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1. Introduction shows high nucleophilic reactivity for electrophilic alky-
lation at the C3 and C2 positions of the azole ring. In
this study, we investigated the reactivity of the C-3 atom
of indoles in electrophilic reactions. The presence of
a non-bonding electron pair on nitrogen and the conju-
gation of this electron pair with the double bond C=C
in the azole ring make the carbon 3 position in the ring

Indole and its derivatives are critical heterocyclic
molecules which have intrigued organic chemists for
many years. These scaffolds exhibit biological solid fea-
tures, such as antibacterial, cytotoxic, anti-inflammatory,
and anti-leishmanial actions [1, 2, 3, 4, 5, 6]. Indole is
an electron-rich heteroaromatic system. This compound
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electron-rich and act as a good nucleophilic site for attack
by electrophilic groups including carbonyl aldehydes.
Various studies confirm the existence of 3-substituted
indole derivatives [7, 8,9, 10, 11, 12, 13, 14, 15, 16].
Bisindolylmethanes (BIMs) have an indole heterocy-
cle as a core unit in their chemical structures. These
derivatives can be extracted from bioactive alkaloids of
both terrestrial and marine origin [17]. The indole tag is
the most common structure in bioactive alkaloids. These
structures are highly active cruciferous scaffolds used
to develop valuable estrogen metabolism and suppress
apoptosis in human cancer cells [18]. BIMs show diverse
anticancer activities that effectively prevent the prolifer-
ation of various types of cancer cells, including bladder,
cervical, colon and prostate [19, 20]. Additionally, these
compounds possess notable anti-HIV properties [21].

In this study, and because of the importance of re-
actions catalyzed by solid acid-based catalysts, a plant
species was used as a new organic source for the syn-
thesis of this type of catalyst for the first time. Acid
catalysts are generally classified into two major groups,
homogeneous and heterogeneous acid catalysts. There
are several homogeneous organic and inorganic materi-
als that act as Lewis or Brgnsted-Lowry acids and are
efficient in organic reactions [22, 23, 24, 25]. On the
other hand, in recent years, there has been great interest
in using heterogeneous (solid) acid catalysts instead of
homogeneous catalysts due to the possibility of recov-
ering and recycling solids, which leads to a reduction
in environmental impacts. Also, most solid-state acids
are heterogeneous organic acids and transition metal
complexes [26, 27, 28].

Despite the widespread use of organic and inorganic
acid catalysts, the leakage of hazardous acids into the
target product is one of the negative aspects of using
heterogeneous acid-based catalysts in stable catalysts
[29]. To overcome this problem, coupling homogeneous
acid catalysts with heterogeneous catalytic materials, as
novel and efficient solid acid catalysts, seems to be a
suitable solution [24, 28]. What we are pursuing in this
research.

In recent years, the essential catalysts employed in
the synthesis of bis-indolylmethane derivatives include
several SO3H ILs [30], AIPW 2040 [31], [PCBS] and
[TCBDA] [32], Cuj 5sPMo012040 [33], [Fe(IlI)(salen)]Cl
[34], PEG-supported sulfonic acid [35], TiO, nanopar-
ticles [36], PSFSI/SBA-15 [37], [MIMPS]3PW,049
and [TEAPS]3PW 1,049 [38] and catalyst-free condition
[39].

However, the prevalent catalysts and methods for the
synthesis of bisindolylmethanes have several drawbacks,
which create significant limitations. Key drawbacks in-
clude prolonged reaction times, harsh conditions required
for product separation, temperatures, complex synthetic
pathways, use of halide- and metal-containing catalysts,
cost catalysts, toxic solvents, diminished catalytic activ-
ity, low solubility and the presence of impurities in the
final products.

A promising approach to reduce these issues is the
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utilization of environmentally friendly catalysts. The
use of plant-derived organic materials for the synthesis
of these green catalysts increases the stability and facil-
itates the recycling of the catalyst through simple and
cost-effective processes. This study used the perennial
Equisetum arvense to synthesize a silicon-rich green
catalyst. In Equisetum arvense, silica is mainly present
in amorphous form. The high content of silica in this
species has potential applications in medicinal chem-
istry. In addition to silicon and silicate, Equisetum
arvense contains minerals and valuable elements such
as potassium, calcium, aluminum, sulfur, magnesium,
manganese, zinc, chromium and cobalt which increase
its utility [40, 41, 42, 43, 44].

On the other hand, magnetic nanoparticles play an
important role in different substrates due to their magnetic
properties, high stability and catalytic activity. They
also allow cost-effective and simple recovery using an
external magnet, making them suitable for heterogeneous
catalysis [45, 46, 47, 48, 49, 50, 51]. The development
of environmentally friendly methods for the preparation
of heterogeneous catalysts led us to focus our research
on the use of horsetail as a source of biosilica (figure 1)
for the stabilization of concentrated polyphosphoric acid
(Fe304/Si0,/PPA) (figure 2).

Figure 1. Image of horsetail plant [52].

This study aims to utilize a plant as a sustainable,
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Figure 2. Preparation of Fe304/SiO,/PPA magnetic nanocatalyst.

eco-friendly and organic source to produce derivatives
with extensive chemical and medicinal applications.
We employed carbonyl compounds derived from alde-
hyde (1) and indole or 2-methylindole (2), applying the
Fe304/Si0,/PPA magnetic nanocatalyst as a biocata-
lyst. Ultimately, this approach facilitates the synthesis
of bis(indolyl)methanes (3), as illustrated in figure 3.

2. Experimental

2.1 Materials and methods

Solvents and materials were acquired from commercial
providers and utilized as received. FE-SEM images
were captured using a Tescan MIRA?2 (Czech Republic).
The structures of the crystal were analyzed by X-ray
diffraction (XRD) on a PW1730-PHILIPS diffractometer
with Cu K« radiation (1 = 1.56056 A) at 40 keV. The
FT-IR spectra using a Nicolet 300 spectrophotometer
were obtained. HRTEM spectra were captured by an
FEI Tecnai G2 F20 Super T win TEM spectrometer
(200 kV) from FEI (USA). EDS assessed the elemental
composition of the samples from SAMX (France). The
surface area, pore volume and average pore diameter
were determined using a BELSORP MINI. Surface areas
were calculated via nitrogen gas adsorption at 77 K
utilizing the Brunauer—-Emmett—Teller (BET) method.
At the same time, pore size distribution was assessed
using Barrett-Joyner-Halenda (BJH) and Dollimore-Heal
(DH) methods. Proton nuclear magnetic resonance (‘H
NMR) spectra were obtained at 6 ~ 2.5 ppm and 3.5 ppm
for DMSO-d6, or 6 ~ 0.00 ppm for TMS as a reference,
while carbon nuclear magnetic resonance (!3C NMR)
spectra were captured on a DRX spectrometer (100
MHz), with the solvent’s chemical shift at 6 ~ 40.0 ppm
for DMSO-d6 as a reference.

2.2 Preparation of nano-silica from Equisetum ar-
vense

20 g of dried plant was mixed with 100 mL of HCI (IN)
solution in a 250 mL flask. The reaction mixture was
refluxed for 1.5 h. Then it was soaked in acid at room
temperature (20 hours). The mixture was filtered, and
washed several times with hot distilled water (monitored
with pH paper to completely remove the acid). The wet
solid was placed in an oven at a temperature of 110 °C
(24 hours) to dry and turn into ash. At the end, in order
to prepare plant nano-silica, the dried sample was placed
in an oven with a temperature of 700 °C for one hour to
prepare nano-silica directly from plant ash.

2.3 Preparation of silica (from Equisetum arvense
plant) coated on Fe3O4 nanoparticles

In a 250 mL flask, 1 g of nano Fe30,4 added to 80 mL
of ethanol. Then 20 mL deionized water and 2 mL of
28% ammonia solution added to the resulting suspension
(if the solution is not single-phase, the solution can be
ultrasonicated for half an hour to make the solution
single-phase and homogeneous). Then 0.2 g of plant ash
prepared in the previous step was added and let it stir
for 24 hours. The product was filtered, separated with
a magnet, washed three times with deionized water and
dried in an oven at 50-60 °C for a maximum of 12 hours
[53].

2.4 Preparation of Fe304/SiO,-supported polyphos-
phoric acid as catalyst

1 g of Fe304/S10, was added into 10 mL of methanol, fol-
lowed by the addition of 1 g of polyphosphoric acid (PPA)
to the resulting suspension. The mixture underwent ultra-
sonication and the solvent was subsequently evaporated
under reduced pressure. The Fe304/SiO,/PPA catalyst
was then placed in an oven at 100 °C for 3 hours to
ensure thorough drying.

]
RJ\T—I+
1

F=22 Compounds

2 H
R'=H, Me

\ o FesO4/SI0yPPA (S0 mg)
i ]

solvent-free, 50°C
3 (22 Compounds)

Figure 3. Synthesis of bis(indolyl)methanes catalyzed by Fe304/SiO,/PPA magnetic nanocatalyst.
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2.5 General procedure for the synthesis of
bis(indolyl)methanes

A total of 1 mmol of various aldehydes was reacted with
2 mmol of indole or 2-methylindole in the presence of
0.05 g of Fez04/Si0,/PPA catalyst under solvent-free
conditions at a temperature of 50 °C. The progress of
the reaction was tracked by thin layer chromatography
(TLC), utilizing an appropriate solvent ratio of n-hexane
and ethyl acetate (1:5). Upon reaction completion, as
the catalyst was insoluble in ethanol while the reaction
mixture was soluble, a small amount of ethanol was
added to the reaction mixture, allowing the catalyst to
be separated magnetically. The resulting products were
purified by recrystallization in a minimal amount of hot
ethanol followed by n-hexane.

2.6 Selected spectral data analysis for compounds
3,3’-((4-nitrophenyl)methylene)bis(2-methyl-1H-
indole) (Entry 2):

'H NMR (400 MHz, DMSO): éppm = 10.90 (s, 2H,
-NH), 8.17 (d, 2H, Ar—H), 7.44 (d, 2H, Ar-H), 7.26
(d, 2H, Ar-H), 6.93 (t, 2H, Ar-H), 6.82 (d, 2H, Ar-H),
6.72 (t, 2H, Ar—H), 6.09 (s, 1H, CH aliphatic), 2.13 (s,
6H, 2Me). '3C NMR spectrum (100 MHz, DMSO-d6):
oppm = 12.4,39.2, 111.0, 111.3, 118.7, 118.8, 120.2,
123.7. 128.4, 130.3, 133.1, 135.6, 146.2, 153.4.

3,3’ -(thiophen-2-ylmethylene )bis(2-methyl-1H-indole)
(Entry 3):

'"H NMR (400 MHz, DMSO): 5ppm = 10.82 (s, 2H,
-NH), 6.73-7.35 (m, 11H, Ar-H), 6.14 (s, 1H, CH
aliphatic), 2.18 (s, 6H, 2Me). 13C NMR spectrum (100
MHz, DMSO-d6): Sppm = 12.4, 34.6, 110.8, 113.0,
118.5, 118.9, 120.1, 124.5. 125.5, 126.9, 128.2, 132.4,
135.4, 149.7.
3,3’-((4-methoxyphenyl)methylene)bis(2-methyl-1 H-
indole) (Entry 4):

'H NMR (400 MHz, DMSO): dppm = 10.74 (s, 2H,
-NH), 7.22 (d, 2H, Ar-H), 7.10 (d, 2H, Ar-H), 6.82-6.91
(m, 6H, Ar-H), 6.69 (t, 2H, Ar-H), 5.88 (s, 1H, CH
aliphatic), 3.72 (s, 3H, OMe) 2.08 (s, 6H, 2Me). '3C
NMR spectrum (100 MHz, DMSO-d6): dppm = 12.4,
38.2, 55.4, 110.8, 113.0, 113.7, 118.4, 119.0, 119.9.
128.7, 130.0, 132.4, 135.5, 136.6, 157.8.

3. Results and discussions

3.1 Characterization of catalyst
3.1.1 FT-IR analysis of the catalyst

Figure 4 presents the FT-IR spectra of plant-derived
nanosilica (4 a), Fe304/SiO; (4 b), and the synthesized
Fe304/Si0,/PPA catalyst (4 ¢). In figure 4 a, the absorp-
tion band at 3462 cm~! corresponds to the stretching
vibrations of the Si-OH bond [54, 55]. The absorption
band at 1573 cm™! is attributed to the bending vibrations
of water molecules [41]. A strong absorption band at
1098 cm™! is associated with the asymmetric Si-O-Si
stretching vibrations in the siloxane bond structure, while
bands at 792 cm~! and 642 cm™! correspond to symmet-
ric Si-O-Si stretching vibrations. The absorption band at
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470 cm~! also confirms the Si-O-Si bending vibrations
[54].

In figure 4 b, an absorption band at 563 cm™! is
observed alongside the above signals, corresponding to
the Fe-O bond vibration in Fe3Oy4, verifying the formation
of magnetic nanosilica [56].

In figure 4 c, in addition to the previously mentioned
signals, an absorption band at 1012 cm~! is attributed to
the phosphate group, confirming that this group has been
successfully placed on the Fe304/SiO, structure, indi-
cating the successful synthesis of the Fe304/Si0,/PPA
catalyst [56].

3.1.2 X-ray powder diffraction pattern (XRD) analysis
of the catalyst

Figure 5 Illustrates the X-ray powder diffraction (XRD)
patterns for plant-derived nanosilica (5 a), Fe304/S10,
(5 b), and the synthesized Fe304/Si0,/PPA catalyst (5 c).
In 5 a, the prominent peak at 26 = 22.5° along with
the weak peaks in the 30° — 40° range, confirms the
successful synthesis of nanosilica in the catalyst [57].

In 5 b, the presence of three weak peaks within the 30°-
40° range further supports the incorporation of nanosilica
in thesynthesized catalyst [57]. Additionally, distinct
and sharp peaks observed at 26 values of 31°, 35°, 43°,
54°, 57°, and 63° are indicative of the presence of nano
Fe; 04 within the structure [58].

Similarly, in 5 c, the peak at 26 = 22.5°, along with
three weak peaks in the 30° — 40° range, confirms the
presence of nanosilica in the Fe304/Si0,/PPA catalyst.
The clear and sharp diffraction peaks at 31°, 35°, 43°,
54°, 57°, and 63° confirm the existence of nano Fe3;Oy4
within the synthesized catalyst [58]. These results align
with standard reference data and confirmthe crystalline
structure of the synthesized catalyst.

3.1.3 EDX analysis of the catalyst

The elemental composition of the Fe304/SiO, and
Fe304/Si0,/PPA samples were analyzed using energy-
dispersive X-ray spectroscopy (EDX) and elemental map-
ping as demonstrated by the EDX analysis and mapping
results presented in figure 6 (for the Fe304/SiO; com-
pound) and figure 7, Table 1 (for the Fe304/SiO,/PPA
catalyst). In figure 6, the presence of Fe, O and Si ele-
ments in the Fe304/Si0, compound is clearly confirmed.

In figure 7 and Table 1, the presence of Fe, O, Si, and
P elements in the Fe304/Si0,/PPA catalyst is clearly
confirmed. This indicates that polyphosphoric acid
(PPA) was successfully incorporated on the Fez04/S10;
substrate in the final step of the synthesis, verifying the
successful preparation of the catalyst.

3.1.4 FESEM and HRTEM analysis of the catalyst

The structural characteristics of Fe304/SiO,/PPA mag-
netic nanoparticles were investigated using transmission
electron microscopy (TEM) and field emission scanning
electron microscopy (FE-SEM). The catalyst exhibits a
uniform and continuous morphology, with an average
particle size of approximately 63 nm, as observed in the
FE-SEM analysis, and a particle diameter ranging from
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Figure 4. FTIR spectra of plant nanosilica (a), Fe304/SiO; (b) and synthesized Fe304/SiO,/PPA catalyst (c).
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Figure 7. The mapping figures of the Fe304/SiO,/PPA catalyst.

10 to 20 nm in the HRTEM images (figures 8 and 9).

3.1.5 BET analysis of the catalyst

The specific surface area, pore volume, and average
pore diameter of the Fe304/SiO,/PPA composite are
presented in Table 2. A thorough analysis of the data

in Table 2 reveals that due to the removal of organic
constituents from the plant material, the elevated levels of
horsetail ash, produced at high temperatures contribute to
an increase in both pore volume and mean pore diameter
of the synthesized catalyst. This modification is likely to
enhance the catalytic efficiency and shorten the reaction

Table 1. The EDX spectroscopy analysis of the Fe304/SiO,/PPA catalyst.

Elt Line Int Error K Kr W% A% ZAF  Formula Ox% Pk/Bg Class LConf HConf Cat#
O Ka 2258 36.1263 0.3973 02418 5373 7213 0.4501 0.00  69.74 A 5243 5503  0.00
Mg Ka 7.9 0.5410  0.0050 0.0030  0.55 0.48  0.5540 0.00 259 B 0.48 0.62 0.00
Si Ka 2027 3.6365 0.1307 0.0796  10.15 776 0.7841 0.00 13.88 A 9.89 1041 0.00
P Ka 2978 3.6365 02184 0.1329 17.50 12.13  0.7597 0.00 22.84 A 17.13 17.87  0.00
Ka 1.6 0.6328 0.0129 0.0079  0.92 0.50  0.8571 0.00 3.27 B 0.82 1.02 0.00

Ca Ka 30.0 0.6328 0.0373 0.0227 2.54 136 0.8923 0.00  4.85 A 2.37 2.71 0.00
Fe Ka 649  0.6510 0.1984 0.1208 14.61 562  0.8264 0.00 12.83 A 13.95 1527 0.00
1.0000 0.6087 100.00 100.00 0.00 0.00
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Figure 8. FE-SEM image of Fe304/SiO,/PPA magnetic nanoparticles.

Figure 9. HRTEM image of Fe304/SiO,/PPA magnetic nanoparticles.
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Table 2. The specific surface area, pore volume and mean pore diameter for Fe304/SiO,/PPA.

BET plot
Vi 0.4532 cm3(STP)g™!
a5 BET 1.9727 m?g~!
C 47.018
Total pore volume (p/pg = 0.990) 0.035397 cm’g™!
Mean pore diameter 71.774 nm

time in the synthetic process.

3.2 Catalytic tests
3.2.1 Effect of various solvents on the reaction progress

In order to establish the optimal solvent for the reaction
or to assess the feasibility of solvent-free conditions,
the reaction was evaluated across various solvents and
under solvent-free conditions. The model reaction (4-
nitrobenzaldehyde and indole) was tested using ethanol,
methanol, distilled water, chloroform, dichloromethane,
ethyl acetate, toluene and acetone solvents as well as
solvent-free conditions. The results showed that, for-
tunately, the case without solvent was placed in ideal
conditions and the best efficiency and the shortest re-
action time were obtained. Also, by increasing the
temperature from 30 °C to 50 °C, the reaction efficiency
increased and the reaction time decreased and increas-
ing the temperature to 60 °C did not affect the reaction

efficiency (Table 3). Also, among the solvents used,
ethanol had the best performance and was placed after
the solvent-free conditions. While the use of toluene, ace-
tone, methanol, ethyl acetate, distilled water, chloroform
and dichloromethane solvents decreased the reaction
efficiency compared to the solvent-free conditions.

3.2.2 Studying the impact of catalyst amount on the
condensation reaction

The model reaction (4-nitrobenzaldehyde and indole) was
selected to determine the optimal catalyst amount under
solvent-free conditions at 50°C. The results demonstrated
that increasing the catalyst quantity from 0.001 g to 0.05
g improved reaction efficiency and reduced reaction time.
However, further increases in catalyst amount beyond
0.05 g had no significant effect on either efficiency
or reaction time (Table 4). Consequently, 0.05 g was
identified as the optimal catalyst amount, as it yielded

Table 3. Optimization of the reaction conditions in model reaction (4-nitrobenzaldehyde and indole)?.

Entry Solvent Temp. (°C) (under reflux)  Reaction time (min)  Yield (%)P
1 EtOH 78 5 84
2 MeOH 65 60 44
3 H,0 100 6 83
4 CHCl3 60 90 47
5 CH,Cl, 40 20 35
6 Ethyl acetate 77 20 78
7 Toluene 110 10 66
8 Acetone 56 15 43
9 — 30 10 71
10 — 40 7 86
11 — 50 5 92
12 — 60 5 92

2Reaction conditions: 4-nitrobenzaldehyde (1.0 mmol), Indol (2.0 mmol), and Fe304/SiO,/PPA magnetic nanocatalyst (50 mg), at 50 °C;
b .
Isolated yield.

Table 4. Optimization of the catalyst amount in model reaction®.

Entry  Amount of catalyst (g)

Time (min)  Yield (%)P

1 0.001
2 0.005
3 0.01
4 0.05
5 0.1
6 0.2

20 69
17 76
12 87
5 92
5 92
5 92

2Reaction conditions: 4-nitrobenzaldehyde (1.0 mmol), Indol (2.0 mmol), and Fe304/SiO,/PPA magnetic nanocatalyst (50 mg), at 50 °C;
PIsolated yield.
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maximum efficiency in the shortest reaction time.
After establishing the optimal reaction conditions,

indole and 2-methylindole were employed as starting

materials to synthesize a series of bis(indolyl)methane

derivatives using aldehydes containing either electron-
withdrawing or electron-donating groups, as well as
heteroaromatic aldehydes. The results, presented in
Table 5, indicate that various substituted benzaldehydes

Table 5. Synthesis of bis(indolyl)methane compounds in the presence of Fe304/SiO,/PPA magnetic nanocatalyst (50 mg) under solvent-free conditions at

50 °C. %
2-Methylindol Time Yielda
Entry Aldehyde And Indol Product (min) (%)
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4Reaction conditions: aldehyde (1 mmol), indole or 2-methylindole (2 mmol), Fe304/SiO2/PPA magnetic nanocatalyst (50 mg), solvent-free conditions, at

50 °C;

bTsolated yield.
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Continued of Table 5.
2-Methylindol Time Yielda
Entry Aldehyde And Indol Product (min) (%)
CHO
6 i? 8 76
CHO
CHO
7 “ 10 88
CHO
8 “ 10 86
CHO
9 © 8 76
CHO
cHO
10 éj 8 76
L=l X ECY

#Reaction conditions: aldehyde (1 mmol), indole or 2-methylindole (2 mmol), Fe304/SiO,/PPA magnetic nanocatalyst (50 mg), solvent-free conditions, at
50 °C;
YIsolated yield.
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Continued of Table 5.
2-Methylindol Time Yielda
Entry Aldehyde And I};l dol Product (min) (%)

~

11 10 96
N
CHO H
12 O\GHB 20 76
’ |
N
H
O\CHD
13 s / 18 82
N
H
14 Q O O 10 90
cHo ! -
H [ Kk
15 (;\ 20 78
MO, /

CHO

4Reaction conditions: aldehyde (1 mmol), indole or 2-methylindole (2 mmol), Fe304/SiO,/PPA magnetic nanocatalyst (50 mg), solvent-free conditions, at
50 °C;
bIsolated yield.
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Continued of Table 5.
2-Methylindol Time Yielda
Entry Aldehyde And Indol Product (min) (%)
CHO
16 @\ 15 83
MOy
M,
92
17 6
CHO
M,
18 ©/ 15 8
CHC
19 @ 12 88
CHO
cH
20 @ 7o
CHO

#Reaction conditions: aldehyde (1 mmol), indole or 2-methylindole (2 mmol), Fe304/SiO,/PPA magnetic nanocatalyst (50 mg), solvent-free conditions, at
50 °C;
PIsolated yield.
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Continued of Table 5.
2-Methylindol Time Yielda
Entry Aldehyde And Indol Product (min) (%)
Br

21 20 75
CHO N
H

cl

22 / 25 70
M
O H

CHGC
Ac:r 1o

23 25 75
N
H

o
24 )K O 40 60
/ HM HH

N
H
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2Reaction conditions: aldehyde (1 mmol), indole or 2-methylindole (2 mmol), Fe304/SiO,/PPA magnetic nanocatalyst (50 mg), solvent-free conditions, at
50 °C;
YIsolated yield.
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containing electron-withdrawing and electron-donating
groups were efficiently condensed with indole derivatives.
Also, it can be established that the presence of the
electron-withdrawing groups (CN, NO;) on the aromatic
ring can increase the reaction rate and, as a result, the
reaction times are decreased and the yields are increased
whereas the electron-releasing group (OMe) possed
diverse effects. This indicates that the synthesis reaction
of bis(indolyl)methanes are sensitive to the substituent
groups on the aldehyde ring, with electron-withdrawing
groups increasing the reaction rate and efficiency, and
electron-donating groups decreasing these values.

3.2.3 Reaction mechanism

First, an acid catalyst Fez04/Si0,/PPA, activates the
carbonyl group in aldehyde derivative 1 and turns it
into intermediate 4. This intermediate becomes inter-
mediate 5 due to the increase of nucleophilicity of the
first molecule of indole 2. In the following, intermedi-
ate 5 becomes intermediate 6 by tautomerization. By

dehydration of intermediate 6, azafulonium salt 7 is
formed. Then, intermediate 8 is formed by increasing
the nucleophilicity of the second molecule of indole 1 to
azafulonium salt 7. At the end, the bis-indolylmethane
product 3 is obtained by tautomerization of intermediate
8 (figure 10) [2].

3.2.4 Recyclability of the nanocatalyst

The magnetic nanocatalyst was recovered and reused
multiple times in the model reaction to assess its recycla-
bility. The recovery procedure involved separating the
nanocatalyst using an external magnet after the reaction
was completed, followed by washing the catalyst three
times with ethanol before reuse in subsequent reactions.
As illustrated in figure 11, the catalyst was successfully
reused five times without a significant decline in catalytic
activity.

Also, figure 12 presents the FT-IR spectra of recovered
Fe304/S10,/PPA catalyst.

To emphasize the significance of the current study

Azafulvenium

OH
HO OH

[0
@ = H4-P-0 OH
0
HO M
OH

Figure 10. Proposed mechanism for the synthesis of bis(indolyl)methanes catalyzed by Fe304/SiO,/PPA.
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Figure 11. Recyclability of the nanocatalyst.
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Figure 12. The FT-IR spectra of recovered Fe304/SiO/PPA catalyst.
in comparison to previously reported findings, we have shown in this table, the Fe304/SiO,/PPA catalyst can
presented our results and reaction conditions for the be considered a suitable catalyst for both efficiency and
synthesis of the target molecule (indole and benzalde- reaction time.

hyde) alongside data from similar studies in Table 6. As

Table 6. Comparison of this approach with further processes for the preparation of target molecule indole and benzaldehyde (Table 5, Entry 14).

Time Yield Reported

Entry Reaction condition (min) (%) reference
1 Fe304/Si0,/PPA (50 Mg), Solvent free, 50 °C 10 90 This work
2 silica gel (50 mg), 100 °C 60 99 [59]
3 Sulfated zirconia (15 mol%), Solvent free, r.t. 360 36 [60]
4 PVPP-OTf (30 Mg), CH3CN, r.t. 60 90 [61]
5 POCI; (1.1 mmol), DMF (4 mmol), 40 °C 300 55 [62]
6 MOF-891 (1 mol%), m-xylene, sonication 90 92 [63]
7 Chitosan supported ionic liquid (50 mol%), Ethanol, 50 °C 60 95 [64]
4benzaldehyde (1.0 mmol), indole (2.0 mmol), and Fe304/SiO,/PPA magnetic nanocatalyst (50 mg), at 50 °C;
bIsolated yield.
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4. Conclusions

In summary, we report the synthesis of Fe304/SiO,/PPA
as a novel nanomagnetic solid acid catalyst, containing
the PPA on the surface of Fe304/SiO; as the catalytic
support. we prepared a green magnetic nanocatalyst. Us-
ing a simple methodology in this way, we first prepared
nano-silica from the horsetail plant (Equisetum arvense),
which is rich in silica. Then, we combined this com-
pound with nano Fe3 Oy to synthesize Fe304/SiO,. Next,
from the reaction of this compound with polyphosphoric
acid (PPA), we synthesized Fe304/SiO,/PPA magnetic
nanocatalyst through a low-cost method. The structure
of the synthetic catalyst was determined using various
spectroscopic techniques. Then, bis(indolyl)methane
products were synthesized from this catalyst during
the reaction of indole or 2-methylindole with various
aromatic and heteroaromatic aldehydes in solvent-
free conditions and at a temperature of 50 °C. This
method has many advantages such as using an efficient,
cheap, environmentally friendly, magnetically recyclable
nanocatalyst with straightforward isolation, no solvent
use, short reaction time and high yields.
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