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Abstract

In this paper, calcium iodate salt nanoparticles were first synthesized by the modified reaction of
Ca(NO3), and KlO5 in aqueous media and under ultrasonic irradiation. The structure of nano-catalyst was
then identified by FT-IR, FESEM, EDX, XRD, and BET techniques. Afterward, the fabricated Ca(103), was
applied as a nanocatalyst in the facile synthesis of heterocycles including quinoxalines, 5,6-dicyano
pyrazines, and pyrido[2,3-b]pyrazines. For this purpose, the feasibility of the reaction in the presence of
different catalyst amounts, solvents and temperatures was first investigated. Next, the target compounds
were obtained by the condensation reaction of aryl-1,2-diamines or 2,3-diaminomaleonitrile with 1,2-
diketones in the presence of catalytic amount of Ca(l03), in ethanol or acetic acid solvents at ambient
temperature in good to excellent yields. One of the salient advantages of this work is the synthesis of
calcium iodate nanoparticles by chemical precipitation method and its application as a heterogeneous
nanocatalyst for the first time in the synthesis of organic compounds. The other important benefits of
this process are the use of an inexpensive, safe, stable and recyclable catalyst, high yields, short reaction
times, easy isolation of the product in pure form.

1. Introduction

Although quinoxaline derivatives have long been known, they are still of great significance for the
chemical industry researchers due to their ever-increasing applications in dyes, drugs, and
electrical/photochemical compounds [1-8]. One of the interesting applications of these derivatives is the
presence of quinoxaline or pyrazine ring in the structure of drugs such as Equinomycin, Actinolutein
(antibiotic) [9, 10], Carbadox (anti-pig dysentery), Amiloride (for the treatment of high blood pressure),
Morinamide (anti-tuberculosis), Favipiravir (antivirus recently proposed for the treatment of corona
disease or covid-19), and glipizide (anti-diabetes) (Fig. 1).

Figure 1.

Nowadays, given the worldwide spread of corona-virus and the presence of pyrazine ring in antivirus
drugs such as Favipiravir, the importance and necessity of the development of novel catalytic methods
for the facile synthesis of these compounds in addition to conventional methods, have multiplied. A
number of methods for the synthesis of these compounds through the condensation of aryl-1,2-diamines
with 1,2-diketones under reflux conditions or in the presence of an acidic catalyst under various
conditions have already been reported. A number of catalysts including molecular iodine [11], ceric (IV)
ammonium nitrate [12], polyaniline sulfate salt [13], montmorillonite K-10 [14], gallium triflate [15], zeolite-
nickel [16], g-C3N,/Cu3TiO, [17], poly(Ani-co-Py) @CNT-Fe;0, [18] and so on [19-34] have been reported
for the preparation of these compounds. In addition, some catalytic methods have been reported for the
synthesis of 5,6-dicyanopyrazines [35—38]. However, despite some advantages, each of these methods
suffer from some drawbacks. Thus, the development of novel methods or further attempts to overcome
these disadvantages are still in demand.
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Calcium is one of the most abundant elements in the world, in the form of known compounds such as
calcium chloride, phosphate, carbonate, silicate, oxide, sulfate, and hydroxide salts [39-41]. Although
many efforts have been made in the previous decades on the preparation and application of these
compounds in different products, but few research studies have been performed on calcium iodate.
However, it must be pointed out that calcium iodate has been attended as an additive in various
industries, including poultry, medicine, and deodorants [42-45]. This salt (Cl) is also the most common
source of iodine and is safer and more stable than other sources. The most abundant anhydrous calcium
iodate ore in the nature is known as Lautarite, which is also the most important source of iodine [46].
Metal iodate particles such as AglO3 Ca(l03), Mn(l03), and Cu(lO3), are usually synthesized by chemical
precipitation method, which forms large sized particles. For example, no very fine iodine particles are
commercially available [47]. Different metal iodate nanoparticles have recently been prepared by
mechanochemical single diffusion methods. The corresponding metal nitrates and potassium iodate
have been prepared under solvent free conditions. Metal iodates are much stronger oxidizing agents in
thermal applications compared with metal oxides due to the formation of the corresponding metal oxides
as well iodine gas at relatively low temperatures following decomposition [48]. However, to the best of our
knowledge, there haven't been reports concerning the synthesis of calcium iodate nanopatrticles by
chemical precipitation under ultrasonic irradiation and its application as heterogeneous catalyst in the
facile synthesis of organic compounds. Therefore, in continuation of our current work on the synthesis of
solid catalysts and their application in the development of novel methods for the formation of important
heterocyclic compounds [49-51], we report the preparation of calcium iodate nanoparticles for the first
time and their application in an efficient and eco-friendly catalytic method for the synthesis of
quinoxalines, pyridopyrazines and 5,6-dicyano pyrazines through the one-pot condensation of aryl-1,2-
diamines or 2,3-diaminomaleonitrile with 1,2-diketone under green conditions.

2. Experimental

2.1. Chemicals and apparatus

Melting points were determined using a Barnstead Electrothermal 9200 apparatus and they may be
uncorrected. "H NMR and "3C NMR spectra were recorded on a Bruker spectrophotometer (300 and 500
MHz) in DMSO0-d, solvent with Me,Si as the internal standard. FT-IR spectra were recorded using a
JASCO FT-IR 4200-A spectrophotometer. The mass spectra were recorded on an Agilent model 5975C VL
MSD spectrometer with a Triple-Axis Detector spectrometer at 70 eV. The shape, size and atom type of
nanoparticles were investigated by SEM and EDX images recorded using a Philips XL30 instrument.
Nitrogen adsorption and desorption isotherms (BET analysis) were recorded at-196°C by a Belsorb I
system (Japan) after the samples were vacuum dried at 150°C overnight. The progress of the reactions
was routinely monitored by thin-layer chromatography on silica gel F,5, aluminium sheets (Merck). All
chemicals were used as obtained without further purification.

2.2. Preparation of nano- Ca(I03),

Page 3/16



To a 50 ml beaker containing 10 ml of distilled water and Ca(NO3),. 4H,0, (2.36 gr, 1 mmol) was added
an aqueous solution of KIO5 (4.28 gr, 2 mmol) and the mixture was placed in an ultrasonic bath for 10

minutes. The reaction mixture was stirred for 2 h at room temperature until a white precipitate of calcium
iodine salt (3.81 gr, 98%) formed, which was then filtered. The resulting precipitate was washed with
water and dried at 110 °C. The Ca(l03), (1 g) was subjected to ultrasonic irradiation for 1 h to provide

nano sized particles. The nanocatalyst was then used without further purification.
2.3. Typical procedure for preparation of compounds (3a-q)

1,2-Arylenediamine, 1a-d, or 2,3-diaminomaleonitrile, 1e, (0.1 mmol) and the corresponding 1,2-diketones,
2a-d, were dissolved in ethanol with constant stirring. Then, a catalytic amount (3 mol%, 0.005 gr) of
Ca(l03), was then added to the solution. The reaction mixture was stirred at room temperature for 3-20
minutes (Table 2). The reaction progress was monitored by TLC. After completion of the reaction, the
used catalyst was collected by filtration and cold water was added to the filtrate to obtain the product.
Afterward, the residue was filtered and washed with cold ethanol/water to yield compounds 3a-q. In this
method, pure products were obtained. For further purifications, the crude products were recrystallized
from EtOH or MeOH/AcOH mixtures.

2.4. Spectroscopic data for selected compounds

2,3-Diphenyl quinoxaline (3a): FT-IR (KB, u,,,,,,): 3058 (CH), 1558, 1548 (C=N), 1477, 1440, 1395, 1345,
1247, 1218 (C=C), 1128, 1076, 1057 (C-N), 977, 770, 698, 598, 539 cm’; TH NMR (500 MHz, CDCl3) 6,
7.32-7.37 (M, 6H, H-Ar), 7.53 (dd, J = 1.45 Hz, J = 6.26 Hz, 4H, H-Ar), 7.77 (dd, J = 3.45 Hz, J = 3.01 Hz, 2H,
H-Ar), 8.19-8.17 (m, 2H, H-Ar) ppm; 13C NMR (125 MHz, CDCl3) &¢: 153.5,141.2, 139.0, 129.9, 129.8,
129.2,128.8, 128.3 ppm.

Acenaphthol[1,2-blpyrido[2,3-dpyrazine (3K): FT-IR (KBr, u,,,,,,): 3051 (C-H), 2371 (CN), 1612, 1562 (C=N),
1527, 1489, 1433, 1294, 1212 (C=C), 1097, 1034 (C-N), 827, 772, 426 cm™"; TH NMR (300 MHz, CDCl3) 6
7.70-7.74 (m, TH, H-Ar), 7.83 (q, J = 2.40 Hz, 2H, H-Ar), 8.13 (dd, J = 2.55 Hz, J = 5.70 Hz, 2H, H-Ar), 8.40 (d,
J = 6.90 Hz, TH, H-Ar), 8.52 (t, J = 7.12 Hz, 2H, H-Ar), 9.12 (d, J = 4.20 Hz, TH, H-Ar) ppm; 13C NMR (75
MHz, CDCl3) 64: 122.3,123.3,124.3,128.7,129.9, 130.0, 130.2, 130.9, 131.2, 136.4, 137.2, 150.7, 152.4,
155.0,157.1 ppm.

5,6-Diphenylpyrazine-2,3-dicarbonitrile (3m): FT-IR (KBr, v,,,,,): 3067 (CH), 2348 (C=N), 1660 (C=N), 1375-
1579 (C=C), 831 cm™; "H NMR (300 MHz, DMSO- d), ,: 7.20 (d, J = 6.90 Hz, 2H, H-ph), 7.28 (d, J = 7.29

Hz, 2H, H-ph), 7.40-7.59 (m, 4H, H-ph), 7.72 (d, J = 7.42 Hz, 2H, H-ph) ppm; '3C NMR (75 MHz, DMSO- dy)

6c: 129.0,130.1,130.5,131.0, 132.6, 135.9, 155.2 ppm.

3. Results And Discussion

3.1. Catalyst characterization
Page 4/16



Calcium iodate (Ca(l03),) nanocatalyst was first prepared by a modified method through the reaction of

potassium iodate and calcium nitrate in aqueous medium in an ultrasonic bath [44] (Scheme 1). Since
the investigation of the structure and configuration of nanocatalysts is an important parameter in
predicting their catalytic behavior, the structure and morphology of Ca(l03), nanoparticles were studied

by conventional characterization techniques and different analytical methods.
Scheme 1.

The FT-IR spectrum of calcium iodate is shown in figure 2. The bands observed at 1608 and 3371 cm’
1 correspond to the stretching and bending vibrations of the O-H present or adsorbed in the salt structure.

The relatively strong vibrating band at 3463 cm™ may be associated with the hydrogen bond of the water
molecule. The two bands at 589 and 816 cm™, also at 665 and 779 cm™ can be ascribed to the symmetric

and asymmetric stretching and bending vibrations of iodate ion. Finally, the infrared fundamental
frequencies, corresponding to metal, iodine and oxygen atoms, are mostly observed near 800-400 cm’
and thus, confirming the crystalline structure of the salt [44-45].

Fig. 2:

Fig. 3 shows the FESEM images of Ca(I03), nanoparticles, which provide valuable data regarding the
particle size and morphology. The particle sizes were mostly in the 24-52 nm range. In addition, the
crystals seem to be cubic.

Fig. 3:

The EDX analysis was used for the qualitative and quantitative determination of the elements present in
the salt structure. The specific weights and percentages of oxygen, calcium, and iodine elements are
observed in Fig. 4.

Fig. 4.

The N, adsorption/desorption isotherms of Ca(l03), nanoparticles are shown in Fig. 5a. A type Il isotherm
salt structure with a small type H1 hysteresis loop in the range of 0.3-0.9 p/p° was observed, indicating
non-porous micro frameworks. The structural data indicate that the adsorption surface area (BET), total

pore volume, and mean pore diameter of Ca(I03), are 61 m?/g, 0.009 cm3/g, and 11.01 nm, respectively.

Furthermore, the pore distribution curve (BJH) shown in Fig. 5b indicates that pore radius are mostly in
the range of 10 nm.

Fig. 5:

The XRD analysis was carried out in order to determine the crystal structure of nano calcium iodate. As
observed in Fig. 6, the 26 values appearing at 32.28°, 46.1°, 54.8°, 57.48°, 67.40°, 76.32° and 85.12°
relatively match the calcium standards (JCDPS card no. 96-900-8465). This structure can be
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characterized as orthorhombic (space group Fdd2(43)-ICDD: 01-076-2134), respectively. In addition, the
size of the nanoparticles is estimated to be about 50 nm using the Scherer's equation.

Fig. 6.
3.2. Catalytic activity

Having determined the structure of calcium iodate nanoparticles prepared, its catalytic performance in
the one-pot synthesis of quinoxalines, pyridopyrazines, and cyano substituted pyrazines was studied. To
determine the optimal conditions, the effects of solvent and catalyst amount on the reaction yield, time,
and temperature were investigated and the corresponding results are shown in Table 1. As the results
indicate, in the synthesis of quinoxaline 3a through the reaction of ortho phenylenediamine with benzyl
(model reaction), the application of 3mol % of the catalyst and ethanol solvent gave the highest product
yield (97%) at 25 °C and 3 min, respectively (Table 1, entry 3). Further increasing the amount of the
catalyst and reaction time did not considerably improve the reaction conditions. In addition, in the
reaction of 2,3-diaminopyridine with benzyl under optimal conditions, the yield slightly decreased (Table
2, entry 9).

Table 1.

This method was next applied in the reaction of diaminomaleonitrile with benzyl under optimal
conditions to prepare 2,3-dicyanopyrazine 3m. Despite the presence of electron withdrawing groups on
2e, which can make the reaction more difficult, the product was obtained in high yield under moderate
reaction conditions using 3 mol% of the catalyst and acetic acid solvent (Table 3, entry 1). In order to
show the range and performance of the nanocatalyst under optimal conditions, the facile synthesis of
quinoxaline derivatives, pyrido[2,3-b]pyrazine, and 2,3-dicayanopyrazines through the one-pot reaction of
aryl-1,2-diamines or 2,3-diaminomaleonitrile with 1,2-diketones was successfully carried out (Scheme 2).
The corresponding results are shown in Tables 2-3.

Scheme 2
Table 2
Table 3

According to the results in Table 2, the presence of an electron withdrawing substituent (NO,) on the
phenylenediamine ring considerably deceased the reaction yield, unlike an electron donating substituent
(CH5). In addition, as observed in Table 3, the presence of two electron withdrawing groups on
diaminomaleonitrile made the reaction conditions more difficult and several tests showed that the best
reaction yield (95%, Table 3, entry 1) was still obtained in the presence of 3% mol nanocatalyst, room
temperature, and acetic acid solvent. However, all products (3a-q) are known compounds and their
physical and spectroscopic data match those reported in the literature [50-53].
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Scheme 3 shows the proposed mechanism for the synthesis of compounds 3a-q. Calcium ion first
activates the carbonyl group of 1,2-diketone as a Lewis acid to form intermediate (A), following the
nucleophilic attack of the amine group. Schiff base (B) is then generated through catalytic oxidation and
removal of a water molecule. Finally, the intramolecular nucleophilic attack of the second amine
substituent and the oxidative elimination of the second water molecule yield quinoxaline, pyrido[2,3-
blpyrazine, and 3,4-dicyanopyrazine heterocycle rings (3a-q) through the catalytic activation of the imine
carbon. The shortening of the reaction time and the increase in yield compared to previous reports, in
addition to the presence of calcium ions as a strong Lewis acid, may be due to the higher oxidizing effect
of iodate ions.

Scheme 3.

The recyclability of the heterogeneous catalyst in the model reaction was investigated under optimal
conditions. Upon completion of the reaction, the calcium iodate nanocatalyst was easily removed from
the reaction mixture by filtration, washed several times with ethanol, dried in a vacuum oven, and reused
in the subsequent runs. Table 4 shows the results of catalyst recyclability tests. No significant loss was
observed in the catalytic activity after 9 cycles.

Table 4

FT-IR spectroscopy was used to confirm the structure of the recovered catalyst. As observed in Fig. 7,
there are almost no differences between the FT-IR spectra of the fresh and recovered calcium iodate
catalysts.

Fig. 7

4. Conclusions

Calcium iodate salt nanoparticles were synthesized and characterized for the first time by an easy
method of chemical precipitation and the help of ultrasonic irradiation. This nanostructured salt, as a
mild and high-performance catalyst for the facile synthesis of quinoxaline, pyrido[2,3-b]pyrazine and 3,4
dicyanopyrazine derivatives in EtOH or AcOH at ambient temperature was used. The results showed that
this procedure is simple both in performing the reaction and in separating the products.

Other attractive features of the method including good conversion, safety and recyclability of the catalyst
make it a useful method for the facile preparation of target compounds.
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3).
Entry Time(min) vield (%)?
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3 5 97
4 5 95
) 5 95
6 5 95
7 5 94
8 5 94
9 5 90
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Scheme

Scheme 1 to 3 are available in the Supplementary Files section
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Examples of the pyrazine and quinoxaline drugs.
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Figure 3
FESEM images of Ca(l03)2 nanoparticles
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Figure 4

EDX elemental map of the Ca(I03)2 nanoparticles
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Figure 5

N2 adsorption/desorption isotherms of Ca(I03)2 nanoparticles
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Figure 6

XRD analysis of Ca(l03)2nano-salt
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Figure 7

The FT-IR spectrum of (a) Ca(I03)2and (b) recovered nanocatalyst after 9 cycle.
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