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Abstract

A convenient strategy for synthesis of the various derivatives of 1,4-aihydropyridine (1,4-DHP), as
one of the most important pharmaceutical compounds, is presented i this study. For this purpose,
firstly, magnetic iron oxide nanoparticles (FesO, NPs) vvere [abricated and suitably coated by silica
network (SiOy) and trimethoxy vinylsilane (TMVS). Then, their surfaces were well functionalized
with pyrimidine-2,4-diamine (PDA) as the main aciive sites for catalyzing the synthesis reactions. In
this regard, the performance of three diffecient methods including reflux, microwave (MW) and
ultrasound wave (USW) irradiations liave beeir comparatively monitored via studying various analyses
on the fabricated nanocatalyst (FesC./Si0,-PDA). Concisely, high efficiency of the USW irradiation
(in an ultrasound cleaning bath with a irequency of 50 kHz and power of 250 W/L) has been well
proven through the investigatiori of the main factors such as excellent surface-functionalization,
core/shell structure conservation, particle uniformity, close size distribution of the particles, and great
inhibition of the particle aggregation. Then, the effectiveness of the USW irradiation as a promising
co-catalyst agent has ween clearly demonstrated in the 1,4-DHP synthesis reactions. It has been
concluded that tie USW could provide more appropriate conditions for activation of the catalytic sites
of Fe.C4/SiC,-POA NPs. However, high reaction yields (89%) have been obtained in the short
reaction times (10 min) due to the substantial synergistic effect between the presented nanocatalyst
and USW.

Keywords: Sonochemistry; Multicomponent reaction; Iron oxide nanoparticles; Dihydropyridine;

Heterogeneous catalyst
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L. IHILTE VUULLIVIE

Dihydropyridine (DHP) derivatives are one of the most important categories of the pharmaceutical
compounds that are extremely used as a well-known calcium channel blockers for treatment of
hypertension [1,2]. The useful DHP derivatives such as amlodipine, aranidipine, barnidipine and etc.
are typically prepared through multicomponent synthetic reactions. For instance, p-toluenesulfonic
acid monohydrate as a Brgnsted- acid has been used to catalyze the multicomponent synthetic
reaction of DHP derivatives, by Xie et al. [3]. Furthermore, Jiang et al. have employed porcine
pancreatic lipase as an efficient catalyst for DHP preparation [4]. Also, in our research group, DHP
derivatives have been synthesized through using a guanidine-functionalized magnetic nanocatalyst [5].
Among various methods and strategies, ultrasound waves (USW) irraaiation has been reported as an
effective driving force supporter for DHP derivatives preparation with high performance. Reportedly,
a catalyst-free synthesis protocol for functionalized DHF c'erivetives involving four components under
USW irradiation has been introduced, by Shaualaia et ai. [6]. Additionally, a Cul-catalyzed
multicomponent synthetic reaction for DHP preparation under USW irradiation, has been reported by

Tabassum et al. [7].

In recent decade, the synergisiic effects between USW with different frequencies, and nanomaterials
have been extremely investigaied, as well [8—10]. It seems that the co-efficiency of nanoscale
catalysts with USW irracliation provides a substantial conditions for chemical and biochemical
applications. As o distiniguished newly reported example, the synergistic efficacy of low-frequency
and low-intensity USWs combined with amphotericin  B-loaded poly(lactic-co-glycolic acid
nanoparticles (as an antifungal agent) against C. albicans biofilms, has been investigated and the
results have revealed that the activity, biomass, and proteinase and phospholipase activities of biofilms
are remarkably decreased after the combination treatment of nanoparticles (NPs) with 42 kHz of USW
irradiation, at an intensity of 0.30 W/cm? for 15 min [11]. In addition of the synergistic effects, the
agglomeration of the nanoscale particles, as an undesirable event in various fields of chemistry and

biochemistry, is inhibited through applying the USW irradiation [12]. In this regard, we use this



4-
diamine (PDA)-functionalized silica-coated magnetic nanocatalyst (Fes04/SiO,-PDA), made of a
core/shell structure including iron oxide (Fe3O,) NPs as magnetic cores. Previously, we reported DHP
derivatives preparation catalyzed with guanidinylated chitosan magnetic nanoscale biocomposite with
acceptable yields (~89%) [5]. We have also reported some novel functionalized organic-inorganic
hybrid NPs with magnetic property that were prepared via one-pot Diels-Alder approach and could be
individually used as nanoscale heterogeneous organocatalysts [13]. Experiments revealed that among
those novel synthesized compounds, Fe304/SiO,-PDA NPs in which melamine was ioaded onto the
surface of the silica-coated Fe;0, NPs, show a substantial catalytic acuivity {or DHP preparation

reactions, in the presence of USWs.

Since, researchers are always following novel strategies to perform ihe complex synthetic reactions
with more convenience, numerous tools and methods have been discovered that facilitate these
synthetic processes [14]. Recently, synergistic cifacis betwcen the individual facilitators has led
researchers to design more intricate systems in which two or more effective factors are involved [15].
The first and foremost advantage of this strategy is accelerating the catalytic processes and obtaining
higher reaction yields in the shorter reaction times, under milder conditions. As it was referred above,
one of the most effective faciiiiatois in chemical reactions is USW, which could act as a great partner
for catalytic aims. Thiug, in this study, we try to compare the efficacy of three different methods
including reflux, micrcwave (MW) irradiation and USW irradiation, for preparation of Fe3O4/SiO,-
PDA NPs via Dic!s-Alder approach. For this aim, vinyl-coated Fe;04/SiO, NPs and melamine were
used as dieinophile and diene moieties of [4+2] cycloaddition reaction, respectively. Furthermore, the
co-eificiency of Fe;04/SiO,-PDA nanocatalyst and USW irradiation and their synergistic effect for

catalyzing the DHP derivatives synthetic reactions is precisely investigated.
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2.1. US-assisted preparation of Fe3O4/SiO,-PDA NPs

One of the most important points for modification of NPs is to provide suitable reaction conditions for
their surfaces. It would obtain more importance if they have magnetic behavior because they are
absorbed to the magnet during the magnetically stirring. In addition, particle aggregation is an
inevitable event due to their magnetic property and intense preference to agglomeration. In this case,
magnetic NPs could not be well dispersed and as a result their surfaces are not finely functionalized
with the desired organic compounds. Therefore, we have to apply more intense conditions or extend
the reaction time and use auxiliaries like metal ions to increase surface functionalization ratios, and in
many cases the core/shell structure of silica coated-Fe;O4 NPs would collapse. In this regard, we made
an effort to make a comparison between various methods app!ied for functionalization of the Fe;O,4
magnetic NPs with DPA via Diels-Alder approach (Scheme 1). In our previous report, we have
investigated surface functionalization of vinyl-rmicdified silica-coated FezO4 NPs via palladium(ll)-
catalyzed Diels-Alder approach under refluz coiclition to prove that this approach is well executed
onto the surface of these heterogcneous NPs [13]. In this study, firstly, we try to make a precise
comparison between three diiferent metods (reflux, MW and USW irradiations) to obtain the most
suitable method for preparation oi Fe3O4/SiO,-PDA magnetic NPs. Then, the synergistic catalytic
effect between USV/s cnd Fe304/SiO,-PDA NPs is carefully investigated for synthesis of 1,4-
dihydropyridine cerivatives as an important category of the pharmaceutical compounds. For this
purpose, inagnetic iron oxide NPs were initially synthesized through co-deposition method from
iron(!1) ana iron(l11) chloride salts in basic condition, according to the instructions explained in our
previous reports [13,16,17]. Next, the core coating process by tetraethyl orthosilicate (TEOS) and
trimethoxy vinylsilane (TMVS) were carried out, as presented in Scheme 1. Table 1 briefly reports
various reaction times and PDA-functionalization ratios in different reaction conditions that are
investigated in our assessment. From Table 1, it can be easily deduced that the most suitable condition

is provided by ultrasonication (50 KHz) in water for 2 h, at 50 °C. In this regard, firstly, the
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conditions, then other products were synthesized in the optimal conditions.
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Scheme 1. Synthetic pathway of +2:04/SiO,-PDA nanocatalyst via reflux, MW and USW radiations,

as three different methods (US bath: power density 250 W L™ and frequency 50 kHz).



laple 1. Reaction condition optimization oT Fe3U4/S10-PDA nanocatalyst preparation via retiux,

MW and USW radiations, as three different methods.

Entry Method Solvent Condition Time (h) | Nitrogen (W%)*
1 Reflux Water 110°C 12 2.84
2 Reflux Water 110°C 24 1.98
3 MW irradiation | DMSO 30% * 1 0
|
4 MW irradiation | DMSO 50% o[ 0
5 USW irradiation | Water PD: 250 W/L, F-50 KHz, rt. | o 3.28
6 USW irradiation EtOH PD: 250 WI/L, F: 50 KHz, r t. | 4 2.9
7 USW irradiation Water PD: 250 W/L, F: 50 Kiiz, 50 °C 2 5.04
8 USW irradiation | DMSO PD: 250 WIL, F: 50 Ki4z, 50 °C 2 3.22
9 USW irradiation | Water | PD: 250 W/L. F: 65 KHz, 50 °C 4 3.9
|

*Weight ratio of nitrogen atom after PDA-functionalization reactions obtained from energy dispersive X-ray
(EDX) analysis, r.t.: room temperature; ® 30% means the microwave oven is producing microwaves 30 percent
of the time and is off the othicr 70 percent of the time; PD: ultrasonic power density, and F: ultrasonic

frequency (ultrasound bath).

2.2. Method scieening & characteristic analyses

To contiiin this claim that USW irradiation is the most appropriate method for Fe;04/SiO,-PDA
nariocatalyst preparation, several various analyses were investigated and the obtained results were
precisely interpreted. Accordingly, the physical damages to the core/shell structure of NPs, low
loading ratio of PDA onto the NPs surfaces, particle agglomeration and physical adsorption of the
melamine onto the surface of NPs, are introduced as the main disadvantages of reflux and MW

irradiation methods. In contrast, well dispersion of NPs (no particle accumulation), high uniformity,
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binding onto the surface of vinyl-modified NPs (no physical adsorption of melamine), and excellent
conservation from the core/shell structure were proven by these analyses. Short reaction time under
mild conditions is most likely the main reason for excellent preservation from the structure in USW
irradiation method. However, along high efficiency of this method for preparation of the Fe304/SiO,-
PDA nanocatalyst, a significant synergistic effect between US waves and Fe3;04/SiO,-PDA
nanocatalyst in catalyzed-synthesis reaction of 1,4-dihydropyridines is comprehensively discussed

after the characterization section.

2.2.1. Fourier-transform infrared spectroscopy

According to the Fourier-transform infrared (FT-IR) spectra (Tig 1), the main peaks related to the
silica network including Si—OH, SiO—H, Si—O-Si werc disappeared after PDA-functionalization
reaction under reflux conditions (for 24 h). Whereas, they arc observed in two other spectra at 797,
938 and 1082 cm™, respectively [16,18]. It means that under intense condition of reflux method the
core/shell structure of vinyl-modified ~¢-04/S10, NPs is extremely damaged and the appeared weak
peaks at ca. 1635 and 3000 cm™ coriing from the partial loading of PDA onto the surface of NPs. In
the case of MW irradiation meihod, all the essential peaks related to vinyl-modified Fe3O4/SiO, NPs
such as stretching vibrations of I'c—O bond at 571 cm™, Si—OH, SiO—H, Si—O-Si (explained above),
and also C=C bond =t 163¢ cm™ are observed, but, no significant peak related to the loaded-PDA is
observed in tie spectrum. It seems that all of the adsorbed melamine molecules were removed from
the surface through washing the NPs with ethanol and deionized water for several times. Ultimately,
tiie ciear spectrum related to FezO4/SiO,-PDA NPs that was carried out by using 65 KHz USW
irradiztion at 50 °C in 2 h, shows great preservation of core/shell structure and also considerable
execution of covalent bindings onto the surface of NPs. The peak appeared at 1634 cm™ coming from
C=N bonds, and also sharp peaks at 1082, 938 and 797 cm™ (assigned above), prove that PDA-
functionalization reaction and the silica network preservation under USW irradiation were well

performed. Additionally, as can be seen, the peak intensity of the broad peak appeared at 3346 cm™
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via ultrasonication.
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Figure 1. FT-IR spectra of desired Fe3O4/SiC,-FPDA NPs, obtained from three different methods

reflux, MW and USW irradiations.

2.2.2. Energy-dispersive X-ray analysis

Fig. 2 shows the results of energy-dispersive spectrophotometer (EDX) analysis of produced
Fe304/Si0,-PDA NPs via (hiee different methods. In the EDX spectra, peak intensities are
corresponded to the weight ratios in the samples, as reported in the tables. As observed in the spectrum
(@), the pec' intensity related to silicon atom is significantly reduced. Accordingly, the related weight
ratios of the loaded carbon and nitrogen atoms (belonging to PDA) onto the surface of NPs are not
consiclerable. This observations confirm that the core/shell structure of NPs may be damaged through
the reflux process. In spectrum (b), it is easily seen that the peak intensity of the silicon atom has not
been declined but no nitrogen atom has been found in the sample’s structure. It means that all of the
melamine molecules were removed via washing the NPs and only vinyl groups were remained onto
the surfaces. Therefore, this is concluded that a physical adsorption onto the surface of NPs was

occurred via MW irradiation and all of the melamine molecules have been removed after washing for
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ak
intensities for silicon, carbon, and nitrogen atoms are observed in the spectrum (c), which is related to
the USW’s product. After well washing the NPs, observation of 5.04% of nitrogen atom in the total
structure proves that covalent binding was occurred between melamine and vinyl-coated Fe3;04/SiO;
NPs. Also, considerable peak intensity of silicon atom proves that the core/shell structure of NPs was

well preserved during the ultrasonication.
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Figure 2. EDX spectra of desired Fe3C./SiO,-PDA NPs and related elemental weight ratios, obtained

from three different methocs (2) reux, (b) MW irradiation, and (c) USW irradiation.

2.2.3. X-ray diffracticn patterns
In order to cariy oul more investigation on the efficiency of the applied methods, X-ray diffraction
(XRD) patterris of desired products were obtained, as shown in Fig. 3. As can be seen in pattern (a)
that is rclaied to the obtained product from reflux method, the well-known broad peak (coming from
the amorphous structure of silica network) at 20 = 25° is almost disappeared [19]. This observation
confirms that the core/shell structure has been extremely damaged under intense conditions of the
reflux method. But, all of the indicator peaks of Fe3sO, NPs, which are marked with miller indices in
the pattern, were appeared at 20 =30.13, 35.23, 43.28, 57.13, and 62.68°. These patterns were
precisely compared with the XRD pattern of Fe3O, NPs according to the database of JCPDS (PDF#99-

9



he
broad peak of silica network is clearly observed, but no vestige of PDA is found in the pattern.
Additionally, some of the weak peaks of Fe3O, NPs like (4 0 0) were disappeared that means the
surfaces of Fe3O, NPs were suitably coated by TEOS and TMVS. These obtained results verify that
melamine molecules were adsorbed onto the surface via MW irradiation, and they were removed
through washing because they had no influence on the diffraction pattern of the prepared NPs. In
contrast, as shown in pattern (c) that resulted from the USW irradiation method, a new diffraction
pattern is obtained through the well execution of covalent bindings between vinyl groups and
melamine structure. On the one hand, the broad peak of SiO; network was veakened that most likely
is due to well surface coating by PDAs. Since, ultrasonication cavses excellent dispersion of NPs and
inhibit the particle aggregation, it is obvious that their surfaces are significantly functionalized with
organic compounds. Additionally, emerging new peaks ¢t 20 = 22.12, 25.8, 30.92, 40.36, 43.96, 55.56,
72.32 and 75.84°, which have been indicated with mil'cr indices (11 1), (101),(102),(112), (53
3) and (3 1 1), prove that a new crystal structure has been formed onto the NPs surfaces, via USW
irradiation. As an additional eviderce for high cfficiency of the USW irradiation method, solid-state
UV-vis absorbance activitics of desiied Fe3O4/SiO,-PDA NPs prepared from MW and USW
irradiation methods, were cGinpared. As expected, a partial UV-vis activity was observed for USW’s
product that is most likcly due to the electron resonance between nitrogen atoms and a double bond in
the PDA structure, while no significant UV-vis absorbance activity was observed for MW’s product

Figure S21, in 12 Si file).
g
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Figure 3. XRD patterns of produced Fe;04/SiO,-PDA MNPs via three different methods (a) reflux, (b)

MW irradiation and (c) USW irradiation (= : new peak’

2.2.4. Microscopic imaging

Morphology, size, and dispersion of NPs are important factors that highlight the quality of PDA-
functionalized NPs prepaied by USW irradiation method. Fig. 4 illustrates the scanning electron
microscopic (SEN) images of the produced Fe;04/SiO,-PDA NPs via reflux (Fig. 4a), MW irradiation
(Fig. 4b) and! USWV irradiation (Fig. 4c) methods. As shown in the images, NPs were considerably
agaregated under reflux and MW irradiation conditions. This is occurred because of their super-
paramagnetic behavior and strong inclination to gathering, and also the lack of any proper
physicomechanical force for dispersion. It seems that the particle aggregation has been more happened
under MW irradiation than the reflux. This probably is because of the existence of a mechanical force
(magnetic stirring) in reflux method and frequent blows to the particles by magnet. Whereas, there is

no mechanical force for separation of the particles from each other in MW irradiation method. In
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re
occurred in this method. From Fig. 4(a), this is also observed that the general morphology of the NPs
has almost been deformed and gotten out from the spherical shape, under intense conditions of the
reflux method. This may be because of the damage to the core/shell structure at this conditions.
However, high uniformity of monodispersed NPs with well-defined spherical morphology is clearly
observed in Fig. 4(c). The efficiency of these well-dispersed NPs for catalytic applications would
certainly be higher than the agglomerated particles, because more active surface areas are accessible at
this form. Almost, all of the produced NPs via USW irradiation have been in @ range of 25—35 nm
diameter, and the mean size of them was calculated in 28.5 nm for 40 particics by Digimizer software.
Obviously, the main reason for this high uniformity (without any aaglomieration) is the frequent
physical blows by USW at a mild condition (room temperatuic). In addition, to obtain more
confirmations for core/shell structure damaging uncer retiux conditions, transmission electron

microscopic (TEM) imaging was also used (Figure S19, in the Sl file).

i o 4
g

Figure 4. SEM images of produced Fez04/SiO,-PDA NPs via three different methods (a) reflux, (b)

MW irradiaticn and (c) USW irradiation.

2.2.5. Dynamic light scattering analysis

Size distribution and aggregation of the produced Fe;04/SiO,-PDA NPs has also been studied by
dynamic light scattering (DLS) analysis (Zetasizer), which is capable to measure bigger number of
particles (in millions) in comparison with electron microscopic (EM) methods. In fact, DLS provides

more robust data on size distribution and polydispersity index (PDI) in the solution phase [21]. As Fig.
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two different peaks with low intensities that prove the particle agglomeration was occurred. Moreover,
the large PDIs in their appeared peaks prove that there are numerous particles in various sizes
(polydispersity). As can be seen in the spectra, the mean size of produced NPs via reflux and MW
irradiation methods are around 42 and 60 nm, respectively. These Zeta-size values are completely
corresponded with the obtained results from the SEM imaging. In contrast, a sharp slim peak with
small PDI value, belonging to the USW’s product (red color curve), well proves that monodispersed
particles with high uniformity with a mean size of ~28 nm (confirms the SEM resull), are obtained via
this method. For this analysis, three different samples with 100 pg/mL coucentraiion were dispersed in

deionized water via ultrasonication for 10 min.

100
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Figure 5. Intensity-based DLS data on same 100 pug/mL dispersion of produced Fe;04/SiO,-PDA NPs

via three different methods.
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Fig. 6a demonstrates the thermal behavior of the fabricated Fe;O4/SiO,-PDA NPs in a thermal range
of 50-750 °C, under air atmosphere. The thermogravimetric analysis (TGA) of desired product shows
that with initiating the study, a partial increase in the weight (1%) was observed. This probably is
because of the physical adsorption of the moisture in the air onto the hot surfaces of NPs. Afterward,
proportional to temperature rise, the weight ratio was gradually reduced to ca. 80% that is likely
related to the separation of the loaded PDAs. All of the entrapped water molecules into the underlying
layers like silica network, are most likely removed at this stage. Next, tha second shoulder was
appeared at ca. 420 °C meaning that the general structure of Fes04/SiO. iNPs started to collapse. The
magnetic trait of our nanoscale product was also investigated using vibiatinig sample magnetometer
(VSM) analysis (Fig. 6b). As can be observed, the fabricatec ~e3C./S10,-PDA NPs exhibit a typical
super-paramagnetic behavior that facilitates the separ=tion jprocess of the nanocatalyst from the
reaction mixture. The magnetic property of the FesO, core ic typically reduced proportional to more
core coating and new layer creation onto the NPs surfaces [16,22]. Accordingly, the maximum
saturation magnetization (Ms) for ~e30./3i0,-PDA NPs is occurred in 15 emu/g. It means that 40
emu/g decrease in magnetic trait is occurred through the successive core coating silica network and

PDA layer [16,17].
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Figure 6. (a) Thermogravimetric curve, and (b) room temperature M- curve of Fe304/SiO,-PDA

NPs.

2.3. Catalytic activity of Fe304/SiO,-PDA NFs aid LISW

2.3.1. Synergistic catalysis effect

In order to investigate the catalytic eificiency of the produced Fe;04/SiO,-PDA NPs, firstly, the
reaction condition was optiinized (hrough using various solvents and catalytic ratios in the synthesis
reaction of diethyl 2,6-aimeihyi-4-phenyl-1,4-dihydropyridine-3,5-dicarboxylate 5a (Scheme 2, Table
2). After using (12 individual Fe3O4/SiO,-PDA NPs and USWs as driving force supporters (Table 2,
entries 1 and 2, co-efficiency of the produced nanocatalyst and USW irradiation was precisely
monitored in the same synthesis reaction, and the obtained results confirmed that there is a
consiructive synergistic effect between —NH, groups (as active catalytic sites) and USWs. From
chemical aspect, the electronic resonance in the conjugated system of the loaded PDA’s structure
(including nitrogen atoms and carbon-carbon double bond) is probably accelerated through frequent
irradiations of the USWs and bond formation ability of the present nitrogen atoms is enhanced. In
addition, the bonding energy is also provided by tiny hot bubbles that are created by USWs in an

aqueous bath. From physical aspect, this is obvious that USW irradiation helps to dispersion of the

15
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reaction. As reported in Table 2, higher reaction yields were obtained through simultaneous applying
both Fe;04/SiO,-PDA NPs and USW irradiation, in comparison with the individual nanocatalyst. The
reaction progress was monitored by thin-layer chromatography (TLC). The resulted 1,4-DHP products
have also been identified by melting point measurement, FT-IR, 'H-NMR and “*C-NMR
spectroscopies. According to the Table 2, the highest reaction yield was obtained when 50 mg of
Fe304/SiO,-PDA NPs was used in ethanol during a 10-min ultrasonication (50 KHz, at room
temperature). The catalytic co-efficiency of the prepared Fe;04/SiO,-PDA nanocata'yst and USW
irradiation was carefully screened in the synthesis reactions of various ucrivaiives of 1,4-DHP, as
reported in Table 3. The obtained results strongly support the cxicierice of the synergistic effect

between Fe;04/SiO,-PDA NPs and USWSs, which leads to obtain acceptable reaction yields in the

Q% O R O
3 L

short reaction times.

N
Q Cat. (0.05 ¢}/1/5W (50 KHz) H
J____,-|\__‘. + NHADAC O R
R H EtOR, rt 4 1
1 2 - NP .
L
H

Scheme 2. Multicomgonent synthesis route of 1,4-DHP derivatives, co-catalyzed by Fe;0,4/SiO,-PDA

NPs and USW iradiation (find R and R' in Table 3).
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lapble Z. Upumization Of the co-catalyzed Syntnesis reaction of Z,b-dimetnyi-4-pnenyi-1,4-

dihydropyridine-3,5-dicarboxylate 5a, by Fe3O4/SiO,-PDA NPs and USW irradiation.

Entry Solvent Cat.? (g) Conditions Time (min) | Yield® (%)
1 EtOH - Stirring at r.t. 20 Trace
2 EtOH - USW (50 KHz) / r.t. 20 Trace
3 EtOH 0.03 Stirring at r.t. 20 15
4 EtOH 0.04 Stirring at r.t. 20 37
5 EtOH 0.05 Stirring at r.t. 20 45
6 EtOH 0.06 Stirringatrt. 20 47
7 EtOH 0.05 USW (50 KH2) /. 20 90
8 EtOH 0.05 USW (50 iHz) /1. 10 89*
9 CH,CN 0.05 ~ USW (50 KHz) /r.t. 10 82
10 MeOH 0.05 USW (50 KHz) / r.t. 10 85

2 Fe304/Si0,-PDA NPs, ° isolated yields, * ontimum conditions, r.t.: room temperature.

17



I aple 3. 1he obtained yields Tor co-catalyzed 1,4-DHP synthesis reaction in optimum conditions (50

mg of cat., USW 50 KHz, 10 min, at room temperature).

Entry R R' Product | Yield® (%) MP °C Ref.
Found Reported
1 CeHs Et 5a 89 159-160 156-158 [23]
2 4-Cl CgH, Et 5b 90 147-149 144-146 [23]
3 3-NO, CgH, Et 5¢ 85 162-164 162-164 [24]
4 4-NO, C¢H, Et 5d 87 129-131 130-132 [23]
5 4-Me CqH, Et 5e 82 133-136 135136 [25]
6 4-OMe CgH, Et 5f 84 163-16" 163-165 [25]
7 4-Br CeH, Et 59 91 100-162 160-162 [25]
8 4-F CeH, Et 5h 90 153-156 153-156 [26]
9 4-OH CgH,4 Et 5i 85 227-230 227-230 [25]
10 3-OH CgH, Et 5j 8 |  187-189 187-189 [25]
11 4-CN CgH, Et 5k o 194-196 194-196 [27]
12 2-Furanyl Et 5 80 161-163 161-163 [28]
13 Cinnamaldehyde | Et om 86 148-150 148-150 [25]
14 2-Thienyl Ft 5n 78 168-170 168-170 [29]
15 H,CO | &t | 50 68 165-168 165-168 [25]
16 CeHs Me 5p 87 196-198 197-198 [30]
17 4-Cl C:H, Me 5 87 196-198 195-196 [30]
18 2-NO, C¢Ha Me 5r 85 209-210 210-211 [31]
19 CeHs - 6a 89 288-290 287 [32]
20 3-NO, C¢H, - 6b 88 295-296 293-295 [33]
21 4-NO, C¢H, - 6c 89 291-293 290-292 [33]
22 4-Cl CgH,4 - 6d 88 297-299 300 [32]
23 4-MeO CgH, - 6e 89 278-280 280 [32]

% Isolated yields.
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To monitor the recyclability of the produced Fe;04/SiO,-PDA NPs, the NPs were magnetically
collected from the reaction mixture using an external magnet after completion of the synthesis
reaction. Then, the particles were well washed with ethanol and deionized water for several times,
dried and used again in further reaction. Afterward, they were well dispersed in deionized water via
ultrasonication, and washed again with ethanol. Finally, they were dried at 60 °C. The FT-IR
spectrum, EDX spectrum and SEM image of the recycled Fe304/SiO,-PDA nanocatalyst were
prepared after seven times running the process, but no significant changes in the ciructure were seen
(Figure S22, in the Sl file). It seems that the PDA-functionalized core/sheii struciure has an acceptable
stability even after several time usages. However, reduction in the ieactich yields was observed after
seven times recycling and reusing in the synthesis reaction of 5c, that probably coming from the

chemical poison, loss of the some catalyst NPs during the separations, agglomeration, and etc. (Fig. 7).
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Figure 7. The catalysis reusability investigation in the synthesis reactions of 5a, catalyzed by

a

Peaction yield (%)

Fe304/SiO,-PDA NPs in the presence of USW.
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3.1. Materials and equipment

All solvents, chemicals, and reagents were purchased from Merck. FT-IR spectra were obtained by
Shimadzu FT-IR-8400s. EDX spectra were recorded on VEGA-TESCAN-XMU. SEM images were
prepared with MIRA3TESCAN-XMU. XRD measurements were carried out by using a DRON-8 X-
ray diffractometer. Melting points were measured on an Electrothermal 9100 apparatus. Thermal
analysis (TGA) was done by using of Bahr-STA 504 instrument under argon atmosphere. The
magnetic properties of sample were detected at room temperature using 2 V&M (M eghnatis Kavir
Kashan Co., Kashan, Iran). NMR spectra were prepared with Varian Uiiity iova 500 MHz. The
statistical data of particle sizes from SEM imaging and XRD analy=is wer¢ oitained by Digimizer and
High score plus software, respectively. DLS spectra were alsc obtained by a Horiba SZ-100
Nanoparticle Analyzer. Ultrasonic irradiation was performed in an ultrasound cleaning bath KQ-250

DE with a frequency of 50 kHz and power of 250 W L™,
3.2. Practical section

3.2.1. Preparation of iron oxide NPs

In a round-bottom flask (250 mL), a mixture of FeClz*6H,O (10 mmol), FeCl,*4H,0 (10 mmol) and
deionized water (100 mL) were sirred and heated to about 60 °C. The stirring was continued for 30
min until the iron saits were dissolved in the water. Then, temperature was reached to 85 °C under N,
atmosphere with rapid stirring for additional 2 h. A solution of concentrated aqueous ammonia (15
mL, 25 wt %) was added drop-wise to the solution for 1 h. Then the reaction mixture was cooled to
room wempcrature and the resulting magnetic iron oxide NPs collected with an external magnet. Dark

mannctic NPs were washed with water and ethanol several times. Finally, drying was done at 60 °C.

3.2.2. Preparation of silica-coated iron oxide NPs
The prepared iron oxide NPs (1.0 g) were initially dispersed in water (10 mL), ethanol (5 mL), PEG-
300 (5 mL) and concentrated aqueous ammonia (1 mL, 28 wt %), by using an ultrasonic bath. Then, a

solution of TEOS (2 mL) in ethanol (10 mL) was loaded drop by drop to the dispersion under stirring
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ict
was collected by magnetic separation and washed with ethanol. The light brown silica-coated iron

oxide NPs were dried at 60 °C.

3.2.3. Preparation of the vinyl modified silica-coated iron oxide NPs

Initially, in a three-necked flask (100 mL) containing dry chloroform (70 mL), as-prepared silica-
coated iron oxide NPs (10 g), that were prepared according to the literature, was charged. Then TMVS
(3.54 g, 0.02 mol) was added to the reaction mixture drop-wise at room temperaturc. After completion
of addition, the mixture was stirred for 12 h at the refluxing temperature of cliioroform. Ultimately, the
vinyl modified silica-coated iron oxide NPs were collected by using an external magnet and also

washed with ethanol several times. Relatively rough particles were dried at 60 °C.

3.2.4. Preparation of Fe304/SiO,-PDA nanocatalyst

Firstly, vinyl modified Fe304/SiO, NPs (0.1 g) were well dispersed in deionized water (4.0 mL) via
ultrasonication for 15 min. Next, an aqueous sclution of melamine (50 ppm) was added drop by drop
into the flask during the ultrasonication. Ther, the mixture was put into the ultrasound bath (50 KHz)
at 50 °C. After completion the reactioi, magnetic NPs were simply collected from the reaction mixture

by using an external magnet, washed with ethanol and then dried at 60 °C.

3.2.5. General proccuure [or co-catalyzed synthesis of 1,4-DHP derivatives (5a—r, 6a—e) by
Fe304/Si0,-PD/A NPs and USW

Of each component, aldehyde 1 (1.0 mmol), ammonium acetate 2 (1.0 mmol), and B-keto ester 3 or
dimeclone 4 (2.0 mmol), in deionized water (2.0 mL) and in the presence of the fabricated Fe304/SiO,-
PDA NPs (50 mg) were ultrasonicated (50 KHz) for 10 min, at room temperature. After completion of
the reaction, the NPs were magnetically separated, and the residual product was collected by filtration

and washed with ethanol and recrystallized to yield the pure product.

3.3. Spectral data of the selected products
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3r:
viem™): 3357, 1695, 1652, 1487, 1371, 1213; 'H NMR (500 MHz, DMSO): &y (ppm) = 1.18 (s, 6H,
CHj3), 2.32 (s, 6H, CHj3), 4.04 (m, 4H, CH, broad), 4.90 (s, 1H, CH), 7.22-7.32 (m, 4H, H-Ar), 8.92
(s, 1H, NH); 3C NMR (125 MHz, DMSO): ¢ (ppm) = 14.1, 18.2, 38,5, 59.0, 101.5, 127.8, 129.2,

130.4, 145.6, 147.1, 166.8.

Diethyl 2,6-dimethyl-4-(3-nitrophenyl)-1,4-dihydropyridine-3,5-dicarboxylate (5c): FT-IR (KBr:
v/em™): 3346, 2987, 1704, 1647, 1487, 1348, 1213, 1118; 'H NMR (500 MHz. DMSO): 8y (ppm) =
1.20 (t, 6H , J = 7.1 Hz, CH3), 2.33 ( s, 6H, CH3), 4.01-4.11 (m, 4H, CH,), 4.20 (s, 1H, CH), 7.17 (d,

2H, J =8. 4 Hz, H-Ar), 7.47 (d, 2H, J = 8. 4 Hz, H-Ar), 8.94 (s, 1H, NH

Diethyl 2,6-dimethyl-4-(4-methoxyphenyl)-1,4-dihydropyridine-3,5-dicarboxylate (5f): FT-IR (KBr:
v/em™): 3340, 2974, 1689, 1650, 1496, 1209, 1026, 838, 682, "H NMR (500 MHz, CDCl3): 84 (ppm)
=133 (t, 6H,J=7.1Hz CHs), 2.41 (s, 6H, CH3), 3.6 ( ¢, 3H, OCH3) 4.20 (m, 4H, CH,), 5.04 (s,

1H, CH), 6.01 (s, 1H, NH), 6.86 (d, 2H, J = 85 Hz, H-Ar), 7.31 (d, 2H, J = 8.5 Hz, H-Ar).

Diethyl 4-(4-bromophenyl)-2,6-diineathv!-1,4-dinydropyridine-3,5-dicarboxylate (5g): FT-IR (KBr:
v/iem™): 3357, 2989, 1693, 1652, 1488, 1377, 1217, 1012, 780; ‘H NMR (500 MHz, DMSO): &
(ppm) = 1.18 (s, 6H, CH3), 2.2 (m, GH, CH3 broad), 4.16-4.24 (m, 4H, CH,, broad), 4.90 (s, 1H, CH),
7.22-7.32 (m, 4H, H-Ar), 8.92 (s, 1H, NH); *C NMR (125 MHz, DMSO): ¢ (ppm) = 14.1, 18.2,

38,5,59.0, 101.5, 127.5, 129.2, 130.4, 145.6, 147.1, 166.8.

Diethy! 2 6-climecthyl-4-(thiophen-2-yl)-1,4-dihydropyridine-3,5-dicarboxylate (5n): FT-IR (KBr:
vicm™): 3344, 2985, 1695, 1652, 1487, 1371, 1299, 1209, 1124, 719; *H NMR (500 MHz, CDCls): &y
(ppm) =1.38 (t, 6H , J = 7.1 Hz, CHg), 2.45 ( s, 6H, CH3), 4.25-4.32 (m, 4H, CH,), 5.46 (s, 1H, CH),

5.97 (s, 1H, NH), 6.90-6.97 (m, 2H), 7.47 (dd, 1H, J = 1.2 Hz, J = 3.9 Hz, H-A).
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Herein, preparation of pyrimidine-2,4-diamine-functionalized silica-coated magnetic nanoparticles
(FesO4/SiO,-PDA NPs) as an efficient co-catalyst for synthesis of 1,4-dihydropyridine (1,4-DHP)
derivatives via three different methods has been presented. According to the obtained results, among
reflux, MW and USW irradiations techniques, well-functionalized (through covalent bonding)
monodispersed particles have been fabricated via ultrasonication (in the ultrasonic bath with power
density 250 W L™ and frequency 50 kHz) in comparison with two other methods. In this study, it has
been proven that the core/shell structure of the magnetic NPs is greatly preserved froni damaging and
the particle accumulation (as a negative event) is well inhibited by ultrascincatioin. Additionally, it has
been shown that the physical adsorption is occurred via MW irraciaiion mcinod. These claims have
been proven by various analysis methods such as FT-IR, EDX, 1EM, SEM, DLS and XRD, after
several times washing the NPs. Furthermore, the obtainad higii reaction yields (89%) for synthesis of
1,4-DHP derivatives (as important pharmaceutical compounds) via efficient co-catalyzing by the
prepared Fe;04/SiO,-PDA NPs and USW irraciation, have disclosed this fact that a substantial

catalytic activity is executed through a synergistic effect between PDA-functionalized magnetic NPs

and USWs.

Abbreviations

NPs = Nanopartic'es

PDA = pyrimidine-2,4-diamine
1,4-DHP = 1,4-dihydropyridine
USW = Ultrasound wave

MW = microwave

TEQOS = Tetraethyl orthosilicate

TMVS = Trimethoxy vinylsilane
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