 1.0 g of
vanillin in the presence of 0.1 g sodium bicarbonate in 10
mL of EtOH for 24 hours. After completion of reaction, the
reaction mixture was filtered and the NPs was separated and
dried for 12 h.

2.4 Preparation of Fe3;04@SiO,-pr @vanilline/Indole

A mixture of 0.5 g of Fe304 @SiO;-pr@vanilline and 1.2 g
of indole were refluxed in the presence of 10 drops of acetic
acid in 10 mL of EtOH. After 1 hour, the reaction mixture
was filtered, and the catalyst was dried and used for the next
step.

2.5 Preparation of Fe3;04@SiO,-pr @vanilline/Indole
sulfonic acid

0.3 mL of chlorosulfonic acid was added dropwise to the
mixture of 0.5 g of Fe304 @SiO;-pr @vanilline/Indole in 10
mL of n-hexane in an ice/NaCl bath at O °C for 4h. Then
the mixture was stirred for 8 h. The reaction mixture was
filtered, and the catalyst was dried and used.

2.6 General procedure for the synthesis of azo-acridines

A mixture of 1 mmol of aldehyde, 2 mmol of dimedone,
and one mmol of 4-aminoazobenzene was heated in the
presence of 0.05 g of FezO4 @SiO,-Pr@vanilline/Indole-
SO3H at 80 °C. The reaction progress was monitored by
TLC (4:1 n-hexane: EA). After completion of the reaction,
10 mL of EtOH was added to the mixture. The mixture was
filtered in the presence of an enormous magnetic bar to
separate the catalyst. The ethanolic organic compound was
evaporated under vacuum to furnish the crude product. The
product was washed with hot water three times, and there
is no need for extra purification. All of the synthesized
compounds were characterized by IR, NMR, and elemental
analysis. The synthesized compounds are new and have
been characterized completely.
9-(2-hydroxyphenyl)-3,3,6,6-tetramethyl-10-(4-
(phenyldiazenyl) phenyl)-3,4,6,7,9, 10-hexahydroacridine-
1,8 (2H, 5H)-dione (4f)

FT-IR (KBr, cm™!): 2956, 1646, 1607, 1507, 1463, 1379,
1142 cm~!. TH NMR (300 MHz, CDCl3): §; 1.07 (6H, s),
1.17 (6H, s), 2.00 — 2.67 (8H, m), 4.72 (1H, s), 6.79 (2H,
d,J=8.5Hz,),7.01 -7.08 (3H, m), 7.15—7.18 (1H, m),
7.45—7.48 (1H, m), 7.50 — 7.57 (3H, m), 7.82 —7.88 (2H,
m), 7.95 —7.98 (1H, m) ppm. 3C NMR (75 MHz, CDCl5):
J;200.90, 153.43, 151.98, 149.50, 145.57, 129.84, 129.11,
128.99, 128.15, 127.53, 125.12, 124.65, 124.38, 124.22,
122.88, 122.39, 118.37, 50.09, 41.67, 32.31, 31.89, 29.24,
28.43 ppm.

Anal.calcd. for C35H35N303: C, 77.10; H, 6.48; N, 7.78.
Found: C, 77.04; H, 6.47; N, 7.70.

3,3,6,6-tetramethyl-9-(2-(butoxy) phenyl)-10-(4-
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(phenyldiazenyl)phenyl)-3,4,6,7,9, 10-hexahydroacridine-
1,8 (2H, 5H)-dione (6a)

FT-IR (KBr, cm™!'): 3050 (Aromatic C-H stretching),
2978 (Aliphatic C—H stretching), 1662 (C=O stretching),
1605 (Aromatic C=C stretching), 1507 (N=N stretching),
1485 (Aromatic C=C stretching), 1368 (C—N stretching),
1210 (C-O stretching) cm~!'. "H NMR (DMSO-dg, 600
MHz) 6 0.98-1.01 (brs , 9H), 1.04 — 1.07 (brs, 5H , Ha or
Hf), 2.12 (s, 2H, Hb or Hc), 2.17-2.26 (brs, 2H), 2.30-2.39
(brs, 2H), 2.41-2.42 (brs, 2H), 4.53 (brs, 2H), 5.25 (s,1H),
7.40-7.43 (m, 3H), 7.53-7.58 (m, 2H), 7.59-7.61 (m, 3H),
7.86 (d, ] = 0.6 J = 14.4 Hz, 2H), 7.93-8.00 (m, 3H)
ppm. 3C NMR (DMSO-dg, 150 Hz): §c: 29.40, 32.18,
32.58, 46.40, 50.60, 55.63, 122.46, 122.64, 123.06, 123.80,
124.29, 125.26, 126.31, 129.98, 130.20, 131.68, 132.22,
139.90, 140.21, 149.00, 150.33, 196.62 (C=0) ppm. Anal.
calcd. for C74H7NgOg: C; 77.52 H, 6.67; N, 7.34. Found:
C, 77.59; H, 6.69; N, 7.34.

(8a) FT-IR (KBr, cm™'): 3045 (Aromatic C—-H stretching),
2957 (Aliphatic C—H stretching), 1636 (C=O stretching),
1580 (Aromatic C=C stretching), 1528 (N=N stretching),
1409 (Aromatic C=C stretching), 1368 (C—N stretching),
1257 (C-O stretching) cm~'. "H NMR (DMSO-dg, 600
MHz): 6 0.97-0.98 (brs, 6H), 1.02—1.05 (brs, 8H), 1.87 (s,
3H), 2.04-2.12 (brs, 3H), 2.52-2.52 (brs, 2H), 3.60 (brs,
5H), 5.63 (s, 1H), 7.43 (d, J = 18.0 Hz, 3H), 7.48-7.53 (m,
1H), 7.55-7.59 (m, 3H), 7.86-7.90 (m, 3H), 7.93 (s, 2H)
ppm. 3C NMR (DMSO-dg, 150 MHz): § 31.51, 32.50,
32.72, 42.56, 48.03, 50.65, 55.65, (two peaks), 113.87,
115.24, 122.17, 122.35, 122.82, 124.37, 125.61, 129.62,
129.88, 130.06, 131.56, 143.32 (two peaks), 147.98, 152.50,
159.27, 196.72 (C=0) ppm. Anal. calcd. for C76HgoNgOs:
C; 75.79 H, 6.71; N, 6.98. Found: C, 75.72; H, 6.69; N,
6.97.

(10) FT-IR (K BR, cm™!): 2956 (Aliphatic C-H stretch-
ing), 1716, 1662, 1600, 1576, 1503, 1459, 1266, 1223,
1194 cm~!. 'H NMR (DMSO-dg, 300 MHz): & 0.92-1.01
(brs, 18H), 1.24-1.29 (brs, 18H), 1.93-2.14 (brs, 8H),
2.24-2.29 (brs, 8H), 2.46-2.58 (brs, 8H), 3.74 (s, 6H),
3.76 (s, 3H), 5.27 (s, 3H), 6.56 (d, ] = 1.9 H-z ] = 8.5 Hz,
2H), 6.65 (d, J] = 7.8 Hz, 2H), 6.72 (d, ] = 3.4 Hz, 2H),
6.82 (brs, 3H), 7.00 — 7.06 (m, 3H) ,7.14 (d, J] = 8.3 Hz,
3H), 7.22-7.26 (m, 2H), 7.37-7.45 (m, 3H), 7.52-7.60
(m, 8H), 7.67, (d, J = 8.2 Hz, 3H), 7.85-7.89 (m, 3H),
7.93 (d, J = 7.8 Hz, 2H) ppm. 3C NMR (DMSO-ds, 75
MHz): 6 28.43, 29.24, 32.26 (two peaks)), 50.15, 64.50,
114.69, 115.22, 115.47, 120.75, 122.39, 122.77, 122.85,
123.66, 124.41, 129.69, 129.78, 129.84, 135.90, 145.43,
147.36, 152.51, 163.00, 196.25 ppm. Anal. calcd. for
C] 1 ]H]08N120122 C; 73.95; H, 6.01; N, 9.30. Found: 73.98;
H, 6.04; N, 9.33.

Full experimental detail, '"H and '*C NMR spectra of all
products can be found via the “Supplementary Information”
section of this article’s webpage.

3. Results and discussion

3.1 Synthesis and identification of the catalyst

In continuation of our efforts in designing greener hetero-
geneous catalysts [35, 36] and synthesis of new organic
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compounds [37, 38], we herein present the preparation of
Fe;04 @Si0O,Pr@ Vanillin @Indole-sulfonic acid and its ap-
plication as new, green and efficient nanomagnetic catalyst
for the multicomponent reaction for the synthesis of azo-
derived DHPs (Scheme 1).

Initially, nanoparticles were synthesized via multi-step re-
actions as shown in Scheme 2. Fez;O4 MNPs were syn-
thesized by co-precipitation of ferrous (Fe?t) and ferric
(Fet) ions [39, 40]. Then, Fez04@SiO, NPs were syn-
thesized via the reaction of FezO4 with the tetraethyl or-
thosilicate (TEOS) in the presence of ammonia solution.
In the next step, the reaction of FezO4@SiO, nanoparti-
cles with (3-chloropropyl) triethoxysilane (CPTES) in dry

Zare Fekri et al.

toluene under a nitrogen atmosphere led to Fe304@SiO,-
(CH»)3Cl MNPs. The resulting Fe304@SiO,-(CH»)3Cl
NPs were reacted with vanillin followed by the reaction
with 2 equivalent of indole under refluxing EtOH in the
presence of 10 drops of acetic acid to prepare Fe304 @SiO,-
Pr@vanilline/indole. Fe304@SiO,-Pr@vanilline/indole
NPs were treated with chlorosulfonic acid to synthesize
Fe304 @Si0;-Pr@vanillin/indole-sulfonic acid. The struc-
ture of Fe304@Si0O,-Pr@vanilline/indole sulfonic acid
MNPs was established entirely by different analysis such as
FT-IR, XRD, SEM, TEM, TGA, VSM and EDAX.

The FT-IR spectra of FezO4@Si0,-Pr@vanilline/indole
sulfonic acid MNPs are shown in figure 2. The signals of

(0
1 2 3

solvent-free, 80 °C

0= .
iy . —\ N .
L~ | \ |~ _/

G -

4

Catalyst: Fe;0,@SiO,-Pr@vanilline/indole sulfonic acid

Scheme 1. Multicomponent synthesis of azo-derived DHPs.
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CHO chojg/CHO
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HyCO CHO
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Scheme 2. Multi-step synthesis of Fe304 @SiO,-Pr@ Vanilline/indole sulfonic acid.
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Figure 2. FT-IR spectrum of synthesized Fe304 @SiO;-Pr@vanilline/indole sulfonic acid MNPs.

stretching vibrations of aromatic C=C, C-N and C-O were
appeared in 1589 cm~!, 1302 cm™! and 1227 cm™!, re-
spectively. The SO,-OH stretching vibration was shown
as a broad signal in 2750 — 3367 cm™!. The presence of
Fe3;04@Si0,-Pr in this synthesized catalyst can be con-
firmed by the Fe-O stretching vibration at 552 cm~! and
Si-O at 1005 cm™!, respectively that shows the successful
functionalization of the Fe3O4 with tetraethyl orthosilicate.
C-N stretching signal at 1302 cm™! is indicative of immobi-
lization of indole on the surface of Fe;04@Si0, @ CPTES
NPs.

X-ray powder diffraction patterns (XRD) of Fe304@SiO,-
Pr@vanilline/indole sulfonic acid MNPs were shown in
figure 3. The diffraction peaks at 20 = 35.6°, 43.1°, 51.6°,
57.3°, 63.7° and 67.2° were related to planes of Fe3Oy,
respectively. These data indicate that the Fe304 nanopar-
ticles have a cubic face-centered (fcc) lattice. This XRD
values are in accordance to XRD of standard Fe;O4 (JCPDS
CARD NO. 19-629). On the other hand, the broadening of
XRD spectra at 20 = 13 —30° is related to the surrounding
of the nano magnetic by the silica layer.

The crystalline size of the prepared nanomaterials was cal-

culated using Debye-Scherrer’s formula given in Eq. (1),

KA
~ BcosO

ey

where, D, K, A, 3, and 6 are the crystalline size, constant,
wavelength, full-width half maximum (FWHM), and
diffraction angle, respectively. The crystalline size was
calculated to be 0.25 A.

FE-SEM and TEM images of Fe304@SiO;-
Pr@vanilline/indole sulfonic acid nanoparticles (figure 4)
showed the particle size distributions and morphologies of
these Nps. Fe304 @SiO,-Pr@vanilline/indole sulfonic acid
nanoparticles are spherical with size distributions of 18.82,
20.10, and 38.95 nm with suitable aggregation. The struc-
ture and the size of the Fe;04 @SiO,-Pr@vanilline/indole
sulfonic acid nanoparticles were obvious in figure 4.
Also, the structure of the nanoparticles was confirmed by
observing dark spots within the gray spherical silica layer.

EDX analysis established the synthesis of FezO4 @SiO;-
Pr@vanilline/indole sulfonic acid nanoparticles based on
the presence of Fe (18%), O (45%), Si (23%), C (56%), and
S (29%) in the spectra as shown in figure 5. The presence
of sulfur in the EDX analysis is indicative that the catalyst
was sulfonated by chlorosulfonic acid.

oy

Position [22Theta] (Cobatk (Co))

Figure 3. XRD diffraction spectra of Fe3O4 @SiO,-Pr@vanilline/indole sulfonic acid MNPs.
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Figure 4. (up) FE-SEM image of Fe3O04 @SiO,-Pr@vanilline/indole sulfonic acid nanoparticles (dlown) TEM image.

Figure 6 shows the TGA curves of Fe304@SiO;-
Pr@vanilline/indole sulfonic acid. @ Two weight-loss
steps are observed for Fe304@SiO,-Pr@vanilline/indole
sulfonic acid. First weight-loss related to desorption of

Figure 5. EDX analysis of Fe304 @SiO,-Pr@vanilline/indole sulfonic
acid.

water from the catalyst which is observed between 117 °C
and the second weight-loss step between 184 °C and 368
°C is due to the decomposition of organic compounds.
Vibrating sample magnetometry (VSM) is a method by
which hysteresis loops (m vs. H) may be accurately
measured. The process is to apply a field across a sample
and to measure the moment induced in the sample along
the field direction by oscillating the sample near a set
of pick-up coils. The VSM curve of nano magnetic,
Fe304@Si0;-pr and FezO4 @SiO,-Pr@vanilline/indole
sulfonic acid was evaluated as shown in figure 7. The value
confirmed that the superparamagnetic properties of the
synthesized MNPs is sufficient for a magnetic separation
with a conventional magnet. On the other hand, the data
showed that the long addition of the catalyst chair led to a
decrease in the value of magnetization.

To evaluate of acidity of synthesized catalyst, titration of 10
mL of aqueous solution of catalyst (0.100 M) with 0.100 M
of NaOH was carried out. The titration curve is given in
figure 8. As shown in figure 8, the catalyst was neutralized
with 6 mL of 0.100 M of NaOH. According to the data of
the titration curve, the value of pKa is 5.85.

To investigate the efficiency of Fe;04@Si0O;-
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Figure 6. TGA-DTA analysis of Fe304 @SiO,-Pr@vanilline/indole sulfonic acid.

Pr@vanilline/indole sulfonic acid as a green and
effective catalyst for the promotion of organic transfor-
mation, the reaction of 4-nitrobenzaldehyde, dimedone,
and 4-aminoazobenzene was selected as a model reaction
(Table 1). The sample reaction, at first, was carried out
in the absence of any catalyst. The reaction leads to a
trace amount of product after 24 h. It established the
reaction needs catalyst for promotion forward. Then, the
sample reaction was carried out in the presence of the
catalytic amount of concentrated HCI, KSF, Fe3Oy4, SiO;,
I-proline, [Bmim]Br, nano-Fe3;O4, Fe304@SiO,-Pr, and
Fe;04 @SiO,-Pr@vanilline/indole sulfonic acid. The
results showed that the superior catalyst for this reaction
is Fe3;04@SiO;-Pr@vanilline/indole sulfonic acid due
to its Lewis and Bronsted character. To find the suitable
solvent for this reaction, the sample reaction was carried
out in CHCl3, CH,Cl,, EtOH, H,O under reflux condition
and under solvent-free condition. The reaction under
solvent-free conditions gained more product in a shorter
reaction time. To control the catalyst loading effect on the

80 4

BTa
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401

201

-20 4

Magnetization (emu/g)
o

-40 -

-50

-80

T X T z T T 5 T x T b T
-15000 -10000 -5000 0 5000 10000 15000
Applied Field (Qe)

Figure 7. Magnetization curve of (a) Fe304 @SiO,-Pr@vanilline/indole
sulfonic acid, (b) Fe304@SiO,-Pr and (c) Fe304.

sample reaction, the amounts of 0.01 g, 0.03 g, 0.05 g, and
0.1 g of catalyst were checked. The results indicate that the
optimum amount of catalyst per I mmol of aldehyde is 0.05
g. The higher amount didn’t lead to higher productivity in
shorter reaction time. The results are shown in Table 1. It
was checked the reaction in the absence of any catalyst led
to trace amounts of product after 24 hours. It shows the
presence of catalyst is essential for this reaction.

With the best conditions in hands, we synthesis various
azo-linked acridines through the three-component reaction
of arylaldehydes, dimedone and 4-aminoazobenzene in the
presence of 0.05 g of Fe3O4 @SiO,-Pr@vanilline/indole
sulfonic acid Nps under solvent-free condition. The
results were shown in Table 2. As shown in Table 2, the
aryl aldehyde with electron-donating substituents reacted
in a higher reaction time with lower yields due to the
nucleophilic addition character of the reaction.

In continuation of our effort, we triggered to synthesize
bis-azo-linked acridines via the reaction of synthesized
bis aldehydes, dimedone and 4-aminoazobenzene in the
optimized reaction condition. The results were shown in
Table 3. The Scheme 3 shows the structure of starting
materials and product.

To expand the generality of method, we triggered to
synthesize star-like tris azo-linked acridines for the first
time. In this endeavor, we used extra amount of dimedone
and azobenzene to synthesize tris molecules. The structure
of tris azo-acridine was shown in Scheme 4.

Hot filtration was utilized to determine the efficiency of

10

PH , |

0 5 10 15 20 25
Violume of NaOH in mL.

Figure 8. The titration curve for the titration of the catalyst.
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Table 1. Optimization of multi-component synthesis of acridine 4a.
Catalvst Catalyst amount/1mmol Reaction condition Time Yield
y of substrate (h or min) (%)
- - Reflux in EtOH 24 h trace
HCl 10 drops Reflux in EtOH 12h 23
KSF 01g Reflux in EtOH 8h 37
Fe304 0.1g Reflux in EtOH 6h 43
l-proline 0.1g Reflux in EtOH 8h 34
SiO, 0.1g Reflux in EtOH 6h 42
[Bmim|Br 3mL Heating at 80 °C 7h 39
Nano-Fe3 04 0.05 Reflux in EtOH 4h 74
Fe304@8SiO;-Pr Nps 0.05¢g Reflux in EtOH 4h 84
Fe304@810;-Pr@vanillinefindole 0.05 g Reflux in EtOH 40 min 95
sulfonic acid
Fe;04 @SlOz—Pr@ Var}lllme/mdole 0.05 ¢ Reflux in CH,Cl, h 37
sulfonic acid
Fe3;04@Si0, —Pr@ vaI}ﬂhne/mdole 0.05 ¢ Reflux in CHCl3 ) 91
sulfonic acid
Fe304 @SlOg-Pr@Var.ulhne/mdole 0.05¢g Reflux in water 40 min 93
sulfonic acid
Fe304@Si0;-Pr@vanillinefindole 0.05 g Solvent-free, 80 °C 15 min 98
sulfonic acid
Fe304@Si0,-Pr@vanillinefindole 001 g Solvent-free, 80 °C 60 min 88
sulfonic acid
Fe304@Si0;-Pr@vanillinefindole 003 ¢g Solvent-free, 80 °C 45 min 91
sulfonic acid
Fe3;04 @Si0,-Pr@vanilline/indole 01 Solvent-free, 80 °C 12 min 08

sulfonic acid

the nanocatalyst. 4-Nitrobenzaldehyde, dimedone, and
4-aminoazobenzene were reacted using a nanocatalyst
for 5 min, and then the nanocatalyst was removed from
the reaction mixture. After heating of the filtrate and
checking the reaction by TLC, we observed that only a
partial progress happened in the reaction and it means the
nanocatalyst is essential for the reaction progress.

The reusability of the catalyst was checked as shown
in figure 9. After completion of the sample reaction
as indicated by TLC (1: 4 EA: n-hexane), the reaction
mixture was dissolved in 10 mL hot EtOH. The catalyst
was insoluble in EtOH, and after filtration, the catalyst was
separated from the reaction mixture. It was dried in an oven
at 120 °C for 4 hours and was recycled and reused for the
next reaction. The FE-SEM image of the recycled nano
catalyst and data in figure 8§ established that the catalyst can
be recycled for 6 runs without any sustainable decrease in
reaction yield. The amount of catalyst reused in each run
was shown in Table 4.

After study of recycling of
Pr@vanilline/indole sulfonic acid Nps,

Fe3 04 @ SiOz -
finally turn

over number (TON) and turn over frequency (TOF) of the
present catalyst were also calculated for the model reaction
based on the synthesis of 4a; they were found to be 546.32
and 351.66 h~!, respectively.

As a proposed mechanistic pathway, Fe;O4@SiO;-
Pr@vanilline/indole sulfonic acid Nps can act as Lewis
acid in inner layers and as an effective Bronsted acid
via SO3H functional group surrounded the nanoparticles
surface. Fe3;04@SiO,-Pr@vanilline/indole sulfonic acid
Nps catalyzes the formation of oxonium ion with the
aldehyde and helps to form carbanion from dimedone to
facilitate Knoevenagel condensation between aldehyde
and dimedone to synthesize chalcone. Then, the second
equivalent of dimedone can attack to chalcone via Michael
addition. Enolization and the addition of azoaniline can
lead to the product (Scheme 5). To compare the efficiency
of this method with previous reported methods, some
studies were carried out (Table 5).

Highlighted points of this work is 1) synthesized azo-linked
acridines are new. 2) The catalyst synthesized is com-
pletely new. 3) There is the first report for the synthesis
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https://doi.org/10.57647/j.ijc.2025.1502.22

Zare Fekri et al.

1JC15 (2025) -152522  9/14

Table 2. The scope of multicomponent reaction in the presence of Fe304 @SiO,-Pr@vanilline/indole sulfonic acid Nps.

Catalyst: Fe;0,@SiO,-Pr@vanilline/indole sulfonic acid

atalys’ - \ o
5L OO e 000

solvent-free, 80 °C
4

Entry G Product Time (min)  Yield (%)*® Mp (°C) found
1 4-N,N-dimethylamino 4a 40 89 270-272
2 4-hydroxy,3,5-dimethoxy 4b 35 91 305-307
3 4-Cyano 4c 15 97 301-303
4 4-fluoro 4d 20 96 311-312
5 2,4-dihydroxy 4e 35 91 285-287
6 2-hydroxy 4f 30 93 300-302
7 3-Fluoro 4g 17 95 305-306
8 4-Bromo 4h 20 97 268-270
9 4-Chloro 4i 20 96 271-273
10 4-Nitro 4 15 98 > 300
11 Styryl 4k 20 92 256-257
12 1-naphthalenecarbaldehyde 41 25 90 231-233
13 thiophen 4m 20 91 189-191

2, Tsolated yield. ®. All of the compounds were characterized by mp, IR, NMR, and elemental analysis.

of azo-linked dihydropyridines using Fe3zO4@SiO;-
Pr@vanilline/indole sulfonic acid. 4) Shorter reaction
time and higher yield, rather than most of the reported
methods, are two major benefits of this work. 5) The
reaction was carried out under solvent-free conditions, and

there is no need to use organic and hazardous solvents in
this procedure. 6) The reaction was carried out at room
temperature that need no heating and it is based on green
chemistry rules because is energy-economical.

Table 3. Synthesis of bis azo-linked acridines using Fe3 04 @SiO,-Pr@vanilline/indole sulfonic acid Nps.

Product  Time (min)  Yield (%)>° Mp (°C)

Entry n
1 4 6a 20 97 196-198
2 5 6b 15 98 217-218
3 6 6¢ 20 94 195-197
4 4 8a 20 95 267-268
5 5 &b 15 97 276-278
6 6 8c 20 95 214-215

a_Tsolated yield. P. All of the synthesized compounds are new and were characterized by IR, NMR, and elemental analysis.
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catalyst
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-
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o
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Scheme 3. Synthesis of bis azo-linked acridines using Fe304 @ SiO,-Pr@vanilline/indole sulfonic acid Nps.
‘N; N
OHC

OCHs

cHO CHs
catalyst
Ny © =N—©—NH N -0
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0
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solvent-free
OHC

HaC
0]
reaction time 30 min, reaction yield 97 %, mp: 242 °C g
N

O

Scheme 4. Synthesis of tris-azo-linked DHPs Fe304 @SiO;-Pr@vanilline/indole sulfonic acid Nps.
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Figure 9. Left: Reusability chart of Fe304 @SiO,-Pr@vanilline/indole sulfonic acid Nps. Right: FE-SEM image of reused catalyst in 6th run, XRD and
FT-IR of fresh (red curve) and reused catalyst after 6 runs (blue curve).

Table 4. The amount of catalyst reused in each run.

Runl Run2 Run3 Run4 Run5 Run6
0.05g 0.05g 0.0476 0472 0.4569 0.4550
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Scheme 5. Proposed mechanism for the synthesis of DHPs.

Table 5. Comparison of this method with reported methods.

Catalyst N i ] Run of
(catalyst loading) Condition Time Yield (%) Ref.

Product reusability

Hollow FezO4 @Dopamine SO3H

(0.01 g) Solvent-free, 100 °C 40 min 85% 6 [39]
chitosan magnetic nanocomposite o .

Ch-Rhomboclase NCs (1.8 mol%) Solvent-free, 80 °C 120 min 86% 7 [40]
Fe304 NPs (0.024 g) Solvent-free, 80 °C 5 min 92% 5 [41]

Fe304-Pectin-1-amino- EtOH, ultrasonic bath
8-naphthol-3,6-disulfonic (frequency: 60 Hz, power 15 min 95% 5 [42]

acid (0.035) density: 100 W, 40 °C)
Glutathione-Coated Magnetic NPs Solvent-free, 110 °C 30 min 91% 3 (43]

0.29)
4d Fe;04@Si0,-Pr@vanilline/ Solvent-free, rt 25 98 6 This work

indole sulfonic acid
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4. Conclusions

In this research, synthesis, characterization, and the
application of the new nanocatalyst (Fe304@SiO;-
pr@vanilline/Indole sulfonic acid) have been presented. It
was fully characterized using FT-IR, XRD, SEM, TEM,
EDS, TGA-DTG, and VSM analysis. An environmentally
friendly method has been developed for the preparation of
azo-linked acridines, bis azoacridines, and tris azoacridines
by Fe304@SiO;-pr@vanilline/Indole sulfonic acid under
solvent-free conditions. The promising points of this work
are the mild conditions, short reaction time, and reusability
of the catalyst, as well as the high yield and easy work-up.
In this work, we carried out the reaction under solvent-free
condition that needs no organic solvents as media. Organic
solvents are poisonous and dangerous, the risk of using
of organic solvent can decrease in this method. Usage of
room temperature in this reaction condition helps saving
the energy and it is based on green chemistry rules. For
the future, it will be interesting to estimate the biological
activity of this category of compounds in vitro and in vivo
analysis. Maybe, they are the azo-dyes that can act as
antibacterial or anticancer, etc. It was suggested that, in
the future, this work can be accelerated under microwave
conditions or under ultrasound irradiation to give better
results.
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