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ABSTRACT

The acidic agent (SO3H) was stabilized on the silica coated Fe;O4 magnetic nanoparticles to produce Fe;O4@SiO>@Pr-SOsH,
as a heterogeneous acidic catalyst, was designed, and then fully studied and characterized by FT-IR, XRD, TGA, DTA, TEM,
and SEM analysis. Subsequently, the catalytic activity of Fe;04@SiO,@PrSOsH was investigated by the one-pot
four- component condensation reaction between 1,3-indandione, aromatic aldehydes, acetophenone or propiophenone and
ammonium acetate under the solvent-free condition at 80 °C. The main advantages of this magnetic and heterogeneous acidic
catalyst are high product yields, being environmentally benign, short reaction times, and easily separated from the reaction
mixture using an external magnet.

Keywords: Fe;0,@SiO@PrSO3H, Nanomagnetic heterogeneous catalyst, Indeno[1,2-b]pyridines, Multi component reaction,
Solvent-free condition.

1. Introduction spectrum of biological activities such as anti-malarial
[17], anesthetics [18], antiepileptics and anticonvulsants
[19]. In continuation of our previous research in the field
of heterogeneous catalysis [20-27], herein, we
investigated the application of Fe;04@SiO,@Pr-SOsH
as in the synthesis of indeno[l,2-b]pyridines
derivatives.

Iron oxide nanoparticles can be characterized into four
types: magnetite (Fe3O0s), Maghemite (y-Fe;03),
hematite (a-Fe>O3), Gohetite (0-FeOOH) [1]. Among all
the studied iron oxide nanoparticles, magnetite (FesOs)
is one of the most popular materials in biotechnology,
biomedical, analytical and biochemistry [2-6].
Therefore, up to now, various chemical methods have
been used for the synthesis of magnetic nanoparticles
including microemulsions [7], co-precipitation [8], All materials and methods were presented in the
sol-gel [9], sonochemical [10], hydrothermal [11], supporting information. The synthesis methods of
hydrolysis [12] and thermolysis of precursors [13]. nanoparticles including FesOs; and Fe;04@SiO, have
Recently, there has been increasing attention in the been reported in the literature [28] and the supporting
application of magnetic nanoparticles as a catalyst in information of this article.

organic reactions due to their significant advantages,

2. Experimental

2.1. Synthesis of sulfonic functionalized SiO, coated

including reusability, high-surface-area, ease of Fe:O i ricles (Fe:Ou@SiOPrSO-H
recovery, ease of handling and economical [14-16]. The e10s magnetic nanoparticles (Fe;04@SiO:PrSO:H)

Surface of magnetic nanoparticles (MNPs) can be easily Modification of the prepared mesoporous magnetic
modified with organic and inorganic materials, which materials with (3-mercaptopropyl) trimethoxysilane
have been widely applied as a catalyst. Compounds was performed as follows: 1 g SCMNPs was dispersed
containing pyridine groups are known in the broad ~ in 200 mL dried toluene, and then 25 mL of

(3-Mercaptopropyl)  trimethoxysilane in  toluene
*Corresponding author. (10% V/V) was added to above mixture under dry

Email: gmohammadi@alzahra.ac.ir (G. Mohammadi Ziarani) nitrogen atmosphere and refluxed for 24 h. The solid
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product was magnetically gathered, washed with
ethanol, and dried in vacuum. Then, the S—H group
was converted to the SO3;H group by a H,O,/MeOH
(70/30 wt %) solvent mixture. The reaction mixture was
stirred at room temperature for 12 h, followed by
heating at 95 °C for 36 h. In the end, the
Fe;04@Si0@PrSOsH nanoparticles were separated
using an external magnet, washed with ethanol and H,O
and dried at room temperature for 10 h.

2.2. General procedure for the synthesis of indeno
[1,2-b]pyridine derivatives

A  mixture of aromatic aldehydes (1 mmol),
acetophenone  or  propiophenone (1  mmol),
1,3-indanedione (1 mmol, 0.14 gr), ammonium acetate
(1.5 mmol, 0.11 gr) and Fe;04@SiO@PrSOsH
(10 mol%, 0.01 gr) as a nanomagnetic heterogeneous
catalyst was stirred under solvent free conditions at
80 °C for the suitable time defined in Table 2.
The reaction progress was monitored using TLC
(8:2, n-hexane/ethyl acetate). After completion of the
reaction, the mixture was cooled to room temperature.
Afterwards, hot ethanol was added to the reaction
vessel, and the heterogeneous catalyst was separated
using an external magnet. Finally, the solution was
cooled to obtain a pure crystalline product. The new
compound was characterized by IR, '"H NMR, *C NMR
and Mass spectroscopy techniques. The melting points
and IR spectroscopy of the products were compared
with those reported in the literature.

Spectral data for new compound

4-(4-methoxyphenyl)-2-(4-bromophenyl)-indeno[ 1, 2-
b]pyridin-5-one (5i):

Yellow crystalline solid. FT-IR (KBr): 0 = 3072, 1706,
1602, 1575, 1546, 1517, 1468, 1363 cm™. 'THNMR (500
MHz, DMSO): & = 3.86 (s, 3H, OMe), 7.06-7.08 (d, 2H,
J=8.4, Ar), 7.55 (t, 1H, J= 7.4 Hz, Ar), 7.66 (d, J= 7.3
Hz, 1H), 7.54-7.78 (m, 5H, Ar), 7.87 (s, 1H, Ar), 7.94-
7.96 (d,J/=7.7 Hz, 1H, Ar), 8.27-8.29 (d, /=8.6, 2.0 Hz,
2H, Ar) ppm. *CNMR (125 MHz, DMSO): § = 55.85,

H20, NH,OH (25%)

FeCls. 4H50 + FeCly. 6H;0

M atmospher
85°C

TEOS (10%viv)

@

113.90, 121.18, 122.64, 123.95, 124.47, 127.28, 127.31,
129.84, 131.62, 131.93, 132.24, 135.39, 135.75, 137.16,
142.48, 149.34, 158.95, 161.10, 166.15, 190.66 ppm.
Mass: (m/z) = 443 (M), 426, 410, 390, 362, 345, 319,
290, 263, 243, 214, 187, 144, 102, 75.

3. Results and Discussion

3.1 Synthesis and
Fe;04@SiOx@PrSOsH

Fe;04@Si0,@PrSOsH was synthesized according to
the method shown in Scheme 1. At First, Fe;O4
nanoparticles were synthesized through the reaction of
FeCl,.4H,O and FeCl;.6H,O. Subsequently, a silica
coating was laid on the Fe;O4 NPs surfaces. After this,
(3-mercaptopropyl) trimethoxysilane solution was
reacted with SiO; coated Fe;O4 magnetic nanoparticles
(SCMNPs). Finally, Fe;04@Si0@PrSOsH
was prepared by the oxidation of S-H group in the
presence of HoO,/MeOH (70/30 wt %) solvent mixture
(Scheme 1).

The structure of Fe;04@SiO,@PrSOsH as a
heterogeneous acidic catalyst was investigated
and wholly characterized by FT-IR, XRD, TGA, DTA,
SEM and TEM analysis. The FT-IR spectra of FesOa,
Fe304@Si0; and Fe;04@SiO,@PrSOs;H were shown in
Fig. 1. The spectrum of pure Fe;O4 shows the strong
absorption peaks at 573 and 457 cm™ for the stretching
vibration of the Fe-O bonds. The absorption peaks
of the coated silica on the Fe;O4 at 1095 and 805 cm™
attributed to asymmetric stretching vibrations of
Si-O-Si  and  stretching vibration of Si-O-H,
respectively. The bending vibration of the Fe-O bonds
observed in 1637 cm™. Also, the absorption band at
3475 cm™! correspond to the hydroxyl bond in the SO;H
group. The weak absorption band at 737 cm’ is
attributed to the stretching vibration of the C-S group in
the spectrum of Fe;O4@SiO>@PrSOs;H. Finally, the
absorption bands at 2970 and 2853 cm™ are related to
the C-H stretch of the methylene group in the alkyl
chain.

characterization

of

S-0H
(B,

Hy0,/MeOH
(70:30)

Glyeerol N; almcl sphete

24 h

Scheme 1. Synthesis of Fe;04@Si0,@PrSO;H nanoparticles.
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Fig. 1. FT-IR spectra of a) Fe3O4, b) Fe;04@SiO,, and
¢) Fe;04@Si0,@PrSOsH nanoparticles.

The XRD pattern of the synthesized Fe;O4 and
Fe;04@Si0@PrSOsH nanospheres was displayed in
Fig. 2. The diffraction peaks at 26 = 30.3", 35.7°, 43.2,
53.3°,57.1°, and 62.5° are corresponded to (220), (311),
(400), (422), (511) and (440) planes, respectively, that
It shows the presence of the magnetite phase with cubic
spinals, a highly crystalline structure.

The curves of thermogravimetric analysis (TGA)
and (DTA) for Fe;04@Si0,@PrSOsH nanoparticles are
shown in Fig. 3. The TGA curve of
Fe;04@Si0,@PrSOsH was shown the continuous
weight loss of approximately 13% below 200 °C which
can be attributed to the loss of adsorbed solvent or
trapped water from the catalyst.
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Fig. 2. X-ray diffraction patterns of a) Fe3Os,

b) Fe;04@Si0,@PrSOsH nanoparticles.

The weight loss of 21 % at 200 to 600 °C is related to
the thermal decomposition of the organic functional
groups in the Fe;O4@Si0,@PrSOsH nanoparticles, and
the 2% weight loss at above 700 °C is affiliated to the
self-condensation of the silanol groups. Also, the
amount of the grafted organic compound was estimated
to be about 0.03 mmol g'. Further, the DTA peak has
an endothermic and an exothermic signal, which is
related to the evaporation of the water and the
decomposition of organic compounds respectively.
These results indicate that Fe;O4@SiO@PrSOs;H
nanoparticles were successfully prepared (Fig. 3).

SEM images were showed the most of the nanoparticles
have a uniform size with a spherical shape, and the
diameter of Fe;04@SiO@PrSO;H is about 25-35 nm
(Fig. 4). The TEM results show that the modified
nanoparticles have a core-shell structure. The dark core
represents the magnetic Fe;Os4 and the lighter shell
relate to the silica. In this analysis, the particle size was
similar to SEM images.

3.2. Application of Fe;0,@SiO@PrSOsH as MNPs
catalyst in the synthesis of indeno[l,2-b]pyridine
derivatives

Initially, for optimizing the reaction conditions, the
four-component condensation of 4-cholorobenzald-
ehyde (1 mmol), 4-methoxyacetophenone (1 mmol),
1,3-indanedione (1 mmol, 0.14 gr), ammonium acetate
(1.5 mmol) in the presence of Fe;04@SiO>@PrSOsH
(10 mol %, 0.01 gr) as a heterogeneous magnetic
catalyst in various conditions as a reaction model were
studied (Scheme 2).

Several conditions were investigated, including
different solvents and the solvent-free conditions in
different  temperatures in the presence of
Fe;04@Si0,@PrSOsH, and also the catalyst-free
condition (Table 1, entry 5). As shown results in
Table 1, the solvent-free condition in the presence of
Fe;04@Si0@PrSOsH at 80 °C was the best one.
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Fig. 3. TGA/DTA analysis of Fe;04@Si0,@PrSO;H.
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Fig. 4. SEM (left) and TEM (right) images of SCMNPs-S magnetic nanomaterials.
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Scheme 2. Synthesis of indeno[1,2-b]pyridine 5b under different conditions.

Table 1. Optimization of the reaction conditions in the synthesis of indeno[1,2-b]pyridine 5b.

Entry Catalyst Solvent Temp. (°C) Time (h) Yield (%)*
1 Fe;04@Si0@PrSOsH H,O Reflux 3 85
2 Fe;04@Si0@PrSOs;H EtOH Reflux 2.5 86
3 Fe;04@SiO,@PrSOsH H,O:EtOH Reflux 1.5 89
4 Fe;04@SiO,@PrSOs;H - 80°C 5 min 98
5 - - 80°C 12 45
solated yields.

Then, the optimized reaction condition was applied
to create a variety of indeno[l,2-b]pyridines from
a range of aldehydes, 1,3-indandione, propiophenone
or acetophenone derivatives and ammonium acetate
using Fe;04@SiO>@PrSOsH as an acidic catalyst
in the solvent-free condition at 80 °C (Scheme 3)

o] o} o
RS
H
. . + NH40Ac

1 R2
R o

1a-e 2a-d 3 4

and the new compound characterized by FT-IR,
BC NMR, 'H NMR and Mass spectra. As shown
in Table 2, the reaction time for the electron
deficient groups in the aromatic aldehydes
was rather faster than that of electron donating
groups.

Fe304@si02@P|’-SO3H

Solvent-free, 80 °C

R? 5a-i

Scheme 3. Synthesis of indeno[ 1,2-b]pyridine derivatives in the presence of Fe;04@SiO>@PrSOsH.
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Table 2. Synthesis of indeno[l,2-b]pyridine derivatives in the presence of Fe;04@SiO>@PrSOsH (10 mol%) under the

solvent-free conditions at 80 °C.

Entry  No. R' R? R*  Time (min)  Yield (%) m.p. () Ref.
Found Reported

1 5a 4-Cl H H 95 197-199  186-188 [29]
2 5b 4-Cl  4-OMe H 98 198-200  201-203 [30]
3 5¢ 4-Br  4-OMe H 10 93 215217 215-217 [30]
4 5d 3-NO; 4-OMe H 10 92 223-225  220-222 [29]
5 5¢ 4Me 4OMe H 18 90 166-169  160-161 [30]
6 5f 4-OMe 4-OMe H 15 90 221-223  218-220 [30]
7 5g 4-Cl H Me 10 88 217-220  222-225 [31]
8 5h  3-NO; H Me 10 87 206209  204-205 [30]
9 5i 4-OMe Br H 10 92 183-185 New This work

The mechanism of this reaction was shown in
(Scheme 4), as nano-Fe;04@SiO>@PrSOsH activates
both the carbonyl groups of the aromatic aldehyde 1
and acetophenone or propiophenone 2 as the
electrophile species. The intermediate (enamine) 6 was
prepared via the nucleophilic reaction of ammonium
acetate 4 to the acetophenone or propiophenone
compound, and also the intermediate 7 was produced by
Knoevenagel condensation of aromatic aldehyde 4 with
1,3-indandione 3. Then, the Michael addition between
intermediate (enamine) 6 and intermediate 7 gave the

o, 0
@/S\O —H
o’l

intermediate 8, which followed by the cyclization and
aromatization process to afford the final product 10.

Finally, This green method improved the synthesis of
indeno[1,2-b]pyridine derivatives in the different terms,
including the reaction time and yield in comparing with
the given data in the literature, as shown in Table 3.

The reusability and the recovery of the nanomagnetic
catalyst were determined for the preparation of
compound 5b for three runs under the optimized
reaction conditions as shown in Table 4, and the yield of
each run was 96, 93, and 89 %, respectively.

0.

Scheme 4. A suggested mechanism for the synthesis of indeno[1,2-b]pyridine derivatives.
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Table 3. Comparison of different conditions in the synthesis of compound 5b.

Entry Catalyst Solvent Conditions Time (h) Yield (%) Ref.
1 - DMF MW, 120 °C 8 min 85 [29]
2 Cu-ZnO EtOH/H>O r.t. 1.5 95 [30]
3 - THF 80 °C 2 88 [31]
4 Fe;04@Si0,@PrSOsH - 80 °C 5 min 96 This work

Table 4. Reusability of the Fe;04@SiO@PrSOsH

Entry Time (min) Yield (%)
1 5 96
2 5 93
3 7 89

4. Conclusions

In conclusion, the synthesis of indeno[1,2-b]pyridine
derivatives were developed in the presence of nano-
Fe;04@Si0,@PrSOsH as a heterogeneous catalyst
under green conditions. This method had several
advantages such as simple and inexpensive work up
procedure, eco-friendly, short reaction time, high yield,
and reusability of the nano-Fe;04@SiO,@PrSOsH
catalyst.
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