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Abstract
In this work, D-(−)-α-phenylglycine (APG)-functionalized magnetic nanocatalyst (Fe3O4@SiO2@PTS-APG)
was designed and successfully prepared in order to implement the protocols of green chemistry for the
synthesis of polyhydroquinoline (PHQ) and 1,4-dihydropyridine (1,4-DHP) derivatives under ultrasonic
radiation in EtOH. After preparing the nanocatalyst and confirming its structure by different spectroscopic
methods or techniques including Fourier transform infrared (FT-IR) spectroscopy, energy-dispersive X-ray
spectroscopy (EDS), field emission scanning electron microscopy (FESEM), X-ray diffraction (XRD),
vibrating sample magnetometer (VSM) and thermal gravimetric analysis (TGA). Its performance under
ultrasonic radiation and various conditions were examined. The yield of target derivatives was controlled
under various conditions and it was found that it reaches more than 80% in just 10 min, which indicates
the high performance of the nanocatalyst along with the synergistic effect of ultrasonic radiation. The
structure of the products was identified by melting point as well as FT-IR and 1H NMR spectroscopic
methods. The Fe3O4@SiO2@PTS-APG nanocatalyst is easily prepared from commercially available, lower
toxicity and thermally stable precursors through a cost-effective, highly efficient and environmentally
friendly procedure. The advantages of this method include simplicity of operation, reaction under mild
conditions, use of environmental radiation sources, obtaining pure products with high efficiency in the
shortest time without using a tedious path which is all in the shadow of green chemistry. Finally, a
reasonable mechanism is proposed for the preparation of polyhydroquinoline (PHQ) and 1,4-
dihydropyridine (1,4-DHP) derivatives in the presence of Fe3O4@SiO2@PTS-APG bifunctional magnetic
nanocatalyst.

1. Introduction
It's been a long time; heterogeneous catalysts have been known and used as an effective and
environmentally friendly agent for organic transformations and to prevent the production of by-
products[1–6]. These catalysts have several advantages including high selectivity, high turnover numbers
(TON), and effortless optimization of catalytic activity, for example, by simply tuning ligand and metals in
the case of metal complex catalyzed reactions[7, 8]. Various substrates are used to stabilize catalytic
factors, which is one of the most important substrates is magnetite (Fe3O4)[5, 9]. Magnetite is an ideal
oxide substrate that has a very active surface to absorb or stabilize metals and ligands and on the other
hand, it can be easily separated and recyclable by applying external magnetic fields from the reaction
medium[10–15]. Although the Fe3O4 magnetic nanoparticles (MNPs) are attracted to their unique
properties, such as low price, broad availability, high surface area, Increased reaction rate by local heat
through induction, thermal stability, low toxicity, easy separation of the reaction mixture by the
application of an external magnetic field, a good potential for consolidation of different groups and
excellent recycling capability, they are not stable under environmental conditions and are easily oxidized
or dissolved in an acidic environment. In order to, overcome these problems, silica is commonly used as a
protective shell for the coating of Fe3O4 MNPs and a magnetic core-shell nanostructure (Fe3O4@SiO2) is
formed[16, 17]. Furthermore, silica prevents the agglomeration of Fe3O4 MNPs, and also the most surface
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of silyl groups, it is possible to modify their surface by different functional groups. It should be noted that
the silica shell has a high porosity, is suitable for compatibility with the environment, and is an
inexpensive material[18, 19].

α-Amino acids are natural compounds that make proteins in living systems. However, they can be
considered as bifunctional organocatalysts from a catalytic point of view to activate both nucleophilic
and electrophilic centers of the substrates through their carboxylic acid (-COOH) and amino (-NH2)
functional groups with proper geometry, respectively[20]. On the other hand, the natural abundance of α-
amino acids as well as their optic activity make them appropriate candidates for the preparation of
nontoxic catalytic systems with proper biodegradability. Also, α-amino acids demonstrate low solubility in
organic solvents and are pH-sensitive. Therefore, designing and preparation of catalytic systems using α-
amino acid units would be very beneficial from a green chemistry perspective to be used in the chemical,
pharmaceutical, food, biotechnology, medical industries. [21, 22]. The preparation of ionic liquids is
another application of amino acids that can be mentioned[23, 24]. For example, a team of American
researchers successfully synthesized three [EMIM][AA]-type of amino acid ionic liquids and immobilized
them into nanoporous polymethylmethacrylate (PMMA) microspheres and used as robust sorbents for
CO2[25]. Other researchers have used amino acids as a modulator in the preparation of zirconium and
hafnium metal-organic frameworks (MOFs)[26]. Selenium nanoparticles (SeNPs) is an element used in
the treatment of cancer and their major forms are organic and inorganic[27–29]. On the other hand,
SeNPs are unstable and their use is limited by agglomerated, so biomolecules are used to stabilize these
nanoparticles[30]. Researchers have shown that the interaction of NH3

+ amino acid groups with
negatively charged SeNPs can lead to the stability of these nanoparticles (SeNPs@AAs). Therefore,
amino acids not only lead to stability and prevent the agglomeration of SeNPs, but also affect their anti-
cancer function and increase their biological activity. These characteristics and wide applications of AAs
encouraged our research team to use them as a catalyst and to advance the process in the preparation
and identification of some of the six-membered heterocyclic rings.

Heterocyclic compounds are highly regarded and mainly synthesized due to their wide range of biological
activities[31]. These compounds are used as key frameworks for the development of many therapeutic
agents and play a prominent role in medicinal chemistry[32]. One of the best methods for preparing these
bioactive compounds is the use of multicomponent reactions (MCRs).[33] In these reactions (domino
processes), several starting materials (more than two reactants) react simultaneously and in one step at
the presence of a catalyst and produce the desired product[34–37]. Multi-component reactions have
unique advantages, such as the production of complex and diverse products through the formation of
several bonds during an operation, without the need to isolate and purify the intermediates with high
efficiency and high selectivity in the shortest time, together with the high atomic economy, therefore, they
prevent the production of side and waste products during the reaction[38–41]. Polyhydroquinoline (PHQ)
and 1,4-dihydropyridine (1,4-DHP) derivatives are some of the most important and oldest multi-
component reactions that were first reported in 1882 by a German chemist named Arthur Hanztsch[42–
44]. These compounds, due to pharmacological and biological activities, include the treatment of
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cardiovascular diseases such as high blood pressure (such as nicardipine, nifedipine, aponepidine,
nimodipine, and depin, etc.) (Fig. 1)[45, 46], antiviral[47], antitumor[48], antimalarial[49], antibacterial[50],
anti-cancer[51], blocked calcium channels[52] activities, as well as coenzyme NADH, have been widely
considered for reducing carbonyl compounds and their derivatives[53] in recent decades. Therefore,
according to the medical activities of the derivatives derived from the Hantzsch reaction to synthesize
them, researchers to synthesize them used a variety of methods including the common heat[54], solar
energy[55], and various catalytic systems such as molecular iodine[56], L- proline[57], magnetic
nanoparticles Fe3O4[58], nanoparticles ZnO[59], polymers[60], Hy-zeolite[61]. Most of these processes
suffer from disadvantages such as long reaction times, low yields, harsh conditions, high costs, feed high
values, the use of hazardous catalysts, toxic and volatile solvents, and boring workup.

Over the past few decades, due to the energy crisis and environmental pollution, green chemistry has
received a lot of attention[62]. The principles of green chemistry have led to the development of cleaner
and milder processes, especially in chemical synthesis[63]. Sonochemistry and microwave-assisted
chemistry are not only used to accelerate organic reactions but are also an environmentally friendly
synthetic protocol, which we will discuss in the following[64, 65]:

Ultrasonic (US) radiation has recently emerged as a clean and green method to accelerate organic
synthetic conversions[66, 67]. It generates high temperatures and pressures in a very short period of time.
The main advantages of ultrasonic synthesis are high reaction rate, short reaction time, high efficiency,
and mild reaction conditions[68, 69]. In fact, ultrasonic radiation initiates chemical reactions by creating
sound cavities that are used to overcome molecular gravitational forces[70, 71]. The process of cavitation
refers to the rapid growth and collapse of bubbles in a liquid in which a chemical reaction takes place
inside and near the bubbles and has two main paths[72]. Energy consumption for partial heating is
inseparable from any chemical process. Microwave (MW) radiation is one of the most desirable energy
sources to overcome this problem. Compared to other conventional methods, synthesis by microwave
radiation is a logical method in green chemistry that not only improves the reaction rate, efficiency, and
reaction path but also reduces waste and conserves energy[73]. Microwave radiation often provides high
selectivity, simplicity of operation, and optimal energy compared to traditional methods[64, 74]. The heat
from microwave radiation is highly dependent on the dielectric properties of solutions compared to
traditional heat, so compounds with a high dielectric constant tend to absorb microwave radiation
compared to compounds with lower polarity[75]. According to the discussion and the mentality created in
connection with green chemistry protocols, sonochemistry, and microwave-assisted chemistry techniques
are known as promising tools and because of their quick and easy applications, high performance, and
being environmentally friendly, they are able to expand the boundaries of green chemistry. Therefore, it
has been considered by many chemists in recent years[76]. Therefore, due to the properties of
heterogeneous catalysts, the properties and applications of AAs, MCRs, and Hanztsch derivatives, clean
and new energy sources, and circumvention of environmental hazards, in order to achieve the goals of
green chemistry, we were encouraged to prepare magnetic heterogeneous nanocatalyst for the synthesis
of bio-active polyhydroquinoline (PHQ) and 1,4-dihydropyridine (1,4-DHP) derivatives. For this purpose,
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we successfully placed D-(−)-α-phenylglycine as a catalytic agent by 3-Chloropropyltrimethoxysilane
(CPTES) on the surface of magnetic nanoparticles (MNPs) coated with silica (Fe3O4@SiO2@PTS-APG).

Then, by the aforementioned nanocatalyst, bioactive PHQ and 1,4-DHP derivatives were synthesized
under ultrasonic wave irradiation in a short time with high efficiency in ethanol solvent through a one-pot
four-component reaction (Fig. 2). In addition, the aforementioned catalyst can be recycled at least five
times without significant loss of catalytic activity and used in the subsequent cycles of the reaction. In
the end, a reaction mechanism has been proposed to prepare these biologically active derivatives.

2. Results And Discussion

2.1. Analysis and characterization of magnetic core-shell
catalyst functionalized with D-(−)-α-phenylglycine
First, using Catalyst infrared spectroscopy (FT-IR) spectra, scanning electron microscope images (SEM),
vibrating sample magnetometer (VSM), X-ray powder diffraction technique (XRD), energy-dispersive X-ray
spectroscopy (EDX), and thermogravimetric analysis (TGA) the structure of the core-shell magnetic
nanocatalysts functionalized with D-(−)-α-phenylglycine is discussed in the experimental section. The
structure of the core-shell magnetic silica functionalized with D-(−)-α-phenylglycine
(Fe3O4@SiO2@PTS@APG) has been illustrated in the experimental section (Fig. 11).

2.1.1. FT-IR spectra of the Fe3O4@SiO2@Pr-APG catalyst
In order to confirm the synthesis of core-shell magnetic nanocatalysts functionalized with D-(−)-α-
phenylglycine (Fe3O4@SiO2@PTS-APG), first, let's examine the FT-IR spectrum. Figure 3, part (a) shows

the magnetite spectrum. In this figure, the 572 cm− 1 absorption frequencies are related to the stretching
vibration of the Fe-O-Fe bond, which is a characteristic of the Fe3O4 nanoparticle structure. The

absorbance bands with the center of 1558 cm− 1 and 3394 cm− 1 are related to the bending and stretching
vibrations of the adsorbed water molecules on Fe3O4 nanoparticles, respectively. In section (b), the
absorption band at 440 cm-1 area is related to the bending vibration of the Si˗O˗Si bond, whereas the
vibration peak in the 800 cm− 1 regions is related to the symmetric stretching vibration of Si˗O˗Si bond.
The asymmetric tensile peak of the Si˗O˗Si bond appears in the 1085 cm− 1 region, that indicating
successful fixation of the silica onto the magnetite. Part (c) of the diagram shows the magnetite coated
with silica along with the linker, which is a strong absorption band in the 588 cm− 1 regions related to the
stretching vibration of the C˗Cl bond and the peak observed in the 1070 cm− 1 region is attributed to the
stretching vibration of the C˗O bond, which overlaps with the asymmetric tensile vibration of the Si˗O˗Si
bond. Part (d) of the diagram shows the spectrum of catalysts functionalized with (D)-(-)-α-
Aminophenylacetic acid, in addition to the magnetite and silica peaks, one can see the stretching
vibration of the C˗H bond at 2877 cm− 1, and the stretching vibration of the C˗N bond at 1382 cm− 1, as
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well as the absorption band at the peak characteristics of 3490 cm− 1 and 1639 cm− 1, are attributed to
acidic OH group and carbonyl acetic acid group, respectively, which confirm the functionality of the above
catalyst (Fig. 3).

2.1.2. EDS study of the Fe3O4@SiO2@PTS-APG catalyst
After functionalization of magnetic nanoparticles, elemental analysis was performed to investigate them
and further confirm the presence of essential elements. The Energy-dispersive X-ray spectroscopy (EDS)
results obtained are shown in Fig. 4. As can be seen, the catalyst consists of atoms C, N, and O. In
addition, the absence of the chlorine atom and the presence of the nitrogen atom indicate that the amino
acid has been replaced and stabilized on the surface of the magnetic nanoparticles.

2.1.3. Microscopic imaging study of the Fe3O4@SiO2@PTS-
APG catalyst
In order to investigate the structure, morphological properties, and size of nanoparticles, the desired
sample surface was imaged by Field emission scanning electron microscopy (FESEM) technique. The
FESEM images of the synthesized nanocatalyst are shown in Fig. 10. These images are taken in three
scales of 2µm (Fig. 5a), 200 nm (Fig. 5b-c), and 500 nm (Fig. 5d). It can be clearly seen that the obtained
images confirm the spherical morphology with non-smooth surface and mono-dispersion of the
nanoparticles. These properties increase the surface area and activity of the nanocatalyst because the
highly active areas of the catalyst are readily available. According to Fig. 5c, it is clear that nanoparticles
have a specific pattern and their average particle size is less than 60 nm.

2.1.4. Vibrating sample magnetometer (VSM) analysis of
the Fe3O4@SiO2@PTS-APG catalyst
As discussed at the beginning of the article in the introduction, one of the important reasons for choosing
magnetic nanoparticles as a substrate is their separation and easy recyclability by an external magnetic
field from the reaction medium. This is due to the super magnetic properties of magnetic nanoparticles.
Based on this, the magnetic properties of Fe3O4, Fe3O4 @ SiO2 and Fe3O4 @ SiO2 @ PTS-APG were
determined by the vibrating sample magnetometer (VSM) technique at room temperature (Fig. 6). As can
be seen, the magnetic values for Fe3O4, Fe3O4 @ SiO2, and Fe3O4 @ SiO2 @ PTS-APG are 75, 70, and 58

amu.g− 1, respectively. The reduction of magnetic properties for Fe3O4 @ SiO2 and Fe3O4 @ SiO2 @ PTS-
APG compared to bare Fe3O4 confirms the formation of a thin layer of silica and its surface modification
with propylene trialkoxysilane and the stabilization of D-(−)-α-phenylglycine in the next stages.

2.1.5. XRD study of the Fe3O4@SiO2@PTS-APG catalyst
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The X-ray diffraction (XRD) pattern of the Fe3O4@SiO2@PTS-APG nanoparticles is shown in Fig. 6.
According to the standard patterns of Fe3O4 (card. No JCPDS, 01-088-0315), Fe3O4 @ SiO2 (card. No
JCPDS, 01-082-1572) and D-(−)-α-phenylglycine (card. No JCPDS, 00-013-0988) is fully compatible with
nanocomposites. The diffraction signals (2θ) at 25, 28, and 31 correspond to D-(−)-α-phenylglycine,
which confirms its stabilization on silica-coated magnetic nanoparticles.

2.1.6. Thermogravimetric analysis (TGA) of the
Fe3O4@SiO2@PTS-APG catalyst
In order to investigate the thermal stability of the hybrid organosilica nanocatalyst, thermogravimetric
analysis (TGA) analysis was performed under N2 atmosphere from 50 to 1000°C, which is discussed
below. The total weight loss of the nanocatalyst was about 14% (Fig. 8). As can be seen, initially with a
gradual increase in temperature to 95°C, a slight increase in the weight of the nanocatalyst is observed,
which is due to the absorption of moisture by its hot surface. The first weight loss of about 100°C is
related to adsorbed water or residual organic solvents in the nanocatalyst. At higher temperatures of
about 150°C as well as 600 − 470°C, the organic components and the silica coating are decomposed or
dehydrated, respectively. Finally, at temperatures above 600°C, a gradual decrease in weight is observed,
which is related to dehydration of the magnetic component.

2.2. Optimization of reaction
In order to optimize the reaction conditions, a wide range of different organic solvents with the different
power of ultrasonic radiation and various amounts of catalyst were investigated for the synthesis of
polyhydroquinoline derivatives through a one-pot four-component reaction of 4-
(dimethylamino)benzaldehyde (1a), ammonium acetate (2), ethyl acetoacetate (3), dimedone (4). In order
to improve the synthesis of polyhydroquinoline derivatives and choose the best reaction conditions, a
systematic study of these heterocyclic compounds was accomplished with a one-pot four-component
reaction. thus 4-(dimethylamino)benzaldehyde (1a), ammonium acetate (2), ethyl acetoacetate (3),
dimedone (4) as a model reaction in the presence of different organic solvents, in the variation of
ultrasonic radiation power and diverse amounts of catalyst by several times were investigated, herein, the
results of this study are summarized in Table 1. As shown in Table 1, the reaction in the absence of the
catalyst under different conditions gives a very unfavorable yield (Table 1, entry 1). However, in the
presence of the catalyst and various organic solvents, the product is formed with different yields (Table 1,
entries 2–6), which among them, EtOH as the aprotic polar solvent has the best effect on reaction
efficiency (Table 1, entry 2).

After determining the appropriate solvent, the rate of ultrasonic radiation power on the catalyst
performance was investigated. It was observed that by increasing the ultrasonic radiation power from 75
to 80 W the rate of yield increases (Table 1, entries 6 and 7), and also from 80 to 85 W, the time decreases
and yield rises (Table 1, entries 7 and 8), however, with an increase in ultrasonic radiation power to 90 W,
there was no observed change in the time and efficiency of the reaction (Table 1, entry 9). These results
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indicate that ultrasonic radiation power influences the time and reaction efficiency and therefore 85 W
was chosen as the optimal radiation power. Finally, the effective amount of the catalyst on the reaction
efficiency was investigated, which is considered to be 10 mg of catalyst as the optimal amount for the
reaction (Table 1, entry 14). In general, the best conditions for this reaction are to synthesize (5a) using 10
mg of catalyst in the EtOH as a green solvent for 20 minutes (Table 1, entry 14).

After optimizing the reaction conditions, several polyhydroquinoline derivatives were synthesized at
optimal conditions, and the results are summarized in Table 2. As shown in Table 2, substituted
aldehydes containing electron-donating or electron-withdrawing groups produce excellent yields from the
corresponding products.

Considering the satisfactory results obtained in the synthesis of polyhydroquinoline derivatives, the use
of this catalyst for the synthesis of 1,4-dihydropyridine derivatives was investigated under optimum
conditions (EtOH as a solvent and 85 W supersonic radiation power). In this study, 4-Chlorobenzaldehyde
(1a), ammonium acetate (2), ethyl acetoacetate (3) were used as a reaction pattern for synthesis (6a) and
the results are summarized in Table 3. Therefore, the best result is obtained with 10 mg of catalyst in the
EtOH environment under ultrasonic radiation (Table 3, entry 6), accordingly, some 1,4-dihydropyridine
derivatives were synthesized, the results of which are summarized in Table 4.

2.3. Mechanism of reaction
According to the structure and acidic and basic sites of the Fe3O4@SiO2@PTS-APG MNPs and also the
study of various literature[83, 84], a rational mechanism for the formation of polyhydroquinolines
derivatives is proposed through the Hantzch reaction in the presence of nanocatalyst of
Fe3O4@SiO2@PTS-APG (Fig. 9).

Accordingly, these compounds can be synthesized in several steps so that the mechanism can proceed
through path A or B. In the presence of catalytic acidic and basic sites, enamine cyclization occurs to the
enone product. Based on route A, initially occurs a catalyzed Knoevenagel coupling reaction by acidic and
basic catalyst sites between the derivatives of aldehydes and the enol form of dimedone and the
intermediate (i) is formed, on the other side of the catalytic cycle, activated β-ketoester (by nanocatalyst)
with ammonia released from NH4OAC enamine (ii) gives. Subsequently, by catalyzed Michael addition by
the catalyst between the intermediate species (i) and (ii), then cyclization leads to the formation of
polyhydroquinoline derivatives. Route B is similar to path A, but with the difference that the Koevenagel
reaction occurs between activated β-ketoester and the aldehyde derivatives species, which the (iii) and
(iv) intermediates carried out Michael addition and then cyclization and formed polyhydroquinolines
(PHQs) derivatives. On the other hand, this mechanism can also be used to synthesize 1,4-
dihydropyridine (1,4-DHP) derivatives.

2.4. Comparison of the catalytic activity of
Fe3O4@SiO2@PTS-APG NPs with other catalytic systems
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To compare the performance and activity of the Fe3O4@SiO2@PTS-APG NPs compared to other
previously reported catalysts, several products from the PHQ and 1,4-DHP derivatives randomly were
selected and compared the reaction conditions for their synthesis with the results obtained by other
previous methods and the results are summarized in Table 5. As shown in Table 5, our catalyst as an
efficient nanocatalyst shows better results than other catalysts listed in Table 1 in terms of yields and
reaction time. In summary, compared with other methods combination of synthesized nanocatalyst and
ultrasonic waves has advantages, such as excellent yield, high selectivity, short reaction time, and mild
reaction conditions.

2.5. Reusability of the Fe3O4@SiO2@PTS-APG NPs
The catalyst recovery capability for chemical reactions is one of the most important advantages of
catalysts and an important parameter that makes them suitable for industrial applications. Therefore, to
investigate the capability of recovering the catalyst, it was easily separated from the reaction mixture by
applying an external magnetic field and washed with EtOH, then dried in an oven at 70°C for 2h. The
catalyst was used for subsequent experiments up to 6 times under the same reaction conditions. The
catalyst recovery capability in product synthesis 5b and 6a under optimized reaction conditions (Table 1,
entry 14, and Table 3, entry 6, respectively) were studied as reaction models. According to Fig. 10, it can
be concluded that this heterogeneous catalyst can be used at least 6 times without loss of significant
catalytic activity.

3. Experimental

3.1. Materials and methods
All the chemicals and solvents were purchased from Merck and used without further purification. The
progress of reactions, as well as the purity, were checked using F254 silica-gel pre-coated TLC plates with
n-hexane and ethyl acetate (1:1, v/v) as eluent. The melting points were determined on a Buchi melting
point apparatus and are uncorrected. IR spectra were recorded on a Perkin Elmer FT-IR spectrophotometer
using KBr pellets in the range of 399–4490 cm− 1. 1H NMR spectra were recorded on a Bruker 500 MHz
for samples in CDCL3, as a solvent, at ambient temperature. Ultrasonication was performed in a
BANDELIN ultrasonic HD 3200 instrument with probe model US 70/T with a diameter of 6 mm that was
immersed directly into the reaction mixture. A National microwave oven, model no. NN-K571MF (1000 W),
was used for microwave-assisted reactions. Scanning electron microscopy (SEM) images were obtained
on an EM 3200 instrument operated at 30kv accelerating voltage. Magnetization measurements were
carried out on a BHV-55 vibrating sample magnetometer (VSM). The curve obtained from
thermogravimetric analysis (TGA) was recorded in the air using a Bahr company STA 504 instrument.
Energy- dispersive X-ray (EDX) analysis was carried out using a FESEM-SIGM (German) instrument.

3.2. Preparation of magnetite (Fe3O4) nanoparticles (NPs)
coated with silica (Fe3O4@ SiO2)
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In brief, 4.82 gr of FeCl3.6H2O and 2.25 gr of FeCl2.4H2O were dissolved in 40 mL deionized water at 80°C
for 20 min under a nitrogen atmosphere with vigorous stirring. Then, 10 mL of aqueous NH3 (25%) was
added into the solution and was vigorously stirred at 70°C for 1h. The color of the bulk solution turned
from orang to black immediately. The precipitated Fe3O4 nanoparticles were separated from the solution
using a magnet and washed several times with deionized water and ethanol until the pH value reached
the neutral positions, and left to dry in the air. Then 1.0 gr synthesized Fe3O4 NPs were mixed with 40 mL
ethanol and 15 mL deionized water by ultrasonic treatment for 20 min. 1.2 mL of TEOS (silica precursor)
was added to the mixture and sonicated for another 15 min and then 1.2 mL aqueous ammonia was
added slowly under mechanical stirrer at 30°C. After 12h, the silica-coated magnetic nanoparticles were
entered, washed several times with ethanol and distilled waters, and dried at 50°C.

3.3. Preparation of modified silica-coated magnetite NPs
(Fe3O4@SiO2@CPTS)
One gram of silica-coated Fe3O4 (Fe3O4@ SiO2) nanoparticles were suspended in 40 mL toluene with
sonication and then functionalized using 1 mL chloropropyltriethoxysilane (CPTES) by refluxing at 110°C
for 24 h under nitrogen atmosphere. The resulting solid was collected and washed several times by
ethanol and then dried at 80°C.

3.4. Immobilization of the D-(−)-α-phenylglycine (APG) on
the surface of modified silica-coated magnetite NPs
(Fe3O4@ SiO2@PTS-APG)
One gram of Fe3O4@SiO2@CPTS Powder was suspended in 40 mL ethanol and then 1.0 gr of D-(−)-α-
phenylglycine was added into the solution and subsequently, the reaction mixture was refluxed at 70°C
for 24 h. The resultant solid sample was separated using a magnet and washed several times with
ethanol. Finally, the sample dried under vacuum at 80°C for 24h.

3.5. General procedure for the synthesis of PHQ and 1,4-
DHPs derivatives
A mixture of aldehyde derivatives (1.0 mmol), ammonium acetate (1.0 mmol), ethyl acetoacetate (1.0
mmol), dimedone (1.0 mmol), the catalyst (10.0 mg), and ethanol (5.0 mL) were charged in a round-
bottomed Flask and then contents were irradiated by an ultrasonic probe sonicator under conditions for
times indicated in Table 2 and the formation of the products was monitored by TLC. In order to synthesis
of 1,4-DHPs derivatives, the catalyst (10.0 mg), aldehyde derivatives (1.0 mmol), ammonium acetate (1.0
mmol), ethyl acetoacetate (2.0 mmol), and ethanol (2.0 mL) was placed into a round-bottomed and then
irradiated by an ultrasonic probe sonicator under conditions for times indicated in Table 4 and the
progress of the reaction was monitored by TLC. After the reaction was complete the catalyst was
recovered by an external magnet and the pure product was obtained after recrystallization from EtOH-
water. The chemical structure of the known materials was confirmed by comparing their melting points
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and obtaining their FTIR and 1HNMR spectra with the data reported in the sources. Examples of physical
and spectral information of compounds 5a and 6a are given in Table 6.

4. Conclusion
In this work, we have developed a robust and efficient bifunctional organocatalyst immobilized on the
surface of modified silica-coated magnetite NPs for the preparation of different polyhydroquinoline
(PHQ) and 1,4-dihydropyridine (1,4-DHP) derivatives through the multicomponent reaction of Hantzsch
condensation under ultrasonic irradiation in EtOH as a solvent. Various energy sources were used to
synthesize these derivatives, among which ultrasonic triumphed. Indeed, ultrasonic waves with a
synergistic effect combined with nanocatalyst accelerated the reaction rate. This method has significant
advantages over other commonly used methods, which include the lack of use of harmful solvents, high
efficiency, short reaction time, environmentally friendly, and inexpensive. Also, the synthesized
heterogeneous nanocatalyst showed good recycling capability so that it can be easily recycled at least 5
times without loss of catalytic activity and used in subsequent performances. The principles of green
chemistry were fulfilled by the use of recyclable catalysts, green solvent and efficient energy source, all of
which are environmentally friendly.
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Figure 1

Some of the commercial biologically active polyhydroquinoline (PHQ) and 1,4-dihydropyridine (1,4-DHP)
derivatives.
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Figure 2

Synthesis of polyhydroquinoline (PHQ) 5 and 1,4-dihydropyridine (1,4-DHP) 6 derivatives catalyzed by
Fe3O4@SiO2@PTS-APG.
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Figure 3

FT-IR spectra of (a) Fe3O4, (b) Fe3O4@SiO2, (c) Fe3O4@SiO2@CPTS, (d) Fe3O4@SiO2@PTS-APG.
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Figure 4

EDS of the Fe3O4@SiO2@PTS-APG catalyst.

Figure 5

FESEM images of the Fe3O4@SiO2@PTS-APG catalyst.
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Figure 6

Magnetization curves of the (red) Fe3O4, (blue) Fe3O4@SiO2 and (green) Fe3O4@SiO2@PTS-APG MNPs.
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Figure 7

XRD Pattern of the Fe3O4@SiO2@PTS-APG nanocatalyst.

Figure 8

TGA curve of the Fe3O4@SiO2@PTS-APG.
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Figure 9

A proposed mechanism for the synthesis of polyhydroquinoline catalyzed by the Fe3O4@SiO2@PTS-APG
MNPs.
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Figure 10

Reusability of the Fe3O4@SiO2@PTS-APG MNPs in the synthesis of 5b (red) and 6a (blue) under
optimized conditions.

Figure 11

Schematic preparation of the Fe3O4@SiO2@PTS-APG nanocatalyst.
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