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Abstract


The synthesis of novel pyrazole derivatives (SPDs) and their evaluation for antibacterial potential against Escherichia coli (E. coli), Pseudomonas aeruginosa (P. aeruginosa), Staphylococcus aureus (S. aureus), and Streptococcus pneumoniae (S. pneumoniae) was developed herein. These compounds were obtained via a microwave-assisted eco-friendly multicomponent reaction (MCR) and were characterized for structural confirmation using 1H NMR, 13C NMR, 2D experiments, TOF-MS, and FTIR spectrometry. Antibacterial activity, as measured by minimum inhibitory concentrations (MICs) of SPDs, ranged between 0.212 and 2.50 mg/mL against S. aureus, S. pneumoniae, P. aeruginosa, and E. coli. Compound 4e was the most potent against S. pneumoniae, with an MIC value of 0.0156 mg/mL compared with Amoxicillin’s MIC value of 0.0306 mg/mL. Thus, compound 4e was observed as a potential lead candidate against S. pneumoniae. Further corroboration by molecular docking at the active site of the key penicillin-binding protein (PBP) revealed that the most potent compounds against each organism showed comparable docking scores to those of amoxicillin. In addition, a pharmacokinetics study showed that synthesized SPDs were predicted to be orally bioavailable and non-inhibitors of cytochrome 3A4 and belong to drug classes 4 and 6. Hence, they were suitable for drug development and warrant further studies such as in vitro assays, in silico modeling, DFT studies, and machine learning for drug design.
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1. Introduction


Pyrazole compounds are among the most important natural and synthetic components in the pharmaceutical industry. The pyrazole nuclei have an amazing ability to function as structural analogs in biological systems [1] and active pharmacophores [2]. This moiety has enormously contributed to the field of medicinal chemistry and drug discovery because of its unique biological activities. Hence, they are attractive targets in synthetic chemistry [1] with diverse medicinal properties, including antibacterial, antifungal, anticancer, antiviral, anti-cyclooxygenase-2, antitumor, and anti-inflammatory activities [3]. Conventional methods for the preparation of pyrazoles include the reaction of α,β-unsaturated carbonyl compounds with hydrazine, which can then be oxidized to form pyrazoles [4], the condensation of 1,3-diketones with hydrazines [5], the reaction of malononitrile with hydrazines [6], and the [3+2]-cycloaddition reactions of 1,3-dipoles with alkynes all produce pyrazoles [7]. Classical synthesis provides reliable access to heterocyclic compounds in many circumstances; however, they suffer drawbacks, and they are no longer acceptable by modern environmental and safety regulations. Consequently, microwave technology is an alternate method due to its faster, high-yielding capability with better purity [1]. Microwave irradiation (MWI) is beneficial in biologically important N-heterocycle preparation, due to its robustness and low adverse environmental pollutants [8]. MWI paired with multicomponent reactions has made organic synthesis more dynamic and effective. Multicomponent reactions (MCR) are advantageous because they exhibit high atom economy, short reaction times, high yields, low costs, waste minimization [9], and avoidance of complex or tedious purification processes. It is not surprising that synthesis of heterocyclic compounds employing MCRs carried out under MW irradiation frequently benefits from greater yields and increased selectivity [9]. A recent publication by the authors of [10] describes MCRs as a one-operation reaction with three or more reagents in one pot; these are reactions that converge to form a product containing substantial elements from all or most of the atoms of the reagents, and this protocol is clean and does not involve workup and isolation of many intermediates [10].



Antibiotics are medications mostly used for bacterial infections, and their excessive consumption has resulted in an alarmingly high level of antimicrobial resistance (AMR), posing a serious global public health threat [11]. As a result, there has been a growing interest in researching novel antibiotic alternatives [10]. Only a few species account for the vast majority of deaths: multi-drug resistant (MDR) E. coli, S. aureus, P. aeruginosa, Klebsiella pneumoniae, Acinetobacter spp., and Enterococcus spp. [12]. Beta-lactam drugs have been used to treat infections caused by these bacteria, and resistance involves multiple mechanisms, including β-lactamase production, which are enzymes that cleave the β-lactam ring and neutralize these antibiotics [13]. Beta-lactams are the most administered drugs, which is particularly concerning and requires urgent attention, given that there is a growing resistance to them now. Cefoselis and ceftolozane (Figure 1) are approved pyrazole-based beta-lactams that are used for treating several bacterial infections. Cefoselis and ceftolozane have a zwitterion structure (Figure 1), which helps them penetrate the outer membrane of Gram-negative bacteria [14]. Cefoselis is a fourth-generation cephalosporin that can cross the blood–brain barrier. Ceftolozane is a fifth-generation cephalosporin, given as a combination of ceftolozane plus tazobactam (beta-lactamase inhibitor) known as Zarbaxa [15], used to treat drug-resistant bacterial infections like methicillin-resistant S. aureus (MRSA), enterobacterales, and P. aeruginosa. Ceftolozane, when combined with tazobactam, is used for urinary tract infections (UTIs), pneumonia, and intra-abdominal infections [14]. Aside from the approved pyrazole-based beta-lactams, a study by the authors of [16] on synthesized pyrazole derivatives displayed promising antibacterial activity on both Gram-positive and Gram-negative organisms, with (E)-N-(4-nitrobenzylidene)-3-(1-oxo-1H-isochromen-3-yl)-5-phenyl-1H-pyrazole-1-carboxamide, in particular, showing salient activity across all bacterial strains. Beta-lactams target the penicillin-binding proteins (PBPs) responsible for cell wall synthesis in bacteria. Mutations in PBPs have limited the potential of several beta-lactams in clinical practice, with the type of PBP being altered in an organism having implications on the severity of resistance [17]. Over the years, the structure characterization of PBPs has identified key PBPs in several organisms, which when modulated, could hinder cell wall synthesis [17]. Among these are PBP2a, in S. aureus [18], PBP3 in P. aeruginosa and E. coli [19,20], and PBP2x in S. pneumoniae [21]. Hence, these targets are promising in identifying active therapeutic molecules that can disrupt cell wall synthesis and subsequent cell death.



Using molecular docking techniques that fit a ligand molecule into the binding pocket of a protein, studies have screened and identified lead molecules against several proteins, including PBPs [22,23]. This study reports a facile methodology through an eco-friendly approach to synthesize known and unknown SPDs and evaluate their antibacterial activities against selected Gram-positive (S. aureus and S. pneumoniae) and Gram-negative (E. coli and P. aeruginosa) bacteria strains. Moreover, the in silico studies will determine the ability of the synthesized SPDs to bind with the active site of the key PBPs of the investigated organisms. Advantages pertaining to water as a solvent are well reported, and they include being non-toxic, non-flammable, eco-friendly, and readily available at low costs, displaying unique reactivity and selectivity through hydrophobic effects [24], which have been well reported [25]. Catalyst-free methods are attractive because they eliminate the need for expensive or toxic catalysts [26], reducing the overall cost of the synthesis process, simplify the purification process, as there is no need to remove catalyst residues [27], and reduce the risk of side reactions that can occur due to catalyst interference, leading to higher selectivity and better yields [27].




2. Materials and Methods


All experiments under microwave irradiation were carried out in a MW Discover CEM 2.0 instrument using modes of operation with simultaneous cooling. The instrument has a maximum power output of 300 W, a maximum temperature of 300 °C, and a maximum pressure of 300 psi. Thin-layer chromatography (TLC) was performed using Merck pre-coated silica gel, and the components were visualized under a UV lamp or an iodine chamber. Isolated product solids were put in crushed ice (500 mL) to quench the reaction, filtered, washed with hexane and water, and recrystallized with ethanol. All the reagents were of analytical grade and obtained from Sigma-Aldrich. Time-of-flight low-resolution mass spectroscopy with electrospray ionization was used to determine masses of 4a–4j. Characterization techniques: FTIR spectra were recorded on a Perkin-Elmer FTIR spectrophotometer 65 as KBr pellets, and the absorption was expressed in cm−1. 1H-NMR spectra were recorded in a DMSO 600 MHz, 13C-NMR spectrometer, at 25 °C, with tetramethylsilane (TMS) as the internal standard in 150 MHz, and resonances (δ) are given in ppm. Data are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, and m = multiplet), coupling constants (Hz), and integration. All pyrazole derivative characterization data are reported in the Supporting Information document, available under this article’s webpage’s “Supplement Content” section.



2.1. Minimum Inhibitory Concentration (MIC) and Antibacterial Sensitivity Assays


To assess the antibacterial properties of the synthesized compounds, the agar well diffusion method was employed [28]. Test organisms (S. aureus ATCC 12600, S. pneumoniae ATCC 49619, P. aeruginosa ATCC BAA-1744, and E. coli ATCC BAA-2452) were standardized to the 0.5 McFarland standard. Using a glass rod, 0.1 mL of the standardized test organisms was evenly inoculated on an already solidified Mueller Hinton agar plate. Thereafter, wells were made on the inoculated plate using a sterile cork borer (6 mm), and synthesized compounds were introduced, using 2% DMSO as a negative control, the dilution medium being deionized water, and amoxicillin as a positive control. After incubation at 37 °C for 24 h, the antibacterial effect was gauged by the appearance of zones of inhibition. Additionally, the minimum inhibitory concentration was determined using the microdilution method [29]; briefly, 0.2 mL of the standardized test organisms was added to a 96-well plate containing 2-fold serial diluted antibacterials (4a, 4b, 4c, 4d, 4e, 4f, 4g, 4h, 4i, and 4j). The MIC was identified as the lowest concentration, preventing bacterial growth after overnight incubation. Amoxicillin served as the positive control.




2.2. Ligand Acquisition, Protein Preparation, and Molecular Docking at Active Site of the Essential Penicillin-Binding Proteins (PBPs) of the Investigated Bacteria


The X-ray crystal structures of PBP2a (6H5O) of S. aureus [15], PBP2x (1QMF) of S. pneumoniae [18], and PBP3 of E. coli (6I1I) [30] and P. aeruginosa (6VJE) [19] were acquired from the Protein Data Bank “https://www.rcsb.org (accessed on 05 February 2024)” and optimized through the removal of non-standard amino acids and water molecules using UCSF chimera software v 1.14 [22]. The cleaned structures were then saved in PDB format for molecular docking. The x-y-z coordinates of the active sites of PBP2a (Center: x: 26.80 y: −4.50 z: 27.04 size: x: 26.41 y: 25.0 z: 28.58), PBP2x (Center: x: 110.48 y: 58.05 z: 79.69 size: x: 23.98 y: 26.01 z: 19.72), and PBP3 of E. coli (Center: x: 27.83 y: 17.07 z: −14.16 size: x: 20.92 y: 13.92 z: 18.94) and P. aeruginosa (Center: x: 5.40 y: 35.27 z: 19.27 size: x: 25.0 y: 20.65 z: 19.22) were defined using Discovery Studio v 21.1.0 [31] and afterward confirmed with respect to the literature [18,19,21,30]. There was no co-crystallized ligand. The synthesized compounds (4a, 4b, 4c, 4d, 4e, 4f, 4g, 4h, 4i, and 4j) were constructed and converted to a 3D format using the ChemDraw Ultra 8.0 and afterward optimized using the open babel program present in Python Prescription v 0.9.5 (PyRx) [32]. Subsequent docking at the active site of the proteins was ensured by dragging the grid box to fit the established, well-defined x-y-z coordinates. Thereafter, the optimized 3D structures of the ligands (4a, 4b, 4c, 4d, 4e, 4f, 4g, 4h, 4i, and 4j, reference amoxicillin) and cleaned proteins (PBP2a of S. aureus, PBP2x of S. pneumoniae, and PBP3 of E. coli and P. aeruginosa) were subjected to molecular docking using the Autodock vina package plug-in on PyRx [32], which allows for multiple docking of ligands [22]. Finally, ranking of the ligands was completed based on their binding affinity, and the docked complexes of the best pose with the highest affinity for the compounds were saved in PDB format. Validation of the docking conformation was carried out using the superimposition techniques and appropriate measurement of the root mean square deviation (RMSD) of the best docked and synthesized compound and amoxicillin from the position of the native inhibitors in each case of the investigated PBPs, and this was completed based on the literature [33,34].




2.3. In Silico Pharmacokinetics and Toxicity Prediction


The in silico predictions of the absorption, distribution, metabolism, excretion, and toxicity (ADMET) properties of the synthesized pyrazoles were studied using online tools SwissADME “http://swissadme.ch/index.php and Protox II https://tox-new.charite.de/protox_II/ (accessed 11 February 2024)”.





3. Results and Discussion


3.1. Chemistry


The three-component one-pot synthesis of (4E)-4-arylidene-4,5-dihydro-3-methyl-5-oxopyrazole-1-carbothioamide derivatives was initially investigated under conventional thermal synthesis. Equimolar amounts of ethyl acetoacetate (1), thiosemicarbazide (2), and benzaldehyde (3) were refluxed in ethanol. This approach was inefficient, resulting in low yields, prolonged reaction times, and impure products that required column chromatography for purification (see Table 1). Therefore, the reaction was repeated under microwave irradiation (MWI) by mixing equimolar amounts of 1, 2, and 3, yielding the target SPDs (4a–4j), as illustrated in Scheme 1. Compound 4a was previously reported [35] and was a model compound used for optimization. The findings shown in Table 1 represent trial runs to ascertain optimum conditions, and multiple catalysts were tested during optimization, but the best results were achieved under catalyst-free conditions; the choice was judged to be greener than other entries. This choice has eliminated the costs of including a catalyst and the additional process of removing the catalyst in the final stage of the reaction.



Scheme 1 depicts the plausible mechanism that furnished (4E)-4-arylidene-4,5-dihydro-3-methyl-5-oxopyrazole-1-carbothioamide derivatives. Under thermodynamically controlled conditions and employment of polar protic solvents, ethyl acetoacetate 1 has been envisaged to react with thiosemicarbazide 2 by a Knorr pyrazole synthesis, leading to an intramolecular proton transfer. The lone pair on the terminal amine of thiosemicarbazide 2 facilitates a nucleophilic attack on the carbonyl carbon of ethyl acetoacetate 1 to predominantly form a Schiff-Base P.1 by condensation. This reaction is spontaneous and can be initiated solely by irradiation and without a catalyst. As the reaction progresses, cyclo-condensation occurs, forming the precursor tautomers P.2 and P.3, which are thermodynamically controlled products. The precursor formed in situ reacts with benzaldehyde 3 derivatives and undergoes a Claisen–Schmidt condensation through a series of intramolecular deprotonation–protonation steps that penultimately result in the expulsion of a water molecule and finally forms (4E)-4-arylidene-4,5-dihydro-3-methyl-5-oxopyrazole-1-carbothioamide derivatives (4a–4j). All synthesized compounds were characterized and confirmed by spectroscopic techniques, including 1H NMR, 13C NMR, 2D-NMR, FTIR, and TOF-MS, consistent with the proposed structures. The vinylic proton is deshielded by the adjacent phenyl group, causing a downfield shift to 8.0–8.3 ppm. We suggest an E-isomer configuration at the double bond with minimized steric hindrance between the phenyl and the methyl groups. Further experiments would be necessary to unambiguously identify the stereochemistry



The choice of solvent system in this study has proved to play a crucial role in aiding product formation. Table 1 and Scheme 1 for SPD formation illustrates that polar protic solvents play a pivotal role, whilst polar aprotic solvents like dimethyl formamide and dimethyl sulfoxide lack proton affinity. The latter require the presence of a catalyst to furnish SPDs and are regarded as non-green solvents. Entries 1–3 with dimethyl formamide (DMF) and dimethyl sulfoxide (DMSO) solvents have been inefficient, with low yields; entry 1 (32%), entry 2 (22%), and entry 3 turned out slimy, and after a prolonged reaction time, no changes were observed. This entry was discontinued because it did not produce the intended precipitates. On considering green solvents (e.g., water and ethanol) in our trial, entries 4–6 began to show improved results under amino-catalysts, i.e., entry 4 (glycine) and entries 5 and 6 (L-proline). These entries gave moderate-to-good yields in MWI with varying polar protic solvents. Water solvent at 130 °C (entry 4) gave an impressive yield of 63% in just 26 min. For the next trial, entry 5, we adjusted the temperature to 135 °C and changed the solvent to ethanol to ascertain the overall reaction time and yield with a similar catalyst, L-proline. The reaction time was slightly longer (40 min), and the yields were comparable (59%) to entry 4. This finding gave us the idea to combine water and ethanol, since they are miscible, in entry 6 to ascertain the outcome; the temperature was slightly increased for this entry, and the yields obtained were improved to 66%. The polarity of the solvents and the slight temperature increase were observed to influence product yield and make the reaction time short. Ethanol alone at 145 °C gave better yields of 79% in 17 min (entry 7), uncatalyzed. The results of entry 7 provided a basis for us to improve on entry 6,catalyst-free so the solvent combination in this trial (entry 8) was 2:1 ethanol/water, giving excellent yields of 83% in 10 min. When the ethanol of the solvent system was reduced, the yield obtained became 91% under the same conditions, in entry 9. Compound 4a was the candidate for optimization. This study reports the synthesis of known and unknown pyrazole derivatives using a new synthetic approach. Various benzaldehydes furnished our target pyrazole derivatives as depicted in Scheme 2, which resulted in the synthesis of ten novel compounds (4a–4j). The presence of electron-withdrawing/electron-donating substitutions did not seem to have any significant limitation on the overall reactivity, providing the desired product in quantitative yields (Table 2).




3.2. Synthesis and Characterization of (4E)-4-Arylidene-4,5-dihydro-3-methyl-5-oxopyrazole-1-carbothioamide Derivatives


Ethyl acetoacetate 1 (130 µL, ~1 mmol) and thiosemicarbazide 2 (0.125 g, ~1 mmol) were added to a 30 mL Pyrex glass tube. The appropriate benzaldehyde (3) was added with a 65 µL volume pipette for liquids (~0.5 mmol) and 0.05 g for solids (~0.5 mmol). The mixture was dissolved in 10 mL of ethanol/deionized water (1:1); then, the tube was inserted into the cavity of the microwave organic synthesizer, where the reaction ran to completion under the conditions of 145 °C, 195 W, and catalyst-free for 10 min (Scheme 2). After the mixture has cooled, a solid precipitate forms, which is then filtered, washed with water and hexane, and dried at room temperature to obtain crystals of all the desired products. After the workup process, the lead compound 4a was isolated as cream-white solids by vacuum filtration with a 91% yield and a 192–194 °C melting point.




3.3. Sample Structural/Spectral Assignment of 4a


FT-IR (KBr, v, cm−1): 3297–3303 (N-H), 3048 (=C-H), 1643 (C=N), 995–1053 (C=S), and 489–554 (C–H aromatic bend) [36,37,38]. The 1H NMR (600 MHz, DMSO); at δ11.44 ppm (2H, s) H2N-C=S; δ2.08 ppm (3H, H5, s) methyl group; at δ8.05 ppm (1H, H4, s) sp2-CH; at δ7.39 ppm (2H, H1′ and H5′, d, J = 7.74 Hz), δ7.79 ppm (2H, H2′ and H4′, t, J = 7.74 Hz). 13C NMR (150 MHz, TMS) and APT; δ142.7 ppm (C4), δ127.7 ppm (C1′ and C5′), δ129.1 ppm (C2′ and C4′), δ130.3 ppm for (C3′) and δ31.13 ppm (C5). TOF-MS ES found [M+], 240.1940 m/z; TOF-MS ES calculated [M+], 245 m/z.



Three quaternary carbon signals had chemical shifts: at δ178.4 ppm for C6, δ206.9 ppm for C3 and C6, which is attributable to electron cloud movement due to mesomeric and resonance effect between C3 and C6, and at δ134.6 ppm for C3a and C5a, respectively. For further verification of compound 4a, a correlation study by 1H-1H coupling COSY and 1H quaternary carbon coupling HMBC (Figures S8 and S9) was performed. A COSY study (Figure S6) presented a strong coupling between protons of H1′ (δ7.39 ppm, 1H, d, J = 7.74 Hz), which correlates to H2′ (δ7.79 ppm, 1H, t, J = 5.2 Hz), and that of H5′ (δ7.39 ppm, 1H, d, J = 7.74 Hz), which correlates to H4′ (δ7.79 ppm, 1H, t, J = 5.2 Hz), respectively. The HMBC spectrum showed a correlation of protons H1′, H2′, H4′, and H5′ coupling with quaternary carbon C5a (δ134.6 ppm). Proton H4 was strongly correlated to the C3a and C5a combination, and other correlations are illustrated in the Supporting Information Data. Looking into all other derivatives, they divulged similar chemical shifts. The structures and characterization are available in the Supporting Information Data document. The mass spectrometry results are reported both as the molecular ion peak [M+] and the molecular ion peak plus sodium [Na + M+] for veracity in the Supporting Information Data document as well.




3.4. Spectral Assignment of 4b–4j


	
(4E)-4-(2-hydroxybenzylidene)-4,5-dihydro-3-methyl-5-oxopyrazole-1-carbothioamide 4b



	
Yield is 89% pale lemon solids. M.p 198–201 °C. FT-IR (KBr, v, cm−1): 3302–3333 (NH), 3045 (=C-H), 1593 (C=N), 1003–1083 (C=S), 3423 (C-OH), and 1208 (C-O). The 1H NMR (600 MHz, DMSO); at δ11.34 ppm (2H, s) H2N-C=S; δ8.37 ppm (1H, H4, s) sp2-CH; at δ6.87 ppm (2H, H2′ and H5′, d, J = 8.16); δ7.22 ppm (1H, H3′, t, J = 7.26 Hz); at δ6.81 ppm (1H, H4′, t, J = 7.44 Hz); and -OH δ9.88 ppm (1H, s). 13C NMR (150 MHz, TMS); δ131.5 ppm, δ272.2 ppm, δ119.7 ppm, δ116.5 ppm, δ140.2 ppm, δ116.5 ppm and δ178.1 TOF-MS ES found [Na + M+] 287.0031 m/z; TOF-MS ES calculated [Na + M+] 283.3 m/z.



	
(4E)-4-(4-methoxynzylidene)-4,5-dihydro-3-methyl-5-oxopyrazole-1-carbothioamide 4c



	
Yield is 94% cream white solids. M.p 158–160 °C. FT-IR (KBr, v, cm−1): 3298–3331 (NH), 3049 (=C-H), 1605 (C=N), 1017–1085 (C=S), and 1150 (C-O-C). The 1H NMR (600 MHz, DMSO); at δ11.32 ppm (1H, s) H2N-C=S; δ7.74 ppm (2H, H2′ and H4′, d, J = 8.70 Hz); δ6.96 ppm (2H, H1′ and H5′, d, J = 8.76 Hz); δ3.85 ppm (3H, methoxy, s) and δ8.11 ppm sp2-CH (1H, H4, s). 13C NMR (150 MHz, TMS); δ132.1 ppm, δ129.3 ppm, δ161.2 ppm, δ127.1 ppm, δ115.1 ppm, δ178.1 ppm and δ142.8 ppm. TOF-MS ES found [Na + M+], 297.1531 m/z; TOF-MS ES calculated [Na + M+], 298 m/z.



	
(4E)-4-(4-(methylthio)benzylidene)-4,5-dihydro-3-methyl-5-oxopyrazole-1-carbothioamide 4d



	
Yield is 90% pale grey solids. M.p 210–216 °C. FT-IR (KBr, v, cm−1): 3300–3314 (NH), 3057 (=C-H), 1601 (C=N), 1012–1061 (C=S). The 1H NMR (600 MHz, DMSO); at δ11.40 ppm (1H, s) H2N-C=S; δ2.08 ppm (3H, methyl, s); δ7.73 ppm (2H, H2′ and H4′, d, J = 8.40 Hz); δ7.26 ppm (2H, H1′ and H5′, d, J = 8.26 Hz); δ8.00 ppm (1H, H4, s, sp2-CH). 13C NMR (150 MHz, TMS); δ178.3 ppm, δ206.9 ppm, δ161.3 ppm, δ191.5 ppm, δ129.1 ppm, δ125.9, δ130.4 ppm and δ142.3 ppm. TOF-MS ES found [M+] 290.0000 m/z; TOF-MS ES calculated 291.4 m/z.



	
(4E)-4-(4-methylbenzylidene)-4,5-dihydro-3-methyl-5-oxopyrazole-1-carbothioamide 4e



	
Yield is 91% cream-grey solids. M.p 166–170 °C. FT-IR (KBr, v, cm−1): 3346 (NH), 2916 (-C-H aromatic), 1065–1148 (C=S), 2328–2622 (methyl stretch). The 1H-NMR (600 MHz, DMSO); at δ11.37 ppm (1H, s) H2N-C=S; δ2.08 ppm (3H, methyl H5 and H3″, s); δ7.69 ppm (2H, H2′ and H4′, d, J = 8.10 Hz); δ7.22 ppm (2H, H1′ and H5′, d, J = 7.92 Hz); δ8.01 ppm (1H, H4, s, sp2-CH). 13C NMR (150 MHz, TMS); δ178.3 ppm, δ206.9 ppm, δ140.1 ppm, δ128.7 ppm, δ142.9 ppm, and δ129.9. TOF-MS ES found [M+] 261.1314 m/z; TOF-MS ES calculated 259.3 m/z.



	
(4E)-4-(4-(dimethyamino)benzylidene)-4,5-dihydro-3-methyl-5-oxopyrazole-1-carbothioamide 4f



	
Yield is 92% reddish brown solids. M.p 208–210 °C. FT-IR (KBr, v, cm−1): 3301–3314 (NH), 3046 (=C-H), 1590 (C=N), 995–1079 (C=S), and 1221 (C-O). The 1H NMR (600 MHz, DMSO); δ11.18 ppm (1H, s) H2N-C=S; δ2.96 ppm (3H, H6′, s, N-CH3); δ6.69 ppm (2H, H2′ and H4′, d, J = 8.82 Hz); δ7.59 ppm (2H, H1′ and H5′, d, J = 8.82 Hz) and δ7.92 ppm (1H, H4, s) sp2-CH. 13C NMR (150 MHz, TMS); δ177.5 ppm, δ190.3 ppm, δ143.8 ppm, δ129.1 ppm, δ151.9 ppm, and δ45.8 ppm. TOF-MS ES found [Na + M+], 311.1693 m/z; TOF-MS ES calculated [Na + M+], 312.39 m/z.



	
(4E)-4-(4-nitronzylidene)-4,5-dihydro-3-methyl-5-oxopyrazole-1-carbothioamide 4g



	
Yield is 95% bright yellow solids. M.p 239–241 °C. FT-IR (KBr, v, cm−1): 3302–3332 (NH), 3046 (=C-H), 1540 (C=N), 1015–1086 (C=S), and 1485 (NO-Stretch). The 1H NMR (600 MHz, DMSO); δ11.72 ppm (1H, s) H2N-C=S; δ8.22 ppm (2H, H2′ and H4′, d, J = 8.76 Hz); δ8.09 ppm (2H, H1′ and H5′, d, J = 8.76 Hz); δ8.12 ppm sp2-CH (1H, H4, s). 13C NMR (150 MHz, TMS); δ128.6 ppm, δ124.2 ppm, δ148.5 ppm, δ141.2 ppm, and δ178.9 ppm. TOF-MS ES found [M+] 295.0000 m/z; TOF-MS ES calculated 290.3 m/z.



	
(4E)-4-(2-nitrobenzylidene)-4,5-dihydro-3-methyl-5-oxopyrazole-1-carbothioamide 4h



	
Yield is 87% bright yellow solids. M.p 239–241 °C. FT-IR (KBr, v, cm−1): 3314–3341 (NH), 3055 (=C-H), 1630 (C=N), 1013–1086 (C=S), and 1304 and 1485 (C-NO). The 1H NMR (600 MHz, DMSO); at δ11.74 ppm (1H, s) H2N-C=S; δ8.02 ppm (1H, H2′, d, J = 8.16 Hz); δ8.43 ppm (1H, H3′, t, J = 5.28 Hz); and δ7.73 ppm (1H, H5′, d, J = 7.68 Hz). 13C NMR (150 MHz, TMS); δ130.7 ppm, δ133.7 ppm, δ128.8 ppm, δ137.7 ppm, δ128.7 ppm and δ124.9 ppm, δ148.7, and δ178.9 ppm TOF-MS ES found [M+] 292.1549 m/z; TOF-MS ES calculated 290.3 m/z.



	
(4E)-4-(4-chlorobenzylidene)-4,5-dihydro-3-methyl-5-oxopyrazole-1-carbothioamide 4i



	
Yield is 90% pale grey solids. M.p 190–194 °C. FT-IR (KBr, v, cm−1): 3308–3322 (NH), 3059 (=C-H), 1635 (C=N), 1033–1077 (C=S), and 791 (C-Cl). The 1H NMR (600 MHz, DMSO); at δ11.47 ppm (2H, s) H2N-C=S; δ7.83 ppm (2H, H1′ and H5′, d, J = 8.46 Hz); δ7.44 ppm (2H, H2′ and H4′, d, J = 8.46 Hz). 13C NMR (150 MHz, TMS); δ177.5 ppm, δ141.4 ppm, δ129.4 ppm, δ133.6 ppm, TOF-MS ES found [M+] 279.0753 m/z; TOF-MS ES calculated 279.0 m/z.



	
(4E)-4-(3-bromo-4-hydroxy-5-methoxybenzylidene)-4,5-dihydro-3-methyl-5-oxopyrazole-1-carbothioamide 4j



	
Yield is 96% pale brown solids. M.p 209–211 °C. FT-IR (KBr, v, cm−1): 3310–3333 (NH), 3057 (=C-H), 1624 (C=N), 1013–1088 (C=S), and 3413 and 3499 (C-OH). The 1H NMR (600 MHz, DMSO); at δ11.36 ppm (1H, s) H2N-C=S; δ7.49 ppm (1H, H1′, s); δ7.43 ppm (1H, H5′, s); δ7.91 ppm (1H, H4, s) sp2-CH and -OH δ9.92 ppm (1H, s). 13C NMR (150 MHz, TMS); δ124.8 ppm, δ146 ppm, δ150.3 ppm, δ56.8 ppm, δ110.1 ppm, δ141.8 and δ178.1 ppm, δ148.7, and δ178.9 ppm TOF-MS ES found [M+] 372.0000 m/z; TOF-MS ES calculated 370.2 m/z.








4. Antimicrobial Susceptibility Evaluation of Synthesized Pyrazoles


The antibacterial susceptibility testing was evaluated based on the zone of inhibition measured after incubation in Figure 2 and Figure 3. The compounds observed with a zone of inhibition diameter > 8 mm were regarded as active compounds [39]. Three of the synthesized compounds (4d, 4h, and 4g) had no inhibitory effect against the test Gram-negative organisms, suggesting that the organisms might be resistant to the three compounds. Compounds 4a, 4b, 4e, and 4j had higher zones of inhibition relative to amoxicillin (10 mm) against P. aeruginosa, showing 25, 20, 15, and 14 mm, respectively. This observation might suggest superior antibacterial potential of 4a, 4b, 4e, and 4j against P. aeruginosa (Table 3). Amoxicillin tested against S. aureus, S. pneumoniae, and E. coli had higher zones of inhibition of 50 mm, 51 mm, and 32 mm, respectively, compared to the synthesized pyrazoles. Generally, the synthesized pyrazoles had a better antibacterial activity against the Gram-positive organisms compared to the Gram-negative, with compounds 4b (30 and 28 mm) and 4e (25 and 25 mm) having the highest zones of inhibition against S. aureus and S. pneumoniae, respectively (Table 3).




5. Minimum Inhibitory Concentration of Synthesized Pyrazoles Against Test Organisms


The minimum inhibitory concentration (MIC) indicates that, while some compounds (like 4g and 4h, which are only active against Gram-positive bacteria) were strain specific, other compounds (4a, 4c, 4b, 4e, 4f, 4i, and 4j) exhibited a range of antibacterial activity against both Gram-positive and Gram-negative bacteria (Table 4), suggesting their broad-spectrum antimicrobial effects. The differences observed in antibacterial activities between the pyrazoles could be related to the type of substituents in the phenyl ring. A notable observation regards the isomers 4g and 4h, which both contain a nitro group (-NO2) as a substituent on the phenyl ring. The compounds differ in their nitro group placement around the phenyl ring; 4h has an ortho configuration, while 4g has a para configuration. This isomerism might have markedly impacted the antibacterial activity observed between 4g and 4h on the test bacteria. Compound 4h had an MIC of 0.438 mg/mL against both Gram-positive bacteria (S. aureus and S. pneumoniae). On the other hand, no inhibitory effect on Gram-negative bacteria was perceived. Compound 4g, in contrast, did not exhibit any inhibitory effect against both Gram-positive and Gram-negative organisms. These findings highlight the complexity of antibacterial activity within this group of pyrazole derivatives and underscore the need for further investigation to understand the influence of molecular structure on their efficacy. This observation has been noted in a previous study by the authors of [29], who described the nitro group’s behavior as enigmatic.



The MIC results recorded against E. coli for compounds 4e and 4f were 2.50 mg/mL and 1.38 mg/mL, respectively (Table 4); other pyrazole derivatives showed no activity. This observation indicates resistance and a need to incorporate structure–activity relationships (SARs) in our future study of these compounds, where 4e and 4f might be improved for infections caused by E. coli. Comparatively, amoxicillin had better MIC values against E. coli at 0.0306 mg/mL relative to 4e and 4f. Like E. coli, some pyrazole compounds, i.e., 4d, 4g, and 4h, are depicted to have no antibacterial activity against P. aeruginosa, while compounds 4a, 4b, 4c, 4e, 4f, 4i, and 4j had MIC values of 0.170 mg/mL, 0.224 mg/mL, 0.438 mg/mL, 1.25 mg/mL, 1.38 mg/mL, 0.223 mg/mL, and 0.189 mg/mL, respectively (Table 4), with 4a having the best value. Amoxicillin had an MIC value of 0.0765 mg/mL, which is superior to all the derivatives, proving that it has better antibacterial activity. The relatively less antibacterial activity of the pyrazoles against both Gram-negative organisms is due to the membrane structure of Gram-negative bacteria. The latter can function as a barrier that prevents the penetration of antimicrobials [40]. The MIC outcome pertaining to S. pneumoniae showed two compounds, 4c and 4h (Table 4), to exhibit no activity; compound 4e had a better MIC value of 0.0156 mg/mL than amoxicillin (0.0306 mg/mL). This observation highlights the potency of 4e, which is comparable to reference drugs against S. pneumoniae. Other pyrazoles showed poor activity or significantly high MIC values relative to amoxicillin against S. aureus, and only 4h had no activity. The MIC values ranged between 0.212 mg/mL and 0.625 mg/mL, with 4a having better activity against S. aureus.



According to the results obtained, 4e and 4f appeared to be active across all test bacteria, and 4a, 4b, and 4j performed better amongst all pyrazoles, even though their antibacterial activity, including 4e and 4f, can be deemed moderate against test bacteria. The unsubstituted phenyl ring of 4a, parallel to other derivatives like 4b, 4c, 4f, 4g, 4h, 4i, and 4j that contain electron-withdrawing groups on their benzene ring, appeared to have been a better pharmacophore against S. aureus, S. pneumoniae, and P. aeruginosa. Similarly, the presence of an electron-donating group (-CH3) on the benzene ring of 4e was a better pharmacophore against S. pneumoniae. Furthermore, the position of the substituents around the benzene ring might have influenced the activity of the pyrazoles (Table 2); this was perceived with compounds having ortho-phenyl substituents (4b), meta- and para-trisubstituted phenyl analogs (4j), and unsubstituted phenyl compounds (4a), and this structure–activity juxtaposition was assumed probable. These distinctive results structure and activity of 4a–4j and may be attributable to the variations in atom size, electronegativity, and polarity of the substituents [40], which influence their interaction with bacterial targets and contribute to the pyrazole pharmacophore’s activity.




6. Docking Scores of Synthesized Pyrazoles Against Essential Penicillin Binding Proteins (PBPs) of Investigated Bacteria and Their Pharmacokinetic Evaluation


Protein-to-ligand interaction was studied by molecularly docking the synthesized pyrazoles at the active site of the essential PBPs of the test organisms [E. coli (PBP3), P. aeruginosa (PBP3), S. aureus (PBP2a), and S. pneumoniae (PBP2x)]. Subsequently, docking scores were recorded for each complex that signified a possible orientation of the ligand at the active site. The conformation with the lowest docking score (highest negative docking score) was considered as the best-docked complex, with a better potential of forming a stable complex. The docking score of all compounds against all the PBPs is shown in Table 5. Protein–ligand interaction performed on the PBP3 enzyme of E. coli considered only 4e and 4f since they were the derivatives that had shown activity against E. coli. Deductions from this observation meant that molecular docking was too preliminary in the identification of active molecules, as reported by earlier studies [41,42]. Thus, further advances in silico study, such as molecular dynamic (MD) simulation, might be required in understanding the dynamics of the interaction of the pyrazoles against PBP3 of E. coli. For the PBP3 enzyme of P. aeruginosa, the docking scores ranged between −6.8 kcal/mol and −7.7 kcal/mol, with compounds 4d and 4e having the highest negative docking scores of −7.7 kcal/mol, respectively, compared to amoxicillin (−7.5 kcal/mol), and 4b (−7.4 kcal/mol) with 4c (−7.5 kcal/mol) having comparable affinity to the reference drug. Although the docking results are only a prediction of the best pose of a ligand on a protein target, further advanced in silico studies, such as MD simulation, are also recommended against the target, PBP3 of P. aeruginosa, for compounds 4d and 4e as potential inhibitors.



The docking scores of PBP2x of S. pneumoniae ranged between −7.2 kcal/mol and −8.1 kcal/mol, with 4e having a better docked score of −8.1 kcal/mol, followed closely by 4h with −7.9 kcal/mol. The observation that compound 4e had the highest negative docking score was consistent with the in vitro results (MIC = 0.0156 mg/mL) of this study, suggesting that an agreement exists between the molecular docking and the in vitro result against S. pneumoniae. This observation further reinforces the potential of 4e as a potential inhibitor of PBP2x of S. pneumoniae. As earlier stated, further MD simulation of the complex (PBP2x-4e) might be necessary to understand the extent of the dynamics, stability, and flexibility over a period of time. For PBP2a of S. aureus, the synthesized pyrazoles had docking scores ranging between −5.5 kcal/mol and −6.6 kcal/mol, with 4e having the highest negative docking scores again. This observation indicates the better potential of 4e as an inhibitor of PBP2a. The docking scores of the pyrazoles were relatively lower than PBP2a, relative to other investigated PBP targets of test bacteria. Nonetheless, compounds 4b, 4d, 4g, 4i, and 4j had docking scores of −5.5 kcal/mol, comparable to amoxicillin. Compounds 4c and 4h, with a score of −6.0 kcal/mol, had better poses in the cavity of PBP2a than amoxicillin.



We investigated the validity of the docking protocol employed in the study. The superimposition techniques employed showed that relative partial binding positions (RMSD: 2 Å) exist for the best docked synthesized pyrazole (4f against PBP3 of E. coli and 4e against other investigated PBPs) and amoxicillin, at the native ligand position of all the investigated PBPs [PBP3 of E. coli, PBP3 of P. aeruginosa, PBP2x of S. pneumoniae, and PBP2a of S. aureus] (Figure 4). Despite the partial binding position, the best docked synthesized pyrazoles and amoxicillin were observed to interact with active site amino acid residues that have been reported in previous studies, such as Lys310, Asn361, Ser359, and Ser307, Thr308 in PBP3 of E. coli [20,22], Ser548, Ser337, Gln552, Ser396, Thr550, and Lys547 in PBP2x of S. pneumoniae [21], Ser294, Tyr503, Arg489, and Ser349 in PBP3 of P. aeruginosa [19], and Ser462, Thr404, Ser403, Gly402, and Asn464 in PBP2a S. aureus [18] (Figure 4). These observations are suggestive of the reliability of the docking score observed in this study. This study had drawbacks, however, in that, before attempting empirical results, a preliminary protocol computational investigation, such as by using density functional theory (DFT), the structure–activity relationship (SAR), and the quantity structure–activity relationship (QSAR), needed to be appraised. A variety of synthetic derivatives should have been completed as well. Bacterial strains provided for the study limited the comprehensive antibacterial results of pyrazole derivatives, so in the future, more microorganisms need to be evaluated.




7. Pharmacokinetics and Toxicology Evaluation of Synthesized Pyrazoles


It has become essential to develop lead compounds that can be orally absorbed and transported to the desired site of action and cannot be converted into toxic metabolites before reaching the target and excreted, preventing the accumulation of sufficient quantities to cause adverse side effects [43]. Thus, the pharmacokinetics of lead compounds, that is, their ADMET (absorption, distribution, metabolism, excretion, and toxicity), have to be appraised. The in silico prediction of the ADMET characteristics of a compound provides insights into the compound’s in vivo medicinal friendliness, oral bioavailability, and relative toxicity when used as a drug [42,44]. Lipinski’s rule of five (LRo5) was considered for the determination of drug-likeness of the studied pyrazoles because of its wide application and accuracy [45]. Lipinski’s rule describes an orally accessible molecule as having a MolWt ≤ 500, HBDs ≤ 5, HBAs ≤ 10, log P(o/w) ≤ 5, and RTBs ≤ 5, as seen in Table 6, which represents the molecular weight (MolWt), hydrogen donor (HBD), hydrogen acceptor (HBA), octanol/water partition coefficient (log P(o/w)), and rotatable bonds (RTBs) of a bioactive drug, respectively. The evaluated pyrazole compounds all adhered to the LRo5, revealing that they can be considered as orally bioavailable drug candidates (Table 6). This indicates that, after administration, these compounds can actively diffuse from the lumen of the gastrointestinal (GI) tract to the lumen of the vasculature, where they can circulate through the blood system at a high enough concentration to induce therapeutic effects [42]. In Table 7, the bioavailability score (BS) of 55% for all the pyrazole compounds was predicted, which may imply that 45% of the drug is lost due to the First Pass Effect, which is the liver metabolizing a drug before it enters the bloodstream and reaches its site of target [46]. The bioavailability predicted could be improved by other means of administration, like sublingual, intravenous, and intramuscular; all these avoid the drug passing through the liver. The bioavailability of drugs can be significantly affected by various biological processes occurring in the body, such as gastric acidity, organ blood flow, digestive enzyme activity, and intestinal microflora [46]. The high (GI) tract absorption of the pyrazoles was predicted to be the same as that of amoxicillin as well (Table 7).



The Log P ≤ 5 parameter of LRo5 is a crucial factor in determining the bioavailability of a compound. A Log P > 5 corresponds to a high lipophilic substance that will likely produce undesirable drug effects that promote nonspecific plasma protein binding, poor water solubility, and blood–brain barrier (BBB) penetration, reducing the chances of a drug reaching targeted sites [47]. The BBB is critical to the maintenance of brain homeostasis, as it regulates the entry of macromolecules, small lipophilic molecules, ions, and neurotransmitters from the blood to the brain [48]. Thus, crossing the BBB for non-CNS (Central Nervous System) disease may cause neurotoxicity and brain damage. Studies have indicated that compounds with moderate lipophilicity oscillating around 2 show optimal abilities to reach molecular targets [47,49]. In this regard, the pyrazoles showed better bioavailability (Table 6), as their Log P oscillated between 1 and 2.5 compared to amoxicillin, which is partitioning close to an aqueous phase, as observed in Table 6, given its negative value [50].



Amoxicillin was predicted to have an LD50 of 15 g/kg, signifying the safety of consumption. This was shown by the toxicity class (TC) level 6, characterized as best taken orally and non-toxic, with very negligible adverse effects (Table 7). Compound 4f was also predicted to have a toxicity class of 6, with an LD50 of 5.4 g/kg; this result underscores further safety profiling, like studying its side effects and performing in vivo screening. Other pyrazole compounds were all predicted to belong to a TC 4 [harmful if swallowed (300 < LD50 ≤ 2000)] with variable LD50 values, recommending that oral administration is infeasible. However, other routes of administration, like buccal, sublingual, intramuscular, or even intravenous, may be viable to curb many unnecessary adverse effects. Predicting toxicity classes (e.g., hepatotoxicity, cardiotoxicity, and nephrotoxicity) helps pharmaceutical companies eliminate high-risk drug candidates early, reducing costly late-stage failures. All studied pyrazoles were predicted not to have any affinity for BBB permeability and no P-glycoprotein binding, which indicates that they can travel through the system without being impeded by nonspecific enzymes and tissues, thus achieving their desired pharmacological effects.



In Table 8 is information highlighting the major enzyme cytochrome P450, usually found in the kidneys, the liver, and some intestines responsible for drug metabolism [23]. Metabolism is imperative in pharmacokinetics because it involves the biotransformation of an active drug to an inactive form. Biotransformation is aided by cytochrome P450 isoenzymes [51]. Compound 4g was predicted not to inhibit any of the cytochrome (CYP) isoenzymes like amoxicillin, suggesting its advantage over other pyrazole compounds, i.e., that it does not result in drug toxicity [42]. Only compound 4e had the ability to inhibit CYP 3A4, an isoenzyme implicated in more than 60% of drug metabolism [23]. CYP P450 enzymes metabolize many drugs through oxidation, reduction, or hydrolysis [52]. CYP450 enzymes can either be induced or inhibited by various drugs and substances, which results in drug interactions that lead to toxicity or a reduction in the therapeutic effect [53]. None of the pyrazole compounds seemed to inhibit CYP 6. Only two compounds, which were 4g and 4j, including amoxicillin, are non-inhibitors of CYP1A2 (Table 8). Further investigations are needed to optimize the synthesized pyrazoles for therapeutic use.



In drug discovery, mutagenicity is an issue that needs to be avoided [54]. Potentially mutagenic impurities are likely to be formed in any drug substance, since their synthesis requires reactive intermediates which may also react with DNA [55]. Evidence of mutagenic activity may indicate that a chemical substance has the potential to encourage carcinogenic effects [55]. In therapeutic agents, carcinogenicity is strongly correlated with mutagenicity. Mutagens are agents that cause an increase in the frequency of DNA modifications or mutations [56], and this may lead to tumors. In this study, 4h and 4g being isomers gave different probable adverse effects. 4h having a nitro-group attached at the ortho position was predicted to be potentially both carcinogenic and mutagenic. Whereas 4g with its nitro-group attachment is at the para position and was predicted to be potentially carcinogenic (Table 9). The nitrogen dioxide substituent has been reported to potentially be an active carcinogen and/or mutagen [57]. These recognized mutagenic groups/scaffolds can be detected by in silico studies in early drug design, by guiding medicinal chemists in modifying the core structures of mutagenic compounds to non-mutagenic compounds [55]. The rest of the pyrazole derivatives were undetected as active or threats as carcinogens or mutagens. Immunotoxicity is an adverse effect shown by foreign substances or drugs on the immune system [58]. Only compound 4j (Table 9) showed an active immunotoxicity outcome, and the rest of the pyrazole derivatives were inactive. The degree to which a substance can cause damage to a cell (cytotoxicity) was also predicted, and none of the studied pyrazoles are cytotoxic. None of the pyrazoles in this study were shown to be hepatotoxic as well. Hence, they are safe and have no affinity for damaging the liver, which was substantiated by the CYP 450 enzyme outcome in Table 8.




8. Conclusions


This study presented an efficient, eco-friendly method for synthesizing (4E)-4-arylidene-4,5-dihydro-3-methyl-5-oxopyrazole-1-carbothioamide derivatives (4a–4j) using a one-pot, microwave-assisted approach, which drastically improved reaction times, increased product yields (87–96%), and minimized purification requirements. The method performed well in an ethanol–water (1:1) solvent system, without using a catalyst. The optimized approach offered a rapid, green pathway to high-purity pyrazole derivatives. Structural confirmation of pyrazoles was verified by 1H-NMR, 13C-NMR, 2D-NMR, TOF-MS, and FTIR spectrometry, with consistent results across all derivatives.



In summary, the synthesized pyrazoles were observed to have different antibacterial activities against bacteria. While some pyrazoles (4d and 4h active only against Gram-positive bacteria) were strain-specific, others (4a, 4c, 4b, 4e, 4f, 4i, and 4j) exhibited a range of antibacterial activity against bacteria. Notably, among the derivatives, compounds 4f and 4e showed poor-to-moderate activity against E. coli, and compounds 4a, 4b, and 4j were poor-to-moderately active as well against P. aeruginosa, S. pneumoniae, and S. aureus, respectively, indicating they are potentially broad-spectrum agents, including 4f and 4e. Amoxicillin generally exhibited superior activity across all tested bacterial strains and was comparable in activity to 4e against S. pneumoniae. Docking studies at the active sites of key PBPs of the investigated bacteria showed variable affinities of pyrazole scaffolds as potential PBP inhibitors. However, further MD simulation of the derivatives is recommended to study their stability and compactness over time.



Interestingly, all derivatives were observed to be orally bioavailable, as they all adhere to the LRo5. The pyrazoles had a BS and were predicted to have a high GI tract also. In terms of toxicity and safety profile, pyrazoles belong to TC 4, suggesting an alternative administration route to reduce toxicity; however, 4f shared the same safety of oral administration as amoxicillin (TC 6). Computational models can prioritize safer compounds before in vivo testing, minimizing harm to trial participants. These results underscore the promise of these pyrazoles in antibacterial treatment and the importance of continued research to optimize their effectiveness. Future studies are warranted to decipher the intricate mechanisms at play and to harness the full therapeutic potential of the pyrazole derivatives.
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Figure 1. Approved pyrazole-containing antibiotics. 
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Scheme 1. Plausible synthetic pathway under microwave irradiation of compound 4a–4j. 
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Scheme 2. Multicomponent synthesis of compounds 4a–4j using a microwave catalyst-free method. 
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Figure 2. Zones of inhibition of selected pyrazoles [4a (1), 4b (2), 4c (3), 4d (4), 4i (9), 4j (10), and Amoxicillin (11)] against (A,C) S. pneumoniae and (B,D) S. aureus. 
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Figure 3. Zones of inhibition of selected pyrazoles [4a (1), 4b (2), 4c (3), 4d (4), 4e (5), 4f (6), 4g (7), and 4h (8)] against (A,B) Escherichia coli and (C,D) Pseudomonas aeruginosa. 
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Figure 4. Docking validation via superimposition of best docked synthesized pyrazole derivative [(a) 4f (blue) against PBP3 of E. coli (6I1I) and 4e (green) against (b) PBP2x (1QMF) of S. pneumoniae (c) PBP3 of P. aeruginosa (6VJE) and (d) PBP2a (6H5O) of S. aureus] and amoxicillin (black) against the native ligand (red) in each case of the investigated target PBPs. 
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Table 1. Optimization of microwave-assisted reaction conditions for the synthesis of pyrazole derivatives (SPDs).
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	Entry
	Solvent
	Temperature
	Catalyst
	Time
	Yield (%)





	1
	DMF
	120
	Piperidine
	180 min
	32



	2
	DMSO
	120
	TEA
	>180 min
	22



	3
	DMSO
	125
	NaOH
	>180 min
	-



	4
	Water
	130
	Glycine
	26 min
	63



	5
	Ethanol
	135
	L-Proline
	40 min
	59



	6
	Ethanol/Water (3:1)
	140
	L-Proline
	33 min
	66



	7
	Ethanol
	145
	-
	17 min
	79



	8
	Ethanol/Water (2:1)
	145
	-
	10 min
	83



	9
	Ethanol/Water (1:1)
	145
	-
	10 min
	91










 





Table 2. Synthesized pyrazole derivatives (4a–4j) under optimized microwave conditions.
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	Entry
	R1
	R2
	R3
	Time (min)
	Synthesized Pyrazoles
	Yield





	1
	4-H
	-
	-
	10
	4a
	91



	2
	2-OH
	-
	-
	10
	4b
	89



	3
	4-OCH3
	-
	-
	10
	4c
	94



	4
	4-SCH3
	-
	-
	10
	4d
	90



	5
	4-CH3
	-
	-
	10
	4e
	91



	6
	4-N(CH3)2
	-
	-
	10
	4f
	92



	7
	4-NO2
	-
	-
	10
	4g
	95



	8
	2-NO2
	-
	-
	10
	4h
	87



	9
	4-Cl
	-
	-
	10
	4i
	90



	10
	3-Br
	4-OH
	5-OCH3
	10
	4j
	96










 





Table 3. Antibacterial susceptibility effect (mm) of synthesized pyrazoles against test organisms.
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	Synthesized Pyrazoles
	S. aureus
	S. pneumoniae
	P. aeruginosa
	E. coli





	4a
	20 ± 1.0
	30 ± 0.0
	25 ± 1.2
	-



	4b
	30 ± 1.0
	28 ± 0.58
	15 ± 0.58
	-



	4c
	20 ± 1.2
	-
	10 ± 1.7
	-



	4d
	20 ± 1.7
	20 ± 1.2
	-
	-



	4e
	25 ± 1.5
	25 ± 1.1
	14 ± 1.2
	8 ± 0.0



	4f
	20 ± 1.0
	20 ± 0.0
	10 ± 0.58
	8 ± 1.0



	4g
	-
	-
	-
	-



	4h
	14 ± 0.58
	14 ± 1.0
	-
	-



	4i
	22 ± 0.58
	22 ± 0.58
	10 ± 1.2
	-



	4j
	23 ± 1.5
	22 ± 1.0
	20 ± 1.5
	-



	Amoxicillin
	50 ± 0.0
	51 ± 0.58
	10 ± 0.58
	32 ± 1.0



	2% DMSO
	-
	-
	-
	-







-: no zone of inhibition. Tests performed in triplicate.













 





Table 4. Antibacterial minimum inhibitory concentration (mg/mL) of synthesized pyrazoles against test organisms.
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	Synthesized Pyrazoles
	R
	S. aureus
	S. pneumoniae
	P. aeruginosa
	E. coli





	4a
	4-H
	0.212
	0.149
	0.170
	-



	4b
	2-OH
	0.280
	0.196
	0.224
	-



	4c
	4-OCH3
	0.438
	-
	0.438
	-



	4d
	4-SCH3
	0.312
	0.625
	-
	-



	4e
	4-CH3
	0.625
	0.0156
	1.25
	2.50



	4f
	4-N(CH3)2
	0.344
	1.38
	1.38
	1.38



	4g
	4-NO2
	-
	-
	-
	-



	4h
	2-NO2
	0.438
	0.438
	-
	-



	4i
	4-Cl
	0.453
	0.460
	0.223
	-



	4j
	3-Br, 4-OH, 5-OCH3
	0.236
	0.165
	0.189
	-



	Amoxicillin
	
	0.0153
	0.0306
	0.0765
	0.0306



	2% DMSO
	
	-
	-
	-
	-







-: no activity.













 





Table 5. Docking scores in kcal/mol of synthesized pyrazole derivative against essential PBPs of test bacteria.
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	Synthesized Pyrazoles
	PBP3 of E. coli
	PBP3 of P. aeruginosa
	PBP2x of S. pneumoniae
	PBP2a of S. aureus





	4a
	-
	−7.1
	−7.5
	−5.7



	4b
	-
	−7.4
	−7.6
	−5.5



	4c
	-
	−7.5
	−7.6
	−6.0



	4d
	-
	−7.7
	−7.2
	−5.5



	4e
	−7.9
	−7.7
	−8.1
	−6.6



	4f
	−7.2
	−7.1
	−7.5
	−5.6



	4g
	-
	−7.0
	−7.6
	−5.5



	4h
	-
	−7.3
	−7.9
	−6.0



	4i
	-
	−7.3
	−7.6
	−5.5



	4j
	-
	−6.8
	−7.3
	−5.5



	Amoxicillin
	−7.0
	−7.5
	−7.5
	−5.5










 





Table 6. Lipinski’s rule of 5 parameters for pyrazole derivatives.
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	Synthesized Pyrazoles
	MolWt < 500 (g/mol)
	HB-A ≤ 10
	HB-D ≤ 5
	Log P o/w ≤ 5
	WS
	LV





	4a
	245.3
	2
	1
	1.73
	S
	No



	4b
	261.3
	3
	2
	1.34
	S
	No



	4c
	275.3
	3
	1
	1.70
	S
	No



	4d
	291.4
	2
	1
	2.26
	MS
	No



	4e
	259.3
	2
	1
	2.05
	MS
	No



	4f
	288.4
	2
	3
	1.73
	S
	No



	4g
	290.3
	1
	4
	1.17
	MS
	No



	4h
	288.3
	3
	1
	1.59
	MS
	No



	4i
	279.7
	2
	1
	2.25
	S
	No



	4j
	368.2
	3
	2
	2.39
	MS
	No



	Amoxicillin
	365.4
	6
	4
	−0.29
	VS
	No







MolWt: molecular weight; HB-D: hydrogen bond donor; HB-A: hydrogen bond acceptor; Log P o/w: partition coefficient; WS: water solubility; LV: Lipinski violation; S: soluble; MS: moderately soluble; VS: very soluble.













 





Table 7. Predicted ADMET parameters of synthesized pyrazoles.
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	Synthesized Pyrazoles
	GI Absorption
	BS
	LD50 (mg/kg)
	TC
	BBB Permeability
	Pgp





	4a
	High
	0.55
	960
	4
	No
	No



	4b
	High
	0.55
	960
	4
	No
	No



	4c
	High
	0.55
	450
	4
	No
	No



	4d
	High
	0.55
	1000
	4
	No
	No



	4e
	High
	0.55
	960
	4
	No
	No



	4f
	High
	0.55
	5400
	6
	No
	No



	4g
	High
	0.55
	711
	4
	No
	No



	4h
	High
	0.55
	1040
	4
	No
	No



	4i
	High
	0.55
	1012
	4
	No
	No



	4j
	High
	0.55
	1000
	4
	No
	No



	Amoxicillin
	High
	0.55
	15,000
	6
	No
	No







GI absorption: gastrointestinal absorption; BS: bioavailability score; LD: lethal dose; TC: toxicity class; BBB permeant: blood–brain barrier permeation; Pgp substrate: permeability glycoprotein substrate.













 





Table 8. Predicted effects of synthesized pyrazoles on CYP 450 isoenzymes.
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	Synthesized Pyrazoles
	CYP-1A2
	CYP-2C19
	CYP-2C9
	CYP-2D6
	CYP-3A4





	4a
	Yes
	Yes
	No
	No
	No



	4b
	Yes
	No
	No
	No
	No



	4c
	Yes
	Yes
	No
	No
	No



	4d
	Yes
	Yes
	Yes
	No
	No



	4e
	Yes
	Yes
	No
	No
	Yes



	4f
	Yes
	Yes
	No
	No
	No



	4g
	No
	No
	No
	No
	No



	4h
	Yes
	No
	No
	No
	No



	4i
	Yes
	Yes
	Yes
	No
	No



	4j
	No
	No
	Yes
	No
	No



	Amoxicillin
	No
	No
	No
	No
	No










 





Table 9. Predicted adverse effects of synthesized pyrazole derivatives.
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	Synthesized Pyrazoles
	Hepatotoxicity
	Carcinogenicity
	Mutagenicity
	Immunotoxicity
	Cytotoxicity





	4a
	-
	-
	-
	I
	I



	4b
	-
	-
	-
	I
	I



	4c
	-
	-
	-
	I
	I



	4d
	-
	-
	-
	I
	I



	4e
	-
	-
	-
	I
	I



	4f
	-
	-
	-
	I
	I



	4g
	-
	A
	A
	I
	I



	4h
	-
	A
	-
	I
	I



	4i
	-
	-
	-
	I
	I



	4j
	-
	-
	-
	A
	-



	Amoxicillin
	I
	I
	I
	I
	-







A: active; I: inactive; “-”: not defined.
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