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ABSTRACT

In this study, a novel and environmentally benign 0-phenylendiamine stabilized on silica-coated Fe;O4 magnetic nanocatalyst
(Fes04@SiO,@propyltriethoxysilane@o0-phenylendiamine-SOsH/HCI) as a hybrid magnetic organometallic nanocatalyst has
been synthesized. After that, the structure of this new catalyst was completely characterized via Fourier transforms infrared
(FT-IR) spectroscopy, Brunauer—Emmett-Teller (BET), atomic force microscopy (AFM), field-emission scanning electron
microscopy (FE-SEM) images, energy dispersive X-ray (EDX) and vibrating sample magnetometer (VSM) analyses. The SEM
image of the synthesized nanocatalyst showed that it has a nearly core-shell spherical shape and uniform size distribution with
an average size about 40 nm. The BET result revealed that it has 34.88 m?/g specific surface areas. Finally, its catalytic activity
was investigated for the selective synthesis of 7-aryl-8H-benzo[h]indeno[1,2-b]quinoline-8-one derivatives in high-to-excellent
isolated yields under solvent-free conditions and ultrasound irradiation at room temperature. This nanocatalyst can be easily
recovered from the reaction mixture using an external magnet and reused for at least eight times without significant decrease in
catalytic activity.

Keywords: Magnetite heterogeneous nanocatalyst, Ultrasonic irradiation, Benzo-indeno-quinolineone, Multicomponent
reaction, Green synthesis.

1. Introduction As a result, due to these unique properties, it is
considered an efficient reaction medium for a green,
economical and environmentally benign method in
organic reactions.

Nowadays, much attention has been paid to use of
ultrasonic irradiation, as a green technique, by scientific
and industrial researchers due to its valuable

applications in organic synthesis. There are many Homogeneous acid catalysts such as Lewis and
advantages such as fast, simple and more convenient Brensted acids, a very important class of catalysts, are
procedure in this protocol in comparison with traditional commonly used in the chemical industry. However, the
methods. There are many reports of organic reactions, separation and recovery of catalysts from the reaction
which were carried out in higher yields, shorter reaction mixture are major drawbacks of these catalysts.
times or milder conditions under ultrasonic irradiation. Applying heterogeneous catalysts is the best way to
Noteworthy, the ultrasonic irradiation results from the ~ overcome this drawback. Recently, heterogeneous acid
acoustic cavitation, which is the formation, growth and catalysts have received much attention because of high
collapse of bubbles in liquid. In the other words, the ~ Treactivity, operational simplicity, low toxicity, non-
increase of temperature and pressure over a short time corrosive nature and the potential of the catalyst to be
in the acoustic cavitation leads to an increase in the rate recycled [5,6].
of chemical reactions and mass transfer [1-4]. Recently, magnetic nanoparticles (MNPs) have received
considerable interest in the field of catalysis science and
*Corresponding author email: maleki@iust.ac.ir technology [7,8]. They have the advantages of both
Tel.: +98 21 7724 0540; Fax: +98 21 7302 1584 homogeneous and heterogeneous catalysts such as high
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dispersion, high reactivity and easy separation due to
their magnetic properties and nanoscale size [9-12].
Despite nanoparticles have excellent catalytic activities
because of higher surface-to-volume ratio, they
aggregate due to their higher surface energy; this event
reduces their catalytic activities. In order to resolve this
defect, various organic and inorganic compounds are
usually immobilized onto the active surface of MNPs
such as Fe304. Noteworthy, surface modifying of Fe;O4
nanoparticles with inorganic compounds such as silica
shells improves the chemical stability of Fe;O4
nanoparticles and will increase the available active site
of the catalyst for more modification [13].
Multicomponent reactions (MCRs) have attracted much
attention due to their valuable characteristics such as
simplicity, straightforward reaction model, atom
economy, short reaction time, saving cost and energy
and production of complex structures [14]. MCRs are
the most powerful strategy in green chemistry and in the
recent years, these reactions are applied in material,
medical and modern synthetic organic chemistry
[15,16]. Moreover, these reactions are used for the
synthesis of heterocyclic compounds.

Recently, the quinoline nucleus has significant
importance in medicinal chemistry and many quinoline
containing compounds which provide wide range of
pharmacological properties such as anti-malarial, anti-
asthmatic, anti-bacterial and anti-hypersensitive
activities. Also they have been used in diverse areas of
chemistry. Among these compounds, indenoquinolines
are one of the most important groups of quinoline
derivatives; due to their wide range of medicinal
activities such as anti-tumor [17], anti-malarial [18] and
inhibitor of steroid reductase, several synthesis methods
of indenoquinoline skeletons have been reported.
[19,20] and most of these methods require refluxing
conditions, organic solvents, expensive catalysts, use of
homogeneous catalyst, several steps and tedious work-
up procedure [21]. It should be noted that, using
tribromomelamine (TBM) as a homogeneous catalyst
leads to many problems, including environmental
pollution and difficult separation. Furthermore,
the design of environmentally benign, simple and

CHO

OPSF-SO;H/HCI (10 mg)

high-yielding methods in the presence of heterogeneous
catalyst is important for both economical and
environmental points of view [22-30].

In continuation of our research on the introduction
of new recoverable organometallic nanocatalysts
and their applications in organic synthesis
[31-34], herein, we report a convenient and
efficient method for the synthesis of 0-phenylendiamine
stabilized on silica-coated Fe;04 MNP
catalyst (Fe;04@Si10,@propyltriethoxysilane@o-
phenylendiamine (OPSF)-SO;H/HCI) as a
super paramagnetic heterogeneous nanocatalyst.
Then, it was characterized and applied in a
multicomponent one-pot synthesis of 7-aryl-8H-
benzo[h]indeno[1,2-b]quinoline-8-ones derivatives
4a-1 starting from 1,3-indanedione, aromatic aldehydes
and 1-naphthylamine under solvent-free conditions and
ultrasound irradiation in high-to-excellent yields
at room temperature (Scheme 1). This synthesized
nanocatalyst was easily separated from the
reaction mixture by using a small external magnet and
applied at least eight times without significant loss of
catalytic activity. To the best of our knowledge, this is
the first report of design, preparation, and
characterization OPSF-SOs;H/HCI nanocatalyst and its
application as a heterogeneous catalyst in the synthesis
of  7-aryl-8H-benzo[h]indeno[1,2-b]quinoline-8-ones
derivatives.

2. Experimental

2.1. General

All the solvents, chemicals and reagents were purchased
from Merck, Sigma and Aldrich. Melting points were
measured on an Electrothermal 9100 apparatus and are
uncorrected. Fourier transforms infrared spectroscopy
(FT-IR) spectra were recorded on a Shimadzu IR-470
spectrometer by the method of KBr pellet. '"H nuclear
magnetic resonance (NMR) spectra were recorded on a
Bruker DRX-500 Avance spectrometer at 500 MHz.
Field-emission  scanning  electron  microscopy
(FE-SEM) images were taken with the Sigma-Zeiss
microscope with the attached camera.

1 2 3

Ultrasonic, solvent-free, r.t.

4a-1

Scheme 1. Synthesis of 7-aryl-8H-benzo[h]indeno[ 1,2-b]quinoline-8-ones derivatives 4a—1 in the presence of OPSF-SOsH/HCI

nanocatalyst.
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Magnetic measurements of the solid samples were
performed using Lakeshore 7407 and Meghnatis Kavir
Kashan Co., Iran vibrating sample magnetometers
(VSMs). The elemental analysis of the nanocatalyst was
carried out by energy-dispersive X-ray (EDX) analysis
recorded on Numerix DXP-X10P. Moreover, the tip
radii were obtained from the direct AFM measurements
of the tip apex region in tapping mode. The shell surface
was mounted on the AFM stage and the Triboscope
recording unit with transducers and leveling device was
placed on the top of a NanoScope III E 164 | 164 mm 2
XY piezo scan base. The BET surface area of the
synthesized nanomaterial was characterized by an
ASAP 2020 specific surface area and porosity analyzer
(Micromeritics Instrument Corp.), and the samples were
degassed for 6h at 469.86 K.

2.2. Preparation of FesO4 nanoparticles

The Fe3O4 nanoparticles were synthesized via the
co-precipitation of FeCl; and FeCl,-4H,O at a molar
ratio of 2:1 in the presence of ammonia. Typically, 2.82
g of FeCl; and 1.72 g of FeCl,'4H,O were mixed in
80 mL of distilled water and vigorously stirred at 80 °C
with a mechanical stirrer. After the temperature had
reached 80 °C, 10 mL ammonia was added drop wise to
the mixture. The mixture was then stirred for another
40 min and then cooled to room temperature. The black
precipitate was collected using an external magnet and
washed several times with ethanol and distilled water.
The black product was dried at 80 °C in an oven.

2.3. Preparation of Fe;0.,@SiO, nanoparticles

First, 45 mg of Fe;O4 nanoparticles were dispersed in
16 mL of deionized water by using an ultrasonic water
bath, after that 2 mL of aqueous ammonia solution
(25 wt%) and 80 mL of ethanol were added to the
reaction mixture. Next, 0.8 mL of TEOS was added drop

wise into the Fe;O4 nanoparticle solution under vigorous
stirring at room temperature. The mixture was then
stirred for 24 h at room temperature. The products were
separated by an external magnet and washed several
times with distilled water. The final product was
collected and dried at 50 °C.

2.4. Preparation of Fe;0,@SiO,@3-chloropropyl
triethoxysilane nanoparticles

Initially, 0.292 g of as-obtained Fe;04@SiO;
nanocomposite was added in 10 mL THF. Then, 0.24 g
of NaH was dispersed in to the mixture
by ultrasonication. After that, 2 mL of
3-chloropropyltriethoxysilane was added drop-wise at
room temperature and stirred for another 16 h at 60 °C.
The resultant products were separated by an external
magnet and washed with ethanol and deionized water in
sequence, and then the precipitation was dried under
vacuum at 60 °C for 2 h for further action.

2.5. Preparation of OPSF nanocatalyst

First, 0.25 g of Fe:04@SiO@OSi(CH2);Cl1 was
dispersed in 25 mL EtOH in three separate flasks. Then,
0.25 mmol (27 mg) of o-phenylenediamine (OPDA)
was added to each of dispersions and refluxed for 12 h.
The obtained mixture was filtered and washed with the
excessive amount of EtOH and dried at 60 °C for 12 h
[30].

2.6. Preparation of OPSF-SO3H/HCI nanocatalyst

Finally, the chlorosulfonic acid (10 mmol) was added
dropwise to the synthesized OPSF nanocatalyst in dry
dichloromethane and the mixture was stirred for 6 h.
After completion of several steps of filtering, washing
and drying, the intended OPSF-SO3;H/HCI nanocatalyst
was obtained [35]. The synthesis method is illustrated in
Scheme 2.
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_-0 3 AN
AN ® <« HO— O —0-=S N
HO— O —O—Sl/\/e\N NH - ' H NH,
\O/ ClH, / | o0
H HO
HO/ | SO, ou
OH

Scheme 2. Synthesis of OPSF-SO3;H/HCI nanocatalyst.
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2.7. General procedure for the synthesis of 7-aryl-8H-
benzo[h]indeno[1,2-b]quinoline-8-one derivatives 4a-I

A mixture of an aromatic aldehyde 1 (1 mmol),
1,3-indanedione 2 (1 mmol, 0.15 g), 1-naphthylamine 3
(1 mmol, 0.14 g) and OPSF-SO;H/HCI nanocatalyst
(0.010 g) react in an ultrasonic bath at room temperature
under solvent-free conditions. The completion of
the reaction was monitored by the thin layer
chromatography  (TLC). After completion of
the reaction, the catalyst was easily separated
by an external magnet. The pure products were
obtained from the reaction mixture by recrystallization
from hot EtOH and no more purification was
required. All the products were compounds which
were identified by characterization of their
melting points (as indicated in Table 3), comparison
with those authentic literature samples and also in some
cases their FT-IR.

3. Results and Discussion

In this work, an environmentally benign
0-phenylendiamine was stabilized on silica-coated
Fe;O4s MNP  catalyst  (Fes04@SiO-@propyltri
ethoxysilane@o-phenylendiamine-SO;H/HCl) as a
hybrid magnetic organometallic nanocomposite.
Initially,  the  immobilization of a  base
group (0-phenylendiamine) onto magnetic nanoparticle
(FesOs) in several steps occurred.  After
that, the chlorosulfonic acid was added
dropwise to Fe;04@SiO@propyltriethoxysilane@
o-phenylendiamine (OPSF) in dry dichloromethane and
the mixture was stirred for 6 h to prepare the magnetic
nanocatalyst. This finalized nanocatalyst was an
effective catalyst in the synthesis of 7-aryl-8H-
benzo[h]indeno[1,2-b]quinoline-8-ones derivatives.

3.1. Characterization of the prepared OPSF-SO3;H/HCI
nanocatalyst

The OPSF-SO3;H/HCI nanocatalyst was prepared after
several steps. The FT-IR spectroscopy was utilized to
analyze and confirm functional groups of the finalized
OPSF-SOs;H/HCl nanocatalyst. As can be seen in Fig. 1,
a peak exhibited at 584 cm™ ! belongs to the Fe-O-Fe
stretching vibration. In addition, two strong
peaks appeared at 1085 and 1151 cm™! are attributed to
Si—O-Si asymmetric stretching vibration. The bands
appeared at 2923 and 2854 c¢cm! are related to the
stretching vibration of C-H bonds. Moreover, the
asymmetric stretching vibrations of O-H and N-H
groups are also observed at 3380 cm' [30].
Furthermore, the S-O stretching vibrations of SOsH
groups in OPSF-SO3;H/HCI nanocatalysts on the OPSF
surface appeared at 1010-1120 cm ™.

Furthermore, acidity ([H']) of the synthesized
OPSF-SOsH/HCl  nanocatalysts was  evaluated
by the back titration method. Initially, 0.5 g of
nanocatalyst, 0.5 g of NaCl and 10 mL of NaOH (0.1 M)
were added to 20 mL of distilled water and stirred
for 24 h on a magnetic stirrer. After that, three
drops of phenolphthalein were added to it and
color of the mixture was changed to pink. Then,
it was titrated by a solution of HCI (0.1 M)
until it reached to neutral pH. After calculations,
pH value of the related nanocatalyst was found
to be 1.82.

The morphology and size details of the nanocatalyst
were investigated by FE-SEM measurement, which is
illustrated in Fig. 2. FE-SEM image is shown that the
OPSF-SOs;H/HCI nanocatalyst has a nearly spherical
shape and uniform size distribution with an average size
0f 36.4 + 10 nm.

T (%)

N-H
0-H

1 1 | |

$1-0 Fe-O-Fe
1 | 1 1

4000 3500 3000 2500

2000 1500 1000 500

Wavenumber (cm™)

Fig. 1. FT-IR spectra of: (a) Fe;Oa, (b) OPSF and (c) OPSF-SOsH/HCl.
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Fig. 2. of  OPSF-SO:;H/HCI

nanocatalyst.

image

The result of the EDX analysis of the OPSF-SO3;H/HCI
magnetic nanoparticles is illustrated in Fig. 3.
It confirms the presence of iron, carbon, oxygen,
nitrogen, sulfur, chlorine and silicon elements in the
nanocatalyst.

The magnetic properties of OPSF-SOs;H/HCI
nanocatalyst were measured by VSM curves at
room temperature. As can be seen in Fig. 4, the
hysteresis loops of the superparamagnetic behavior can
be clearly observed for the prepared magnetic
nanoparticles. The superparamagnetism is responsible
for an applied magnetic field without retaining any
magnetism after removal of the applied magnetic field.
Based on M versus H curves, the saturation
magnetization value (Ms) of uncoated MNPs was found
to be 56 emu g! [26]. The saturation magnetization of
OPSF and OPSF- SO3;H/HCI nanoparticle were 40.73
and 35.733 emu g, respectively. These were lower than
neat Fe;O4 nanoparticles. As a result, this decrease in the
saturation magnetization value is mainly attributed to
the presence of materials on the surface of the
nanoparticles.

2500—
7 OKe

2000—

1500—

SiKo
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Fig. 3. EDX analysis of OPSF-SOsH/HCI
nanoparticles.

magnetic
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Fig. 4. VSM magnetization curve of (a) OPSF and (b) OPSF-
SO;H/HCI magnetic nanoparticles.

As can be seen in Fig. 5, the nanostructure surface of
OPSF-SO;H/HCl  magnetic  nanoparticles  was
confirmed by AFM analysis. It was found that, after
sulfonation of OPSF nanoparticles, these magnetic
nanoparticles maintain their morphological properties.
A 10 pmx10 pm image of nanoparticles was displayed
as a three dimensional projection.

Specific surface areas of the OPSF-SO3H/HCI magnetic
nanoparticles were evaluated with the BET analysis
method. It was found that the surface area value of this
synthesized magnetic nanoparticles is 34.88 m?/g with
pore volume of 0.12 cm?/g and pore size 12.52 nm.

3.2. Catalytic application of OPSF-SOsH/HCI
nanocatalyst in the synthesis of 7-aryl-8H-
benzo[h]indeno[1,2-b]quinoline-8-one derivatives

The three-component reaction of 1,3-indanedione,
4-chlorobenzaldehyde and 1-naphthylamine was chosen
as the model reaction for optimization of the reaction
conditions (4a). As can be seen in Table 1, we
investigated the effects of the various solvents on the
reaction.

10 gm

Fig. 5. AFM
nanoparticles.

image of OPSF-SO;H/HCl magnetic
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Table 1. Optimizing of the reaction conditions in the
synthesis of 7-aryl-8H-benzo[h]indeno[1,2-b]quinoline-8-
ones derivatives under ultrasound irradiation.

Entry Solvent Temp. (°C)  Yield (%)*
1 Water r.t. 40
2 Ethanol r.t. 95
3 Solvent-free r.t. 98
4 Solvent-free 50 98
5 Solvent-free 80 99
“Isolated yield.

According to the results illustrated in Table 1, the
optimized conditions for the reaction will be obtained in
ultrasonic bath at room temperature under solvent-free
conditions.

Moreover, the effect of the catalyst amount was

evaluated on the reaction yield. It was found in Table 2
(entry 1-4), that using 10 mg of the OPSF-SO3;H/HCI

nanocatalyst is applicable to complete the reaction after
5 min in 98% yield under solvent-free conditions and
ultrasound irradiation at room temperature. Finally, to
compare the efficiency of this synthesized catalyst
with that of some previously reported catalysts
for the synthesis of 7-aryl-8H-benzo[h]indeno
[1,2-b]quinoline-8-one derivatives, as can be seen in
Table 2 (entry 5-9), we bring the results for these
catalysts in the synthesis of 4a as a model reaction. The
results clearly demonstrate the superiority of the present
work under ultrasound irradiation in saving time, energy
and high yields of the products.

After  optimizing the  reaction  conditions,
we investigated the generality of these conditions
using various aromatic aldehydes. The results are
summarized in Table 3. It was found that aromatic
aldehydes carrying both different electron-donating and
electron-withdrawing groups were subjected to the
condensation and in all cases the desired products were
obtained in high-to-excellent yields after appropriate
reaction times.

Table 2. Comparison of some catalysts effects with OPSF-SOsH/HCI nanoparticles of the model reaction.

Entry Conditions gﬁ:ﬁiﬁt (Tnl;‘le) Yield (%)*  Ref.
1 Solvent-free, stirring, r.t. - 10 Trace This work
2 Solvent-free, ultrasound, r.t. - 10 35 This work
3 FeCls, solvent-free, ultrasound, r.t. 10 mg 10 40 This work
4 FeCl,, solvent-free, ultrasound, r.t. 10 mg 10 30 This work
5 Fe304, solvent-free, ultrasound, 40°C 30 mg 90 68 [29]
6 Fe304@Si0,, solvent-free, ultrasound, r.t. 10 mg 90 50 This work
7 OPSF-SOsH, solvent-free, ultrasound, r.t. 5mg 5 85 This work
8 OPSF-SOsH, solvent-free, ultrasound, r.t. 10 mg 5 98 This work
9 OPSF-SOsH, solvent-free, ultrasound, r.t. 20 mg 5 95 This work
10 OPSF-SOsH, solvent-free, ultrasound, r.t. 30 mg 5 93 This work
11 OPSF-SOs;H, solvent-free, stirring, 40°C 10 mg 10 90 This work
12 OPSF, solvent-free, ultrasound, r.t. 10 mg 5 90 This work
13 FesOs@cellulose-OSOsH, solvent-free, stirring, 40°C 30 mg 5 40 [29]
14 TBM, solvent-free, stirring, 80 °C 15 mg 45 94 [21]
15 P(4-VPH)HSO4, EtOH, stirring, reflux 20 mg 120 86 [36]
16 [Fe(HSO4)3], DMSO, 90 °C 0.1 mmol 210 90 [37]
17 HeP2W 13062 18H,0, Acetic acid, reflux 0.01 mmol 360 96 [38]

aIsolated yield.
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Table 3. Synthesis of 7-aryl-8H-benzo[h]indeno[1,2-b]quinoline-8-one derivatives using OPSF-SO3;H/HCI nanoparticles as

catalyst.
Entry R Product Yield® (%) m.p. () - Ref.
Observed Literature
1 4-Cl 4a 98 244-246 259-261 [39]
2 4-Br 4b 95 221-223 218-220 [21]
3 4-Me 4c 91 245-247 256-260 [39]
4 4-OMe 4d 90 230-233 233-235 [21]
5 4-CN 4e 97 242-243 240-241 [29]
6 4-F 4f 97 241-242 231-235 [39]
7 3-NO; 4g 95 228-230 222-224 [21]
8 3-Br 4h 95 241-243 236-238 [21]
9 3-Cl 4i 94 228-230 230-232 [21]
10 3-OH 4j 86 231-233 228-229 [39]
11 2-Cl 4k 95 284-287 289-291 [39]
12 H 41 92 200-204 202-204 [21]
solated yield

The plausible mechanism of the reaction in the presence
is shown in Scheme 3. Initially, intermediate II is
obtained as a result of a Knoevenagel condensation
between a carbonyl group of activated aldehyde 1 and
1,3-indanedione 2 in the presence of OPSF-SOsH/HCl
nanocatalyst. After that, the subsequent addition of
I-naphthylamine 3, followed by cyclization,
dehydration and oxidation would afford the
indenoquinolines [40-42].

3.3. Reusability of OPSF-SOsH/HCI nanocatalyst

The reusability of the catalyst is one of the most
important advantages for commercial applications.
Therefore, the reusability of OPSF-SO3;H/HCI
nanocatalyst was evaluated in the model reaction. After
completion of the reaction, the nanocatalyst was
recovered by an external magnet and washed with
ethanol, dried and reused in subsequent reactions at least
8 times without any significant lose in yield of the
products (The yields were 98, 97, 95, 93, 90, 88, 86 and
85%, respectively).

4. Conclusions

In summary, a novel and environmentally benign
0-phenylendiamine stabilized on silica-coated Fe;O4
MNP catalyst (Fe;04@SiOx@propyltriethoxysilane@
0-phenylendiamine-SO3;H/HCI) have been synthesized
and completely characterized by FT-IR spectroscopy,
FE-SEM images, BET, AFM, VSM and EDX
analyses. Noteworthy, this nanocomposite has the
uniform size with an average size about 40 nm and
34.88 m?/g specific surface areas. AFM result revealed
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that these magnetic nanoparticles maintain their
morphological properties. Then, the catalytic activity
of the nanocomposite was investigated in the
synthesis of 7-aryl-8H-benzo[h]indeno[1,2-b]quinoline-
8-ones. The products were obtained in high-to-excellent
yields at room temperature under mild reaction
conditions. The nanocatalyst was easily separated
by an external magnetic field and reused efficiently
for the several times without a significant decrease in
catalytic activities. This is the first report on
design, preparation, functionalization and
characterization of the present nanocomposite and
also performance as a heterogeneous catalyst in organic
reactions.
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