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In this study, choline chloride/urea was used as a green deep eutectic solvent in the three-component reaction of hydrazine/phenylhydrazine, malononitrile, and aromatic aldehydes for synthesizing pyrazole derivatives, and in the four-component reaction of methyl/ethyl acetoacetate, hydrazine/phenylhydrazine, malononitrile, and aromatic aldehydes for synthesizing pyrano[2,3-c]pyrazole derivatives. Elemental analysis, 1H, and 13C NMR spectroscopy were used to confirm the structure of the synthesized pyrazole and pyrano[2,3-c] pyrazole derivatives. The antimicrobial effects of the synthesized pyrazole and pyrano[2,3-c] pyrazole derivatives were investigated. In antimicrobial tests, instructions from clinical and laboratory standards institutes were used. Antimicrobial study was done on pathogenic gram-positive and gram-negative species, and specialized aquatic strains and fungal species. Using choline chloride/urea, novel pyrazole derivatives and pyrano[2,3-c]pyrazole derivatives were synthesized, and other derivatives were synthesized with higher efficiency in less time than some previously reported methods. MIC (minimum inhibitory concentration) and MBC (minimum bactericidal concentration) obtained for derivatives were higher than some antibiotic drugs. Synthesis and reports of new derivatives of pyrazole and pyrano[2,3-c]pyrazole, and investigation and reports of their antimicrobial properties on gram-positive, gram-negative, and specialized aquatic and fungal species are among the novel and important findings of this study.
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1 INTRODUCTION
The use of green processes in synthesizing organic and heterocyclic compounds is noteworthy (Nishanth Rao et al., 2021). Green methods in organic synthesis are essential because they are environmentally friendly (Kumar et al., 2020). Among the green techniques in organic chemistry are the synthesis of organic and heterocyclic compounds during multicomponent reactions, the use of recyclable catalysts, and the use of deep eutectic solvents (Calvo-Flores and Mingorance-Sánchez, 2021; Javahershenas, 2023). Multi-component reactions, in which several reactants lead to the synthesis of the desired product in one pot and one step, in addition to being green, are important in the synthesis of organic and heterocyclic compounds due to their high efficiency, cost-effectiveness, and time-saving characteristics (Bhaskaruni et al., 2020; John et al., 2021). There have been several reports of the synthesis of five-membered heterocycles, such as pyrazoles, or two-ring heterocyclic compounds, such as pyranopyrazoles, using multicomponent reactions (Mamaghani and Hossein Nia, 2021; Becerra et al., 2022; Khazaal and Ibraheam, 2022). Pyrazole is a useful heterocyclic compound due to its agricultural and drug-discovery applications (Kumar et al., 2013). There have been reports of this heterocyclic compound in nature, for example, isolation from fungi such as Colletotrichum gloeosporioides (Cui et al., 2023). The biological properties of this heterocyclic compound that can be mentioned are its anxiolytic, antidepressant, anti-tubercular, analgesic properties, and anti-malarial activities, etc. (Ramadan et al., 2021). As there is a pyrazole structure in the structure of 4-[5-(4-methylphenyl)-3-(trifluoromethyl)-1h-pyrazol-1-yl]benzene-sulfonamide, which is a drug with the brand name Celecoxib, this heterocyclic compound can be used as a medicinal and bioactive compound (Küçükgüzel and Şenkardeş, 2015). Pyrano[2,3-c]pyrazole derivatives are one of the pyrazole derivatives that contain two heterocyclic compounds of pyrazole and pyran, which are connected by one facet. Derivatives of pyrano[2,3-c] pyrazole can maintain the biological properties of both heterocyclic compounds of pyran and pyrazole. Biological properties, such as cytotoxic, mutagenicity, cancer therapy, and antiviral properties, have been reported for the derivatives of the 6-membered heterocyclic compound of pyran with one oxygen in its structure (Yahiaoui et al., 2022). Biological properties, such as anti-tubercular, anti-malarial, anti-microbial, and anti-cancer properties, have been reported for the derivatives of pyrano[2,3-c]pyrazole (Mokariya et al., 2022; Parikh et al., 2022). In addition to the green method of multicomponent reaction, by using other green techniques such as the use of deep eutectic solvents, pyrazole derivatives and pyrano[2,3-c]pyrazole derivatives can be synthesized, and reports have been made in this field (Nguyen et al., 2021; Sikandar and Zahoor, 2021). As mentioned, the use of the deep eutectic solvent is one of the important and green methods in synthesizing organic and heterocyclic compounds. With this method, there is no need to use dangerous organic solvents or catalysts in the synthesis of organic and heterocyclic compounds (Rushell et al., 2019). A deep eutectic solvent plays the role of solvent and catalyst in the synthesizing of heterocyclic and organic compounds (Fekri et al., 2020). Deep eutectic solvents can be used during multicomponent reactions (Calvo-Flores and Mingorance-Sánchez, 2021). In this regard, we can refer to reports such as the use of glycerol: potassium carbonate in the four-component reaction of malononitrile, carbon disulfide, carbonyl, and methylene compounds, which led to the synthesis of [1,3]dithiine derivatives (Moghaddam-Manesh and Hosseinzadegan, 2021). Another deep eutectic solvent system that has been reported so far for the synthesis of pyrazolopyridines derivatives (Vanegas et al., 2019); tetrahydrobenzo[b]pyran and pyrano[2, 3-d]pyrimidinone (thione) (Biglari et al., 2020); and pyrazolines, pyrimidines, and naphthyridines (Mohamed et al., 2022) is the use of choline chloride/urea. According to reports, using choline chloride/urea reduces the synthesis time of the desired derivatives and has led to higher efficiency to synthesis of new derivatives. Therefore, choline chloride/urea was used as a deep eutectic solvent to synthesize pyrazole derivatives and pyrano[2,3-c]pyrazole derivatives. The synthesis of new derivatives and the experiments of antimicrobial and antifungal properties of the synthesized derivatives were among the other investigations carried out in this study.
2 MATERIALS AND METHODS
2.1 Equipment and materials
The Brookfield DV-II + Pro EXTRA viscometer was used to measure solvent viscosity, and the G LAB melting point apparatus was used to measure the melting point of solvent and derivatives. The 1H, and 13C NMR spectra, CHNS/O elemental analyzer, and mass analysis of compounds were prepared using the Varian Inova 500MHz, the EMA 502, and the Agilent technologies 5975C. The Thermo biomate 5 Spectrophotometer was used to prepare the suspension of bacteria. The suspension of bacteria was obtained from the American Type Culture Collection (ATCC). All the reagent materials used for the synthesis of deep eutectic solvent and the synthesis of pyrazole derivatives and pyrano[2,3-c] pyrazole derivatives such as choline chloride, urea, malononitrile, aldehyde derivatives, and hydrazine derivatives were obtained from Merck and Sigma.
2.2 Solvent preparation
To prepare the choline chloride/urea deep eutectic solvent, choline chloride and urea were weighed in different ratios, 1:1, 1:2, 1:3, and 1:4, and stirred at 80°C until a colorless homogeneous mixture was observed (Yadav and Pandey, 2014). The prepared mixture was cooled and used for other steps.
2.3 Synthesis of pyrazole derivatives
To 1 g choline chloride/urea (1:2) deep eutectic solvent, 1 mmol malononitrile and 1 mmol aldehyde derivatives were added and stirred at 80°C for 5 min. Then 1 mmol hydrazine derivatives was added and stirred at 80°C until the reaction was complete. The completion of the reaction was checked by TLC. Finally, after the completion of the reaction, the temperature was brought to the ambient temperature, and 5 mL of distilled water was added and stirred for 30 min. The sediments, which were the desired product, were separated with filter paper. The desired synthesized product was purified by recrystallization in a mixture of distilled water and ethanol (1:1).
2.4 Synthesis pyrano[2,3-c] pyrazole derivatives
To 1 g choline chloride/urea deep eutectic solvent, 1 mmol malononitrile and 1 mmol aldehyde derivatives were added and stirred at 70°C for 5 min. To 1 g choline chloride/urea deep eutectic solvent, 1 mmol ethyl acetoacetate and 1 mmol hydrazine derivatives were added and stirred at 80°C for 5 min. The mixtures were added together and stirred at 80°C until the reaction was complete. The completion of the reaction was checked by TLC. Finally, after the completion of the reaction, the temperature was brought to the ambient temperature, and 5 mL of distilled water was added and stirred for 30 min. The sediments, which were the desired product, were separated with filter paper. The desired synthesized product was purified by recrystallization in a mixture of distilled water and ethanol (1:1).
2.5 Antimicrobial and antifungal activity pyrazole derivatives and pyrano[2,3-c]pyrazole derivatives
Based on previous studies reported according to relevant standards, the antimicrobial activity of synthetic derivatives on Streptomyces fradiae (10745), Staphylococcus aureus (29213), Streptococcus pyogenes (19615), Streptococcus agalactiae (12386), Yersinia enterocolitica (9610), Shigella dysenteriae (13313), Pseudomonas aeruginosa (15442), Acinetobacter baumannii (19606), Streptococcus iniae (29178), Loctococcus garvieae (43921), Yersinia ruckeri (29473), Edwardsiella tarda (15947), Candida albicans (10231), Cryptococcus neoformans (32045), Fusarium oxysporum (7601), and Aspergillus fumigatus Fresenius (1022) was investigated and evaluated. For this purpose, first, the half-McFarland concentration of the strains and the initial concentrations of 1, 2, 4, 8, 16, 32, 64, 128, 256, 512, 1024, and 2048 μg/mL of the derivatives were prepared separately. The minimum inhibitory concentration (MIC), minimum bactericidal concentration (MBC), minimum fungicidal concentration (MFC), and inhibition zone diameter (IZD) were evaluated (Igei et al., 2016; Suksatan et al., 2022).
3 RESULTS AND DISCUSSION
In this study, by using choline chloride/urea as a green and environmentally friendly deep eutectic solvent, in the three-component reaction of malononitrile, aldehyde derivatives, and hydrazine derivatives, novel pyrazole derivatives, and in the four-component reaction of malononitrile, aldehyde derivatives, ethyl acetoacetate, and hydrazine derivatives, novel pyrano[2,3-c]pyrazole derivatives were synthesized (Scheme 1).
[image: Scheme 1]SCHEME 1 | Using choline chloride/urea as green method for synthesis of pyrazole derivatives and pyrano[2,3-c]pyrazole derivatives.
In general, the greenness of the reported method, high efficiency, and shorter synthesis time were the advantages of using choline chloride/urea in synthesizing derivatives. Additional information about the synthesis of derivatives is given below.
3.1 Three-component synthesis of pyrazole derivatives using choline chloride/urea
The three-component synthesis of pyrazole derivatives used choline chloride/urea, malononitrile, aldehyde derivatives, and hydrazine derivatives were used as raw materials.
For this purpose, according to the method presented in Section 2.2, different ratios of choline chloride and urea were prepared. For the synthesis of 4a, they were tested according to Table 1.
TABLE 1 | Optimization of molar ratio of choline chloride:urea and reaction temperature in synthesis of pyrazole.
[image: Table 1]In obtaining the optimal conditions (Table 1), in addition to using different ratios of choline chloride and urea, temperatures of 50°C, 60°C, 70°C, 80°C, 90°C, and 100°C degrees Celsius were also tested. It was found that the ratio of 1:2 (choline chloride:urea) at 80°C had the highest efficiency in a shorter time for the synthesis.
Physical parameters such as viscosity (according to ASTM D445 testing method) and melting point for 1:2 choline chloride:urea mixture were obtained according to Table 2.
TABLE 2 | Physical parameters of a 1:2 ratio of choline chloride:urea deep eutectic solvent.
[image: Table 2]The above optimal conditions were used for synthesizing other derivatives, according to Table 3. Three of the derivatives reported in Table 3 are novel.
TABLE 3 | Information on synthesized pyrazole derivatives using choline chloride/urea as green method.
[image: Table 3]The results of 1H NMR, 13C NMR, and CHNS/O elemental analyzer of the newly synthesized derivatives that confirm their structure are given in the Supplementary Material.
As the results show, in general, electron-donating substituents attached to hydrazine, such as phenyl, and electron-withdrawing groups attached to the aldehyde, such as nitro, increased the efficiency of the products. Therefore, the following mechanism (Scheme 2) can be proposed for this 3-component reaction, which corresponds to the difference in the results of the product’s efficiency.
[image: Scheme 2]SCHEME 2 | Mechanism for using choline chloride/urea as green method for synthesis of pyrazole derivatives (4a-j).
So far, many studies have been conducted on the three-component reaction of malononitrile, aldehyde derivatives, and hydrazine derivatives, which led to the synthesis of pyrazole derivatives. The conditions of some recent studies (from 2020 to 2023) compared to the conditions used in this study are given in Table 4.
TABLE 4 | The previously reported conditions and methods in the synthesis of pyrazole compared to the method presented in this study.
[image: Table 4]Ease of reaction conditions and no need for catalyst and solvent, reporting of newly synthesized derivatives, being green, and having high efficiency and shorter synthesis time can be mentioned as advantages of using choline chloride/urea to synthesize derivatives compared to recently reported methods.
3.2 Four-component synthesis of pyrano[2,3-c]pyrazole derivatives using choline chloride/urea
In the continuation of this study, choline chloride/urea was also used in the 4-component reaction of malononitrile, aldehyde derivatives, hydrazine derivatives, and ethyl acetoacetate for the synthesis of pyrano[2,3-c]pyrazole derivatives.
The steps for synthesizing derivatives here were the first optimization according to Section 3.1, the results of which are given in Table 5.
TABLE 5 | Optimization of molar ratio of choline chloride:urea and reaction temperature in synthesis of pyrano[2,3-c] pyrazoles.
[image: Table 5]Here, the optimal conditions for synthesizing pyrano[2,3-c]pyrazole derivatives with high efficiency and shorter time, were the ratio of 1:2 of choline chloride:urea and the reaction temperature of 70°C. With the obtained optimal conditions, other derivatives, including 15 derivatives, of which two were novel, were synthesized (Table 6).
TABLE 6 | Information on synthesized pyrano[2,3-c]pyrazole derivatives using choline chloride/urea as green method.
[image: Table 6]The results of 1H NMR, 13C NMR, and CHNS/O elemental analyzer of the newly synthesized derivatives that confirm their structure are given in the Supplementary Material.
Comparing the results of the efficiency with the structure of the raw materials here was also the same as above, and it was observed that electron-donating substituents attached to hydrazine, such as phenyl, and electron-withdrawing groups attached to the aldehyde, such as nitro, increased the efficiency of the products. Therefore, the Scheme 3 mechanism is proposed for this reaction.
[image: Scheme 3]SCHEME 3 | Mechanism for using choline chloride/urea as green method for synthesis of pyrazole pyrano[2,3-c]pyrazole derivatives (6a-o).
The result of the comparison of the method presented in this study to the recent studies in the synthesis of derivatives, as shown in Table 7, is similar to the conclusion for the synthesis of pyrazole derivatives. It can be stated here that ease of reaction conditions, catalyst and solvent not being necessary, newly synthesized derivatives being reported, being green, and having high efficiency and shorter synthesis time can be mentioned as advantages of using choline chloride/urea to synthesize derivatives compared to recently reported methods.
TABLE 7 | The previously reported conditions and methods in the synthesis of pyrano[2,3-c]pyrazole compared to the method presented in this study.
[image: Table 7]3.3 The antimicrobial activity results
In the investigation of antimicrobial and antifungal activity of derivatives, gram-positive, gram-negative, and specialized aquatic strains were used. First, the MIC with a concentration in the range of 1–2048 μg/mL of the derivatives was checked. After obtaining this parameter, its MBC and MFC were acquired. Finally, using the MIC, the IZD parameter of the derivatives on the used strains was obtained.
For further comparison of pyrazole derivatives and pyrano[2,3-c]pyrazole derivatives, the antibacterial properties of gram-positive, gram-negative, and specialized aquatic and fungal strains are shown separately in Tables 8–11.
TABLE 8 | Antibacterial activity of pyrazole derivatives (4a-j) and pyrazole pyrano[2,3-c]pyrazole derivatives (6a-o) against Gram-positive strains.
[image: Table 8]TABLE 9 | Antibacterial activity of pyrazole derivatives (4a-j) and pyrazole pyrano[2,3-c]pyrazole derivatives (6a-o) against gram-negative strains.
[image: Table 9]TABLE 10 | Antibacterial activity of pyrazole derivatives (4a-j) and pyrazole pyrano[2,3-c]pyrazole derivatives (6a-o) against specialized aquatic strains.
[image: Table 10]TABLE 11 | Antifungal activity of pyrazole derivatives (4a-j) and pyrazole pyrano[2,3-c]pyrazole derivatives (6a-o).
[image: Table 11]Table 8 shows the results of investigating the antibacterial properties of the derivatives on the evaluated gram-positive strains.
Table 9 shows the results of investigating the antibacterial properties of the derivatives on the evaluated gram-negative strains.
Table 10 shows the results of investigating the antibacterial properties of the derivatives on the evaluated specialized aquatic strains.
Table 11 shows the results of investigating the antibacterial properties of the derivatives on the evaluated fungal strains.
The highest effectiveness in antibacterial activity between pyrazole derivatives and pyrano[2,3-c]pyrazole derivatives was related to 6o.
The IZD value results of some pyrano[2,3-c]pyrazole derivatives compared to Yersinia ruckeri are given in Figure 1.
[image: Figure 1]FIGURE 1 | The IZD value results of some pyrano[2,3-c]pyrazole derivatives against Yersinia ruckeri.
In general, the order of effectiveness of pyrazole derivatives was as follows:
[image: image]
In general, the order of effectiveness of pyrano[2,3-c]pyrazole derivatives was as follows:
[image: image]
By comparing the results of Tables 8–11, the pyrano[2,3-c]pyrazole derivatives, in general, are more effective than pyrazole derivatives because pyrano[2,3-c] pyrazoles contain two heterocyclic rings (pyran and pyrazole). Another general conclusion that can be drawn is that the order of effectiveness of derivatives is as described for compounds containing chlorine, nitrogen, and methoxy. These results can be justified based on previous studies on the effectiveness and antimicrobial properties of chlorine and nitrogen. The important point in determining antimicrobial activities is to compare them with commercial drugs, such as penicillin, cefazolin, Tolnaftate, and Terbinafine. As the results of Tables 8–11 show, some derivatives, such as 6o in many studied strains, are much more effective than tested drugs, which shows the value of synthetic compounds.
4 CONCLUSION
Choline chloride/urea was used as a deep eutectic solvent in the one-pot method and during the multicomponent reaction in synthesizing pyrazole derivatives and pyrano[2,3-c]pyrazole derivatives. The greenness of the synthesis method, the synthesis of new derivatives, and the characteristics of high efficiency and less time were among the advantages and novel findings of this study compared to previously reported methods. The effectiveness on gram-positive, gram-negative, and specialized aquatic strains and fungal species is one of the novel findings of this project. In the investigation of antimicrobial activity, the highest effectiveness was observed in derivative 6o, which contained chlorine and nitrogen, where MIC and MBC values between 2 and 512 μg/mL were observed. In addition, 6o showed higher effectiveness in some strains than drugs in the market, such as penicillin, cefazolin, Tolnaftate, and Terbinafine. Finally, the relationship between the antimicrobial properties of the derivatives and their structure were observed and reported.
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