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Abstract. 
Due to anticandidal importance of azole compounds, a new series of benzimidazole-triazole derivatives (5a–5s) were designed and synthesized as ergosterol inhibitors. The chemical structures of the target compounds were characterized by spectroscopic methods. The final compounds were screened for antifungal activity against Candida glabrata (ATCC 90030), Candida krusei (ATCC 6258), Candida parapsilosis (ATCC 22019), and Candida albicans (ATCC 24433). Compounds 5i and 5s exhibited significant inhibitory activity against Candida strains with MIC50 values ranging from 0.78 to 1.56 μg/mL. Cytotoxicity results revealed that IC50 values of compounds 5i and 5s against NIH/3T3 are significantly higher than their MIC50 values. Effect of the compounds 5i and 5s against ergosterol biosynthesis was determined by LC-MS-MS analysis. Both compounds caused a significant decrease in the ergosterol level. The molecular docking studies were performed to investigate the interaction modes between the compounds and active site of lanosterol 14-α-demethylase (CYP51), which is as a target enzyme for anticandidal azoles. Theoretical ADME predictions were also calculated for final compounds.



1. Introduction
Recently, the incidence of systemic fungal infection has become an important complication and a major cause of morbidity and mortality in immune compromised individuals such as patients undergoing anticancer chemotherapy or organ transplants and patients with AIDS [1, 2]. According to the mechanism of action, there are six classes of antifungal agents: fungal ergosterol synthesis inhibitors (azoles: ketoconazole, fluconazole, and voriconazole), glucan synthesis inhibitors (echinocandins and caspofungin), ergosterol disruptors (polyenes antibiotics: amphotericin B), squalene epoxidase inhibitors (terbinafine and naftifine), chitin synthesis inhibitors (nikkomycin), and nucleic acid synthesis inhibitors (5-fluorocytosine) (Figure 1) [3]. Due to its high therapeutic index, azoles are first-line drugs for the treatment of invasive fungal infections [4, 5]. Most therapies, designed to treat fungal infections, target the ergosterol biosynthesis pathway or its end product [6].




	
	
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
				
					
				
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
				
					
				
					
				
					
				
					
				
					
				
					
				
				
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
				
				
					
				
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
				
					
				
				
					
				
					
				
					
				
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
					
				
				
					
				
					
				
				
				
					
				
					
				
					
				
					
				
				
					
				
				
				
					
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
				
				
					
				
				
					
				
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
				
				
					
				
					
				
					
				
					
				
					
				
				
					
				
				
					
				
					
				
				
					
				
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
				
				
					
				
				
					
				
					
				
					
				
				
				
				
					
				
					
				
				
				
					
				
				
					
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
				
					
				
				
				
					
				
					
				
				
					
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
				
					
				
					
				
				
					
				
					
				
					
				
				
				
					
				
				
					
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
				
					
				
					
				
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
				
				
					
				
					
				
					
				
					
				
					
				
				
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
				
				
				
					
				
					
				
				
					
				
					
				
				
					
				
					
				
					
				
					
				
				
					
				
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
				
				
					
				
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
				
				
				
				
				
					
				
					
				
					
				
				
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
				
					
				
			
				
		
		
			
		
			
		
			
		
			
		
			
	


Figure 1: Chemical structures of some antifungal drugs which are in clinical use.


In fungi, lanosterol 14-α-demethylase (CYP51) belongs to a superfamily of monooxygenases called cytochrome P450, which catalyzes the oxidative removal of the 14-methyl group (C-32) of lanosterol to give 14,15-desaturated intermediates in ergosterol biosynthesis. CYP51 is one of the key enzymes of sterol biosynthesis in different biological kingdoms and serves the metabolic function such as membrane permeability, membrane fluidity, enzyme activity, cell morphology, and cell cycle progression [7–9]. This enzyme is found in all eukaryotes (including humans) and because the azoles interact also with other cytochrome P450-dependent enzymes (CYP3A4), a selective inhibition of the enzyme is essential for an increased therapeutic index [10–12].
In general, the active site of CYP51 is divided into four subsites: a coordination bond with iron of the heme group, the hydrophobic region, the hydrophilic H-bonding region, and the narrow hydrophobic cleft formed. The affinity of azole antifungals to the lanosterol 14a-demethylase is determined not only by the coordination binding of the nitrogen of azole ring to the heme iron in the active side (N-4 of triazole and N-3 of imidazole) but also by the affinity of N-l substituent for the apoprotein part of the enzyme. The remaining part of the azole antifungal fits in the similar way like lanosterol in the hydrophobic groove of lanosterol 14-α-demethylase [13–17].
Based on these properties of the active site of CYP51, we are provided with an attempt to design new azole derivatives to find potent systemic antifungal agents that have a broad antifungal spectrum but with less potential to develop drug resistance. Several studies have been performed, and many of them have supported the finding that benzimidazole and triazole rings were significant structural moieties for antifungal activity [18–28]. In the present study, prompted from anticandidal potential of azole compounds, new benzimidazole-triazole hybrid compounds were synthesized and evaluated for antifungal activity.
2. Experimental
2.1. Chemistry
Entire chemicals used in the study were purchased from either Sigma-Aldrich (Sigma-Aldrich Corp., St. Louis, MO, USA) or Merck (Merck KGaA, Darmstadt, Germany) and used without further chemical or biological purification. Microwave syntheses were realized by using a Monowave 300 high-performance microwave reactor (Anton-Paar, Austria). Melting points of synthesized compounds were determined by using an automatic melting point determination system (MP90 series, Mettler-Toledo, OH, USA) and were presented as uncorrected. 1H and 13C NMR spectra were recorded in DMSO-d6 by a Bruker digital FT-NMR spectrometer (Bruker Bioscience, MA, USA) at 300 MHz and 75 MHz, respectively. The IR spectra of the compounds were recorded using an IRAffinity-1S Fourier transform IR (FTIR) spectrometer (Shimadzu, Kyoto, Japan). High resolution mass spectrometric studies were performed using an LCMS-IT-TOF system (Shimadzu, Kyoto, Japan). Chemical purities of the compounds were checked by classical TLC applications performed on silica gel 60 F254 (Merck KGaA, Darmstadt, Germany); LCMS-IT-TOF chromatograms were also used for the same purpose.
2.1.1. Methyl 4-(5(6)-Methyl-1H-benzimidazol-2-yl)benzoate (1)
In a vial (30 mL) of microwave synthesis reactor (Anton-Paar, Monowave 300, Austria) equipped with a magnetic stirrer, a solution of methyl-4-formyl benzoate (2.4 g, 0.015 mol) in DMF (10 mL) and sodium disulfite (2.85 g, 0.015 mol) were heated under conditions of 240°C and 10 bar for 5 min. After this stage, 5-methyl-1,2-phenylenediamine (1.83 g, 0.015 mol) was added and then reaction mixture was kept under the same reaction conditions in microwave reactor. The mixture was cooled and poured into iced-water. The obtained solid was filtered, washed with water, dried, and recrystallized from ethanol to gain product with 86% yields.
2.1.2. 4-(5(6)-Methyl-1H-benzimidazol-2-yl)benzohydrazide (2)
Methyl 4-(5-methyl-1H-benzimidazol-2-yl)benzoate (1) (2.66 g, 0.01 mol) and hydrazine hydrate (5 mL) in ethanol (15 mL) were heated under the conditions of 150°C and 10 bar for 10 min in microwave synthesis reactor (Anton-Paar Monowave 300, Austria). The mixture was cooled and poured into iced-water. The obtained solid was filtered, washed with water, dried, and recrystallized from ethanol to gain product with 92% yields.
2.1.3. N-Alkyl-2-[4-(5(6)-methyl-1H-benzimidazol-2-yl)benzoyl]hydrazine-1-carbothioamide (3a, 3b)
4-(5-Methyl-1H-benzimidazol-2-yl)benzohydrazide (2) (2.66 g, 0.01 mol) and methyl isothiocyanate or ethyl isothiocyanate (0.012 mol) in ethanol were refluxed for 2 h. The precipitated product was filtered, washed with ethanol, and dried. Compounds 3a and 3b were obtained with yields of 78% and 81%, respectively.
2.1.4. 4-Alkyl-5-[4-(5(6)-methyl-1H-benzimidazol-2-yl)phenyl)]-4H-1,2,4-triazole-3-thiol (4a-4b)
N-Alkyl-2-[4-(5(6)-methyl-1H-benzimidazol-2-yl)benzoyl]hydrazine-1-carbothioamide (3a, 3b) (0.001 mol) in ethanol was refluxed under stirring for 2 h in the presence of NaOH (0.012 mol). After completion of reaction, the solution was acidified with HCl 37%; the precipitate was filtered, washed with water, dried, and then recrystallized from ethanol. Compounds 4a and 4b were obtained with yields of 71% and 73%, respectively.
2.1.5. 2-(4-(4-Alkyl-5-(2-(substitutedphenyl)-2-oxo-ethylthio)-4H-1,2,4-triazol-3yl)-phenyl)-5(6)-methyl-1H-benzimidazole (5a–5s)
A solution of 4a or 4b (0.001 mol) in acetone (10 mL), an appropriate substituted 2-bromoacetophenone derivative (0.001 mol), and potassium carbonate (0.138 g, 0.001 mol) were refluxed at 40°C for 12 h. The solvent was evaporated; residue was washed with water, dried, and recrystallized from ethanol.
2.1.6. 2-(4-(4-Methyl-5-(2-phenyl-2-oxo-ethylthio)-4H-1,2,4-triazol-3yl)-phenyl)-5(6)-methyl-1H-benzimidazole (5a)
Yield: 81%. M.p. 247-248°C. FTIR (ATR, cm−1): 3211 (N-H), 1676 (C=O), 848 (1,4-disubstituted benzene C-H). 1H-NMR (300 MHz, DMSO-d6): δ = 2.44 (3H, s, -CH3), 3.72 (3H, s, -CH3), 4.96 (2H, s, -CH2-), 7.07 (1H, d, J = 8.19 Hz, Benzimidazole C-H), 7.42 (1H, s, Benzimidazole C-H), 7.51–7.60 (3H, m, Benzimidazole C-H, Monosubstituted Benzene C-H), 7.70 (1H, t, J = 7.88 Hz, Monosubstituted Benzene C-H), 7.89 (2H, d, J = 8.35 Hz, 1,4-disubstituted benzene C-H), 8.04 (2H, d, J = 7.88 Hz, Monosubstituted Benzene C-H), 8.32 (2H, d, J = 8.35 Hz, 1,4-disubstituted benzene C-H), 13.15 (1H, s, Benzimidazole -NH). 13C-NMR (75 MHz, DMSO-d6): δ (ppm): 21.81, 32.49, 41.27, 115.76, 124.54, 126.83, 127.18, 128.42, 128.93, 129.22, 129.31, 130.37, 131.62, 132.37, 134.26, 135.73, 150.37, 151.08, 155.30, 192.85. [M+H]+ calcd for C25H21N5OS: 440.1540; found: 440.1527.
2.1.7. 2-(4-(4-Methyl-5-(2-(4-cyanophenyl)-2-oxo-ethylthio)-4H-1,2,4-triazol-3yl)-phenyl)-5(6)-methyl-1H-benzoimidazole (5b)
Yield: 83%. M.p. 239-240°C. FTIR (ATR, cm−1): 3093 (N-H), 1680 (C=O), 849 (1,4-disubstituted benzene C-H). 1H-NMR (300 MHz, DMSO-d6): δ = 2.49 (3H, s, -CH3), 3.74 (3H, s, -CH3), 4.99 (2H, s, -CH2-), 7.29 (1H, d, J = 8.28 Hz, Benzimidazole C-H), 7.57 (1H, s, Benzimidazole C-H), 7.67 (1H, d, J = 8.28 Hz, Benzimidazole C-H), 8.02 (2H, d, J = 8.45 Hz, 1,4-disubstituted benzene C-H), 8.06 (2H, d, J = 8.40, 4-cyanophenyl C-H), 8.19 (2H, d, J = 8.40, 4-cyanophenyl C-H), 8.36 (2H, d, J = 8.45 Hz, 1,4-disubstituted benzene C-H), 13.32 (1H, s, Benzimidazole -NH). 13C-NMR (75 MHz, DMSO-d6): δ (ppm): 21.73, 32.59, 41.13, 114.31, 114.84, 116.03, 118.56, 126.77, 127.59, 128.17, 129.47, 129.54, 130.16, 133.32, 135.06, 135.36, 139.04, 149.01, 151.26, 154.96, 193.43. [M+H]+ calcd for C26H20N6OS: 465.1492; found: 465.1485.
2.1.8. 2-(4-(4-Methyl-5-(2-(4-fluorophenyl)-2-oxo-ethylthio)-4H-1,2,4-triazol-3yl)-phenyl)-5(6)-methyl-1H-benzimidazole (5c)
Yield: 77%. M.p. 255-256°C. FTIR (ATR, cm−1): 2968 (N-H), 1681 (C=O), 843 (1,4-disubstituted benzene C-H). 1H-NMR (300 MHz, DMSO-d6): δ = 2.43 (3H, s, -CH3), 3.71 (3H, s, -CH3), 4.94 (2H, s, -CH2-), 7.05 (1H, d, J = 8.13 Hz, Benzimidazole C-H), 7.37–7.43 (3H, m, 4-Fluorophenyl C-H, Benzimidazole C-H), 7.51 (1H, d, J = 8.13 Hz, Benzimidazole C-H), 7.88 (2H, d, J = 8.31 Hz, 1,4-disubstituted benzene C-H), 8.11–8.17 (2H, m, 4-Fluorophenyl C-H), 8.32 (2H, d, J = 8.31 Hz, 1,4-disubstituted benzene C-H), 12.11 (1H, s, Benzimidazole -NH). 13C-NMR (75 MHz, DMSO-d6): δ (ppm): 21.81, 32.48, 41.10, 116.36 (d, J = 21.8 Hz), 124.42, 127.14, 128.29, 129.19, 130.04, 131.38, 131.51, 131.85, 132.02 (d, J = 9.0 Hz), 132.22, 132.49, 132.51 (d, J = 3.0 Hz), 150.44, 150.99, 155.33, 165.79 (d, J = 251.3 Hz), 192.53. [M+H]+ calcd for C25H20FN5OS: 458.1445; found: 458.1443.
2.1.9. 2-(4-(4-Methyl-5-(2-(4-bromophenyl)-2-oxo-ethylthio)-4H-1,2,4-triazol-3yl)-phenyl)-5(6)-methyl-1H-benzimidazole (5d)
Yield: 75%. M.p. 259-260°C. FTIR (ATR, cm−1): 3201 (N-H), 1680 (C=O), 850 (1,4-disubstituted benzene C-H). 1H-NMR (300 MHz, DMSO-d6): δ = 2.43 (3H, s, -CH3), 3.71 (3H, s, -CH3), 4.92 (2H, s, -CH2-), 7.05 (1H, s, Benzimidazole C-H), 7.34–7.56 (2H, m, Ar-H), 7.78–7.95 (6H, m, Ar-H), 8.31 (2H, s, Ar-H), 12.91 (1H, s, Benzimidazole -NH). 13C-NMR (75 MHz, DMSO-d6): δ (ppm): 21.81, 32.48, 41.10, 111.63, 119.13, 123.99, 124.85, 127.08, 128.39, 129.20, 130.92, 131.33, 131.96, 132.36, 132.78, 134.77, 142.46, 150.31, 150.90, 155.35, 193.23. [M+H]+ calcd for C25H20BrN5OS: 518.0645; found: 518.0635.
2.1.10. 2-(4-(4-Methyl-5-(2-(4-methylphenyl)-2-oxo-ethylthio)-4H-1,2,4-triazol-3yl)-phenyl)-5(6)-methyl-1H-benzimidazole (5e)
Yield: 78%. M.p. 261-262°C. FTIR (ATR, cm−1): 3197 (N-H), 1674 (C=O), 850 (1,4-disubstituted benzene C-H). 1H-NMR (300 MHz, DMSO-d6): δ = 2.39 (3H, s, -CH3), 2.44 (3H, s, -CH3), 3.70 (3H, s, -CH3), 4.91 (2H, s, -CH2-), 7.07 (1H, d, J = 8.13 Hz, Benzimidazole C-H), 7.37 (2H, d, J = 8.12, 4-methylphenyl C-H), 7.41 (1H, br.s, Benzimidazole C-H), 7.51 (1H, br.s, Benzimidazole C-H), 7.88 (2H, d, J = 8.37 Hz, 1,4-disubstituted benzene C-H), 7.93 (2H, d, J = 8.12, 4-methylphenyl C-H), 8.31 (2H, d, J = 8.37 Hz, 1,4-disubstituted benzene C-H), 12.92 (1H, s, Benzimidazole -NH). 13C-NMR (75 MHz, DMSO-d6): δ (ppm): 21.68, 21.82, 32.48, 41.25, 111.75, 119.21, 124.28, 127.09, 128.28, 129.05, 129.20, 129.84, 130.77, 131.94, 132.80, 133.22, 135.86, 144.79, 150.47, 151.06, 155.31, 193.39. [M+H]+ calcd for C26H23N5OS: 454.1696; found: 454.1683.
2.1.11. 2-(4-(4-Methyl-5-(2-(4-chlorophenyl)-2-oxo-ethylthio)-4H-1,2,4-triazol-3yl)-phenyl)-5(6)-methyl-1H-benzimidazole (5f)
Yield: 76%. M.p. 226-227°C. FTIR (ATR, cm−1): 3190 (N-H), 1680 (C=O), 850 (1,4-disubstituted benzene C-H). 1H-NMR (300 MHz, DMSO-d6): δ = 2.44 (3H, s, -CH3), 3.71 (3H, s, -CH3), 4.93 (2H, s, -CH2-), 7.04 (1H, d, J = 8.55 Hz, Benzimidazole C-H), 7.45 (1H, br.s, Benzimidazole C-H), 7.57 (1H, br.s, Benzimidazole C-H), 7.64 (2H, d, J = 8.55, 4-chlorophenyl C-H), 7.88 (2H, d, J = 8.33 Hz, 1,4-disubstituted benzene C-H), 8.05 (2H, d, J = 8.55, 4-chlorophenyl C-H), 8.31 (2H, d, J = 8.33 Hz, 1,4-disubstituted benzene C-H), 12.93 (1H, s, Benzimidazole -NH). 13C-NMR (75 MHz, DMSO-d6): δ (ppm): 21.86, 32.49, 41.12, 111.62, 119.12, 123.99, 124.85, 127.07, 127.13, 129.20, 129.41, 130.86, 131.97, 132.78, 134.45, 139.15, 142.45, 144.67, 150.90, 155.35, 193.12. [M+H]+ calcd for C25H20ClN5OS: 474.1150; found: 474.1149.
2.1.12. 2-(4-(4-Methyl-5-(2-(2,4-dichlorophenyl)-2-oxo-ethylthio)-4H-1,2,4-triazol-3yl)-phenyl)-5(6)-methyl-1H-benzimidazole (5g)
Yield: 74%. M.p. 159-160°C. FTIR (ATR, cm−1): 3305 (N-H), 1685 (C=O), 854 (1,4-disubstituted benzene C-H). 1H-NMR (300 MHz, DMSO-d6): δ = 2.45 (3H, s, -CH3), 3.68 (3H, s, -CH3), 4.81 (2H, s, -CH2-), 7.10 (1H, d, J = 8.22 Hz, Benzimidazole C-H), 7.43 (1H, s, Benzimidazole C-H), 7.54 (1H, d, J = 7.98 Hz, Benzimidazole C-H), 7.61 (1H, dd, J = 8.38 Hz–2.01 Hz Dichlorophenyl C-H), 7.78 (1H, d, J = 1.98 Hz, Dichloropheyl), 7.90 (3H, m, 1,4-disubstituted benzene C-H, Dichlorophenyl C-H), 8.33 (2H, d, J = 8.43 Hz, 1,4-disubstituted benzene C-H), 13.28 (1H, s, Benzimidazole -NH). 13C-NMR (75 MHz, DMSO-d6): δ (ppm): 21.81, 32.09, 43.05, 111.51, 119.19, 124.00, 124.88, 127.24, 128.05, 128.32, 129.25, 130.56, 131.98, 132.07, 132.11, 133.41, 134.14, 135.82, 137.27, 143.97, 150.22, 154.89, 194.94. [M+H]+ calcd for C25H19Cl2N5OS: 508.0760; found: 508.0755.
2.1.13. 2-(4-(4-Methyl-5-(2-(2,4-difluorophenyl)-2-oxo-ethylthio)-4H-1,2,4-triazol-3yl)-phenyl)-5(6)-methyl-1H-benzimidazole (5h)
Yield: 82%. M.p. 258-259°C. FTIR (ATR, cm−1): 3196 (N-H), 1676 (C=O), 850 (1,4-disubstituted benzene C-H). 1H-NMR (300 MHz, DMSO-d6): δ = 2.44 (3H, s, -CH3), 3.71 (3H, s, -CH3), 4.83 (2H, s, -CH2-), 7.05 (1H, d, J = 8.40 Hz, Benzimidazole C-H), 7.25–7.34 (2H, m, Ar-H), 7.43–7.58 (2H, m, Ar-H), 7.89 (2H, d, J = 8.33 Hz, 1,4-disubstituted benzene C-H), 7.98–8.06 (1H, m, Ar-H), 8.31 (2H, d, J = 8.33 Hz, 1,4-disubstituted benzene C-H), 12.92 (1H, s, Benzimidazole -NH). 13C-NMR (75 MHz, DMSO-d6): δ (ppm): 21.86, 32.45, 44.29, 105.79 (t, J = 26.81 Hz), 111.62, 113.03 (dd, J = 24.98 Hz–3.31 Hz), 119.12, 123.99, 124.85, 127.07, 128.22, 129.21, 131.96, 132.77, 133.38 (dd, J = 10.97 Hz–3.83 Hz), 135.80, 142.45, 144.67, 150.94, 155.34, 164.0, 164.24, 190.38 (d, J = 3.76 Hz). [M+H]+ calcd for C25H19F2N5OS: 476.1351; found: 476.1348.
2.1.14. 2-(4-(4-Methyl-5-(2-(3,4-dihydroxyphenyl)-2-oxo-ethylthio)-4H-1,2,4-triazol-3yl)-phenyl)-5(6)-methyl-1H-benzimidazole (5i)
Yield: 79%. M.p. 249-250°C. FTIR (ATR, cm−1): 3041 (N-H), 1681 (C=O), 854 (1,4-disubstituted benzene C-H). 1H-NMR (300 MHz, DMSO-d6): δ = 2.43 (3H, s, -CH3), 3.70 (3H, s, -CH3), 4.81 (2H, s, -CH2-), 6.85 (1H, d, J = 8.25 Hz, Dihydroxyphenyl C-H), 7.05 (1H, d, J = 7.95 Hz, Benzimidazole C-H), 7.39–7.46 (4H, m, Dihydroxyphenyl C-H, Benzimidazole C-H), 7.88 (2H, d, J = 8.45 Hz, 1,4-disubstituted benzene C-H), 8.31 (2H, d, J = 8.45 Hz, 1,4-disubstituted benzene C-H), 12.86 (1H, s, Benzimidazole -NH). 13C-NMR (75 MHz, DMSO-d6): δ (ppm): 21.81, 32.45, 41.07, 111.53, 115.63, 119.09, 119.25, 122.52, 126.26, 127.09, 127.47, 128.31, 129.04, 129.20, 130.44, 131.92, 134.68, 138.29, 145.85, 151.26, 151.91, 155.28, 191.88. [M+H]+ calcd for C25H21N5O3S: 472.1438; found: 472.1439.
2.1.15. 2-(4-(4-Ethyl-5-(2-phenyl-2-oxo-ethylthio)-4H-1,2,4-triazol-3yl)-phenyl)-5(6)-methyl-1H-benzimidazole (5j)
Yield: 83%. M.p. 235-236°C. FTIR (ATR, cm−1): 3255 (N-H), 1680 (C=O), 848 (1,4-disubstituted benzene C-H). 1H-NMR (300 MHz, DMSO-d6): δ = 1.29 (3H, t, J = 7.14, -CH3), 2.50 (3H, s, -CH3), 4.15 (2H, q, J = 7.14 Hz, -CH2), 5.04 (2H, s, -CH2-), 7.33 (1H, d, J = 8.31 Hz, Benzimidazole C-H), 7.55–7.60 (3H, m, Benzimidazole C-H, Monosubstituted Benzene C-H), 7.69–7.72 (2H, m, Benzimidazole C-H, Monosubstituted Benzene C-H), 7.99 (2H, d, J = 8.24 Hz, 1,4-disubstituted benzene C-H), 8.06 (2H, d, J = 7.44 Hz, Monosubstituted Benzene C-H), 8.39 (2H, d, J = 8.24 Hz, 1,4-disubstituted benzene C-H), 13.24 (1H, s, Benzimidazole -NH). 13C-NMR (75 MHz, DMSO-d6): δ (ppm): 15.49, 21.72, 40.80, 41.21, 114.19, 114.65, 126.88, 127.21, 128.52, 128.91, 129.33, 129.57, 130.75, 132.69, 134.28, 134.52, 135.59, 135.76, 148.69, 151.09, 154.27, 193.63. [M+H]+ calcd for C26H23N5OS: 454.1696; found: 454.1683.
2.1.16. 2-(4-(4-Ethyl-5-(2-(4-cyanophenyl)-2-oxo-ethylthio)-4H-1,2,4-triazol-3yl)-phenyl)-5(6)-methyl-1H-benzimidazole (5k)
Yield: 80%. M.p. 181-182°C. FTIR (ATR, cm−1): 2987 (N-H), 1676 (C=O), 849 (1,4-disubstituted benzene C-H). 1H-NMR (300 MHz, DMSO-d6): δ = 1.28 (3H, t, J = 7.20, -CH3), 2.44 (3H, s, -CH3), 4.12 (2H, q, J = 7.16 Hz, -CH2), 5.04 (2H, s, -CH2-), 7.06 (1H, d, J = 8.28 Hz, Benzimidazole C-H), 7.41 (1H, s, Benzimidazole C-H), 7.52 (1H, d, J = 8.28 Hz, Benzimidazole C-H), 7.82 (2H, d, J = 8.49 Hz, 1,4-disubstituted benzene C-H), 8.07 (2H, d, J = 8.55, 4-cyanophenyl C-H), 8.20 (2H, d, J = 8.55, 4-cyanophenyl C-H), 8.31 (2H, d, J = 8.46 Hz, 1,4-disubstituted benzene C-H), 12.96 (1H, s, Benzimidazole -NH). 13C-NMR (75 MHz, DMSO-d6): δ (ppm): 15.52, 21.83, 41.13, 116.03, 118.57, 121.93, 123.66, 127.25, 128.42, 129.25, 129.54, 131.74, 132.03, 133.34, 134.03, 137.00, 139.10, 142.84, 150.28, 150.43, 154.86, 193.40. [M+H]+ calcd for C27H22N6OS: 479.1649; found: 479.1640.
2.1.17. 2-(4-(4-Ethyl-5-(2-(4-fluorophenyl)-2-oxo-ethylthio)-4H-1,2,4-triazol-3yl)-phenyl)-5(6)-methyl-1H-benzimidazole (5l)
Yield: 78%. M.p. 241-242°C. FTIR (ATR, cm−1): 3142 (N-H), 1683 (C=O), 850 (1,4-disubstituted benzene C-H). 1H-NMR (300 MHz, DMSO-d6): δ = 1.28 (3H, t, J = 7.13, -CH3), 2.43 (3H, s, -CH3), 4.12 (2H, q, J = 7.13 Hz, -CH2), 5.00 (2H, s, -CH2-), 7.05 (1H, d, J = 8.28 Hz, Benzimidazole C-H), 7.38–7.43 (3H, m, Fluorophenyl C-H, Benzimidazole C-H), 7.56 (1H, d, J = 8.28 Hz, Benzimidazole C-H), 7.82 (2H, d, J = 8.16 Hz, 1,4-disubstituted benzene C-H), 8.12–8.17 (2H, m, Fluorophenyl C-H), 8.33 (2H, d, J = 8.16 Hz, 1,4-disubstituted benzene C-H), 13.05 (1H, s, Benzimidazole -NH). 13C-NMR (75 MHz, DMSO-d6): δ (ppm): 15.53, 21.80, 40.80, 41.11, 116.37 (d, J = 21.9 Hz), 119.10, 119.22, 123.96, 124.82, 128.37, 129.22, 131.29, 132.02 (d, J = 9.5 Hz), 132.55 (d, J = 3.0 Hz), 135.85, 142.44, 144.65, 150.28, 150.46, 154.83, 165.78 (d, J = 251.1 Hz), 192.41. [M+H]+ calcd for C26H22FN5OS: 472.1602; found: 472.1604.
2.1.18. 2-(4-(4-Ethyl-5-(2-(4-bromophenyl)-2-oxo-ethylthio)-4H-1,2,4-triazol-3yl)-phenyl)-5(6)-methyl-1H-benzimidazole (5m)
Yield: 81%. M.p. 186-187°C. FTIR (ATR, cm−1): 3122 (N-H), 1680 (C=O), 850 (1,4-disubstituted benzen). 1H-NMR (300 MHz, DMSO-d6): δ = 1.28 (3H, t, J = 7.16, -CH3), 2.44 (3H, s, -CH3), 4.11 (2H, q, J = 7.16 Hz, -CH2), 4.99 (2H, s, -CH2-), 7.06 (1H, d, J = 8.18 Hz, Benzimidazole C-H), 7.41 (1H, s, Benzimidazole C-H), 7.52 (1H, d, J = 8.18 Hz, Benzimidazole C-H), 7.78–7.84 (4H, m, 1,4-disubstituted benzene, 4-bromophenyl), 7.98 (2H, d, J = 8.55 Hz, 4-bromophenyl), 8.32 (2H, d, J = 8.37 Hz, 1,4-disubstituted benzene C-H), 12.97 (1H, s, Benzimidazole -NH). 13C-NMR (75 MHz, DMSO-d6): δ (ppm): 15.53, 21.81, 40.79, 41.06, 112.35, 120.74, 124.48, 127.05, 127.28, 128.39, 128.49, 128.74, 129.26, 130.92, 131.44, 131.89, 132.38, 133.18, 134.81, 140.65, 150.38, 150.41, 154.81, 193.10. [M+H]+ calcd for C26H22BrN5OS: 532.0801; found: 532.0801.
2.1.19. 2-(4-(4-Ethyl-5-(2-(4-methylphenyl)-2-oxo-ethylthio)-4H-1,2,4-triazol-3yl)-phenyl)-5(6)-methyl-1H-benzimidazole (5n)
Yield: 76%. M.p. 249-250°C. FTIR (ATR, cm−1): 3163 (N-H), 1678 (C=O), 852 (1,4-disubstituted benzen). 1H-NMR (300 MHz, DMSO-d6): δ = 1.27 (3H, t, J = 7.19, -CH3), 2.39 (3H, s, -CH3), 2.43 (3H, s, -CH3), 4.11 (2H, q, J = 7.17 Hz, -CH2), 4.98 (2H, s, -CH2-), 7.06 (1H, d, J = 8.22 Hz, Benzimidazole C-H), 7.37 (2H, d, J = 8.09, 4-methylphenyl C-H), 7.41 (1H, s, Benzimidazole C-H), 7.52 (1H, d, J = 8.22 Hz, Benzimidazole C-H), 7.82 (2H, d, J = 8.37 Hz, 1,4-disubstituted benzene C-H), 7.94 (2H, d, J = 8.09, 4-methylphenyl C-H), 8.32 (2H, d, J = 8.37 Hz, 1,4-disubstituted benzene C-H), 12.71 (1H, s, Benzimidazole -NH). 13C-NMR (75 MHz, DMSO-d6): δ (ppm): 15.53, 21.68, 21.81, 36.24, 41.22, 114.96, 115.51, 115.96, 124.43, 127.26, 128.50, 129.03, 129.24, 129.84, 130.84, 131.95, 132.24, 133.26, 144.78, 150.42, 150.58, 154.78, 193.21. [M+H]+ calcd for C27H25N5OS: 468.1853; found: 468.1856.
2.1.20. 2-(4-(4-Ethyl-5-(2-(4-chlorophenyl)-2-oxo-ethylthio)-4H-1,2,4-triazol-3yl)-phenyl)-5(6)-methyl-1H-benzimidazole (5o)
Yield: 79%. M.p. 237-238°C. FTIR (ATR, cm−1): 3045 (N-H), 1695 (C=O), 847 (1,4-disubstituted benzene C-H). 1H-NMR (300 MHz, DMSO-d6): δ = 1.27 (3H, t, J = 7.10, -CH3), 2.44 (3H, s, -CH3), 4.11 (2H, br.s, -CH2), 5.00 (2H, s, -CH2-), 7.06 (1H, d, J = 8.01 Hz, Benzimidazole C-H), 7.41 (1H, s, Benzimidazole C-H), 7.51 (1H, d, J = 6.87 Hz, Benzimidazole C-H), 7.65 (2H, d, J = 8.62, 4-chlorophenyl C-H), 7.82 (2H, d, J = 8.35 Hz, 1,4-disubstituted benzene C-H), 8.06 (2H, d, J = 8.62, 4-chlorophenyl C-H), 8.31 (2H, d, J = 8.35 Hz, 1,4-disubstituted benzene C-H), 12.93 (1H, s, Benzimidazole -NH). 13C-NMR (75 MHz, DMSO-d6): δ (ppm): 15.52, 21.81, 40.80, 41.08, 115.03, 124.41, 124.60, 127.24, 128.43, 129.25, 129.43, 130.85, 131.10, 132.03, 132.27, 134.50, 139.16, 142.37, 150.42, 153.03, 154.83, 192.88. [M+H]+ calcd for C26H22ClN5OS: 488.1306; found: 488.1304.
2.1.21. 2-(4-(4-Ethyl-5-(2-(2,4-dichlorophenyl)-2-oxo-ethylthio)-4H-1,2,4-triazol-3yl)-phenyl)-5(6)-methyl-1H-benzimidazole (5p)
Yield: 75%. M.p. 211-212°C. FTIR (ATR, cm−1): 2920 (N-H), 1670 (C=O), 864 (1,4-disubstituted benzene C-H). 1H-NMR (300 MHz, DMSO-d6): δ = 1.25 (3H, t, J = 7.19, -CH3), 2.44 (3H, s, -CH3), 4.07 (2H, q, J = 7.10 Hz, -CH2), 4.85 (2H, s, -CH2-), 7.04 (1H, d, J = 8.16 Hz, Benzimidazole C-H), 7.40 (2H, br.s, Benzimidazole C-H), 7.60 (1H, dd, J = 8.37 Hz–1.98 Hz Dichlorophenyl C-H), 7.76 (1H, d, J = 1.92 Hz, Dichlorophenyl C-H), 7.82 (2H, d, J = 8.36 Hz, 1,4-disubstituted benzene C-H), 7.89 (1H, d, J = 8.40 Hz, Dichlorophenyl C-H), 8.32 (2H, d, J = 8.36 Hz, 1,4-disubstituted benzene C-H), 12.91 (1H, s, Benzimidazole -NH). 13C-NMR (75 MHz, DMSO-d6): δ (ppm): 15.46, 21.81, 43.05, 111.51, 119.19, 120.61, 122.55, 124.00, 127.24, 128.05, 128.32, 129.25, 130.56, 131.98, 132.07, 132.11, 132.80, 135.82, 137.27, 142.48, 150.22, 154.89, 194.94. [M+H]+ calcd for C26H21Cl2NOS: 523.0917; found: 523.0912.
2.1.22. 2-(4-(4-Ethyl-5-(2-(2,4-difluorophenyl)-2-oxo-ethylthio)-4H-1,2,4-triazol-3yl)-phenyl)-5(6)-methyl-1H-benzimidazole (5o)
Yield: 73%. M.p. 239-240°C. FTIR (ATR, cm−1): 3045 (N-H), 1699 (C=O), 847 (1,4-disubstituted benzene C-H). 1H-NMR (300 MHz, DMSO-d6): δ = 1.28 (3H, t, J = 7.20, -CH3), 2.44 (3H, s, -CH3), 4.11 (2H, q, J = 7.14 Hz, -CH2), 4.90 (2H, s, -CH2-), 7.06 (1H, d, J = 7.20 Hz, Benzimidazole C-H), 7.29 (1H, td, J = 8.44 Hz–2.32 Hz, Difluorophenyl C-H), 7.41 (1H, s, Benzimidazole C-H), 7.41–7.54 (2H, m, Benzimidazole C-H, Difluorophenyl C-H), 7.83 (2H, d, J = 8.42 Hz, 1,4-disubstituted benzene C-H), 7.99–8.07 (1H, m, Difluorophenyl C-H), 8.31 (2H, d, J = 8.42 Hz, 1,4-disubstituted benzene C-H), 12.96 (1H, s, Benzimidazole -NH). 13C-NMR (75 MHz, DMSO-d6): δ (ppm): 15.50, 21.81, 44.20, 44.30, 105.81 (t, J = 26.8 Hz), 113.04 (dd, J = 21.6 Hz–3.6 Hz), 123.38, 124.40, 127.05, 127.24, 128.42, 128.74 129.26, 132.02, 132.22, 133.37 (dd, J = 11.1 Hz–3.6 Hz), 135.80, 137.99, 142.60, 150.40, 154.84, 163.09 (dd, J = 234.1 Hz–11.7 Hz), 165.86 (dd, J = 255.0 Hz–12.8 Hz), 190.30 (d, J = 4.1 Hz). [M+H]+ calcd for C26H21F2N5OS: 490.1505; found: 490.1494.
2.1.23. 2-(4-(4-Ethyl-5-(2-(3,4-dihydroxyphenyl)-2-oxo-ethylthio)-4H-1,2,4-triazol-3yl)-phenyl)-5(6)-methyl-1H-benzimidazole (5s)
Yield: 84%. M.p. 252-253°C. FTIR (ATR, cm−1): 3300 (N-H), 1683 (C=O), 852 (1,4-disubstituted benzen). 1H-NMR (300 MHz, DMSO-d6): δ = 1.27 (3H, t, J = 7.17, -CH3), 2.44 (3H, s, -CH3), 4.11 (2H, q, J = 7.10 Hz, -CH2), 4.88 (2H, s, -CH2-), 6.86 (1H, d, J = 8.25 Hz, Dihydroxyphenyl C-H), 7.05 (1H, d, J = 7.23 Hz, Benzimidazole C-H), 7.35–7.55 (4H, m, Dihydroxyphenyl C-H, Benzimidazole C-H), 7.82 (2H, d, J = 8.40 Hz, 1,4-disubstituted benzene C-H), 8.31 (2H, d, J = 8.40 Hz, 1,4-disubstituted benzene C-H), 9.47 (1H, s, -OH), 10.04 (1H, s, -OH), 12.92 (1H, s, Benzimidazole -NH). 13C-NMR (75 MHz, DMSO-d6): δ (ppm): 15.53, 21.81, 36.25, 41.07, 111.53, 115.66, 119.10, 119.27, 122.49, 124.03, 124.82, 127.23, 127.54, 128.48, 129.25, 132.04, 132.83, 133.57, 144.63, 145.83, 150.76, 151.85, 154.76, 191.74. [M+H]+ calcd for C26H23N5O3S: 486.1594; found: 486.1592.
2.2. Antifungal Activity
The antifungal activity of synthesized compounds 5a–5s against Candida species was performed according to EUCAST definitive method EDef 7.1 [29]. Briefly, cultures of four fungi (C. glabrata (ATCC 90030), C. krusei (ATCC 6258), C. parapsilosis (ATCC 22019), and C. albicans (ATCC 24433)) were grown in RPMI medium, after an overnight incubation at 37°C. Fungi suspension was adjusted to approximately 0.5–2.5 × 105 cfu/mL with RPMI medium. The test was carried out for medium at pH = 7 and twofold dilution was carried out in a 96-well plate to obtain the series dilutions with the concentrations ranging from 0.78 to 800 μg/mL. The last well on the microplates, which was containing only the inoculated broth, was kept as control, and the last well with no growth of microorganism was recorded to represent the minimum inhibitory concentration (MIC50) in μg/mL. The 96-well plates were incubated for 24 h, and, at the end of the incubation, resazurin (20 μg/mL) was added to each well to control the growth in the wells. Final plates including microorganism strains were incubated for 2 h. MIC50 values were determined using microplate reader at 590 nm excitation and 560 nm emission wavelengths; MIC50 readings were performed twice for entire compounds. Ketoconazole and fluconazole were used as controls.
2.3. Quantification of Ergosterol Level
Total intracellular sterols were extracted as described previously [30]. Sabouraud dextrose broth (50 mL, Difco), enclosing 0, 0.78, 1.56, and 3.125 μg/mL of compounds 5i, 5s, and positive controls were inoculated with a single C. albicans colony from an overnight Sabouraud dextrose agar plate culture. After incubation for 16 h at 35°C, the stationary-phase cells were separated by a centrifugation at 2,700 rpm (Hettich, Rotina 380 R, Germany) for 5 min. Isolated cells were washed with sterile distilled water; alcoholic potassium hydroxide solution (25%, 3 mL) was added to each pellet and vortexed for 1 min. Cell suspensions in sterile borosilicate glass tubes were incubated in a water bath (85°C) for 1 h. After cooling to room temperature, sterols were extracted in the water : chloroform (1 : 3 mL) mixture by a vigorous vortex mixing for 3 min. The chloroform layer was separated and sterol extract (1 μL) was injected to LC-MSMS system (Shimadzu LCMS 8040, Kyoto, Japan). The mass spectrometric analysis conditions were provided as reported in our recent study [31]. Level of ergosterol in negative control samples was considered as 100%. All samples, including different concentrations of compounds (5i and 5s) and reference agents, were analyzed in quadruplicate, and the data were stated as mean ± standard deviation (SD).
2.4. Cytotoxicity Test
NIH/3T3 mouse embryonic fibroblast cell line (ATCC CRL 1658) was used in the cytotoxicity test. The cells were incubated as reported in the supplier’s guide. The MTT assay was applied according to our previous studies [32–34]. The IC50 values of compounds 5i and 5s were calculated from the plots of cell proliferation against concentrations by applying regression analyses on GraphPad Prism Version 5.
2.5. Prediction of ADME Parameters
Physicochemical parameters of synthesized compounds (5a–5s) were calculated by using QikProp 4.8. [35].
2.6. Molecular Docking
A structure based in silico procedure was applied to discover the binding modes of most active compounds 5i and 5s to 14 alpha-sterol demethylase enzyme active sites. The crystal structure of enzyme (PDB ID: 1EA1) [36], which was crystallized with the reference drug (fluconazole) of antifungal activity assay, was retrieved from the Protein Data Bank server (http://www.pdb.org).
The structure of ligand was built using the Schrödinger Maestro [37] interface and then was submitted to the Protein Preparation Wizard protocol of the Schrödinger Suite 2016 Update 2 [38]. The ligands were prepared by the LigPrep 3.8 [39] to assign the protonation states at pH 7.4 ± 1.0 and the atom types, correctly. Bond orders were assigned and hydrogen atoms were added to the structures. The grid generation was formed using Glide 7.1 [40] program and docking runs were performed with single precision docking mode (SP).
3. Result and Discussion
3.1. Chemistry
In this study, we synthesized benzimidazole-triazole derivatives (5a–5s) in five steps. The synthetic path of the target compounds was illustrated in Scheme 1.




	
	
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
				
					
				
				
					
				
				
					
				
				
					
				
				
					
				
				
					
				
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
				
				
					
				
				
					
				
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
			
				
					
						
					
				
			
			
				
					
						
				
			
			
				
					
			
			
				
					
			
			
				
					
			
			
				
					
			
			
				
					
			
			
				
					
			
			
				
					
			
			
				
					
			
			
				
					
			
			
				
					
			
			
				
					
			
			
				
					
			
			
				
					
			
			
				
					
			
			
				
					
			
			
				
					
						
				
			
			
				
					
						
				
			
			
				
					
						
					
				
			
			
				
					
						
				
			
			
				
					
						
				
			
			
				
					
						
				
			
			
				
					
						
				
			
			
				
					
						
				
			
			
				
					
						
					
				
			
			
				
					
						
				
			
			
				
					
						
				
			
			
				
					
						
				
			
			
				
					
						
				
			
			
				
					
						
					
				
			
			
				
					
						
				
			
			
				
					
						
				
			
			
				
					
			
			
				
					
						
				
			
			
				
					
						
				
			
			
				
					
						
				
			
			
				
					
				
			
			
				
					
						
					
				
			
			
				
					
						
				
			
			
				
					
						
				
			
			
				
					
			
			
				
					
						
					
				
			
			
				
					
						
					
				
			
			
				
					
						
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
			
				
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
			
				
		
		
			
		
			
		
			
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
					
				
			
		
		
			
				
					
			
		
		
			
				
					
				
			
		
		
			
				
					
				
			
		
		
			
				
		
		
			
				
					
			
		
		
			
				
			
		
		
			
				
					
				
			
		
		
			
				
		
		
			
				
					
				
			
		
		
			
				
					
				
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
			
				
			
		
			
		
			
	


Scheme 1: Synthesis way for final compounds.


The structures of the new compounds (5a–5s) were confirmed by FT-IR, 1H NMR, 13C NMR spectroscopy, and mass spectra. The spectroscopic investigations of newly synthesized compounds are accordance with the proposed structure. The IR spectra of the benzimidazole-triazole derivatives (5a–5s) exhibited N-H stretching absorption in the region of 3305–2920 cm−1 and C=O stretching vibration in the region of 1699–1670 cm−1. The out-of-plane bending of 1,4-disubstituted benzene was assigned at 864–843 cm−1.
1H NMR spectrum showed a broad singlet at 13.32–12.11 ppm due to NH proton of the benzimidazole ring. The aromatic protons belonging to 4-substituted phenyl gave peaks at 8.02–7.82 and 8.31–8.39 as two doublets. Benzimidazole protons were recorded at 7.04–7.67 ppm.
In the 13C NMR spectra carbon of C=O group was assigned at 190.30–194.94 ppm. In the aromatic region, the peaks were seen at estimated areas but the assignments could not be determined, clearly. Chemical shifting of the substituted group and coupling constant of the fluorinated derivatives had coherent results with the theoretical values. HRMS findings were in accordance with the theoretical molecular formula of the compounds (5a–5s).
3.2. Antifungal Activity
The in vitro antifungal screening for all the synthesized compounds was evaluated against Candida glabrata (ATCC 90030), Candida krusei (ATCC 6258), Candida parapsilosis (ATCC 22019), and Candida albicans (ATCC 24433) using twofold serial dilution technique recommended by EUCAST definitive (EDef 7.1) method [29] with the positive control of clinical antifungal drugs ketoconazole and fluconazole. The MIC50 value of the compounds and control drugs are summarized in Table 1.
Table 1: MIC50 (µg/mL) values of compounds 5a–5s.
	

	Comp.	C. albicans	C. glabrata	C. krusei	C. parapsilosis
	

	5a	12.5	6.25	6.25	12.5
	5b	6.25	3.12	6.25	6.25
	5c	12.5	6.25	6.25	12.5
	5d	6.25	12.5	6.25	6.25
	5e	12.5	6.25	12.5	12.5
	5f	6.25	3.12	3.12	6.25
	5g	3.12	6.25	6.25	6.25
	5h	12.5	6.25	12.5	6.25
	5i	0.78	1.56	1.56	0.78
	5j	12.5	6.25	12.5	12.5
	5k	12.5	6.25	12.5	12.5
	5l	6.25	12.5	6.25	12.5
	5m	3.12	3.12	3.12	6.25
	5n	3.12	3.12	1.56	3.12
	5o	3.12	3.12	6.25	6.25
	5p	12.5	12.5	6.25	6.25
	5r	6.25	3.12	3.12	3.12
	5s	0.78	1.56	1.56	0.78
	Ketoconazole	0.78	1.56	1.56	1.56
	Fluconazole	0.78	1.56	1.56	0.78
	



According to antifungal screening, most of the newly synthesized compounds could effectively inhibit the growth of all the tested fungal strains. All of the final compounds exhibited moderate to good antifungal activities with MIC50 values ranging from 12.5 to 0.78 μg/mL. Compounds 5i and 5s, bearing 3,4-dihydroxyphenyl group, exerted the best activities in inhibiting the growth of all tested fungal strains.
The microbiological results revealed that the antifungal effects of the compounds on Candida species did not depend on N-4 position of triazole. The results show that general structure of the synthesized compounds has an impact on antifungal activity and this effect is further enhanced by the 3,4-dihydroxy structure.
3.3. Inhibition of Ergosterol Biosynthesis
Infections caused by eukaryotic organisms like fungus generally present more difficult treatment problems than those of bacterial infections. There are relatively few antifungal drugs that can identify unique targets not shared with human hosts. The fungal cell wall remains an underdeveloped therapeutic target for selective antifungal agents because of its chitin structure, which is absent in human cells [41, 42]. Most therapies are planned to treat fungal infections and target the ergosterol biosynthesis pathway or its end product, ergosterol, a membrane sterol that is unique to fungi. It is the main sterol and thus is essential for growth and normal membrane function of fungal cell. Besides serving as a bioregulator of membrane fluidity, asymmetry, and integrity, it contributes to proper function of membrane-bound enzymes [43].
The present work is a challenge to understand the probable mechanism of antifungal activity of newly synthesized benzimidazole-triazole hybrid compounds 5i and 5s. Therefore, we analyzed ergosterol level of C. albicans by LC-MSMS studies. Total intracellular sterols were extracted as reported by Breivik and Owades [30]. Ergosterol standard (product number 45480, Sigma-Aldrich, Germany) was used for quantification of ergosterol in both inhibitor-free (negative control) and inhibitor including samples. The most active compounds 5i, 5s and reference drugs were used at 0.78 μg/mL, 1.56 μg/mL, and 3.12 μg/mL concentrations. Ergosterol quantity in negative control samples was regarded as 100%. All concentrations were analyzed in quadruplicate, and the results were expressed as mean ± standard deviation (SD) [31] (Figure 2).




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
			
			
			
			
			
		
		
		
			
			
			
			
			
		
		
		
			
			
			
			
			
		
		
		
			
			
			
			
			
		
		
		
			
			
			
			
			
		
		
		
			
			
			
			
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
			
			
			
			
			
		
		
		
			
			
			
			
			
		
		
		
		
		
			
	


Figure 2: Relative ergosterol level of C. albicans after treatment of synthesized compounds and reference agents.


Ergosterol quantification studies indicated that compounds 5i, 5s and reference agents significantly reduced the level of ergosterol at all tested concentrations. Compound 5i displayed 61.74%, 85.41%, and 93.71% inhibitions at 0.78 μg/mL, 1.56 μg/mL, and 3.12 μg/mL concentrations, respectively. Inhibitions of 62.05%, 84.48%, and 93.12% were observed for compound 5s at the same concentrations. Reference drugs ketoconazole and fluconazole indicated similar inhibition potencies to those of compounds 5i and 5s in the range of 63.71% to 94.46%. A concentration-dependent decrease in the ergosterol level was established for all tested agents. Hence, it can be obviously suggested that compounds 5i and 5s have a role in the ergosterol biosynthesis pathway.
3.4. Cytotoxicity Test
Toxicity is the main reason for the failure at all stages of the new drug development process. The major part of safety-related attrition occurs at preclinical phases while predicting preclinical safety liabilities earlier in the drug development process. This strategy enables the design and/or selection of improved drug candidates that have more possibilities of becoming commercialized drugs [44]. Therefore, we used the MTT cell viability assay to determine cytotoxicity of the most active compounds 5i and 5s against NIH/3T3 mouse embryonic fibroblast cell lines (ATCC CRL1658), which is recommended by ISO (10993-5, 2009) [45]. Cytotoxic concentrations (CC) of test compounds are presented as CC50 values in Table 2. Compounds 5i and 5s displayed CC50 of 86.59 μg/mL and 138.85 μg/mL, respectively. In order to evaluate selectivity profiles of compounds, selectivity indexes (SIs) were expressed as CC50 (NIH/3T3)/MIC50 (C. albicans). Sis were calculated as 111.01 and 178.01 for compounds 5i and 5s, respectively. These findings display that the anticandidal activity of the compounds 5i and 5s is not related to general toxicity but can be ascribed to their selective action against Candida species. Thus, cytotoxicity test findings enhanced the importance of compounds 5i and 5s as anticandidal drug candidates.
Table 2: CC50 (NIH/3T3), MIC50 (C. albicans), and SI results of selected compounds.
	

	Comp.	CC50 (µg/mL)	MIC50 (µg/mL) 	SI
	

	5i	86.59	0.78	111.01
	5s	138.85	0.78	178.01
	



3.5. Theoretical Calculation of ADME Parameters
High biological activity and low toxicological effects are not enough for a compound to become a drug candidate. A good pharmacokinetics profile is also very important for the new drug candidates that should be evaluated earlier in the process of drug development. Thus, it has become important to examine the ADME profiles of pharmaceuticals as early as possible in the drug discovery process to reduce the amount of wasted time and resources. Moreover, in silico prediction of ADME can be used to identify individual molecules or chemical libraries by evaluating their suitability as potential drug molecules. The determination of the attempted lead optimization before synthesizing the compounds causes less redesign-synthesize-test cycles [46]. Thus, predictions of ADME properties of the all synthesized compounds (5a–5s) were performed by QikProp 4.8 software [35]. This software applies Lipinski’s rule of five [47] and Jorgensen’s rule of three [48], which evaluate the ADME properties of new drug candidates and are essential for the optimization of a biologically active compound. Molecular weight (MW), number of rotatable bonds (RB), molecular volume (MV), number of hydrogen donors (DHB), number of hydrogen acceptors (AHB), polar surface area (PSA), octanol/water partition coefficient (), aqueous solubility (), apparent Caco-2 cell permeability (PCaco), number of likely primer metabolic reactions (PM), and percent of human oral absorption (% HOA) are presented in Table 3 along with the violations of rules of three (VRT) and five (VRF). According to Lipinski’s rule of five and Jorgensen’s rule of three, compounds 5i and 5s are in accordance with the rule by causing no more than one violation. Thus, it can be suggested that the most active anticandidal compounds 5i and 5s may possess a good pharmacokinetic profile, increasing their pharmacological importance.
Table 3: Calculated ADME parameters of compounds 5a–5s.
	

	Comp.	MW	RB	MV	DHB	AHB	PSA			PCaco	PM	VRT	VRF
	

	5a	439.53	4	1372.27	1	5.5	83.23	5.43	−7.86	754.43	2	1	1
	5b	464.54	5	1438.97	1	7	109.02	4.66	−8.79	156.01	2	0	1
	5c	457.52	4	1388.38	1	5.5	83.23	5.67	−8.22	754.33	2	1	1
	5d	518.43	4	1425.30	1	5.5	83.23	6.00	−8.72	754.38	2	2	1
	5e	453.56	4	1431.21	1	5.5	83.23	5.74	−8.42	754.43	3	1	1
	5f	473.97	4	1416.39	1	5.5	83.23	5.93	−8.60	754.37	2	1	1
	5g	508.42	4	1465.01	1	5.5	80.43	6.39	−9.33	740.09	2	2	1
	5h	475.51	4	1410.99	1	5.5	82.91	5.86	−8.58	643.17	2	1	1
	5i	471.53	6	1400.25	3	7	128.41	3.79	−6.86	74.95	4	0	1
	5j	453.56	5	1412.00	1	5.5	82.77	5.62	−7.82	676.16	2	1	1
	5k	478.57	6	1478.70	1	7	108.56	4.85	−8.75	139.83	2	0	1
	5l	471.55	5	1428.11	1	5.5	82.77	5.86	−8.18	676.08	2	1	1
	5m	532.46	5	1465.03	1	5.5	82.77	6.19	−8.68	676.13	2	2	1
	5n	467.59	5	1470.94	1	5.5	82.77	5.93	−8.38	676.16	3	1	1
	5o	488.01	5	1456.12	1	5.5	82.77	6.12	−8.56	676.11	2	1	1
	 5p	 522.45	5	1414.92	1	5.5	74.59	6.17	−7.94	1124.54	2	2	1
	5r	489.54	5	1449.32	1	5.5	80.90	6.09	−8.56	712.34	2	1	1
	5s	485.56	7	1412.81	3	7	124.13	3.93	−6.33	98.80	4	0	1
	


MW: Molecular weight RB: Number of rotatable bonds MV: Total solvent-accessible volume DHB: Estimated number of hydrogen bond donors AHB: Estimated number of hydrogen bond acceptors PSA: Van der Waals surface area of polar nitrogen and oxygen atoms and carbonyl carbon atoms : Predicted octanol/water partition coefficient : Predicted aqueous solubility PCaco: Predicted apparent Caco-2 cell permeability : Predicted brain/blood partition coefficient PM: Number of likely metabolic reactions VRF: Number of violations of Lipinski’s rule of five. The rules are: MW < 500, , DHB ≤ 5, AHB ≤ 10, Positive PSA value VRT: Number of violations of Jorgensen’s rule of three. The three rules are: , PCaco > 22 nm/s, PM < 7.


3.6. Molecular Docking
Docking studies were performed in order to gain more insight into the binding mode of the compounds 5i and 5s to lanosterol 14-α-demethylase. Due to the fact that lanosterol 14-α-demethylase is membrane-bound enzyme, its crystallization from the Candida species is difficult for X-ray analysis and docking studies. Thus, there is no experimental data or crystal structure of this enzyme in Protein Data Bank server. On the other hand, lanosterol 14-α-demethylase from Mycobacterium tuberculosis has high homology to that of lanosterol 14-α-demethylase from Candida species. It has been reported that these two enzymes have high degree of similarity between the hydrophobic cavities of the catalytic site [49, 50]. Therefore, docking studies were carried out using X-ray crystal structure of lanosterol 14-α-demethylase from Mycobacterium tuberculosis in complex with fluconazole (PDB ID: 1EA1) [36] obtained from Protein Data Bank server (http://www.pdb.org).
As stated in antifungal activity section, compounds 5i and 5s were found to be the most active derivatives against C. krusei, C. albicans, C. parapsilosis, and C. glabrata with 0.78, 1.56, 1.56, and 0.78 μg/mL MIC values, respectively. Thus, the main purpose of docking studies was to investigate the possible interaction of these compounds with lanosterol 14-α-demethylase enzyme.
The two-dimensional (Figures 3(a) and 4(a)) and three-dimensional (Figures 3(b) and 4(b)) poses of the compounds 5i and 5s are presented in Figures 3 and 4. The docking poses on lanosterol 14-α-demethylase reveals that the interactions between the compounds 5i, 5s and HEM450 are very important in terms of binding to active site of enzyme. Totally there are seven interactions between Hem450 and compounds. Hem450 creates four metal coordination bonds with the two nitrogen atoms of benzimidazole and two nitrogen atoms triazole (at second and fourth position). Other interactions are seen as π-π interaction between benzimidazole and phenyl ring (near to benzimidazole) in the structure. In addition, triazole provides binding to active site by forming hydrogen bonds. The nitrogen atoms of triazole (at first and second position) establish two different hydrogen bonds with two neighboring nitrogen atoms in the guanidine moiety of Arg96. Also, phenyl ring at the end of the structure is in interaction with phenyl of Phe78 by doing π-π interaction.
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Figure 3: (a) The two-dimensional interacting mode of compound 5i in the active region of lanosterol 14-α-demethylase. (b) The three-dimensional interacting mode of compound 5i in the active region of lanosterol 14-α-demethylase. The inhibitor is colored with orange. The HEM molecule is colored green with ball-and-stick model. The binding energy of 5i is −81.998 kcal/mol.
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Figure 4: (a) The two-dimensional interacting mode of compound 5s in the active region of lanosterol 14-α-demethylase. (b) The three-dimensional interacting mode of compound 5s in the active region of lanosterol 14-α-demethylase. The inhibitor is colored with maroon. The HEM molecule is colored green with ball-and-stick model. The binding energy of 5s is −85.218 kcal/mol.


Synthesized compounds comprise two different substitutions as methyl or ethyl on N-1 position of triazole ring. Looking at activity results and docking studies, it is observed that the methyl or ethyl substituents at N-4 position of triazole do not cause a meaningful difference on biological activity. Furthermore, docking results explain the reason of stronger anticandidal activity of 5i and 5s. In such compounds, there is an additional interaction at C-3 position of phenyl ring differently common chemical structure. The hydroxyl in this position establishes a hydrogen bond with carbonyl of Ile323. Thus, it can be suggested that C-3 of phenyl is very important in terms of binding to enzyme active site and anticandidal activity. As a result, it is considered that this additional interaction could explain more binding capability and stronger activity of compounds 5i and 5s than other compounds.
4. Conclusion
In the current work, a series of benzimidazole-triazole derivatives (5a–5s) was synthesized and evaluated for their in vitro antifungal activities. Results of antifungal study indicated that compounds 5i and 5s have a significant anticandidal activity against all the tested microbial strains. Ergosterol quantification studies using C. albicans indicated that compounds 5i and 5s cause a decrease in the level of ergosterol. Since the selectivity of the compounds is a very important parameter to become a good drug candidate, the in vitro toxicity of compounds 5i and 5s was evaluated by MTT assay against NIH3T3 cell lines and found as nontoxic at their effective concentrations. ADME prediction and docking studies also enhanced the biological importance of such compounds. As a result it can be declared that synthesized benzimidazole-triazoles are worthwhile to assess in further studies to develop new antifungal agents with higher potency and improved safety profile.
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