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Abstract

:

The synthesis of 14 hydrazone compounds derived from pyridoxal, pyridine-4-carbaldehyde, and quinoline-2-carbaldehyde using two methods, conventional method in deep eutectic solvents (DESs) and effective combination of ultrasound and DESs, is presented in this paper. In addition, the possibility of using 12 choline chloride (ChCl)-based DESs as an alternative to organic solvents was investigated. The results show that the application of ultrasound not only improves the reaction yield but also shortens the reaction time. The prepared compounds synthesized at room temperature were analyzed via NMR spectroscopy and MS spectrometry. The studies confirmed that the DESs ChCl:malonic, oxalic, levulinic, and trans-cinnamic acid can be excellent alternatives to classical organic solvents. By the combined use of DESs and the ultrasonic method, compound 11 was obtained in a nearly quantitative yield of 98% in DES ChCl:oxalic acid. The advantages of using DESs as reaction media are that they are biodegradable, nontoxic, recyclable, and can be easily prepared with inexpensive starting materials. The results of recycling DESs show that they can be used up to the fourth recycling cycle without significantly changing the reaction yield.
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1. Introduction


Aldehydes and ketones are susceptible to nucleophilic addition reactions. Among the numerous products formed by nucleophilic addition, hydrazones attract special attention. Hydrazones contain the active azomethine functional group (–NH–N=CH–). They are very important intermediates in the field of heterocyclic chemistry and usually show broad biological activity [1]. Recently, scientific papers have reported numerous pharmacological activities of hydrazone derivatives, such as antispasmodic [2,3], anti-inflammatory [4], antihypertensive [5], anticancer [6,7,8,9,10,11], antimicrobial [12,13], antimalarial [14,15,16], anti-HIV [17], antitubercular [18,19,20], antifungal [21,22], antioxidant [23], cardioprotective [24], and antidepressant [25,26].



The most commonly used organic solvents in the conventional synthesis of pyridine-derived hydrazones are acetonitrile [27,28], ethanol [29,30,31,32], propan-1-ol [33], a mixture of ethanol and glacial acetic acid [34], tetrahydrofuran, butan-1-ol, and glacial acetic acid [35]. The classical organic solvents used in the synthesis of quinoline hydrazones are mainly ethanol [36] and methanol [37]. All of the above organic solvents belong to the group of volatile organic compounds, which have direct and indirect effects on humans and the environment. As chemists have become more environmentally conscious, they have changed their synthetic approaches by replacing traditional organic solvents with more environmentally friendly alternatives. Deep eutectic solvents (DESs) were first mentioned by Abbott et al. in 2003 [38], and numerous scientific reports have been published to date [39,40,41,42]. They can be easily prepared by combining two components, a hydrogen bond acceptor (HBA), mainly choline chloride (ChCl), and a hydrogen bond donor (HBD).



They have received extraordinary attention because of their advantages over the classical volatile organic solvents. They have low vapor pressure, low melting point, good electrical conductivity, chemical and thermal stability, and are non-flammable. Some of them can be obtained from renewable sources. Most of them are nontoxic and biodegradable, and the raw materials for their preparation are inexpensive. Therefore, large quantities of DESs can be easily produced on an industrial scale with minimal or no waste [43].



Although the number of publications on deep eutectic solvents is increasing, there are very few studies that address the evaluation of their toxicity and biodegradability [44,45,46,47]. Toxicity is important to control the solvents used in important sectors such as food and drug production, medicine, and cosmetics. Toxicity should also be tested after recycling because reaction conditions such as elevated temperature, microwave radiation, and ultrasound can lead to the formation of harmful byproducts. DESs are presented as green and safe solvents because they are synthesized from mostly nontoxic and non-carcinogenic starting materials (with the exception of some such as thiourea). There is also little research on the thermal stability of DESs [48]. Previous research has shown that DESs degrade at high temperatures by weakening and breaking hydrogen bonds to form HBA and HBD. Hydrogen bonds play a key role in thermal stability [49]. The exploration and use of DESs on an industrial scale will certainly increase their concentration in the environment, so monitoring their biological effects will play an important role. Therefore, their viability should be discussed with caution.



DESs are known to be safe and environmentally friendly solvents that offer enormous potential as reaction media for various chemical reactions and are substitutes for volatile organic solvents. In the last decade, deep eutectic solvents have been used as an alternative medium for numerous organic syntheses in the field of organometallic chemistry [50] and radical thiol-ene reactions [51], where they have been shown to be a good compatible medium for protein processing. They have been used for the synthesis of active pharmaceutical ingredients [52], in biocatalysis [53,54], organocatalysis [55,56], and electrochemistry [57].



In order to choose the most suitable medium for organic reactions, it is essential to understand the physicochemical properties of the solvent. For this reason, scientists try to design solvents with suitable properties by adjusting the chemical nature and the molar ratio between their components.



The synthesis of hydrazones using DESs has been reported in the literature [58], but the types of DESs are limited, so it would certainly be useful to investigate a range of other eutectic solvents. In this study, we investigated whether eutectic solvents can be a good alternative to volatile organic solvents and whether the type of HBD affects the efficiency of pyridinium and quinoline hydrazones formation.



Therefore, it is important to perform the synthesis of hydrazones according to the principles of green chemistry, i.e., to support long-term ecological balance, energy savings, lower toxicity of reagents, and reduced environmental and human health impacts.



For this reason, we selected 12 different choline chloride-based DESs, in which we investigated the possibility of pyridoxal, pyridinium, and quinoline hydrazones formation. For the synthesis of the hydrazones, we used two methods: a conventional and an ultrasound (US) method, which we performed under mild reaction conditions at room temperature. Since the presence of hydrophilic groups in choline chloride is responsible for the hygroscopic properties of DESs, it is important to determine the water content in the prepared DESs. Water impurities have been shown to affect the properties of eutectic solvents. It mainly affects their chemical structure [59], decreases kinematic viscosity, and increases electrical conductivity [60,61]. In this paper, the possibility of reusing DESs is also investigated, which is important for ecological as well as economic reasons.




2. Materials and Methods


The ultrasonic bath (US) was a device from BANDELIN GmbH & Co., Berlin, Germany, DT 510 H, with a frequency of 35 kHz, a power of 160 W, a temperature range of 20–80 °C, and a power of 400 W). Fluorescent silica gel plates F254 (Merck, Darmstadt, Germany) and the solvent system chloroform:methanol (6:1.5) were used for thin-layer chromatography under UV light and wavelengths 254 and 365 nm. Melting points were determined in the SMP3 electrothermal melting point apparatus (Mettler Toledo, Zagreb, Croatia). NMR spectra were recorded on a Bruker Avance 600 spectrometer at the Rudjer Bošković Institute using a 5 mm broadband probe head with z-gradient coils operating at 600.130 MHz for 1H and 150.903 MHz for 13C. All spectra were measured in DMSO-d6 at 25 °C. The signal shifts in the spectrum were determined according to the solvent signal at 2.50 ppm in the 1H spectrum and at 39.51 ppm in the 13C spectrum, respectively. Individual resonances were assigned based on their chemical shifts, multiplicities, integrals, and cross peaks in the recorded 2D NMR spectra: 1H-1H COSY (Correlation Spectroscopy), 1H-13C HMQC (Heteronuclear Multiple Quantum Coherence), and 1H-13C HMBC (Heteronuclear Multiple Bond Correlation).



Solvents and reagents were purchased from various manufacturers and used without further purification: pyridoxal and pyridine-4-carbaldehyde (97%) (Aldrich, St. Louis, MO, USA), quinoline-2-carbaldehyde (97%), 4-chlorophenylhydrazine hydrochloride, 4-fluorophenylhydrazine hydrochloride, N-methylurea, 4-methylphenylhydrazine hydrochloride, acetamide, oxalic acid and levulinic acid (Acros Organics, Antwerp, Belgium), phenylhydrazine hydrochloride and malic acid (Sigma-Aldrich), 2,4-dinitrophenylhydrazine (Merck), urea and citric acid (Gram mol, Zagreb, Croatia), thiourea and glycerol (Kemika, Zagreb, Croatia), malonic and trans-cinnamic acid (Fisher Chemical, Hampton, NH, USA), and lactic acid (Carlo Erba Reagents, Milano, Italy).



2.1. Synthesis of DESs and Detecting Water Content


DESs were prepared by mixing and heating two starting substances: ChCl and the various HBDs (the ratio is given in Table 1 and Table 2) on a magnetic stirrer for the appropriate time, depending on each HBD, at 80 °C. The cooled stable and homogeneous liquid was used for the synthesis of hydrazone without further purification. The water content of the DESs was determined using Karl Fischer titration according to HRN EN 13466- 1:2003 method (accredited according to HRN EN ISO/IEC 17025:2017) and is shown in Table 1.




2.2. Conventional Method


An equimolar mixture of pyridoxal, pyridine-4-carbaldehyde, and quinoline-2-carbaldehyde (1.12 mmol), and phenylhydrazine and substituted phenylhydrazine (2,4-dinitrophenylhydrazine, 4-fluorophenylhydrazine, 4-chlorophenylhydrazine, 4-methylphenylhydrazine) was transferred to DES (the molar ratios of starting reactant and ChCl were 1:10). The progress of the reaction was monitored via TLC. The reaction mixture was stirred at room temperature for 3 h. Cold water was then added to the mixture to precipitate the product. The reaction mixture was allowed to stand overnight at room temperature. After standing, colored crystals of the crude product were precipitated and separated using vacuum filtration. The crude products were washed with cold ethanol and cold diethyl ether, recrystallized from the ethanol, and dried in a desiccator.




2.3. Ultrasound Method


An equimolar mixture of pyridoxal, pyridine-4-carbaldehyde, and quino-line-2-carbaldehyde (1.12 mmol), and phenylhydrazine and substituted phenylhydrazine (2,4-dinitrophenylhydrazine, 4-fluorophenylhydrazine, 4-chlorophenylhydrazine, 4-methylphenylhydrazine) was dissolved in DES (the molar ratios of starting reactant and ChCl were 1:10). The reaction mixture was placed in an ultrasonic bath and sonicated (10–15 min, rt, 35 kHz) to give the product. To precipitate the product, cold water was added to the reaction mixture and left in the dark for 24 h. The crude products obtained were washed with cold ethanol and cold diethyl ether and recrystallized from the ethanol to give the chromatographically pure product.



The structure of all 14 products was characterized using NMR spectroscopy and mass spectrometry (MS).




2.4. Recycling and Reuse of DESs


DESs contained in the filtrate were recovered by evaporating the water and drying under reduced pressure to recycle and reuse DESs. The model reaction for recycling and reuse of DESs was the reaction of quinoline-2-carbaldehyde with 2,4-dinitrophenylhydrazine in DES ChCl:oxalic acid (1:1) according to the US method.



	
5-(hydroxymethyl)-2-methyl-4-((2-phenylhydrazineylidene)methyl)pyridin-3-ol (1)






Yellow solid; m.p. 210–213 °C; 1H NMR (DMSO-d6, 600 MHz): δ 11.96 (1H, br s, OH-5), 11.84 (1H, s, NH), 8.42 (1H, s, H-8), 8.17 (1H, s, H-2), 7.37 (2H, t, J = 7.91 Hz, H-13/15), 7.09 (2H, d, J = 7.91 Hz, H-12/16), 6.98 (1H, t, J = 6.59 Hz, H-14), 5.81 (1H, br s, OH-7), 4.79 (2H, s, CH2-7), and 2.62 (3H, s, CH3-6) ppm. The 13C NMR (DMSO-d6, 150 MHz): δ 150.5 (1C, C-5), 142.6 (1C, C-11), 140.6 (1C, C-6), 134.8 (1C, C-3 or C-4), 131.9 (1C, C-8), 130.3 (1C, C-3 or C-4), 129.6 (2C, C-13/15), 129.3 (1C, C-2), 121.6 (1C, C-14), 112.8 (2C, C-12/16), 58.8 (1C, CH2-7), and 14.4 (1C, CH3-6) ppm. MS: m/z 258 (M+, 100%).



	
4-((2-(2,4-dinitrophenyl)hydrazineylidene)methyl)-5-(hydroxymethyl)-2-methylpyridin-3-ol (2)






Dark yellow solid; m.p. 210–213 °C; 1H NMR (DMSO-d6, 600 MHz): δ 12.06 (1H, s, OH-5), 9.19 (1H, s, H-8), 8.89 (1H, d, J = 2.67 Hz, H-15), 8.50 (1H, dd, J = 9.50, 2.67 Hz, H-13), 8.26 (1H, s, H-2), 7.87 (1H, d, J = 9.50 Hz, H-12), 4.88 (2H, s, CH2-7), and 2.65 (3H, s, CH3-14) ppm. The 13C NMR (DMSO-d6, 150 MHz,): δ 151.8 (1C, C-5), 143.8 (1C, C-8), 143.3 (1C, C-11), 142.9 (1C, C-6), 138.5 (1C, C-14), 137.4 (1C, C-3 or C-4), 131.1 (1C, C-16), 130.5 (1C, CH3-2), 130.1 (1C, C-13), 129.6 (1C, C-3 or C-4), 122.8 (1C, C-15), 116.7 (1C, C-12), 59.4 (1C, CH2-7), and 15.6 (1C, CH3-6) ppm. MS: m/z 349 (M+, 100%).



	
4-((2-(4-fluorophenyl)hydrazineylidene)methyl)-5-(hydroxymethyl)-2-methylpyridin-3-ol (3)






Yellow solid; m.p. 285–290 °C; 1H NMR (DMSO-d6, 600 MHz): δ 11.82 (2H, br s, OH-5 and NH), 8.39 (1H, s, H-8), 8.17 (1H, s, H-2), 7.22 (2H, t, J = 8.66 Hz, H-13/15), 7.13–7.06 (2H, m, H-12/16), 5.79 (1H, br s, OH-7), 4.78 (2H, s, CH2-7), and 2.61 (3H, s, CH3-6) ppm. The 13C NMR (DMSO-d6, 150 MHz): δ 157.4 (1C, d, JC,F = 235 Hz, C-14), 150.4 (1C, C-5), 139.3 (1C, JC,F = 1.66 Hz, C-11), 140.6 (1C, C-6), 134.8 (1C, C-3 or C-4), 131.8 (1C, C-8), 130.5 (1C, C-3 or C-4), 129.5 (1C, C-2), 129.3 (1C, C-2), 116.3 (2C, d, JC,F = 24 Hz, C-13/15), 114.2 (2C, d, J = 8 Hz, C-12/16), 58.9 (1C, CH2-7), and 14.6 (1C, CH3-6) ppm. MS: m/z 276 (M+, 100%).



	
4-((2-(4-chlorophenyl)hydrazineylidene)methyl)-5-(hydroxymethyl)-2-methylpyridin-3-ol (4)






Dark yellow solid; m.p. 292–295 °C; 1H NMR (DMSO-d6, 600 MHz): δ 11.87 (1H, br s, NH), 11.74 (1H, s, OH-5), 8.42 (1H, s, H-8), 8.19 (1H, s, H-2), 7.41 (2H, d, J = 8.79 Hz, H-13/15), 7.09 (2H, d, J = 8.79 Hz, H-12/16), 5.79 (1H, br s, OH), 4.79 (2H, s, CH2-7), and 2.61 (3H, s, CH3-6) ppm. The 13C NMR (DMSO-d6, 150 MHz): δ 150.5 (1C, C-5), 141.7 (1C, C-11), 140.8 (1C, C-6), 135.1 (1C, C-4), 137.7 (1C, C-8), 130.5 (2C, C-13/15), 129.5 (2C, C-2), 124.9 (1C, C-14), 114.3 (2C, C-12/16), 58.9 (1C, CH2-7), and 14.6 (1C, CH3-6) ppm. MS: m/z 292 (M+, 100%).



	
5-(hydroxymethyl)-2-methyl-4-((2-(p-tolyl)hydrazineylidene)methyl)pyridin-3-ol (5)






Brown solid; m.p. 250–268 °C; 1H NMR (DMSO-d6, 600 MHz): δ 12.00 (1H, s, OH-5), 11.73 (1H, s, NH), 8.36 (1H, s, H-8), 8.16 (1H, s, H-2), 7.18 (2H, d, J = 8.19 Hz, H-13/15), 6.99 (2H, d, J = 8.19 Hz, H-12/16), 5.79 (1H, br s, OH-7), 4.77 (2H, s, CH2-8), 2.60 (3H, s, CH3-6), and 2.27 (3H, s, CH3-14) ppm. The 13C NMR (DMSO-d6, 150 MHz): δ 150.4 (1C, C-5), 140.6 (1C, C-6), 140.2 (1C, C-11), 134.4 (1C, C-4), 131.3 (1C, C-8), 130.8 (2C, C-13/15), 130.1 (1C, C-2), 112.8 (2C, C-12/16), 58.7 (1C, CH2-7), 20.3 (1C, CH3-14), and 14.5 (1C, CH3-6) ppm. C-3 was not detected. MS: m/z 272 (M+, 100%).



	
Pyridine-4-carbaldehyde-phenylhydrazone (6)






Dark yellow solid; m.p. 285–293 °C; 1H NMR (DMSO-d6, 600 MHz): δ 12.01 (1H, s, NH), 8.70 (2H, d, J = 6.83 Hz, H-2/6), 8.11 (2H, d, J = 6.83 HZ, H-3/5), 8.00 (1H, s, H-7), 7.35–7.29 (4H, m, H-11/15, and H-12/14), and 6.96 (1H, ddd, J = 7.27, 6.87, 1.74 Hz, H-13) ppm. The 13C NMR (DMSO-d6, 150 MHz): δ 151.8 (1C, C-4), 143.4 (1C, C-10), 141.0 (2C, C-2/6), 129.9 (1C, C-7), 129.3 (2C, C-12/14), 121.7 (1C, C-13), 121.2 (2C, C-3/5), and 113.6 (2C, C-11/15) ppm. MS: m/z 198 (M+, 100%).



	
Pyridine-4-carbaldehyde-2,4-dinitrophenylhydrazone (7)






Orange solid; m.p. 205–212 °C; 1H NMR (DMSO-d6, 600 MHz): δ 11.82 (1H, s, NH), 8.87 (1H, d, J = 2.60 Hz, H-14), 8.69 (1H, s, H-7), 8.689 (2H, d, J = 6.03 Hz, H-2/6), 8.40 (1H, dd, J = 9.48, 2.46 Hz, H-12), 8.16 (1H, d, J = 9.48 Hz, H-11), and 7.74 (2H, d, J = 6.03 Hz, H-3/5) ppm. The 13C NMR (DMSO-d6, 150 MHz): δ 150.4 (1C or 2C, C-7 or C-2/6), 146.4 (1C or 2C, C-7 or C-2/6), 144.3 (1C, C-10), 141.0 (1C, C-4), 137.8 (1C, C-13), 130.3 (1C, C-15), 129.7 (1C, C-12), 122.8 (1C, C-14), 121.0 (2C, C-3/5), and 117.0 (1C, C-11) ppm. MS: m/z 286 (M+, 100%).



	
Pyridine-4-carbaldehyde-4-fluorophenylhydrazone (8)






Orange solid; m.p. 270–285 °C; 1H NMR (600 MHz, DMSO-d6): δ 12.12 (1H, s, NH), 8.69 (2H, d, JH,F = 6.79 Hz, H-2/6), 8.10 (2H, d, J = 6.79 Hz, H-3/5), 7.98 (1H, s, H-7), 7.31 (2H, dd, J = 9.32 Hz, JH,F = 4.85 Hz, H-11/15), and 7.16 (2H, t, JH,H = JH,F = 9.03 Hz, H-12/14) ppm. The 13C NMR (DMSO-d6, 150 MHz): δ 157.5 (1C, JC,F = 240 Hz, C-13), 151.8 (1C, C-4), 140.9 (2C, C-2/6), 140.0 (1C, C-10), 129.8 (1C, C-7), 121.1 (2C, C-3/5), 115.9 (2C, d, JC,F = 22 Hz, C-12/14), and 114.9 (2C, d, JC,F = 8 Hz, C-11/15) ppm. MS: m/z 216 (M+, 100%).



	
Pyridine-4-carbaldehyde-4-chlorophenylhydrazone (9)






Orange solid; m.p. 292–293 °C; 1H NMR (DMSO-d6, 600 MHz): δ 12.05 (1H, s, NH), 8.71 (2H, d, J = 6.99 HZ, H-2/6), 8.13 (2H, d, J = 6.55 HZ, H-3/5), 8.00 (1H, s, H-7), 7.36 (2H, d, J = 8.79 Hz, H-12/14), and 7.30 (2H, d, J = 8.64 Hz, H-11/15) ppm. The 13C NMR (DMSO-d6, 150 MHz): δ 151.5 (1C, C-4), 142.4 (1C, C-10), 141.3 (2C, C-2/6), 130.8 (1C, C-7), 129.2 (2C, C-12/14), 125.1 (1C, C-13), 121.4 (2C, C-3/5), and 115.0 (2C, C-11/15) ppm. MS: m/z 232 (M+, 100%).



	
Quinoline-2-carbaldehyde-phenylhydrazone (10)






Red solid; m.p. 262–266 °C; 1H NMR (DMSO-d6, 600 MHz,): δ 12.37 (1H, s, NH), 8.77 (1H, d, J = 8.04 Hz, H-4), 8.42 (1H, d, J = 9.38 Hz, H-3), 8.37 (1H, s, H-11), 8.25 (1H, d, J = 7.43 Hz, H-8), 8.19 (1H, d, J = 8.04 Hz, H-5), 7.99 (1H, t, J = 6.70 Hz, H-7), 7.69 (1H, t, J = 8.04 Hz, H-6), 7.40–7.35 (4H, m, H-15/19, and H-16/18), and 7.02 (1H, t, J = 6.70 Hz, H-17) ppm. The 13C NMR (DMSO-d6, 150 MHz): δ 151.8 (1C, C-2), 143.0 (1C, C-14), 142.3 (1C, C-9), 141.8 (1C, C-4), 133.2 (1C, C-7), 129.4 (2C, C-16/18), 128.8 (1C, C-5), 128.0 (1C, C-6), 127.0 (1C, C-11), 126.7 (1C, C-10), 122.4 (1C, C-17), 121.0 (1C, C-8), 118.0 (1C, C-3), and 114.0 (2C, C-15/19) ppm. MS: m/z 248 (M+, 100%).



	
Quinoline-2-carbaldehyde-2,4-dinitrophenylhydrazone (11)






Yellow solid; m.p. 250–257 °C; 1H NMR (DMSO-d6, 600 MHz,): δ 11.96 (1H, s, NH), 8.89 (1H, d, J = 2.66 Hz, H-18), 8.87 (1H, s, H-11), 8.46 (1H, d, J = 8.72 Hz, H-4), 8.43 (1H, dd, J = 9.52, 2.68 Hz, H-16), 8.275 (1H, d, J = 8.58 Hz, H-3), 8.267 (1H, d, J = 9.52 Hz, H-15), 8.06 (1H, d, J = 7.85 Hz, H-8), 8.03 (1H, d, J = 7.85 Hz, H-5), 7.81 (1H, ddd, J = 8.86, 6.54, 1.50 Hz, H-7), and 7.66 (1H, ddd, J = 8.59, 6.54, 1.09 Hz, H-6) ppm. The 13C NMR (DMSO-d6, 150 MHz): δ 153.4 (1C, C-2), 148.9 (1C, C-11), 147.4 (1C, C-9), 144.2 (1C, C-14), 137.8 (1C, C-17), 136.8 (1C, C-4), 130.5 (1C, C-19), 130.2 (1C, C-7), 129.8 (1C, C-16), 129.0 (1C, C-8), 128.2 (1C, C-5), 127.9 (1C, C-10), 127.5 (1C, C-6), 122.7 (1C, C-18), 117.8 (1C, C-15), and 117.4 (1C, C-3) ppm. MS: m/z 336 (M+, 100%)



	
Quinoline-2-carbaldehyde-4-fluorophenylhydrazone (12)






Orange solid; m.p. 245–258 °C; 1H NMR (DMSO-d6, 600 MHz): δ 12.42 (1H, s, NH), 8.76 (1H, d, J = 7.81 Hz, H-4), 8.41 (1H, d, J = 8.79 Hz, H-3), 8.34 (1H, s, H-11), 8.24 (1H, d, J = 8.79 Hz, H-8), 8.19 (1H, d, J = 7.81 Hz, H-5), 7.99 (1H, t, J = 7.81 Hz, H-7), 7.77 (1H, t, J = 7.81 Hz, H-6), 7.40 (2H, JH,F = 4.84 Hz, H-15/19), and 7.21 (2H, JH,F = 8.75 Hz, H-16/18) ppm. The 13C NMR (DMSO-d6, 150 MHz): δ 157.9 (1C, d, JC,F = 238.5 Hz, C-17), 151.8 (1C, C-2), 147.5 (1C, C-9), 142.2 (1C, C-4), 139.7 (1C, C-14), 133.2 (1C, C-7), 128.7 (1C, C-5), 128.0 (1C, C-6), 127.0 (1C, C-11), 126.7 (1C, C-10), 121.1 (1C, C-8), 118.0 (1C, C-3), 116.1 (2C, t, JC,F = 22.8 Hz, C-16/18), and 115.4 (2C, d, JC,F = 5.9 Hz, C-15/19) ppm. MS: m/z 266 (M+, 100%).



	
Quinoline-2-carbaldehyde-4-chlorophenylhydrazone (13)






Red solid; m.p. 205–207 °C; 1H NMR (DMSO-d6, 600 MHz): δ 12.32 (1H, s, NH), 8.75 (1H, d, J = 8.52 Hz, H-4), 8.40 (1H, d, J = 8.77 Hz, H-3), 8.32 (1H, s, H-11), 8.22 (1H, d, J = 7.80 Hz, H-8), 8.18 (1H, d, J = 7.80 Hz, H-5), 7.98 (1H, d, J = 7.80 Hz, H-7), 7.76 (1H, d, J = 7.80 Hz, H-6), and 7.42–7.36 (4H, m, H-15/19, and H-16/18) ppm. The 13C NMR (DMSO-d6, 150 MHz): δ 151.6 (1C, C-2), 142.3 (1C, C-4), 142.1 (1C, C-14), 139.1 (1C, C-9), 133.1 (1C, C-7), 129.4 (2C, C-16/18), 128.9 (1C, C-5), 128.3 (1C, C-6), 126.8 (1C, C-10), 125.7 (1C, C-17), 128.2 (1C, C-11), 121.3 (1C, C-8), 117.8 (1C, C-3), and 115.4 (2C, C-15/19) ppm. MS: m/z 282 (M+, 100%).



	
Quinoline-2-carbaldehyde-4-methylphenylhydrazone (14)






Yellow solid; m.p. 181–195 °C; 1H NMR (DMSO-d6, 600 MHz): δ 10.81 (1H, s, NH), 8.28 (1H, d, J = 8.91 Hz, H-4), 8.11 (1H, d, J = 8.43 Hz, H-3), 7.99 (1H, s, H-11), 7.95–7.91 (2H, m, H-5, and H-8), 7.72 (1H, ddd, J = 8.45, 6.74, 1.56 Hz, H-7), 7.54 (1H, ddd, J = 8.36, 6.72, 1.11 Hz, H-6), 7.09 (4H, m, H-15/19, and H-16/18), and 2.24 (3H, s, H-20) ppm. The 13C NMR (DMSO-d6, 150 MHz): δ 155.2 (1C, C-2), 147.5 (1C, C-9), 142.8 (1C, C-14), 136.0 (1C, C-11), 135.9 (1C, C-4), 129.7 (3C, C-7, and C-16/18), 128.4 (1C, C-17), 128.3 (1C, C-8), 127.8 (1C, C-5), 127.1 (1C, C-10), 126.0 (1C, C-6), 117.2 (1C, C-3), 112.5 (2C, C-15/19), and 20.3 (1C, C-20) ppm. MS: m/z 262 (M+, 100%).





3. Results and Discussion


Twelve choline chloride-based deep eutectic solvents (DESs) were used for the synthesis of hydrazones via the conventional (Table 1) and ultrasound (Table 2) methods. Pyridoxal, pyridine-4-carbaldehyde, and quinoline-2-carbaldehyde were used as electrophile and differently substituted phenylhydrazines (R1 and/or R2 = −H, −Cl, −F, −CH3, −NO2) were used as nucleophiles (Scheme 1), resulting in the preparation of 14 different hydrazone derivatives (Figure 1). The eutectic solvents in which the reaction was carried out were already known and characterized via physicochemical methods [62].



The structure of the synthesized hydrazone was characterized using 1D and 2D NMR spectroscopy and MS spectrometry (Supplementary Data, Figures S1–S28).



All recorded NMR spectra show a set of signals in the spectrum (Supplementary Data, Figures S1–S14). The important cross peaks in the 2D HMBC NMR spectra (marked with purple arrows and ovals) confirming the successful synthesis of the desired compounds are shown in Figure 2. The m/z values obtained via mass spectrometry also confirm the formation of all the compounds (1–14).



3.1. Preparation of DESs and Water Content


In order to design the most suitable solvent for the hydrazone formation reaction, 12 different types of deep eutectic solvents with different natures of HBDs were prepared using a relatively simple, economical, and environmentally friendly method. The most common method involves heating and stirring to form a stable liquid. Because of the very simple preparation, purity testing is often omitted. However, studies of eutectic solvents based on choline chloride and organic acids such as HBD have shown that DESs with 5 to 30% impurities can be prepared via this method [63].



The influence of water on DESs has been studied in numerous scientific papers. The influence of water on the physicochemical properties of DESs is extremely important because it affects the structural characteristics and has important practical implications. Studies have shown that even a small amount of water (0–15% w/w) alters the heterogeneous 3D structure of the pure components [64,65]. The water content of the synthesized DESs was determined using the Karl Fischer titration method. The eutectic solvent ChCl:glycerol (1:2) had the lowest water content (0.76%), while the eutectic solvent ChCl:lactic acid (1:2) had the highest water content in the total mass (6.58%).




3.2. Conventional Synthesis


The conventional method required a reaction time of 3 h and compounds 1–14 were generally obtained in low-to-moderate yield (Table 1). A total of 30% of the compounds had a low yield of 11–40%, 69% had a moderate yield of 41–80%, and only 1% had a high yield (82%). In the conventional method, the highest yield was obtained for compound 2 (82%) in the eutectic solvent ChCl:levulinic acid. Four choline chloride-based DESs with HBDs:malonic, oxalic, levulinic, and trans-cinnamic acid were found to be the best medium for hydrazone formation via the conventional method. Nayyar et al. [66] prepared compound 12, quinoline-2-carbaldehyde-4-fluorophenylhydrazone, using the conventional method by heating to 80 °C in abs. ethanol with a reaction yield of 70%. For this compound, four DESs proved to be excellent alternative media in our research: ChCl:urea, ChCl:N-methylurea, ChCl:glycerol, and ChCl:oxalic acid, and the highest yield was obtained in the deep eutectic solvent ChCl:glycerol (87%). Puskullu et al. [67] prepared quinoline-2-carbaldehyde derivatives via conventional synthesis by mixing aldehyde and hydrazine in ethanol with the addition of sodium acetate. They prepared compound 11, quinoline-2-carbaldehyde-2,4-dinitrophenylhydrazone, in a yield of only 12% and compound 13, quinoline-2-carbaldehyde-4-chlorophenylhydrazone, in a yield of 60%. In our studies, compound 11 was obtained in almost quantitative yield (98%) in DES ChCl:oxalic acid, and the highest yield (85%) for compound 13 was obtained in DES ChCl:levulinic acid. All these results indicate that certain eutectic solvents can be an excellent alternative to the classical volatile organic solvents.




3.3. Ultrasound Synthesis


A shorter reaction time of 10–15 min was required for ultrasound synthesis. The results of the synthesis performed showed higher yields. A total of 5% of the compounds had a low yield of 32–40%, 79% had a medium yield of 41–80%, and 15% had a high yield (81–98%). The highest yield of product 11 (98%) was obtained in the deep eutectic solvent ChCl:oxalic acid. The best yield in the preparation of hydrazones via the ultrasound method was obtained in DES ChCl:levulinic acid, where the yield was >50% for almost all prepared compounds (except for 12 and 14). Nguyen et al. 2019 [58] reported the preparation of 2-hydroxy-5-iodo-N′-(1-arylethylidene)benzohydrazide compounds in high yield (98%) using the DESs of ChCl and oxalic acid.



The results obtained via conventional and ultrasound methods show that four DESs are most effective for the preparation of pyridine and quinoline hydrazones—ChCl:malonic, ChCl:oxalic, ChCl:levulinic, and ChCl:trans-cinnamic acid (Figure 3).




3.4. Recycling and Reuse of DESs Choline Chloride:Oxalic Acid


Reuse of DESs was performed using choline chloride:oxalic acid (1:1) for the model reaction quinoline-2-carbaldehyde and 2,4-dinitrophenylhydrazine via ultrasound method at room temperature. The DES was recycled by adding water to the reaction mixture, the product crystallized out and was separated via vacuum filtration, and then the water was evaporated. The recycled DES was then reused for another reaction cycle. For each subsequent run, the reaction mixture of qinoline-2-carbaldehyde and 2,4-dinitrophenylhydrazine was run in the same stoichiometric ratio under the same conditions. The results are shown in Figure 4. The yields were very stable after four recycling cycles, indicating that the DES choline chloride:oxalic acid has the potential for easy recycling.



We have confirmed that during the synthesis of eutectic solvents containing carboxylic acids, their esterification can occur. NMR spectra of the eutectic solvent after heating at 80 °C for 3 h showed the presence of ester and water (Figure S29 Supplementary Information). The esterification reaction took place between oxalic acid and the hydroxyl group of alcoholic choline chloride. The yield of esterification was calculated from the value of the integral in the 1H NMR spectrum and was about 30% (data in Supplementary Information). Although the esterification of the solvent occurred during heating, in this case, when the eutectic solvent ChCl:oxalic acid was used, the highest yields were obtained in the synthesis of hydrazones. The hydrazone formation reaction was carried out at room temperature. The presence of water was not confirmed after recycling (Figure S30 Supplementary Information), and references indicate that esterification at higher temperatures requires prolonged heating. Therefore, we assume that esterification does not occur or is negligible after the first cycle [68].





4. Conclusions


All reactions in DESs were successful, so the deep eutectic solvents used can be considered a good alternative to conventional volatile solvents. Low-to-moderate yields were obtained with the conventional method. Higher yields were obtained with shorter reaction time using the ultrasound method. ChCl:malonic, oxalic, levulinic, and trans-cinnamic acid were found to be the most effective solvents for the reaction in both methods tested. Moreover, DESs can be recycled and reused, and the yield did not change after four recycling cycles, indicating the potential of DESs for future applications in the laboratory and industry. The advantages of DESs include their biodegradability, nontoxicity, ease of preparation, and need for low-cost starting materials. Since DESs are environmentally friendly solvents and belong to the green solvents, the syntheses were carried out according to the principles of green chemistry.
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Scheme 1. Synthetic routes for the preparation of hydrazone derivatives of pyridoxal, pyridine-4-carbaldehyde, and quinoline-2-carbaldehyde. 
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Figure 1. Structures of all synthesized hydrazones in different DESs. The permanent part of the molecules is marked in black (1, 6, 10, and double bond for other compounds). The part of the molecule that changes is colored in plum (1–5), green (6–9), and blue (10–14). 
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Figure 2. Enumeration scheme for the assignment of NMR spectra to the examples of compounds 5, 9, and 14. The cross peaks found in the 1H-13C HMBC spectra that confirmed the structure of the compounds are marked in the figure. Part of the 600 MHz 1H NMR spectrum is shown at the top and part of the 150 MHz 13C NMR spectrum is shown at the left. 
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Figure 3. Yields (%) of compounds 2, 7, and 11 obtained via the conventional (blue) and ultrasound (orange) methods in the four most efficient eutectic solvents (choline chloride:trans-cinnamic acid, levulinic acid, oxalic acid, and malonic acid). Note that the yield depends on the solvent chosen, but an increase was observed when ultrasound method was used. 
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Figure 4. Monitoring of yield (%) value after reuse of choline chloride:oxalic acid for the model reaction of quinoline-2-carbaldehyde and 2,4-dinitrophenylhydrazine (11) via ultrasound method. 
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Table 1. Yields obtained for the prepared compounds (1–14) by the conventional method at room temperature in 12 different DESs.
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HBD in Prepared

DES with Applied Molar Ratio

	
wt */%

	
Yields in DESs (ChCl:HBDs) per Compound/%




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
11

	
12

	
13

	
14






	
urea (1:2)

	
0.99

	
21

	
30

	
40

	
57

	
20

	
31

	
41

	
44

	
17

	
43

	
50

	
37

	
48

	
11




	
N-methylurea (1:3)

	
1.86

	
35

	
68

	
34

	
53

	
19

	
15

	
58

	
50

	
24

	
56

	
54

	
46

	
56

	
18




	
thiourea (1:2)

	
4.84

	
48

	
54

	
46

	
57

	
36

	
34

	
52

	
39

	
27

	
63

	
51

	
54

	
62

	
23




	
glycerol (1:2)

	
0.76

	
51

	
60

	
47

	
50

	
43

	
36

	
61

	
60

	
34

	
48

	
65

	
78

	
68

	
24




	
acetamide (1:2)

	
1.86

	
57

	
22

	
37

	
59

	
36

	
51

	
32

	
67

	
15

	
37

	
30

	
67

	
58

	
16




	
malic acid (1:1)

	
0.79

	
61

	
65

	
62

	
52

	
40

	
38

	
45

	
54

	
22

	
36

	
54

	
57

	
63

	
37




	
citric acid (1:2)

	
1.05

	
65

	
58

	
59

	
48

	
39

	
26

	
56

	
56

	
34

	
66

	
65

	
55

	
63

	
26




	
malonic acid (1:1)

	
1.07

	
58

	
70

	
60

	
37

	
36

	
54

	
71

	
45

	
33

	
72

	
76

	
70

	
69

	
31




	
oxalic acid (1:1)

	
1.92

	
65

	
76

	
72

	
64

	
42

	
44

	
80

	
60

	
32

	
75

	
79

	
72

	
75

	
42




	
lactic acid (1:2)

	
6.58

	
47

	
34

	
45

	
46

	
32

	
42

	
64

	
56

	
24

	
50

	
59

	
53

	
70

	
28




	
levulinic acid (1:2)

	
0.83

	
63

	
82

	
78

	
56

	
34

	
45

	
79

	
69

	
36

	
61

	
80

	
58

	
70

	
38




	
trans-cinnamic acid (1: 1)

	
0.92

	
62

	
68

	
72

	
62

	
58

	
50

	
70

	
45

	
45

	
47

	
78

	
60

	
57

	
56








* wt—water content in % of total mass.













 





Table 2. Yields obtained for the prepared compounds (1–14) in the ultrasound method at room temperature in DESs.
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HBD in Prepared

DES with Applied Molar Ratio

	
Yields in DESs (ChCl:HBDs) per Compound/%




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
11

	
12

	
13

	
14






	
urea (1:2)

	
70

	
74

	
60

	
69

	
60

	
70

	
89

	
67

	
73

	
64

	
69

	
82

	
70

	
45




	
N-methylurea (1:3)

	
57

	
71

	
70

	
65

	
59

	
35

	
64

	
66

	
79

	
80

	
71

	
81

	
73

	
67




	
thiourea (1:2)

	
60

	
78

	
66

	
62

	
54

	
64

	
75

	
73

	
64

	
78

	
67

	
67

	
70

	
63




	
glycerol (1:2)

	
68

	
75

	
57

	
78

	
49

	
46

	
76

	
82

	
59

	
58

	
73

	
87

	
65

	
55




	
acetamide (1:2)

	
70

	
34

	
45

	
49

	
76

	
62

	
78

	
70

	
32

	
56

	
80

	
71

	
68

	
34




	
malic acid (1:1)

	
71

	
83

	
80

	
66

	
58

	
59

	
60

	
76

	
40

	
38

	
72

	
67

	
74

	
42




	
citric acid (1:2)

	
68

	
80

	
75

	
72

	
66

	
47

	
48

	
57

	
46

	
71

	
43

	
56

	
73

	
45




	
malonic acid (1:1)

	
78

	
86

	
80

	
70

	
66

	
72

	
83

	
64

	
59

	
65

	
89

	
67

	
70

	
65




	
oxalic acid (1:1)

	
72

	
86

	
80

	
56

	
55

	
75

	
97

	
78

	
80

	
92

	
98

	
86

	
78

	
61




	
lactic acid (1:2)

	
54

	
80

	
64

	
65

	
46

	
72

	
78

	
89

	
60

	
80

	
77

	
67

	
59

	
51




	
levulinic acid (1:2)

	
70

	
81

	
88

	
67

	
70

	
82

	
91

	
95

	
56

	
79

	
90

	
47

	
85

	
40




	
trans-cinnamic acid (1: 1)

	
68

	
85

	
89

	
69

	
85

	
40

	
68

	
55

	
34

	
67

	
78

	
62

	
81

	
58
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